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UDC 656.7.08:004.94:519.8 

A.M. Grekhov, PhD, Professor, S.A. Dmytriyev, PhD, Professor, E.V. Shevtsova  
(National Aviation University, Ukraine) 

THE METHOD FOR AN ESTIMATION OF THE AVIATION  
SAFETY LEVEL ON THE BASIS OF IMITATING MODELING 

 The method of an estimation of the aviation safety level is proposed on the basis of imitating 
modeling. Calculations of aviation risks by Monte-Carlo method were carried out in view of technical 
factors, the human factor and organizational factors for definition of acceptable risk area.  

 The concept of aviation safety is given in ICAO document (Doc 9859):  safety is the state in 
which the risk of harm to persons or property damage is reduced to, and maintained at or below, an 
acceptable level through a continuing process of hazard identification and risk management. Hazard 
is understood as a condition, object or the activity being the potential reason of personnel 
mutilations, damages of the equipment or designs, material losses, reduction of ability to execute 
the ordered functions. 
  The risk is treated as an opportunity of losses or mutilations, measured by a degree of 
aftereffect and probability. Areas of acceptable, tolerable and intolerable risks are distinguished.  
 Carrying out of real experiments for definition of aviation risks is unreasonable and hardly 
feasible in practice. Therefore we shall carry out imitating modeling - computer experiments - with 
the purpose of revealing properties and regularities of aviation safety. These experiments are carried 
out with models instead of the real systems. In the case of aviation safety an imitation is unique way 
of research without realization of real experiments. 
  Gathering the necessary information about aviation risks for decision-making is very 
complicated. But for an adequate estimation of risk it is necessary to have enough information for a 
formulation of plausible hypotheses about probable distributions of key parameters. With this 
purpose the absent data are replaced by values received in a result of imitating experiment (i.e. 
generated by a computer). 
 Quantitative estimations and probabilistic criteria of flight safety [1,2] have been developed 
and used for forecasting and flights management. However quantitative calculations of aviation 
risks with the help of Monte-Carlo method in view of technical factors, the human factor and 
organizational factors represent special interest now. 
 In this paper we use the stochastic models containing random variables, which can not be 
managed by decision-makers. Imitation allows drawing conclusions based on probabilistic 
distributions of random factors.  
  The purpose of this paper is:  
1) To develop the information structure of model for the estimation of aviation risks; 
2) To develop a model for an estimation of acceptable, tolerable and intolerable risks areas; 
3) To determine the statistical characteristics used for formation of target functional; 
4) To prove weight factors of outcomes in stochastic models of aviation safety; 
5) To carry out imitating modelling (on the basis of Monte-Carlo method) and to estimate aviation 
risks for models; 
6) To carry out forecasting dynamics of aviation safety parameters in view of internal and external 
factors. 

Classification of factors influencing aviation safety 
 

 Under each separate factor it is necessary to understand any action, a case, a condition or 
circumstance, presence or absence of which increases probability of adverse end of flight. It is 
practically impossible to take into account all factors. The degree of their importance is determined 
by certain conditions and their influence on occurrence of potential dangers for flights. It is possible 
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to allocate the general groups of the factors influencing on functioning reliability and, hence, on 
aviation safety:  

1)   functional efficiency of a crew; 
2)   functional efficiency of an aircraft; 
3)   functional efficiency of air traffic management and air traffic control; 
4)   a management efficiency of flight operations; 
5)  an efficiency of the aviation technical operation; 
6)   factors of adverse external influence. 
 
Definition of statistical characteristics and formation of target functional 

 
  The stochastic model functional based on a criterion of a mathematical expectation of some 
effect was chosen in the following form: 

∑∑∑
===

==
m

j
ijij

n

i
i

n

i
ii BBR

111
ρωω

 
where R - the mathematical expectation of a total effect, which is accepted as a parameter of risk;  
  i - a number of an outcome or occurrence of the adverse factors block,   
 n  - a number of outcomes for model casual parameters; 

 iω  -  a probability of an outcome or occurrence of a random variable iB , ∑
=

=
n

i
i

1
1ω ; 

 iB  - a discrete random variable, which describes the block of adverse factors i  or the size of an 
effect in case of an outcome i .  

In proposed model 61÷=i : 
1B - describes functional efficiency of a crew (the human factor),  

2B - functional efficiency of an aircraft (technical factors),  

3B - air traffic control (human, technical and organizational factors), 

4B - flight operations management (organizational factors),   

5B - system of technical operation (human, technical and organizational factors); 

6B - factors of adverse external influence. 

ijρ - a probability of the adverse factor ijB ; 1
1

=∑
=

m

j
ijρ ; 

ijB - a value of the adverse factor j  from the block i . 
 Тable 1.  

Characteristics of functional efficiency 
 

 
№ 

Characteristic Probability of 
adverse 
factor  

Value of 
adverse  

factor (a.u.) 
1 2 3 4 

 Crew ( 1B )  j1ρ  jB1  
1 Insufficient professional training 11ρ  11B  
2 Insufficient discipline and sense of duty 12ρ  12B  
3 Insufficient functional efficiency of crew members 

(psychological and physiological conditions) 
13ρ  13B  

4 Absence of retraining, upgrading, improvement of 
professional skills 

14ρ  14B  

 Aircraft ( 2B )  j2ρ  jB2  
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(Finish of the table)
1 2 3 4 
5 Insufficient design - constructive and ergonomic 

perfection, low operational adaptability; destruction of 
elements; difficulties in control. 

21ρ  21B  

6 Unsatisfactory operational condition; failures of units 
and systems.  

22ρ  22B  

7 Unsatisfactory maintenance; unsatisfactory repair, 
poor-quality modifications and upgrading. 

23ρ  23B  

 Air traffic control ( 3B ) j3ρ  jB3  
8 Imperfection of air traffic control system (accuracy, 

reliability, noise stability, fullness of the air space information, 
rate, amount of solved problems, degree of automation for 
collecting processes and information processing, display and the 
analysis of air conditions) 

31ρ  31B  

9 Low professional training of controllers and 
dispatchers 

32ρ  32B  

10 Low discipline and sense of duty of the air traffic 
control personnel  

33ρ  33B  

11 Low organization level of air traffic control service 34ρ  34B  
 Flight operations management ( 4B ) j4ρ  jB4  

12 Existence of civil aviation administration authority and 
the national aviation legislation (compliance with 
ICAO Standards and Recommended Practices) 

41ρ  41B  

13 Absence of regulation: 
      - Preparations and performance of flights; 
      - Preparations and operation of aircrafts; 
Absence of norming:        
      - Flight activity; 
      - The admission to flights; 
      - The admission to performance of aviation works. 

42ρ  42B  

14 Quality of officials, accountable managers activity in 
fields of: 
- Professional training and the flight personnel licensing; 
- Crew resource management, preliminary and preflight training; 
- Flights analysis. 

43ρ  43B  

15 Slow response of flight operations management 44ρ  44B  
  System of technical operation ( 5B )  j5ρ  jB5  

16 Level of organization perfection; quality of the 
specifications and technical documentation. 

51ρ  51B  

17 Material resources 52ρ  52B  
18 Level of professional training 53ρ  53B  
19 Discipline and sense of duty of technical staff 54ρ  54B  
 Adverse external influence ( 6B ) j6ρ  jB6  

20 Adverse weather conditions 61ρ  61B  
21 Fire 62ρ  62B  
22 Collisions of planes in air 63ρ  63B  
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 All parameters ijB are estimated with the help of a 100-mark scale in arbitrary units (a.u.). 
The bigger is value of these parameters, the higher probability of risk (for example, the value 100 
a.u. - means "very bad", the value 1 a.u. - means "very good").  
 Probabilities iω  and ijρ   should must be determined on the basis of existing empirical 
statistics of aviation safety, and parameters ijB  - on the basis of normative documents of the state 
aviation administration. 
 In paper special interface for the input of parameters ijijiji BB Δ,,,ρω was developed.  
    As an example the simplified model was considered. In this model only two characteristics 
of functional efficiency ("Crew" and "Plane") were included, and the script «Prevalence of the 
human factor importance» was considered. In this case 

2211 BBR ωω += . 
 We choose  
  6,01 =ω  - "crew" 

and       4,02 =ω  - "airplane". 
  For adverse factors from Table 1 we choose arbitrary but reasonable meanings: 
  4,011 =ρ - "experience" 

  2,012 =ρ - "discipline" 

  3,013 =ρ - "psychophysics" 

  1,014 =ρ - "retraining" 

and       5,021 =ρ - “type, destruction, management” 

  3,022 =ρ - “an operational condition, refusals” 

  2,023 =ρ - “servicing, repair”. 
  
    For these set parameters it was chosen two variants for values of parameters ijB : 
  
Case 1 : 3014131211 ==== BBBB  a.u.; the range ijBΔ  of changes for parameters ijB  equals to 10 
a.u.; values of parameters ijB was randomly taken with equal probability from this range and 
substituted in the formula for R. 
 
Case 2 : 6014131211 ==== BBBB a.u.; ijBΔ =10 a.u. 
  An amount of experiments for modeling by Monte-Carlo method we set N=110. In Fig. 1, 2 
dependences R=f (N) for cases 1, 2 are shown. On diagrams three areas are allocated: I - a zone of 
acceptable risk, II - a zone of tolerable risk, III - a zone of intolerable risk.  
 

 
Fig. 1. Distribution of risk parameter R (case 1) 
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Fig. 2. Distribution of risk parameter R (case 2) 
  
 The solid line on diagrams shows the trend received in result of polynomial approximation. 
   
 In case 1: values of risk parameter are located mainly in a zone of accepted risk, the line of a 
trend is completely located in a zone of acceptable risk. However in substantial number of 
experiments the value of risk parameter is located in a zone of tolerable risk. It is possible to draw a 
conclusion that in this case a level of safety is high enough. 
   In case 2: values of risk parameter are mainly located in a zone of tolerable risk, the 
line of a trend is completely located in a zone of tolerable risk. But calculations have shown that in 
this case the significant share of experiments has values of risk parameter in a zone of intolerable 
risk. It is possible to draw a conclusion that in this case a level of safety is not so high. 
  The proposed method allows to carry out forecasting of aviation safety dynamics in view of 
internal and external factors, and also to find a series of the coordinated, logically interconnected 
events and sequence of steps, which with the certain probability lead to a predicted final state (to a 
preset value of acceptable risk).  

References 
1. Aviation Safety / V.P.Babak, V.P.Kharchenko, V.О.Maximov and others. – Кyiv: Тekhnika, 2004. – 
584p. 
2. Flight Safety: Textbook for Universities/ R.В.Sakach, B.V.Zubkov, М.F.Davydenko and others: -Мoscow: 
Transport, 1989. – 239 p. 
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UDC 629.735.064.3-33(043.2) 
                                                                                                         V.S. Boutko, PhD,  

Ye.N. Syabryuk, researcher, 
(National Aviation University)  

INVESTIGATION OF HYDRAULIC CONTROL SYSTEMS REGULATORS  

The influence of evaluation of change of design parameters of two-stage automatic regulators on 
deviation from given work characteristic Q=f(p) exactly on the area of regulating has been made on 
example of variable-flow pump of valve-slits type and differentially-throttle type. The conclusions have 
been made on received results. 

Hydraulic systems provide functions of aircraft control on the ground and in the air, and 
are used whenever it is necessary to get significant forces and smooth speed adjustment. On 
modern aircrafts hydraulic systems together with electrical units of control commands transfer 
are the main systems for mechanization and automation of the control process. 

As the source of power in hydraulic control systems the variable discharge pumps with two-
stage automatic regulators are used lately. Such pumps allow unloading the pump on output, namely 
with increase of the load (of the pressure) regulators automatically switch the pump on the minimal 
output regime. 

Research and analysis of static characteristic is made for variable discharge pumps with the 
regulators of indirect operation. As an example of such pumps the differentially-throttle pump (with 
nozzle-flap regulator) (fig. 1) and valve-slits pump (fig. 2) are considered.  

 
Fig. 1. Structural scheme of variable discharge pump with nozzle-flap regulator. 
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Fig. 2. Structural scheme of variable discharge pump of valve-slits type.  

 
For each of these pumps corresponding equations of work characteristics have been compiled. 

Their final form: 
- for the valve-slits variable discharge pump: 
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- for the differentially-throttle variable discharge pump: 
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Using these characteristics the evaluation of influence on the work characteristic Q=f(p) of 
design parameters change of two-stage automatic regulators has been made, exactly on the area of 
flow regulation. Because with the change of parameters there is change of shape of static 
characteristic curve and deviation of this shape from linear, that’s why the evaluation of this 
deviation ε is made (fig. 3).  

 
Fig. 3. Static characteristic of variable discharge pump: a - ideal; b - theoretical. 
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If static characteristic is a straight line, then its middle point in the regime of regulated flow 
has coordinates: 

2
minmax

.
QQQ averageн

+
=  and 

2
1max

.

РРP
averageн

+
= . 

With respect to change in parameter’s values, Qmax and Qmin do not change, as well as 
Qн.average, because these values are given and they are determined by invariable parameters of the 
pump – maximal piston stroke and promptness, and also the fluid consumption in the system of 
flow regulating. 

Thus at linear static characteristic and value 
averageн

P
. . the output must be equal to the 

averageнн QQ .= . At the same time, while determining the 
averageн

P
.

 it is necessary to measure maxР  and 

1P , which were obtained at specific value of variable parameter. 
If the static characteristics is non-linear, then at 

averageн
P

.
 the value of output 

averageнaverageн QQ .
/
. ≠  will be received. Value %100.

/

⋅
−

=ε
average

averageнн

Q
QQ

 can characterize the deviation 

of the characteristic from linear shape. 
Received graphics have next form: 
- for variable discharge pump with nozzle-flap regulator (fig. 4): 
 

  

 
Fig. 4. Relative deviation ε  of static characteristic from linear shape with the change of values of design 
parameters for the pump with the with nozzle-flap regulator. «A» – value of ε  at chosen nominal 
parameters; «+» - increasing change of the parameter from its start value in point «A»; «–» - decreasing 
change of the parameter from its start value in point «A». 
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- for the variable discharge pump of valve-slits type (fig. 5): 

 
Fig. 5. Relative deviation ε  of static characteristic from linear shape with the change of values of design 
parameters for the pump of valve-slits type. «A» – value of ε  at chosen nominal parameters; «+» - 
increasing change of the parameter from its start value in point «A»; «–» - decreasing change of the 
parameter from its start value in point «A». 
 

Conclusions. From graphical analysis on figures 4 and 5 there are following conclusions: 
1) all relations have non-linear character; 
2) for the pump with the with nozzle-flap regulator increase of values of construction 

parameters C1, C2 and d1 leads to the decrease of the value of relative deviation ε , while decrease 
of design parameters a, b, D, ds,, dthr, d0 promotes increase in ε ;  

3) for the pump of valve-slits type the salience of static characteristic (+ε ) is increased with 
increase the value of design K1, K2, fd1, F2, G1 and is decreased (-ε ) with increase of design 
parameters F1, G2 and fd. 
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FORECASTING OPERATING CHANGES OF THE TECHNICAL STATE 
OF ELECTROMAGNETICALLY DRIVEN VALVES AT THE STAGE OF DESIGNING 

The report is devoted to the development of scientific bases and practical recommendations    on 
forecasting possible operating changes in the technical state of electromagnetic valves with an 
electromagnetic drive over resource completion. 

Development of modern aviation and space technique requires substantial reduction of terms 
of design and introduction of new production. It can be provided due to reduction of terms and 
diminishing of expenses on implementation of experimental-design efforts. The requirement on 
providing of necessary level of reliability and faultlessness of new production remain unchanging. To 
a full degree these requirements belong to creation of new electromagnetic valves (EMV) of the 
aircraft systems.  

However much the traditional ways of development of EMV remain it is not enough 
effective and already does not answer the requirements of time. It is needed introductions are 
new, more effective going near their development. One of such approaches is folded in using of 
methods of prognostication of possible operating changes of the technical state of EMV for 
planning. Such prognostication allows: 

- to find out those operating influences on the capacity of valve, for determination of which at 
traditional approach, conducting of long duration and expense resource tests is needed;  

- to find out possible violations of the capable of working state of valve, which show up rarely 
enough and can not be discovered the methods of resource tests through a small sample size; 

- to find out operating factors and their levels which more substantial than all influence on an 
origin and development of degradation changes in elements and knots of valve; 

- to determine elements constructions of valve, which limit his resource; 
- in good time to develop concrete measures in relation to the improvement of construction of 

valve and providing of necessary level of his reliability and faultlessness. 
As an object of researches was chosen two positions EMV with a pulling-pushing drive, which 

is used in the pneumatic block of serve of oxygen to the electrochemical generators of the power 
feed system of the space station (fig. 1). The principle chart of valve is resulted on a fig. 2.     

It was found out those particular features of operating loads and basic degradation processes 
which result in substantial changes in the technical state of EMVs and determine their resource 
possibilities.  

It is discovered that to the basic degradation processes it is possible to take in a valve:  
- an accumulation of micro damages in the volume of construction material of details of 

valve; 
- degradation of macro relief of contact surfaces; painting from the fatigue of contact surfaces; 
- deformation of details in the area of contact of butt end surfaces;  
- change of form of stop puck and of the rod head;  
- change of relative position of details.  
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 Fig. 1. Pneumatic block of serve of oxygen to the electrochemical generators of the of the power feed 
system of the space station 
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                                                             Fig. 2. Structural chart of valve:  
1 – a rod head; 2 – a corps of electromagnet; 3 – шток; 4 – a buffer spring; 5 – a slide-block (anchor); 6 

– a lower feet; 7 – a saddle; 8 – a slide-valve; 9 – a stop puck; 10 – a distributive tube; 11 – a closing puttee; 12 
– an opening puttee; 13 – a permanent magnet  
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Experimental a way certainly character and intensity of changes of basic structural and 
functional parameters of valves of the considered types from the amount of cycles of work.  

  Theoretical bases of design of operating changes of the technical state of EMV are 
developed with the use of probabilistic model of accumulation of damages in elements and knots of 
EMV.  

From the physical point of view the process of accumulation of damages in material of 
details of valve is related to the accumulation of the irreversible one-sided plastic deformations, 
development of processes of fatigue, wear and by other irreversible changes of structure of material. 
On development of these processes, in same queue, external casual factors influence is a change of 
terms of work and change of parameters of loading of details in the process of exploitation. At 
every influence of loading (casual or regular) there is an elementary act of accumulation in material 
of the irreversible deformations (increase of damages), size and character of which is the casual 
function of mechanical descriptions of material, sizes of tensions, number of cycles and other 
factors. The process of accumulation of damages in this case is examined as a result of the statistical 
adding up of large number evenly small micro jump of elementary independent damages. Then at n 
cycles a size nП will be determined accumulated damaged nП  by a sum, where iП  is a size 
damaged in i-th elementary cycle. For some period of time, when n large enough, accumulated 
damageability nП  aspires to normal distribution. Such process of accumulation of damages can be 
examined as a casual process with independent increases, built on the type of Markov sequence. 

As a process of accumulation of damages it is possible to examine indirect parameters which 
reproduce character of change of basic physical processes of damageability material of details well 
enough, such as, for example, motion of slide-valve h  of EMK of the examined type (rice 3).  In 
this case descriptions of casual process of accumulation of damages can be certain, probed and 
forecast statistical methods. 

 
Fig. 3. Dependences of change of motion of slide-valve h  of five experimental standards of 

valve on the amount of the block-cycles working cb.N  ( 1 block-cycle = 50000 workings) 
 

 
Two casual processes are probed (sequences): initial process of origin of damages           

П'(t1), П'(t2), ..., П'(tn) and generated by him process of accumulation of damages 
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suppositions it is possible to examine as a homogeneous casual stationary process, and second – as 
a casual unsteady process.  

Accepting supposition, that the law of distributing of the accumulated damages is near to 
normal, that then found the confirmation from data of processing of experimental data, the 
probabilistic models of adding up of both independent and dependent casual damages were 
developed in elements and knots of valve. With the use of these models mathematical dependences 
are got for determination of the expected value nm  and dispersion 2

nS  of the accumulated damages 
in elements and knots of valve, and also closeness ( )nП Пf

n
 and function of distributing of the 

accumulated damages for the different possible values of coefficient of correlation r : 
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Mathematical dependences are got also for determination of closeness of distributing pf  and 
function of distributing pF  of numbers of cycles to destruction of critical element of valve, which 
can be used for the estimation of probabilistic descriptions of reliability and longevity of EMV.  

Mathematical models are developed also and on their basis the proper methods of prognostication 
of change of structural and functional parameters of EMV with the use of least-squares method, method 
of extrapolation and method of the directed selection [ ]3 ,2 .  

It is discovered that work of EMV of this type completely as a result of tireless destruction of neck 
of штока depends on specific kinetic energy of moving of the mobile system of occasion. On the basis of 
experimental researches the method of prognostication of indexes of faultlessness of EMK is developed 
with the use of power criteria[ ]4 . 

The basic results of researches are inculcated in practice of planning of EMV in the Kiev 
Central Designer Bureau of Valves. 
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APPLICATION OF EFFECTIVE PROGRAMS OF MAINTAINING TU-154M AIRCRAFT 
AIRWORTHINESS IN THE AIRCRAFT MAINTENANCE CENTERS 

This article gives the description of the Program of maintaining Tu-154 aircraft airworthiness in the 
maintenance center on the basis of progressive technologies, develops model analysis of the effectiveness 
of the program of maintaining Tu-154 aircraft airworthiness, gives proposals to improve information 
support. 

In international practice there is a tendency to reject general overhaul in aircraft operation. For 
the Russian manufactured aircraft, having a type certificate, maintenance programs also don’t 
envisage general overhaul. In the last years this tendency began to spread on the aircraft, which 
don’t have a type certificate and are on their final operation stage. In relation to the fleet of these 
aircraft there was accumulated an experience of their long-term operation under the conditions of a 
stage-by-stage prolongation of their service life and service time and performing general overhaul. 
In international practice, when the aircraft service time is over 14 years, these aircraft are regarded 
to be the aging aircraft fleet. For such types of aircraft Aging Aircraft Operation Programs, worked 
out by the Designer and approved by the Aviation Administration, begin to operate. Their 
implementation is obligatory for aircraft operators and the advisability of the further operation of 
the aircraft fleet is the economic component of such a program. 

In accordance with the ICAO recommendations (Annex 8 to the Convention on International 
Civil Aviation) the State of Design should draw up a program of maintaining the integrity of the 
aircraft structure to ensure aircraft airworthiness. The ICAO Continuing Airworthiness Manual 
(Doc 9642) contains recommendations related to the contents of the Aircraft Structure Integrity 
Program, which should include: additional check-ups, measures to prevent corrosion, structure 
modifications. Structure integrity analysis should be confirmed by the results of the tests and 
operation with the estimation of the operational spectra of loads and their distribution in the 
structure, characteristics of the materials. Test modes should take into account the diversity of the 
periods before cracking and the spreading speed. The first check up period, the periodicity of 
checkups and, if necessary, the replacement periods are being established. 

Taking into account the fact, that the average service time of the majority of the aircraft, 
making up the basis of the Russian aircraft fleet, is over 15 years, the analogous approach to the 
aging aircraft is also functioning in Russia. IAC normative documents (АП 25-571, MOC 25-571) 
envisage that ensuring aircraft structure safety in relation to the strength conditions in long-term 
operation is being achieved on the basis of the principles of damage permissibility, safe damage and 
safe service life (service time). 

At present the Tu-154M aircraft fleet of the following airlines: “Aeroflot-RAL” Open Stock 
Company, “UTair” Open Stock Company, “Sibir” Open Stock Company, “ALROSA” Open Stock 
Company, “Kogalymavia” Open Stock Company, “Yakutia” Open Stock Company is being 
operated according to the Program of maintaining airworthiness on the basis of progressive 
technologies (without general overhaul) [1]. In accordance with the program, developed by the 
“Tupolev” Open Stock Company, State Scientific and Research Institute of Civil Aviation, State 
Scientific and Research Institute of Air Navigation and Central Aerogydrodynamic Institute, 
airworthiness monitoring of every Tu-154M aircraft sample is being carried out annually in the 
conditions of the following Aircraft Maintenance Centers: “Domodedovo Aircraft Maintenance 
Base” Closed Stock Company, “VARS-400” Open Stock Company and “Sibir-technik” Ltd. Civil 
Aircraft Airworthiness Oversight Department of the Federal Authority for Transport Oversight 
determines by its decision conditions of establishing for the Tu-154M aircraft fleet of the airlines 
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the overhaul period 25000 flight hours, 10000 flights within the framework of the current overhaul 
time (prior to the 1st overhaul) 15 calendar years, specified life and service time 50000 flight hours, 
20000 flights, 30 years. 

The above-indicated conditions specify performing in the Aircraft Maintenance Centers a 
complex of works on monitoring and maintaining airworthiness of the Tu-154M aircraft, including 
the estimation of their operational status in the scope of the F-2 periodic maintenance, performing 
structure modifications according to the industry bulletins and airworthiness instructions, replacing 
airframe primary structural members and vendor items with replacement life, testing airframe 
critical members (corrosion damage, fatigue failure, mechanical damage), testing parameters and 
item trouble-free operation level, performing additional list of works. 
For the purpose of increasing the efficiency of the Tu-154M aircraft operation in the airlines it is 
envisaged that the procedure of establishing the service life and service time is combined with the 
aircraft sample certification procedure. 

Characteristics of the initial and the new programs of maintaining the Tu-154M airworthiness 
are given in Table 1. Both programs envisage rational distribution of the unit and vendor item 
nomenclature by methods of technical operation: by service life – 24%, by the condition in relation 
to the parameter test – 12%, by the condition till safe failure – 64%. Reliability level control is 
being carried out in all methods of technical operation. 

There is a necessity to solve the problems of the comparative estimation of the new program 
of maintaining the Tu-154M aircraft airworthiness in the conditions of the Aircraft Maintenance 
Centers on the basis of the progressive technologies (without general overhaul) and the initial 
aircraft maintenance program in the conditions of the stage-by-stage prolongation of their service 
life and service time and performing general overhauls. 

In order to solve these problems one should work out a model process of maintaining aircraft 
airworthiness, reflecting the peculiarities of the application of the indicated programs of 
maintaining the Tu-154M aircraft airworthiness, and submit the proposals on the improvement of 
the initial data presentation form. 

The application of the mathematical apparatus of the semimarkov processes to describe the 
process of maintaining aircraft airworthiness for the period of their operation in accordance with the 
corresponding program of maintaining aircraft airworthiness requires to present the process of 
maintaining aircraft airworthiness as a whole complex of semimarkov processes 

rqMmq ,1, =⊂ , distinguished by the time intervals (operating time) of the aircraft in operation 

[2-4]. It is supported that the processes rqMmq ,1, =⊂  are ergodic. It is also supported that 
within each time interval (stage of operation) process parameters remain invariable, and the 
duration of every rqMmq ,1, =⊂  process functioning is long enough compared to the average 
time of being in each state, and this is why the time may be considered infinite while solving the 
problem of optimizing the program. Stages of the Tu-154M aircraft operation in the initial program 
of maintaining aircraft airworthiness may be interpreted as a calendar duration of serving out 
aircraft service life in operation to the 1st overhaul (L.B.O.). When applying the new program of 
maintaining the Tu-154M aircraft airworthiness, stages of operation are assumed to equal 1 year 
(periodicity of airworthiness monitoring in the Aircraft Maintenance Center). At each stage of 
operation the whole spectrum of the states of maintaining aircraft airworthiness is put in conformity 
with the state of the aircraft being in flight mirjKj

iK ,1,,1, ==∈ , which makes it possible to 
differentiate the scope of the aircraft maintenance works depending on the aircraft operational status 
and consider versions with the incomplete restoration of the objects’ working condition. 

The semimarkov model of the process of maintaining aircraft airworthiness may be presented 
as a graph of states and changes (Figure). The structure of the process of maintaining aircraft 
airworthiness is given in Table 2, which shows their compliance with the examined programs of 
maintaining the Tu-154M aircraft airworthiness and the statistical accounts form “Aircraft Calendar 
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Time Data” [4]. Bold type is used to show the states, which are suggested to be additionally 
introduced to analyze the efficiency of the process (programs) of maintaining aircraft airworthiness. 

Table 1 
Description of the initial (with general overhaul) and new (without general overhaul) programs of 
maintaining the Tu-154M aircraft airworthiness   

 № 
 

Service life, service time, 
kinds of works 

Initial program of 
maintaining 
aircraft 
airworthiness 
(with general 
overhaul) 

Progressive 
program of 
maintaining 
aircraft 
airworthiness 
(without general 
overhaul) 

1 Life limit to 1st overhaul (life between 
overhauls – LBO), hours/landings 

18000 flight hours 
8000 landings 

30000 flights 
hours 
10000 landings 

2 Time limit to 1st overhaul (time between 
overhauls TBO), years 

15 years 15 years 

3 Assigned service life limit, hours/landings 50000 flight hours 
20000 landings 

50000 flight hours 
20000 landings 

4 Assigned service time, years 30 years 30 years 
5 Individual extension of service life and 

service time 
yes no 

6 Aircraft airworthiness certification independently combined 
7 Overhaul yes no 
8 Maintenance without overhaul (in the 

scope of F-2 inspection) at the Aircraft 
Maintenance Center 

no yes 

9 Modifications according to the service 
bulletins (Annex 2) 

yes yes 

10 Replacement of primary structures 
elements and parts with replacement life 
(Annex 3) 

yes yes 

11 Periodic inspection of the airframe 
structural elements, units, components and 
systems (Annex 4) 

yes yes 

12 Performing the list of additional works  
(Annex 5) at the Aircraft Maintenance 
Center 

yes yes 

13 Reliability, parameter test and replacement 
of units and components according to the 
methods of maintenance: by life limitation, 
by limited condition, by condition till the 
safe failure 

yes yes 

14 Performing scheduled maintenance 
according to the maintenance schedule of 
line and periodic maintenance (scheduled 
and unscheduled checks) 

yes yes 

 
Indices of the efficiency of the process of aircraft airworthiness continuing are determined by 

the following formulas: 

factor of being in the j state 



 

 

 

11.17

∑
=

=
N

1к
кк

jj
j

м р

м р
К , 

factor of use 

l
jK∈=

∑
=

i  ,
24 м р

Н м рК N

1к
кк

сii
И . 

Factor of specific idle (layup) period 

 

l
j j
l

сii

l
ll

П Ki  ,Kl  ,
Н м р

24 м р
К ∈∉=

∑
, 

 Labor content per unit output related to continuous air worthiness 

l
j

уд
j

l

сii

l
l l

Ki  ,Kl  ,
Н м р

 р
∈∉=

∑ τ
τ , 

 Material content per unit output related to continuous air worthiness 
 

l
j

м

удм

с
С j

l

сii

l
l l

Ki  ,Kl  ,
Н м р

 р
∈∉=

∑
 

 Unit cost related to continuous air worthiness 

l
j

уд

c
C j

l

сii

l
l l

Ki  ,Kl  ,
Н м р

 р
∈∉=

∑
, 

where lπ - stationary probability in i-condition of the continuous air worthiness process, 

lμ - average time of containment in i-condition,   lτ -average labor costs in i-condition,  мlc - 
average material costs in i-condition,  lс - average costs in i-condition, сН  - daily flight time, 
hours per day, 

The model of the airworthiness process (see fig.) involves the hierarchy structure and contains 
multiplicity of the airworthiness process conditions conforming to the U1 cycle of operation of 
serviceable aircraft fleet, periodic U2 cycle of operation of operative aircraft fleet, and U3  
maintenance cycle of the total registered aircraft fleet of the given type.  

For the purpose of analyzing the effectiveness of basic and new programs, statistics related to 
periodicity, duration, labor intensity and cost of works should be submitted by the airlines to the 
Continuous Airworthiness Research Centre of the State Civil Aviation Scientific Research Institute 
together with an application to monitor airworthiness of each unit of TU-154M aircraft at the 
Maintenance Centre accompanied by an act of its technical evaluation 

With a view of analyzing the results of TU-154M airworthiness monitoring at the 
Maintenance Centre on the basis of progressive technologies with use of the semi-Markov model, 
mentioned above, there have been suggested the forms of basic data concerning dwelling time, 
labor, material and financial costs related to airworthiness monitoring of each TU-154M at the 
airline and Maintenance Centre.  

Analysis of operation of TU-154M aircraft on the basis of the new continuous airworthiness 
program showed a positive effect of its implementation. It also proved that factors of effective use, 
aircraft fleet serviceability had been improved and aircraft ground time reduced.  
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Fig.  Graphic presentation of conditions and transitions in the semi-Markov TU-154M continuous  
airworthiness model  
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We also might speak about improvements in conditions of the planning process related to 
continuous airworthiness and reductions in uncertainty of the expected volumes of operations and 
ground time with relation to the individual prolongation of life span and service time, including 
problems of elimination of corrosive defects, replacement of load bearing elements of the airframe 
and service bulletin performance. 

The process of planning for the next year showed how many aircraft went through 
maintenance procedure at the Maintenance Centre every month where airworthiness monitoring was 
combined with service bulletin performance and airworthiness directives. 

It is well known that one of the principle factors influencing taking decisions on possibility of 
further operation of TU-154M aircraft is its corrosive condition.  

During the first stage of new program application aircraft troubleshooting procedures are 
carried out on the basis of the current flight performance documentation. Nevertheless while 
acquiring experience of detecting corrosive defects it appeared necessary to widen the range of 
troubleshooting activity accompanied by dismounting of the galley, rear toilets, floorboards, 
receiving tank, air duct system in the area of the frames 37-41 and fully remove the anti-corrosive 
cover in the baggage compartments №1 and №2 . Only after performing necessary dismounting 
operations and quality troubleshooting activity a huge amount of additional corrosive defects were 
detected which very often could lead to full or partial replacement of the airframe elements. In its 
turn unavailability of the sufficient amount of required spare parts of category 1 resulted in 
prolongation of aircraft staying in the Maintenance Centre.  

Based on the results of the analysis of the first stage of works in accordance with the new 
Continuous Airworthiness Program forecasting of a new volume of activity in troubleshooting and 
maintenance of electrical elements of the airframe for the second stage was carried out in 2005. 
Such an approach allowed to place orders for manufacturing required spare parts in advance and 
maintain a more exact time scheme of work planning. 

After completion of a two-year period of corrosion control by the end of 2006 at the third 
stage of such activity in 2007 the average number of corrosive defects decreased twice as little. That 
proved the effectiveness of efforts taken during 2005-2007 period. Decrease in average number of 
corrosive defects per one aircraft, depending on the stage of work activity based on the new 
program, is characterized by the following data received during the process of observation seven 
TU-154M  aircraft at the Maintenance Centre: 85 corrosive defects in 2005 (1st stage), 77 corrosive 
defects in 2006 (2nd stage), 37 corrosive defects in 2007 (3d stage). 

Quality of corrosion control became better. In comparison with previous years more than half 
(53%) of the detected defects were related to corrosion the amount of removal of which did not 
exceed maximum acceptable values. Such corrosive defects were eliminated by way removal of 
corrosion and restoration of paint coating on the spot. 

According to the assessments by the specialists of “Tupolev”, Open Joint-Stock Company, 
along with insufficient corrosive endurance of B95N1 alloy, one of the causes of the corrosive 
defects of the aircraft, subjected to the overhaul procedure, is application, before airframe and power 
unit troubleshooting procedure, unauthorized solvents and cleaning fluids (645, 646, Cee Bee A-
952) which remove from the surface of the airframe and power units not only preventive 
composition, but also paint coating. Besides the solvents get into slots and backlashes between 
stringers and trimmings. Taking into account that all these liquids are corrosively active and 
practically cannot be removed from inside, the causes of new corrosion seats and ways of their 
developments become apparent. That is why the manufacturer requires not to apply the solvents 
(except authorized ones, like white spirit, kerocene) for removal of preventive compositions from 
the assembled construction.  

An important factor for organization of control and accounting of corrosive defects on the 
airframe  is  implementation of passports of corrosive conditions of the aircraft and registration of 
the technical conditions of the airframe. 
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Together with the State Civil Aviation Scientific-Research Institute and “Dalic” company, 
France, the manufacturer carried out implementation of the new technological process of local 
anodic treatment for restoration of defected aluminium parts by Zn-Ni coating. 

An important activity of the manufacturer related to enhancing reliability of anti-corrosive 
protection of the outer surface of the aircraft and improving aircraft outward appearance is 
development and perfection of new methods of painting the outer surface. 

On the basis of cooperation with the leading foreign manufacturers of paint and lacquer 
coating “AKZO-Nobel” (Netherlands) and PPG Aerospace PRC-De Soto (UK) and based on the 
results of joint tests and under-control operation of two Aeroflot-Russian Airlines’ aircraft during 15 
months, it is recommended to use the following paints which are the best ones taking into account 
the complex of their bulk properties: Aviox Primer 37098 coating + Aviox Finish 77702 enamel + 
Aviox Advanced Mike Series decorative coating + Aviox Clearcoaf UVR lacquer.  

The results of the under-control operation are approved by the appropriate acts of the 
manufacturer, representatives of the Aeroflot – Russian Airlines and developers of the paint and 
lacquer coating. 

Application of the mathematic equipment for controlled semi-Markov processes used for 
modeling of Tu-154M continuous airworthiness during their entire lifecycle gives an opportunity to 
assess the effectiveness of various adaptations of the program. It is proved that providing the given 
level of flight safety and regularity the new TU-154M continuous airworthiness program (without 
overhaul repair) in conditions of the Maintenance Centre is more effective than the source 
continuous airworthiness program (with overhaul repair and stage-by-stage prolongation of 
overhaul-period renewal and operating life) on the basis of intensity of service and economy of 
technical operation of TU-154M aircraft. The results of the research carried out and experience of 
application of the effective TU-154M continuous airworthiness program (without overhaul repair) at 
the maintenance Centre could be used during the operation of the “aging” aircraft fleet of other 
types of aircraft.  
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DEVELOPMENT OF MINIMUM EQUIPMENT LISTS ENSURING SAFE AIRCRAFT 
FLIGHTS. 

This presentation provides general provisions and legal foundations for the establishment of the 
“Master Minimum Equipment List” (MMEL) and “Minimum Equipment List” (MEL). It also shows 
MMEL development procedures and economic aspect of its use. 

General 
Modern aircraft, built according to the “safe damage” principle, have a high level of 

operational structural redundancy. 
Redundancy characteristics laid into the aircraft structure allow solving successfully the 

problems of ensuring regularity of operations and acceptable safety level. 
Realization of the redundancy characteristics laid into the aircraft structure is being 

accomplished by means of using minimum equipment lists (MEL). Such MELs allow aircraft 
operators and flight crews to temporary perform safe operations with the defective (unused) 
equipment, if necessary. 

Master Minimum Equipment List (MMEL) is developed by the company for the aircraft type, 
Minimum Equipment List (MEL) is developed by the aircraft operator for each aircraft. 

Both MEL and MMEL are normative and legal documents, which are approved or adopted by 
the airworthiness control body. They include enumeration of components and systems, which are 
being given the “Permissible”, “Permissible if” or “Not permissible” status depending on their 
influence on flight safety. Components having the “Permissible” or “Permissible if” status may stay 
in the defective condition in the course of a limited period of time. Availability of the components 
having the “Not permissible” status is the reason for the prohibition of operations. 

Legal Foundation to Establish MEL and MMEL 
Official definition of the Minimum Equipment List is given in “Annex 6 – Chapter 6: 

Aeroplane Instruments, Equipment and Flight Documents”: 
“6.1.3 The operator shall include in the operations manual a minimum equipment list (MEL), 

approved by the State of the Operator which will enable the pilot-in-command to determine whether 
a flight may be commenced or continued from any intermediate stop should any instrument, 
equipment or systems become inoperative…” 

Attachment G to the ICAO Annex 6 gives the explanation of the object, as well as the 
principle of MEL: 

“If deviations from the requirements of States in the certification of aircraft were not 
permitted, an aircraft could not be flown unless all systems and equipment were operable. 
Experience has proved that some unserviceability can be accepted in the short term when the 
remaining operative systems and equipment provide for continued safe operations”. 

In foreign practice legal policy and norms for establishing Master Minimum Equipment List 
(MMEL) and Minimum Equipment List (MEL) are set forth in the Aeronautical Requirements, in 
particular JAR-OPS 1.030 state: “Operator’s Responsibilities: 

(a) An operator shall establish, for each aeroplane, a Minimum Equipment List (MEL) 
approved by the Authority. This shall be based upon, but no less restrictive than, the relevant Master 
Minimum Equipment List (MMEL) (if this exists) accepted by the Authority. 

(b) An operator shall not operate an aeroplane other than in accordance with the MEL unless 
permitted by the Authority. Any such permission will in no circumstances permit operation outside 
the constraints of the MMEL.” 

However, as the ICAO Convention (Annex 6) states, MMEL should also take into 
consideration the existing airworthiness standards in order to ensure that the aircraft meets these 
standards. In this connection the process of approving MMEL is similar to the process of 
certification: MMEL is the sanctioned deviation from the aircraft Type Certificate. 

MMEL Development Process 
MMEL development is a process which involves many employees of the company in 

particular system development specialists, flight safety specialists, etc. 
For each MMEL component specialists take into account: 
• The influence of this component failure on flight safety; 
• Results of the flight tests and/or flight simulator tests; 
• Failure influence on the flight crew work load; 
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• Influence of several malfunctions; 
• Influence of the additional critical failure. 
Interaction between the systems is being carefully analyzed in order to make sure that multiply 

failures will not lead to the unsatisfactory flight safety level. Moreover, not only the consequences 
of the given component failure are being considered in the course of the analysis but also the 
consequences of the additional critical failure. 

When an aircraft is prepared for the departure then if MMEL/MEL is available the acceptable 
flight safety level is maintained by means of: 

• Transferring the function to the other equipment component (reservation); or 
• Other equipment component (reserve instrument) giving the required data; or 
• Observing the appropriate limitations and/or procedures (flight crew operating procedures 

and/or maintenance procedures). 
MEL development procedure presupposes the analysis of the failure consequences, including 

critical failures. Aircraft components are included in MEL if the failure consequences are inessential 
and the required flight safety level is maintained. However, aircraft components may be included in 
MEL in case when the failure consequences are essential or the required flight safety level is not 
ensured but the actions of the flight crew or engineering and technical personnel may minimize the 
failure consequences. 

Adopting Decisions about Aircraft Operational Clearance with the Use of MEL 
MMEL is the result of the comprehensive study and analysis including the review of a great 

number of operating conditions and factors with the aim of ensuring safe flight operations and 
normal aircraft operation. 

MMEL sets a time-limit in the course of which the aircraft may be operated with the defective 
components this limit is determined in order to: 

• Maintain the acceptable safety level; 
• Prevent poor quality maintenance; 
• Prevent multiple failures which may accumulate in the course of time and thus affect flight 

safety and the efficiency of the aircraft operation. 
“Airbus” MMEL sets 4 time intervals necessary to eliminate malfunctions (A, B, C and D): 
Time periods of eliminating 

malfunctions A B C D 

Number of calendar days 
(excepting the day of detection*) ** 3 10 120 
* Not applicable to the ‘A’ type. The time for the elimination of malfunctions is limited by the 

number of flights or flight hours. 
** Category ‘A’ does not set the standard time for the elimination of malfunctions. 
Interval ‘C’ corresponds to the period of time adopted by the Authorities till the next repair of 

the aircraft main/standard system. After the analysis of the failure influence on flight safety it is 
sometimes necessary to apply the less prolonged ‘B’ interval. 

Interval ‘D’ corresponds to the majority of auxiliary systems. 
Interval ‘A’ is applied to the components which can’t be referred to the ‘B’, ‘C’ or ‘D’ 

intervals. Interval ‘A’ may be shorter or longer than specified for the ‘B’, ‘C’ or ‘D’ intervals. 
An aircraft can’t be cleared for flight after the time required to eliminate malfunctions, 

specified in the MEL, has run out. However, there is a possibility to prolong this term in accordance 
with the special procedure stated in JAR-MMEL/MEL. 

Prolongation of the Time Period for the Elimination of Malfunctions 
An aircraft shall not be cleared for flight operations after the time required to eliminate 

malfunctions has run out. However, in accordance with the JAR-MMEL/MEL.081 aircraft operators 
have the possibility of a single prolongation of the period of time required to eliminate a malfunction. 
Such prolongation is possible for the ‘B’,’C’ or ‘D’ intervals but is unacceptable for interval ‘A’. 

JAR-MMEL/MEL.081 describes the procedures of a single prolongation of the time period 
required to eliminate a malfunction and states the requirements to the aircraft operators: 

“Having received the approval of the Authorities, an operator may prolong the ‘B’, ‘C’ or ‘D’ time 
intervals, required to eliminate a malfunction, for the same period as the MEL specify in case if: 

(a) The description of the duties and responsibility for the regulation of the prolongation is 
determined by the operator and approved by the Authorities, and 

(b) Only a single prolongation of the corresponding period of time required to eliminate a 
malfunction is permitted, and 

(c) The Authorities are notified about any prolongation in good time acceptable to them, not 
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exceeding one month, and 
(d) The elimination of the malfunction is executed as soon as possible.” 
In special cases aircraft operators may directly negotiate with the Authorities about the second 

prolongation of the time period required to eliminate the malfunction. Such authorization for the 
second prolongation is given only by the Authorities and does not involve “Airbus”. 

Economic Aspect of the Use of MMEL 
MMEL not only ensures safe flight operations but also assists an aircraft operator in using the 

existing “Airbus” aircraft fleet to the maximum advantage within the framework of the current 
activity. MMEL contributes to the increase of an operator’s profit. 

The first economic aspect is connected with the aircraft operation. MMEL makes it possible to 
operate an aircraft with one or more unserviceable equipment component when the malfunction is 
detected in flight or during ground handling. The possibility to dispatch the aircraft for flight 
removes the necessity of unscheduled maintenance, delays or cancellation of flights. 

The second economic aspect of MMEL is the optimization of the “primary support’ and, thus, 
reduction of the storage expenses. “Primary support” is a catalogue containing the enumeration of 
all replaceable equipment – LRU (line replaceable unit), the number of spare parts and their cost. 

This primary support is determined proceeding from the complex mathematical model which 
takes into account several factors, including: 

• The number of aircraft in the fleet; 
• Total number of flight hours per year; 
• Average cost of a spare part; 
• Number of components per one aircraft. 
This catalogue enables aircraft operators to order spare parts several months prior to the 

delivery of the aircraft itself, in order to prevent situations connected with the demurrage of aircraft. 
One of the factors, which is taken into account in the model, is directly connected with 

MMEL. This factor is known under the name “Importance Degree Code” (EC) and it corresponds to 
the status assigned to the component in MMEL: 

• EC=1: Corresponds to the “Not permissible” component; 
• EC=2: Corresponds to the “Permissible if” component; 
• EC=3: Corresponds to the “Permissible” component. 
Such organization enables aircraft operators to plan the return of the aircraft to the home base. 

Thus, the aircraft may continue the flight in the standard mode in accordance with the MEL 
requirements. 

Therefore, MMEL is the main factor promoting operational reliability and may give aircraft 
operators the possibility to substantially reduce operating expenses.  

As an example of the use of MEL in aircraft maintenance let us cite the experience of 
“Airbus” aircraft operation. The engineering and maintenance personnel of the line and periodic 
aircraft maintenance divisions use the “Aircraft Maintenance and Spare system” (AMASIS), 
“Routine Maintenance Module” to enter information on the accomplished works including those 
postponed according to MEL. In addition to that, in the course of preparing the aircraft for departure 
the flight crew is given the printed form from the AMASIS system (“Technical Follow-up” group) 
on the malfunctions postponed to be eliminated in accordance with MEL. 
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COMPARISON OF THE WEAR ACTIVATION ENERGY (EP) “ШХ15” IN FUEL “TC-1” 
WITH ANALOGOUS VALUE “TC-1*” OF A LONG-TERM STORAGE 

In the result of tribokinetic tests of the fuel “ТС-1”we have determined the kinetic characteristics and  
activation energy wear of the third stage of triboreaction ЕРТС-1 =20,314kj/mol that is more than the 
analogous value of activation energy wear for “ТС-1*”of the long-term storage  ЕРТС-1* =19,581kj/mol 
and less than ЕРРТ= 21,278 kj/mol for fuel  “РТ”. Receiptal result ЕР point at the best antiwear 
properties of the fuel “ТС-1” and ”РТ” it can not be determined while using of the tribotechnical 
tests. 

Setup of the problem. The development of modern aviation engineering is impossible 
without increasing the reliability, durability, productivity, cost-efficiency of machines, mechanisms 
and their units. These requirements are especially important in designing and manufacturing of 
aviation engineering items as well as in their operation. Increased reliability, durability and cost-
efficiency of these items depends on the surface durability of their individual units. In it is turn, the 
surface durability (wear-firmness) of structural materials of triboconnections cannot be increased 
and the antiwear properties of fuel and lubricants cannot be improved without conducting unified 
tests, involving universal, energy, integral and invariant criteria, at least in one of the value ranges of 
loads, speeds of sliding and temperatures. The criterion that meets all the above mentioned 
requirements is surface destruction activation energy, i.e. wear activation energy EP, which is the 
third stage of triboreaction [1]. This criterion is an energy criterion in fact, integral and universal in 
application, invariant in the normal mechanical-chemical wear range, i.e. in the range of structural 
adaptation of the triboconnection materials, which has been proved experimentally [1]. The kinetic 
characteristics and EP for the fuel “PT” were also determined. Later the same characteristics were 
determined for the fuel “TC-1” that had been stored far a long time [2]. The characteristics obtained 
showed a degradation of antiwear properties of the fuel after the long-term storage. The following 
hypotheses were put forward with respect to this degradation: 1) this degradation may result from 
oxidation or from other processes connected with long-term storage; 2) this deterioration condition 
of the different antiwear properties of fuels “PT” and “TC-1”, in spite of the interchangeability the 
permission to mix up these fuels in any correlation. 

Aim of the work – to put up the true causes of deterioration antiwear properties of the fuel 
“TC-1*” of long-term storage by means of realization of tribokinetic tests to determine the kinetic 
characteristics and EP of the fuel “TC-1”, usually fresh and compare the obtained results, firstly with 
the value of EP then with the earlier value of EP for the fuel “PT” EP

PT=21,278 kj/mol and the fuel 
“TC-1*” of long-term storage EP

TC-1*=19,581 kl/mol. 
Calculation – experimental part. For the achievement of the aim of the tribokinetic tests, 

conducted under conditions analogous to the preceding tests to determine the kinetic characteristics 
and EP of fuel “TC-1*” of long-term storage, i.e. tribokinetic tests to determine the kinetic 
characteristics and EP of fresh fuel “TC-1” (DSTU 320.001249943.011-99), a production of the 
Kremenchug oil – processing plant conducted on the friction machine “КИИГА-2” [3]. Both hard-
phased elements were produced with ball-bearing steel “ШХ15” (ГОСТ 801-78). Tests conducted 
by axis load P=98,1 H, speed of slide Vck=1,18 m/c without excess pressure in the cell, at two 
temperatures: T1=333oK and T2=303oK. Then, with the help of instrumental microscope “МИМ-7” 
at 70-divisible increment the diameter of the spot wear of every ball, was measured in two 
interperpendicular directions and the arithmetic value of diameters of the spots wear d, the mean 
value d of thee of spots wear – dc and mean value dc of thee or more tests were calculated. 
According to the method of carrying of tribokinetic tests, we calculate the value og the wear of 
every ball, which is the geometric form of the ball segment, diameter the base of which is the 
diameter spot wear. The sum of the volume wear of third balls (summary volume wear of one test) 



 

 

 

11.26

and we calculated the arithmetic mean value of summary value wear of three or more tests Vc. 
Rusults of these tests we bring into table 1. 

                                                                                                                            Table 1 
   Kinetic characteristics of the surface destruction – third of the stage triboreaction - wear 

Теmperatu-
re of the 

tests, Т,0 К 

Time of the 
tests, 

tі, х103, s 

Mean values of 
summary 

volumes of wear 
of the 3th tests, 
Vc х10-3, mm3 

Speed of wear 
for intervals 

of time, 
Δt×10-6, 
mm3/s 

Order of 
wear NP for 
interval of 
time  tΔ  

Constants 
of speed of 

wear, , 
13 ,10 −−× cK p

 

Mean 
values KP

Kp×10-3, 
s-1  

Coefficient of 
deviation of the

estimation of 
KP, W,% 

Graphical 
value of KP 

1,8 0,87934 - - 
2,4 1,18034 0,50167 0,48713 
3,0 1,58446 0,67353 0,48722 

 
 

303 
3,6 2,07816 0,82283 

 
 

0,84 
0,44931 

 
 

0,47455 

 
 

4,6 

 
 

tg 24,5° = 
0,4557 

1,8 0,91013 - - 
2,4 1,71737 1,3454 1,02565 
3,0 2,9643 2,07821 0,88781 

 
 

333 
3,6 5,61713 4,42168 

 
 

1,01 
1,0305 

 
 

0,98132 

 
 

8,3 

 
 

tg 43,5° = 
0,9490 

The next stage of the tribokinetic experiment is to calculate the speed of reaction wear w: 

1
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−

−
−
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VV

t
V

w    

where VCti and VCti-1 –mean value of the summary wear of the tree balls at moment of time ti 
and ti-1 respectively. 

The results of these calculations of w for every  interval of time ∆t are brought into table 1. 
The order of the reaction wear NP was calculated for the initial ∆t1 and last ∆t3 interval of time using 
the next formule: 

,
lg

lg

3

1

3

1

C

C

p

V
V

w
w

N =

                                    

where w1 and  w3 – speed of wear for interval of time ∆t1  and ∆t3  respectively; 
VC1 and VC2 – mean of the three balls for intervals of time ∆t1 and ∆t3  respectively. 

        The results of the calculation of the order of reaction of wear NP are also brought into table 1. 
The constants of speed of wear KP we calculate with help of the final value of VC in intervals 

of time ∆t, i.e. using the formule: 

.. apCapC

Cp

V
w

Vt
V

K =
⋅Δ
Δ

=      

where VCap – mean arithmetic value of VC at beginning and at the end of the interval ∆t. 
The results of these calculations we also bring into table 1. We also bring the mean arithmetic 

values of KP and coefficient of deviation of the estimation of KP–W, which is calculated according 
to method of the calculations of measurement errors of the physical quantity [4]. 

Thus, knowing the value of KP at both temperatures T1=333oK and T2=303oK, according to the 
equation of Arrenius, the value of the activation energy of the surface destruction, i.e. wear 
calculated:  

mol
kj

K
K

TT
TT

K
K

TT
TTRE p

p

p

p
p

TC 314,20
4746,0
9813,0lg

30
3033339144,1lg9144,1ln

2

1

21

21

2

1

21

21
1 =⋅

⋅⋅
=⋅

−
⋅⋅

=⋅
−
⋅⋅

=−

 

 where R – universal gas constant. 
For control of the correction of the of the determination of the kinetic characteristics of wear 

w, NP, KP  along with the results of the tribokinetic tests we build the diagrams of the dependence of 
lg VC from time of the tests (t) (diag.1). The linear dependence of lg VC from t confirmed the order 
of the reaction NP ~ 1 and set the value of KP graphically, which is equel to the tangent of the angle 
of inclination of the straight line to the axis OX. This value of KP is also brought into table 1. The 
results of the tests are brought into table 1 and on the diagram of the dependence of lgVC   from t. 
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Conclusions 
1. Using the obtained values of the kinetic characteristics and EP

TC-1=20,314 kj/mol, place of 
the causes of the deterioration of antiwear properties of the fuel “TC-1*” of long-term storage was 
established: it is the consequence of the action of the processes of oxidizition and other, which are 
connected with the length of storage  

2.In spite of full interchangeability and permission to mix up the fuels “PT” and “TC-1” in any 
correlation, antiwear properties, although irsignificant, are yet distinguishable – in “PT” a little 
better(EP

PT=21,278 kj/mol against EP
TC-1=20,314 kj/mol), which was possible owing to the high 

accuracy of the determination of EP. 
3.Close values of EP of the tree fuel (“RT”, “TC-1” and “TC-1*” of long-term storage), for 

which we have determined the kinetic characteristics, confirm the invariation of EP in diapason of 
normal mechanical-chemical wear, which correspond to the diapason of the structural-adaptation of 
the materials of the triboconnections. 

4.The established value of EP
TC-1=20,314 kj/mol in the fuel “TC-1” replenished the bank of  

data of wear-firmness of the steel “ШХ15” and antiwear properties of the fuel “TC-1” and 
matrixical energy – activational criterion of estimation of construction materials, antiwear properties 
of combustible – lubricant materials and combinations of these materials 

                                                                                                                             
 
 
 
 
 
 
 
 
 
 
 
 
Draw.1. Diagram of the dependence logarithm of mean values of summary volumes of wear of 

three balls in three tests (lg VC) from of the tests (t): 1 – at 333oK, 2 – at 303oK. 
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MANAGEMENT PROCESSES OF TECHNICAL OPERATION OF AVIATION TECHNICS 

Approach is examined to forming of the optimum modes of technical maintenance of air 
ships and development of recommendations on the structural improvement with realization 
on the basis of the automated systems 

The obvious became presently, that to promote efficiency of the use of mathematical 
methods of research the complex systems with renewal it is possible for the wares of aviation 
technics (АТ), if to go it is out of the way increases of amount existent methods and their 
clarification, and on the way of creation high-quality new approach to the security analysis of the 
complex systems of АТ and its providing in exploitation. 

The analysis of the most typical mathematical models of prophylaxis shows that they allow 
estimating influencing of measures on the management by the state of the system only on separate 
descriptions and properties of technical devices, at assumptions which not fully reflect the external 
environments of АТ wares. 

So, in many cases, descriptions of the faultless systems and elements determine in a function 
only one periodicity of implementation aircraft maintenance, here plenitude maintenance and 
control is not taken into account. In other cases of description of faultlessness express depending on 
plenitude and periodicity only one stage of exploitation, and it means on the very limited part of 
technical resource of item. In practice in most cases takes place multistage maintenance and every 
appearance differs by the value of plenitude control and periodicity of leadthrough. 

For the complex account of influence on descriptions and objects properties of exploitation, 
managing influences, development of new methodological approach to the management by the state 
of wares of АТ is required, allowing defining the optimum managers of influence taking into 
account all operating factors. 
 The management by a volume, modes and periodicity of implementation works on condition 
of providing the set level of capacity of АТ wares with the purpose of minimization expenses is an 
optimization task. During optimization of technical service maintenance it is necessary to come 
from structural and operating properties of АТ wares. 

The complete volume of maintenance works makes the great number Q, which is broken up 
on the row of under great number Qi are maintenance modes (operative, intensive labor, repairs), 
different in a number of the controlled parameters – Пi, by character of maintenance works and 
periodicity of their implementation. Regulations works are executed repeatedly and include: 
- continuous control of the state of АТ wares in the process of application on the great number of 
parameters Пн; 
- leadthrough of works on providing of flight Qв and control of the technical state on parameters 
Пп; 
- periodic control the state of АТ on the great numbers of parameters РкРiРР ПППП ;....;....; 21  and 
leadthrough of prophylaxis restorations works after working off the wares of certain works 

pкpipp tttt ΔΔΔΔ ;....;....; 21  or duration of exploitation piτΔ  in a volume piQ . Major repairs of АТ are 
conducted after working off the useful life resource R  or (refusals of wares) in a volume RiQ . 
The complex systems of АТ in the process of exploitation form the countable set of the states: 
 

{ }qHHHHH ...210=  
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where 0H is under great number of the capable of working states, 
    qH – down state. 
 

Intermediate the states ( )1,1 −= qjH j  are caused by the refusals of separate elements or 
their great number, which reduce efficiency work of the system, but does not cause the loss of their 
capacity. 

The complete control for all states H  makes the great number { }NN ПППП ...21= , however 
to carry out global verification not always possibly, and not always expediently, in connection, with 
what use the system of verifications iП  on certain parameters ( )РiнП П;П;П . 

For realization of process control of change properties and descriptions objects of 
exploitation it is necessary to define the possible managers of influence and to optimize organization 
of their leadthrough at the set limitations for the receipt of the required values of output vector TH  
at minimum operating costs. 
 It should be noted that in the known models of optimization of plenitude and periodicity of 
prophylactic measures on the management by the state of complex objects of exploitation 
development poliparametric method of optimization not is completed until now. At developments of 
regulations АТ maintenance the nomenclature of measures on the management by the state of the 
complex systems concerns largely expertly and is carried out in the following sequence: 
1. Specification of item is learned from the point of its maintenance (setting, external 

environments, structure of the systems, temporal mode of exploitation, requirements to item, 
repairable of its elements, maintenance man-hours and other). 

2. Item is broken up on component parts and knots are commutable or repaired wholly. 
3. The possible refusals and disrepairs are analysed from point of their warnings at technical 

service. 
4. For every knot make a list and types of maintenance works (verification, greasing, regulation, 

replacement of knot, etc.), necessary instruments, devices, adaptations, options and other, 
determine 

5. Calculations charts choose, exactly and the simplified calculations formulas. 
6. Make the working method of data capture. 
7. Carry out collection of necessary information for a maintenance calculation on the analogues of 

wares.  
8. Set periodicity of all maintenance works for every element individually. 
9. Make the groupment of works on the terms of their leadthrough. 
10. Make norms for aircraft maintenance. 
11. Develop instructions for maintenance of wares. 

Within the framework of the processes control system of technical exploitation of АТ on 
operating  enterprises civil aviation collection, account and statistical data processing, rely about 
discovered on wing and on earth refusals and damaged wares of АТ and on the basis of analysis of 
their reasons, results of exploitation, estimation of actual level of reliability of АТ, and also results 
of diagnostic and control of the technical state of wares, decision of the following basic tasks: 

- choice of facilities and optimization of the modes of control and diagnostic of АТ taking into 
account concrete external environments; 

- development and realization of organizationally-technical measures on warning of aviation 
incident and pre-conditions by him through the refusals of АТ wares, which arose up as through 
fault ІАС and low quality of АТ repair, so it is not enough high qualities of operating properties of 
wares; 

- realization of optimum maintenance philosophy of АТ wares. 
Task of providing of reliability it is impossible to understand in that understanding that it is 

needed necessarily to promote reliability of wares. There are certain combinations of descriptions: 
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properties, maintenance modes and other factors at which reach level set reliability of АТ wares, - 
here charges minimum. In this case providing of requirements on reliability is taken to the task of 
the optimum distributing of facilities, that is sharply complicated, because it is necessary to know a 
such global having a special purpose function which would allow to define expedient their 
distributing between the possible alternatives of increase reliability of objects in exploitation. All of 
it results in the decision of multicriteria tasks in exploitation. 

Multicriteria problems have a characteristic feature, the above all difference of which 
consists in that no single point of view is, and there is the great number of effective decisions, or 
decisions optimum on Pareto. On Pareto such alternatives which in transition from one alternative to 
other the values of one or a few criteria can not become better without worsening of even one 
criterion will be optimum. Determination of great number on Pareto narrows the initial great number 
of decisions, that it diminishes vagueness. If some additional information about a task is absent, the 
subsequent narrowing of great number of Pareto by formal methods is impossible. 

If criteria and their values get out taking into account a cooperatively, as a result general 
interest of group of criteria is put higher than interests of every separate criterion, the choice is 
optimum on Pareto [2]. 

Every alternative Vi ∈ν  there is the set of parameters 
 

( ),,...,,V i
n

iiii
)i( νννν 21=    n,...,,i 21=  (1) 

 

that and an alternative can be examined as vector in measurable space of parameters. 
The improvement of the system of estimations takes place by the change of parameters i

jV , 
and acceptability of these changes is estimated by a criterion. Formal consideration task of choice 
begins since composition of great number of alternatives is certain. The question of theoretical 
analysis and complication of such analysis can substantially depend on that, how the successfully 
entered great number the V objects taken for alternatives. 

The multicriteria model of decision-making optimum individual is set as vectorial criterion 
in a kind, which scalar functions which are certain on V and measure the internals of decision on a 
certain scale are components. In general case they incompatible. On foundation ( )νK  it is needed to 
choose the decisions the best in the certain understanding. 

A not separate alternative and not pair of alternatives which need to be compared, and all 
great number of variants, which the "best" variant gets out from, is the argument of algorithm of 
choice. 

Construction of the generalized criterion is based on that the generalized internals of 
alternatives are estimated by distance between an ideal and examined alternative and than less this 
distance, the best alternative. How ideal take an alternative which a vector answers 

 

( ) ( ) ( ) ( )[ ]00201 t,...,t,tt mνννν =  (2) 

 

where the maximal values are components for maximized and minimum values for the minimized 
criteria of optimum, which are achieved on the great number of alternatives V. Distance between 
two alternatives s  and t  certainly in ordinary evklyds 
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so, that tSst DD = and 0=SSD . 
 

In this expression the generalized criterion can be formulated in a kind: 
а) most absolute deviation from an ideal alternative for criteria, parts of one dimension: 
 

( ) ( ) ( )[ ] ( ) ( ) ,ttmaxt,...,t,tWF iim ννννν −== 021  (4) 

 

б) most relative deviation from an ideal alternative for criteria, parts of different dimension 
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For the grant of evenness of influencing of each of criteria on the final value of integral 
criterion it is necessary to level turn-downs values of criteria by the down-scaling and taking them to 
the range [1; 0]. 

Selection of great number of base alternatives, determinate measure for their comparison and 
setting of the system of advantages between them - are foundation of decision-making the best. The 
selection of this great number will shorten the subsequent analysis and will decrease the amount of 
calculations for the processes control of technical exploitation. 
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A CONCEPT OF AN AIRCRAFT ENGINE HEALTH MONITORING PLATFORM 
 

 
 This paper presents a general concept of engine health monitoring platform for commercial aircraft. 
The paper contains the results of practical situation investigation with the purpose of identifying the 
problems of the shortcomings of appropriate systems. The state of the research allows defining the list 
of key positions, which should create the background for the elaboration of mentioned platform.  

 
 Introduction 

Aircraft engines constitute a complex system, requiring adequate monitoring to ensure flight 
safety and timely maintenance. Ten years ago Gas Turbine (GT) Diagnostic Systems were ordered 
in less then 10 % of new units. Today this has changed dramatically; almost all newly ordered gas 
turbines are equipped with at least a basic Diagnostic System. A main reason is the constantly 
progressing gas turbine technology. To minimize the risk for vendor and customer, diagnostic 
benefit starts from the beginning of gas turbine life time with product development and engineering, 
continues during plant shop test, commissioning, acceptance test and warranty period and closes the 
loop with maintenance and service . 

In the recent years enormous advances were made in the fields of development of computer 
power, network technology, as well as specific diagnostic tools. This provided the information 
technology basis (IT) for advanced Monitoring and Diagnostics in an on-line mode, with remotely, 
centralized performed interrelated data analysis and diagnostics. These were so-called Diagnostic 
Platforms. 

 
Diagnostic System Platform: Task and Concept 

In the early 90’s, a number of different hard- and software Systems were necessary to perform 
the diagnostics tasks. To reduce the complexity of those configurations the development 
goal was to achieve a common platform for data acquisition and diagnostics. The profit has been 
taken from the information technology evolution. Through one common platform different analysis 
and diagnostics tasks can be handled. In addition new diagnostic functions were incorporated in the 
same manner: one Windows-PC now exceeds the tasks which were then performed by a number of 
computer devices. So, the Diagnostic System Platform became one host for all Technologies. The 
following goals were achieved:  

• Depending on the gas turbine-technology requirements, the customer has access to 
more than twenty different analysis and diagnostic modules  

• Market available technologies from different companies in combination with the competence 
of gas turbine producers should compliment the diagnostic platform. 

• Less hardware and software equipment, along with less administration effort provides 
synergy and cost reduction and prevent computer farms around a gas turbine. 

• Combination of different data in one database allows more complex and interrelated 
data conditioning, analysis and diagnostics. 

• There is a common tool used by the technologists for visual evaluation of different 
kinds of data. This allows easy handling and focus on the technological evaluation and 
interpretation. 
Typical applications of  Gas-Turbine On-line Monitoring and Diagnostics System is shown on fig.1. 
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Typical Diagnostic Platform has modular structure (fig.2). The system contains a basic system 

frame with the interface to Instrumentation and Control, to networks, to remote access, and the data 
base and archive infrastructure. The modular Diagnostic System has access to many of the 
operational installed sensors and obtains between 300 and 1000 signals. Additionally to these 
signals, a high speed data acquisition for selected signals is included for analog and binary signal 
analysis. Together with Database, Archive and Remote Access, this is the basic system frame. The 
valuables in the center of the system are the technology modules which can be selected according to 
the unit’s task specific requirements. 

 
Background information technologies supporting diagnostic platforms 
 

The traditional Engine Health Management (EHM) approach uses fleet statistical data and 
signal processing techniques to detect and isolate faults. Modern EHM approaches enhance the 
traditional approach with physics-based models, individual engine performance tracking, predictive 
algorithms, and decision support capabilities. A modern approach typically measures key operating 
variables, compares model-estimated values with the measured values, and applies various 
algorithms and reasoning logic to make health management decisions; therefore, modern EHM 
capabilities often include model-based diagnostics (or prognostics) and model-based reasoning. 

A review of engine monitoring systems for commercial aviation revealed two practical 
problems facing EHM: 
1) too many false alarms,  
2) insufficient sampling and data storage. 
 On-going research areas in the field of EHM are:  
1) anomaly detection, 
 2) replacing standard threshold 
method with feature extraction,  
3) automated fault diagnosis, 
 4) combination of theory, knowledge, and test information to develop more reliable fault libraries,  
5) combination of rule-based (e.g., expert system) diagnosis with Artificial Neural Network (ANN 
or NN) or Fuzzy Logic (FL),  
6) knowledge discovery. 
 

As EHM has become mainstream, there is a wealth of aircraft engine monitoring data being 
collected routinely. Extracting useful information from these data, for making better technical and 
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Figure1. Gas turbine monitoring and diagnostics system with typical diagnostics tasks 
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strategic decisions, is the next challenge. Knowledge discovery in databases is a data-driven 
approach that is widely applicable in many fields of research. For example, decision tree learning is 
one of the most widely used methods for inductive inference, which approximates discrete-valued 
functions and is capable of learning disjunctive expressions. The output of the algorithm is a 
decision tree describing the data. The central choice in the algorithm is selecting which attribute to 
test at each node. One popular algorithm grows the tree top-down, at each node selecting the 
attribute that best classifies the local training example. Some other potential knowledge discovery 
techniques propose the use of fuzzy cognitive maps, fuzzy belief nets, and other soft computing 
techniques for diagnostics and prognostics. The methods make use of whatever data and knowledge 
is available to achieve reliable diagnosis in cases where failure modes are not thoroughly understood 
for reliable detection and diagnosis 

Fuzzy Logic (FL) approach lends itself for fault detection with incomplete or imprecise 
information. FL is typically applied to detecting short time-scale degradations. 

Genetic Algorithm (GA) has attracted attention as a global search technique that has the 
potential to “escape” local optima. Seemingly random, GA follows specific rules to reproduce 
subsequent cases (or strings) to minimize an objective function, and it does not require the 
calculation of derivatives 

Neural network-based diagnosis is another means of complementing rule-based diagnosis. 
Neural network models can be used instead of traditional models as a means of providing a 
nonlinear modeling technique. Neural network models can also provide a general tool for classifying 
test data for comparison to theoretical data from other models. The main advantage of neural 
networks is their ability to learn the faulty and normal operating signatures from actual test data and 
help with the reliable classification of faults in engines, without requiring detailed system models. 
However, a thorough neural-based diagnostic tool requires the collection of extensive training data, 
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including all possible fault signatures, to develop the model. One possible source of training data is 
from flight tests.  

Hybrid, or cooperating, approach to EHM has the benefit of collecting the strengths of 
individual approaches; it can also reduce the sensitivity of individual approach for a specific type of 
data or problem. Examples of hybrid approaches include: 

• Genetic Algorithms and classification ,  
• Artificial Neural Networks and physics-based model 
•  Artificial Neural Networks and Genetic Algorithms,  
• Genetic Algorithms and gradient search ,  
• Artificial Neural Networks and Kalman Filters . 

 
 

Key principles of developing an aircraft engine health monitoring platform 
 
All considered prerequisites, current approaches to the realization of diagnostic techniques and 

appropriate information technologies enable to generate the architecture and the list of key 
principles for hardware and software implementation of an aircraft engine health monitoring 
platform.    

The architecture of an aircraft GT engine health monitoring platform is schematically shown on 
fig.3.  

The key principles for hardware and software implementation of an aircraft engine health 
monitoring platform are the next.    

1. To define the phase (or phases) of an engine life cycle, on which the health monitoring 
platform will be applied. This will generate the objective of functioning of the health 
monitoring platform. 

2. The objective of functioning of the health monitoring platform enables to select the object 
(objects) for diagnostics. It may be the whole engine, or its elements.  

3. The list of objects for diagnostics makes it possible to define the index of performances. 
4. Selected performances define the appropriate diagnostic techniques.  
5. Selected performances define also the sources of necessary data, and enable to reveal the 

information type and structural arrangement of them. 
6.  The list of information sources gives the opportunity to make the decision about the 

coupling to Networks.  
7. Both diagnostic performances and diagnostic techniques enable to select the appropriate 

information technologies in order to realize the data acquisition, storing and processing.  
8. Selected sources of information demonstrate the quality of data, and reveal the 

uncertainty administration of them.  
9. The objective of diagnostic platform functioning and the diagnostic techniques define the 

type of diagnostic system essentially: it may be the real time or discrete time system.   
10. The information taken from positions 1-9 enables to generate the architecture of the 

diagnostic platform, and the strategy of its hardware and software embodiment.  
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Conclusion 
Nowadays the traditional maintenance concept based on periodical inspections after a set 

number of flight hours or time period of the aircraft usage, is being replaced by a modern, generally 
accepted, maintenance concept according to the condition. This concept has been applied to a new 
modular engine design providing fast and simple access to engine parts and significant use of 
diagnostic equipment for state monitoring. Consequently, the quantity of hardware and software 
units increase dramatically, and it was difficult to coordinate the efficient functioning of these. This 
situation revealed the new generation of health monitoring systems – so-called health monitoring 
platforms. The using of such diagnostic platforms increases the maintenance efficiency, reliability 
and flight safety.  
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INFLUENCE OF THE NEUTRAL ENVIRONMENT ON THERMAL LOADING OF 
STRUCTURAL MEMBERS OF BRAKE WHEELS AND THEIR DURABILITY  

 
Results of the carried out researches of frictional discs of aircrafts’ brake mechanisms, with respect to 
influence of the neutral environment (of nitrogen) on their wear resistance, are stated in the article. It 
is shown, that decrease in total wear of brake discs is connected with reduction of their volume 
temperature and with formation of nitrides in working layers of materials of friction pair under the 
influence of nitrogen. 

 
Long-term exposure of high temperature on elements of wheels, repeatability of cycles of 

heating and cooling lead to decrease in fatigue strength of details and aging of rubber materials |1-3|. 
Thermal exposure promotes accumulation of plastic deformation in materials of discs, that conducts 
to forming (shape distortion, shrinkage) of those ones and, as a consequence, to change of the brake 
moment and decrease in a disc resource. All of this affects the operational reliability and durability 
of a brake wheel as a whole |4-5|. 

Researches of the brake wheels thermal loading in extreme conditions (landings without 
activation of engines’ thrust reversal, high-lift device extension, braking of wheels at the raised 
speeds and so on), and also usual practice of airplanes operation, show, that heating of some details 
and wheel units can exceed admissible norms. It can cause failure of structural components and 
provoke a precondition to flight incidents. 

An overheat of brake wheels appears at performance of excessive number of take-offs and 
landings, infringement of time modes, and also in the case of wheel forced cooling absence after an 
interrupted take-off. 

More often the overheat of brake wheels occurs on the airplanes serving airlines with short 
routes and frequent take-offs and landings when total time of flight and parking is found insufficient 
for dispersion of thermal energy accumulated by a brake, to the value, safe for its separate elements 
and units. 

Development of the means promoting aerodynamic braking at run (flaps, slats, spoilers, brake 
flaps), application of engines with the increased reverse thrust do not solve the problem.  

In connection with increase in landing weights and landing velocities of aircrafts, there is a 
necessity of further increasing of power intensity of brake wheels by perfection of design, 
application of various cooling systems, and increase in heat capacity of brakes.  

However, the further increase in dimensions of a brake disk pack is practically impossible 
because of the limited volume of a wheel. The certain limit of power intensity of serially made heat-
absorbing materials, such as cast iron CNМH, cermet FMK-11, FМК-845, МКV-50А, is also 
reached. 

Rubber elements of a wheel (tyre cover, chamber, sealing rings of brake cylinders) have 
certain admissible temperature of heating, excess of which can lead to the loss of efficiency or 
destruction of both separate elements, and wheels as a whole. The analysis of brake wheel operation 
and results of flight tests have shown, that the maximum heating of a number of their elements after 
landing performance in extreme conditions (an interrupted take-off etc.) occurs in 5-7 minutes after 
braking completion. In these cases after taxiing-in of the airplane on parking place, it is necessary to 
cool wheels with water, which, getting on brake discs, is evaporated and abruptly reduces their 
volumetric (average weight) temperature. 
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Forced air cooling is applied now for reduction of thermal loading and cooling acceleration of 
a brake and a wheel as a whole by  means  of  a  fan, set into rotation by electric motor,  located in a  
wheel axis. The fan, sucking in cold air from the outside, drives it through orifices in wheel cases 
sidewalls between separate elements of a brake as though "washing" it. Thereby the original screen, 
protecting a tire from overheats, is created, and at the same time the cooling of discs surface is 
increased.  

One of the solutions to this problem of increasing of durability and efficiency of brake 
mechanisms is change of operation conditions of frictional materials depending on an environment.  

A number of laboratory and bench tests of various frictional materials has revealed the 
influence of neutral gases on occurrence and development of physical and chemical processes in 
frictional materials at brake mechanism operation.  

As the results of conducted researches have shown, frictional sintered material МКВ-50А has 
lower oxidising persistence (in comparison with other frictional materials, for example, FМК-11), 
therefore, for localisation of oxidising processes at carrying out of researches, nitrogen was fed in a 
friction zone of frictional discs which promoted formation of nitrides in working layers of materials 
of a friction pair that has allowed to raise their wear resistance.  

For comparison of brake mechanism operational characteristic in neutral gas (nitrogen) and air 
medium in real operation conditions, flight researches of specially modified brake wheels КТ-140D 
had been carried out. 

The modification consisted in setting of a collector for the gas environment feeding in a 
chamber of the brake mechanism and obturator on the block of cylinders for partial pressurization of 
the chamber of the brake mechanism from the environment. The nitrogen feed system has been 
mounted on the panel and established in the cabin. Gaseous nitrogen went in the brake mechanism 
of the wheel from a portable cylinder through 2 reducers that reduce the pressure to 1,5 - 2,0 
kgs/sm2. Feed time of neutral gas in the brake mechanism was regulated by a timer. 

Following parametres were registered during the flight researches : 
- Landing speed and speed of the beginning of braking  of wheels; 
- Pressure in the brake mechanism of wheels of the left and right chassis; 
- Speed of brake wheels; 
- Amount of closures (travels) of shock-absorbers of the main landing gear; 
- Temperature conditions of elements of brake mechanisms of wheels;  
- Run length of the aircraft after landing and braking distance;    
- Feed pressure of nitrogen in a brake cavity of the wheel. 
All records of working parametres were carried out with the general synchronisation on time.  

Under flight tests the temperature loading of brake wheels elements both at aircraft run modes and at 
taxiing had been compared. Temperature was measured in a wheel brake (in the tenon of pressure 
plates and bimetallic discs), in the block of cylinders and in the flange (under a tyre board) of the 
wheel. After the aircraft taxiing-in on parking the temperature condition gauging of elements of wheels 
was performed by contact way with application of temperature sensors.  

For keeping of the set (established) taxiing speed of the airplane and realization of its turns on 
a taxiway it is necessary to carry out 2-3 slight brakes, as a result of which wheel elements are 
heated up. As temperature measurements have shown, at "cold" aircraft taxiing with all working 
engines after landing to 3000 m, heating of frictional discs had been 90÷950С. During aircraft 
landing with application of effective wheels braking at run when the temperature of frictional discs 
reaches high values, it is necessary to take into consideration their additional heating, possible at 
long-term aircraft taxiing to a parking lot. 

Character of  the volumetric (average weights) temperatures change of bimetallic discs of two 
wheels working in different mediums  had been determined at the time of individual aircraft 
landings with various landing weight and beginning speed of braking of wheels (while as a reverse 
thrust (RTC) is on or off). Graphs (fig. 1 and 2) show that character of increasing and maximum 
values of volumetric temperature in brake mechanism discs under nitrogen exposure is lower (~ on 
600С), than in the brake mechanism working under normal operational conditions (in air 
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environment). This is explained by better cooling and heat transfer from discs surfaces into 
environment.  
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Fig. 1. Character of change of volume temperature of bimetallic wheel disks of КТ-140D    during 
plane braking at run (Gland. = 19,2 tons, Vn.t. = 160 km/h, РТmid = 51 kgs/sm2, landing without RTU 
inclusion). 

----- under brake feeding with neutral (nitrogen) gas; 
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Fig. 2. Character of change of volume temperature of bimetallic wheel disks КТ-140D 
         in a transit time and at aircraft taxiing to parking lot Gland =13,6 tons, Vn.t. = 155 km/h,  
         РТmid = 45 kgs/sm2): 
-----   under brake feeding with neutral (nitrogen) gas; 

1 - a brake way; 2 – braking during taxiing (Vtax. = 35 km/h). 
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Thickness of sectors of bimetallic and metal discs of brake mechanisms of wheels were 
measured before and after tests for definition of wear of a frictional material. For the purpose of 
more exact measurement and obtaining of profile wear of sectors (on disc radius) the special device 
was applied. Four sectors (from each party of the disc) in seven points on its radius were putted to 
measurement. 

The results of measurements of wear for sectors of КТ-140D wheels brake discs are illustrated 
in table 1.     

 
Table 1 

КТ-140D wheels brake discs sectors wear in air and nitrogen for one take-off and one landing 
 

Disk type, material 
Environment Clamping 

CNМH 
Ceramic-metal 
МКV-50А 

Bimetallic 
CNМH 

Supporting 
CNМH 

Air 0,017 0,016 - 0,017 0,014 0,007 
Nitrogen 0,008 0,009 - 0,011 0,006 0,006 
 
As it’s seen from the table 1, nitrogen application makes essential impact on wear resistance of 

frictional discs of brake mechanisms. So, at nitrogen giving in a friction zone of the brake discs 
made of frictional materials МКV-50А and CNМH, their total wear is decreased more, than in 2 
times in comparison with the wear of a similar friction pair in air environment, moreover, their 
frictional characteristics remain practically invariable.  

 
Conclusions: 
1. Flight tests of specially modified brake wheels КТ-140D have allowed to reveal positive 

influence of neutral gas (nitrogen) feeding in a friction zone of frictional discs. 
2. Under nitrogen feeding the volumetric (average weight) temperature in bimetallic discs is 

lower (≈ on 60ºС), than in the discs working in air medium. 
3. Application of nitrogen reduces total wear of frictional materials of discs, more than in 2 times. 

4. The reason of increase of wear resistance of frictional discs with feeding in a zone of a 
friction of nitrogen is formation of nitrides in working layers of a friction pair. 
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ALGORITHM OF BUILDING THREE DIMENSIONAL MAGNETOHYDRODYNAMIC 
MODEL FOR SUBMERGED NOZZLE-LINER ELECTROMAGNETIC STIRRER 
SYSTEM OF CONTINUOUS CASTER  
 

Boundary problem for calculation of coupled three-dimensional electromagnetic, hydrodynamic and 
non-stationary heat transfer processes leaking in a liquid steel flow at an effect on a conductive 
medium of a travelling magnetic field is formulated. The expressions for a numerical simulation of 
electromagnetic forces in a submerged nozzle-liner electromagnetic stirrer system on basis of the 
second-order Fredholm's integral equations are derived.  

  

INTRODUCTION 
Reliable and complete computer models of three-dimensional (3D) magnetohydrodynamic (MHD) 
and heat transfer processes for design and choice of operating mode optimum of continuous casters 
are required [1, 2]. 
MHD gates used for confinement of a molten metal in a furnace with the help of the travelling 
magnetic field in process of long-length rolled products aluminizing have been already found an 
application for industry [3]. In the paper [4] by physical modelling method was determined that 
vortex character of electromagnetic forces (EMF) leads to intensive forced convection of the liquid 
metal in a channel of the MHD gate. It is reflected negatively on operation effectiveness of the 
MHD gate. In the paper [5] the MHD gate mathematical model is suggested. Here initial 3D 
electrodynamics problem is reduced by means averaging MHD equations throughout the channel 
thickness and then is transformed in the 2D problem. The integral and local characteristics of 
idealised MHD gate are found. Two-pole stator of the travelling magnetic field creates the 
electromagnetic force. The distribution of total magnetic field amplitude along the stator length, 
EMF distribution and Joule heat density in the liquid metal have also been discussed. The 
mathematical model of an electromagnetic pouring submerged nozzle for the steel billet continuous 
casting is described in the paper [6].                    
 

1. PROBLEM DEFINITION  
On the liquid metal flowing in the submerged nozzle of continuous caster affects a force of gravity, 
EMF created by LEMS and a force of flow resistance. Those forces are collinear with moving 
direction of the liquid metal in the submerged nozzle and influence on molten metal immediately. 
Like that total force determinative the metal motion it equals to algebraic sum given forces. The 
force of gravity depends on height of the liquid metal column. The EMF was defined from problem 
solution of the electromagnetic field in the liquid metal volume filling submerged nozzle. The force 
of flow resistance is defined on procedure accepted in calculation of a pressure loss in channels of 
liner induction pumps. 
One of the important directions of steel continuous casting advancement is the development of 
mathematical modelling of 3D MHD processes taking place at control by motion velocity of the 
liquid steel in the submerged nozzle-liner electromagnetic stirrer (SN-LEMS) system on the basis of 
coupled fundamental combined equations of electrodynamics, hydrodynamics and heat transfer. 
The full mathematical model of MHD processes in the SN-LEMS system includes the following 
models: 
− mathematical model of 3D magnetic field of the LEMS; 
− mathematical model of 3D distribution of eddy currents and EMF in the liquid steel induced by 
LEMS magnetic field;  
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− mathematical model of 3D distribution of velocities field in the molten steel; 
− mathematical model of 3D heat transfer processes in the liquid steel and submerged nozzle lining. 
Let us write down the boundary problem of the coupled 3D electromagnetic, hydrodynamic and 
non-stationary heat transfer processes in the SN-LEMS system for creation of full MHD 
mathematical model and heat transfer processes leaking at the control by motion velocity of the 
liquid steel in the submerged nozzle at effect of the travelling magnetic field. 

 
2. ELECTROMAGNETIC FIELD EQUATIONS FOR SUBMERGED NOZZLE-LEMS   
    SYSTEM 

The magnetic field equations in a volume V − of the LEMS ferromagnetic core take the following 
forms: 

0−∇× =H ,      0−∇ ⋅ =B  ,        o
− −= μ μB H ,                                                  (1) 

where −H  is magnetic field intensity vector, −B  is magnetic flux density vector, 0μ  is magnetic 
permeability of a free space, −μ  is ferromagnetic core magnetic permeability. 
The magnetic field in the volume o mV V V V∗ += + +  can be described with the help of the following 
equations: 

∗∇× =H д ,      0∗∇ ⋅ =B  ,        o
∗= μB H ,                                                  (2)   

where 0V  is LEMS winding volume, mV  is liquid metal volume, V +  is space surrounding liquid 
metal and LEMS, , ,o m

+д д д  are current density in LEMS winding, in the liquid steel and in air. 

   

0

о

in volume V

in volumeV
in volumeVm m

+

−

⎧
⎪
⎪
⎨
⎪
⎪ = −⎩

=
−

+

о

д

д
д д                                                      (3) 

The second Maxwell’s equation and Ohm's law equation in the liquid steel volume mV  needs to be 
add to given equations:  

m mj∇× = − ωE B ,                                            (4) 

where mE  is electrical field intensity, 1j = − , ω  is current angular frequency in LEMS winding. 

( )m m m m⎡ ⎤= γ + ×⎣ ⎦д E U B ,                               (5) 

where γ  is electrical conductivity, mU  is vector of liquid steel velocity that has the appearance in 
cylindrical system of coordinates: 

m r zu v wϕ= + +U e e e ,                                           (6) 
where , ,v u w  are the projection of velocity vector on axis , ,x y z ; , ,r zϕ  are coordinates in 
cylindrical system; , ,r zϕe e e  are unit vectors in cylindrical system of coordinates. 
Equations (1)-(5) are solved with boundary conditions:  
on the surface S −  of the ferromagnetic core:  
( ), 0+ −− =n B B ,    , 0+ −⎡ ⎤+ =⎣ ⎦n H H ,                                                                         (7) 
where n  is the normal vector. 
On the steel surface mS : 

( ), 0m
+ − =n B B ,    0⎡ ⎤⎣ ⎦

+
mn, H + H = ,    ( ), 0m =n д .                           (8) 

The integral equation method is used for solving of the boundary problem. An initial system of 
Maxwell’s differential equations for the electromagnetic field calculation in the submerged nozzle 
by using method of potentials are transformed to the second-order Fredholm’s integral equations 
relative to the magnetic charges on the LEMS ferromagnetic core surfaces and the electrical charges 
on liquid steel surface [7]. 
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Vectors E and H  are found in the result solving boundary problem (1)-(8) in the steel volume mV  
a a a a

r r z zE E Eϕ ϕ= + +E e e e  ,                                          (9) 
a a a a
ems r emsr ems z emszH H Hϕ ϕ= + +H e e e  ,                            (10) 

p р р р
r r z zE E Eϕ ϕ= + +E e e e  ,                             (11) 

р р р р
ems emsr ems emszH H Hϕ ϕr zH = e + e + e ,                  (12) 

where a
emsH  and р

emsH  are the real and the imaginary components of LEMS magnetic field intensity, 
aE  and pE  are the real and the imaginary components of the electrical field. 

The average value of the EMF volumetric density F  is defined from expressions (13)-(15) 
according to vectors obtained in expressions (9)–(12) [8]: 

( ) ( ){ }a a a a p p p p
r o emsz z ems emsz z emsF E H E H E H E Hϕ ϕ ϕ ϕ= μ γ − + − ,                         (13) 

( ) ( ){ },a a a a p p p p
o z emsr r emsz z emsr r emszF E H E H E H E Hϕ = μ γ − + −                                     (14) 

( ) ( ){ }a a a a p p p p
z o r ems emsr r ems emsrF E H E H E H E Hϕ ϕ ϕ ϕ= μ γ − + − ,                                                                 (15) 

 where , , zF F Fϕ ρ  are vector F  components, , , , , ,a a a a a a
z r ems emsz emsE E E H H Hϕ ϕ ρ  and 

, , , , ,p p p p p p
z r ems emsz emsrE E E H H Hϕ ϕ  are the real and the imaginary components of the electrical 

field and the magnetic field intensity accordingly. 
 

3. HYDRODYNAMIC EQUETIONS FOR LIQUID STEEL FLOW  
Let us write down equations system describing motion of incompressible viscous liquid that under 
effect of the travelling magnetic field for definition of the velocity field in conductive medium 
taking into account obtained EMF distribution.  
Equation of motion on coordinate r  − 

2 2 2

2 2 2 2

1 1 1 2 1 ,eff
r

u v u v u P ru u v uu w F
r r r z r r r r r r z

μ ⎡ ⎤∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎛ ⎞+ − + = − + + − + +⎜ ⎟⎢ ⎥∂ ∂ϕ ∂ ρ ∂ ρ ∂ ∂ ∂ϕ ∂ϕ ∂ ρ⎝ ⎠⎣ ⎦
          (16) 

equation of motion on coordinate ϕ  − 
2 2

2 2 2 2

1 1 1 1 2 1 ,effv v v vu v P rv v u vu w F
r r r z r r r r r r z ϕ

μ ⎡ ⎤∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎛ ⎞+ + + = − + + + + +⎜ ⎟⎢ ⎥∂ ∂ϕ ∂ ρ ∂ϕ ρ ∂ ∂ ∂ϕ ∂ϕ ∂ ρ⎝ ⎠⎣ ⎦
                (17) 

equation of motion on coordinate z  − 
2 2

2 2 2

1 1 1 1eff
z

w v w v P w w wu w r F
r r z z r r r r z

μ ⎡ ⎤∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎛ ⎞+ + = − + + + +⎜ ⎟⎢ ⎥∂ ∂ϕ ∂ ρ ∂ ρ ∂ ∂ ∂ϕ ∂ ρ⎝ ⎠⎣ ⎦
,                                   (18) 

continuity equation  − 
( )1 1 0
ru v w

r r r z
∂ ∂ ∂

+ + =
∂ ∂ϕ ∂

,                                               (19) 

where effμ  is effective viscosity, P  is pressure, ρ  is liquid steel density. 
The EMF obtained from expressions (13)-(15) is used in hydrodynamic model. The magnitude and 
character of the distribution in conductive medium are played determining part in creation of 
velocity field in the liquid steel. As molten steel flow in the submerged nozzle at effect of the 
travelling magnetic field is turbulent then effective viscosity effμ  incoming in equations (16)-(18) 
represent the sum of two components  

eff l tμ = μ +μ ,                                                                      (20) 

where lμ  is laminar viscosity, tμ  is turbulent viscosity. 
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For calculation of the turbulent component is used the popular ( )k − ε  model of turbulence [9] 
including two equations: 
balance equation of the turbulent kinetic energy (TKE) − 

1 1 1 1 1 1 ,eff eff eff
D

k k k

wk ruk vk k k kr r G C
z r r r z z r r r r

⎡ ⎤μ μ μ⎛ ⎞ ⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ + = + + + − ε⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟∂ ∂ ∂ϕ ρ ∂ σ ∂ ∂ σ ∂ ∂ϕ σ ∂ϕ ρ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦

       (21) 

where 
2 2 22 2 21 1 12

t

G w u v u w u v w u v v
z r r r r z z r r r r

⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + + + + + + + + + −⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟μ ∂ ∂ ∂ϕ ∂ ∂ ∂ ∂ϕ ∂ϕ ∂⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎢ ⎝ ⎠ ⎥ ⎝ ⎠ ⎝ ⎠⎣ ⎦
            (22) 

balance equation of the dissipation rate TKE − 
2

1 2
1 1 1 1 1 ,eff eff effw ru v r r C G C

z r r r z z r r r r k kε ε ε

⎡ ⎤μ μ μ⎛ ⎞ ⎛ ⎞ ⎛ ⎞∂ ε ∂ ε ∂ ε ∂ ∂ε ∂ ∂ε ∂ ∂ε ε ε
+ + = + + + −⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟∂ ∂ ∂ϕ ρ ∂ σ ∂ ∂ σ ∂ ∂ϕ σ ∂ϕ ρ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦

(23) 

2

t

C kμρμ =
ε

,                               (24) 

where Cμ  is constant, k is turbulent kinetic energy, ε  is turbulent energy dissipation rate. 
Those equations are solved with the following boundary condition: 
in the liquid metal flow − 

0u v= = ; ( )w w r= ; 0,k
z z
∂ ∂ε

= =
∂ ∂

                                                  (25) 

at walls of the submerged nozzle − 
0.u v w= = =                                           (26) 

The hydrodynamic fragment of the full mathematical model in SN-LEMS system is built on integro-
differential methods for solving boundary problems (16)-(26). 

 
4. HEAT BALANCE EQUATION 

In volume of the liquid steel mV  the temperature distribution θ  is described by equation [10]: 

2

1 1 1 1 ,u v w r
t r r z c r r r r z z

⎡ ⎤⎛ ⎞∂θ ∂θ ∂θ ∂θ ∂ ∂θ ∂ ∂θ ∂ ∂θ⎛ ⎞+ + + = λ + λ + λ⎢ ⎥⎜ ⎟⎜ ⎟∂ ∂ ∂ϕ ∂ ρ ∂ ∂ ∂ϕ ∂ϕ ∂ ∂⎝ ⎠ ⎝ ⎠⎣ ⎦
 

where mλ  is liquid steel thermal conductivity.                                                           (27) 
The temperature field in walls of the submerged nozzle: 

2

1 1 1 .r
t c r r r r z z

⎡ ⎤⎛ ⎞∂θ ∂ ∂θ ∂ ∂θ ∂ ∂θ⎛ ⎞= λ + λ + λ⎢ ⎥⎜ ⎟⎜ ⎟∂ ρ ∂ ∂ ∂ϕ ∂ϕ ∂ ∂⎝ ⎠ ⎝ ⎠⎣ ⎦
                                     (28) 

At the border of the molten steel and the internal surface of the submerged nozzle mSNS  − 

,SNθ = θ       m SN
m SNn n
∂θ ∂θ

−λ = −λ
∂ ∂

 ,                             (29) 

where SNλ  is the internal surface of submerged nozzle thermal conductivity. 
at the border of the external surface of the submerged nozzle and ambient space _SN SES  − 

( )SN
SN HT SN SEn
∂θ

λ = −α θ −θ
∂

,                  (30) 

where HTα  is heat-transfer coefficient, SNθ  is the temperature of the external surface of the 
submerged nozzle, SEθ  is the temperature of the surrounding environment. 
For solving (27), (28) equations jointly with boundary conditions (29), (30) the integro-differential 
method have been used [11]. 
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CONCLUSION 
The mathematical model for calculation of EMF, field of velocities and non-stationary of 
temperature distribution in the liquid steel volume at effect of the travelling magnetic field is 
presented.  
The numerical model of 3D distribution of Lorentz forces in the submerged nozzle on basis of the 
second-order Fredholm's integral equations is developed. The developed model allows effectively to 
take into account the powerful diffusion magnetic field, presence of open ferromagnetic cores and 
complex geometry of the winding of the liner electromagnetic stirrer. It is necessary note the 
efficient method of solving boundary problem of the electromagnetic field is application of the 
integral equations. At the same time the initial Maxwell’s equations by potential theory methods are 
transformed to equivalent integral equations relatively of magnetic field source. Therewith magnetic 
field sources are occupied little space such transformation significantly reduces a calculation area. 
The number of unknown at numerical solving of problem is reduced significantly and accuracy of 
the calculation is increased. Like that EMF mathematical modelling in the non-homogeneous 
conductive medium is simplified.  
The hydrodynamic and heat transfer fragments of the full mathematical model for submerged 
nozzle-liner electromagnetic stirrer system are built on basis of the integro-differential equations.  
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FEATURES OF REALISATION OF A COMPLEX CONTROL-CALCULATED METHOD 
IN PROCESSES OF DIAGNOSING OF COMPOSITE DYNAMICAL OBJECTS 
AIRCRAFT TECHNICIANS 
 

Methodological stages of implementation universal complex kontrol-calculated method and feature 
of its practical realisation in the environment of the automated calculated-information systems for 
maintenance of an operative profound estimation of a current technical condition of standard 
difficult objects aircraft technicians are considered. 

 
Introduction. Modern objects aircraft technicians (AT) from aircrafts as a whole to their 

constructive parts (such as a glider, a power plant, functional systems) concern to difficult 
dynamical technical objects. After their manufacturing and in regular use to destination there is a 
necessity of definition current technical conditions (TC) of each separate copy of object of an AT 
and acceptance on it of the particular operational solution. Thus, to the aviapersonnel which 
executes operation of a standard AT, it is constantly necessary to search for the answer to two 
traditional questions: "In what technical condition there is a given object of an AT?" And "what to 
do further with this object of an AT?". Thus methods and means which are used for obtaining of the 
answer to the first question are developed within a scientific direction "technical diagnostics", and 
methods are applied to search of the answer to the second question and means of support of 
decision-making. 

Among a significant amount of existing methods and control devices and diagnosing of objects of 
an AT which are applied in processes of their maintenance service and lotno-technical maintenance 
to control of the current TC, the most widespread is the constant parametrical control with data 
recording from built-in regular systems with the subsequent estimation of presence (or absence) a 
trend of controllable parametres methods of likelihood statistics. Decision-making is thus provided 
by use by the aviapersonnel onboard (type MSRP, BASK, BUR, etc.), land (type "Luch", "Analys", 
"Control", etc.) or land-onboard (EIDS, XMAN, EXPERT, etc.) Monitoring systems and diagnosing 
(MSD) for standard objects of an AT. Nevertheless, considering that circumstance, that the 
overwhelming majority of modern difficult air objects of operation (such as aircraft engines and 
their functional systems) are equipped with insignificant quantity of means of direct measurement of 
parametres, efficiency existing regular MSD and quality of the analysis of the parametrical 
information remains on a low level, that leads to untimely detection of faults of constructive knots 
(elements) of these objects of an AT and impossibility of operative acceptance by the aviapersonnel 
of corresponding operational solutions. As consequence of it quantity of failures and the preschedule 
termination of operation of difficult expensive objects of an AT is increased and level of an air 
safety of aircrafts is reduced. 

Therefore and pressing question for air branch the solution of a scientifically-applied problem 
of increase of efficiency of regular monitoring systems of parametres and quality of the analysis of 
the parametrical information of difficult dynamical objects of an AT for maintenance of operative 
support of acceptance with the aviapersonnel of operational solutions both in flight, and during the 
interflight period is especially important at fulfilment of operative maintenance service. 

Model of realisation CKC of a method of diagnosing. One of perspective ways of the solution 
of the indicated problem for processes of current diagnosing of difficult objects of an AT of low 
level suitable to checking and operative decision-making is working out new complex calculated-
information (CI) methods with depth of diagnosing to constructive knot (element) which are realised 
in the environment of the hybrid dynamical automated systems of diagnosing and decision-making 
support (ASD DMS). In this connection it is developed conceptual information model of application 
of the automated estimation of the current TC of difficult object of an AT with use land both 

∈)t(Zij∈)t(Zij
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onboard ASD DMS and its methodological model (fig. 1) which is based on application new CI 
methods of diagnosing of constructive knots (elements) of standard difficult dynamical objects of an 
AT and information technologies, that realise them in the environment of ASD DMS type 
"EXPERT-Object AT". 

Fig. 1. Methodological model of application of a complex control-calculated method of 
profound diagnosing of standard difficult objects of an AT 

 

On the basis of the given model of the complex information-analytical approach to processes 
of diagnosing of standard difficult objects of an AT it is offered to realisation new universal 
complex control-calculated (CKC) a method of an operative estimation of their current TC which 
unlike existing likelihood methods parametr-trends diagnosings, provides the consecutive complex 
determined definition of a kind of the current technical diagnosis of copies of objects of an AT as a 
whole and at profound levels (to knot/element) with the simultaneous proposal of corresponding 
technological recommendations to the aviapersonnel from ASD DMS environment knowledge base. 
It allows to increase (several times) essentially a degree of quality of the analysis of the parametrical 
information and to reduce duration and labour input of processes of diagnosing of difficult 
dynamical objects without their constructive adaptations. Realisation CKC of a method is based on 
the determined system analysis of parametres in the expanded diagnostic space which is provided 
with application of working algorithms analytical multyparameters informatively-diagnostic models 
(IDM) their working processes, specialised knowledge bases of aviation specialists, informatively-
search methods of identification of the current TC of each copy of diagnosed objects, techniques of 
forecasting of dynamics of degradation of the TC and automated indicative means of operative 
informing of the aviapersonnel about results of diagnosing with granting to it of particular 
technological recommendations for acceptance of operational solutions. Features of realisation of 
the given method on each of four conditional stages of process of diagnosing of standard difficult 
object of an AT are (fig. 2): І stage – formation of base of current data of a copy typical object of an 
AT in the form of set {Рi

*
m} measured and registered regular MSD current average values of 

parametres and environment conditions on the established operational mode of the given copy of 
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object of an AT; reduction of measured parametres to standard atmospheric conditions and a 
diagnostic mode; set representation { Рi

*
m br} On an input of  

Fig. 2. Model of realisation CKC of a method of diagnosing of difficult dynamic object of an AT 
(on an aircraft engine example) 

 

knowledge base ASD DMS of type "EXPERT – object AT"; II stage – cardinal expansion of current 
informatively-diagnostic base copy object of an AT by realisation of special settlement algorithm 
multyparameters IDM its working process and formation of the expanded current set {Рi

*
ac} 

settlement parametres which characterise the current TC both the given object of an AT as a whole, 
and its knots (elements); set representation {Рi

*
ac} on an input of the unit of comparison of values of 

parametres in knowledge base ASD DMS; ІІІ  stage – definition of a kind of the current technical 
diagnosis of a copy of object of an AT by comparison of current set {Рi

*
ac} values of parametres 

with "reference" set {Рi
*

0} the same parametres of the same copy of object of an AT which are 
measured and calculated in advance in the beginning of its operation, characterise its serviceable TC 
and are saved in the archival unit of knowledge base ASD DMS; After definition of set of relative 
deviations {δРi} = {Рі*ac} / {Рі*0}, that presence or absence of essential deviations of parametres 
characterise, and applications of special deciding rules is determined as the general technical 
diagnosis of the given copy of object of an AT and its estimation at profound levels (to constructive 
knot/element); representation of results of an estimation of the current diagnosis on an input of the 
unit of operational solutions of knowledge base ASD DMS; IV stage – definition of the operational 
solution and technological recommendations to the aviapersonnel by results of an estimation of the 
current technical diagnosis by granting of a special report of information and a set of technological 
operations which are in advance developed for each possible version of the technical diagnosis of 
standard object of an AT and are saved in archive of knowledge base ASD DMS. Thus, essentially 
higher efficiency CKC of a method in comparison with the existing consists in association of 
modern information technologies in the form of the generated knowledge base, the special 
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settlement algorithms, deciding rules and their software which are realised in the environment of 
ASD DMS type "EXPERT – object AT", with the determined information environment regular 
MSD a copy of standard object of an AT. Such association of information environments provides 
efficiency of an estimation of a kind of the current TC, support of acceptance by the aviapersonnel 
of the solution and the minimum expenditures of labour on technology of diagnosing of difficult 
objects of an AT at profound levels, and also cardinal increase of levels parametrical informationly 
objects of an AT and quality of the analysis of their parametres without essential constructive 
adaptations, and also a practical capability of realisation of their operation on the TC with the 
control of parametres. One of main differences CKC of a method from existing is application of a 
method of comparison IDM of working process of object of an AT, which is in serviceable 
(reference) TC with IDM working process of the same object, which is in the current TC (fig. 3) [1]. 

Fig. 3. Model of application of a method of comparison IDM of working process of standard 

object of an AT 
 

It gives the chance in a complex and more deeply, than now, to supervise and estimate changes 
of the TC of knots of separate copies of objects of an AT without their constructive adaptations in 
the conditions of real operation. The analytical structure of model of conditional comparison IDM of 
the current and reference TC has the following appearance: 

],uyx[)t(Z)t(Z)t(Z iij0j0ijij Σ+δ+δδϕ==δ  
where δх і, δy і, - accordingly relative deviations of current values of the measured and settlement 

controllable parametres of object of an AT from their initial values which answer tecnical 
requirements, u∑-a total error of measurement (calculation) і-s parametres IDM. Proceeding from an 
essence of the offered model of realisation CKC of a method of the current control and an estimation 
of the TC of difficult dynamical objects of an AT are offered is functional-analytical  (fig. 4) and 
structurally-information to model ASD DMS of type "EXPERT - object AT" (fig. 5) which explain 
processes of interaction of the knowledge base and functioning ASD DMS in processes of 
diagnosing of copies of objects of an AT. Thus applied model ASD DMS of standard object of an 
AT should satisfy to following analytical models of its technical conditions: 
1. Analytical informatively-diagnostic model of working process of object of an AT for the 
serviceable (reference) TC:  
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Z0 (t0) =f ({X і = Ynom; t0}). 
 

2. Analytical informatively-diagnostic model of working process of object of an AT for the faulty 
TC:  

ZSi * (ti) =f ({X і ≥ Ymax; ti}) or ZSi * (ti) = f ({X і ≤ Ymin; ti}). 

Fig. 4. Functional-analytical model of realisation CKC of a method 
 

Boundary conditions: 
• Set of the faulty TC of object of an AT the final:  

{Si} S,∈ i = 1,2 …, ⏐S⏐... 
 

• Set of separate operational faults of object of an AT the final:  
{Oi} O,∈ i=1,2, …, ⏐O⏐... 

 
• Full compatibility ASD DMS with regular MSD is provided, i.e. conformity of the knowledge 
base (KB), contained in ASD DMS (KB⏐ASD DMS {Yном takes place⏐; Ymax; Ymin}), in the 
environment of base of current data (BCD), generated regular MSD standard object of an AT 
(BCD⏐MSD {Xi (ti)}): 

KB⏐ASD DMS{Yном;Ymax;Ymin}≡BCD⏐MSD{Xi(ti)}. 
 

• All separate copies of diagnosed objects of an AT belong to a class of objects of diagnosing of 
continuous action, i.e. values of controllable parametres and diagnostic signs change on time of their 
operating time continuously:  

{Xi=f(t і)}. 
 

• Solutions-recommendations for the aviapersonnel concerning operation {Rserv. (t і)} in operating 
time ASD DMS depend on value функционала {Zj (t і)} which estimates a kind of a current 
technical condition of object of diagnosing (i.e., a kind of its technical diagnosis): 
•  

{Rserv. (t і)} = f {Zj (t і)}. 
3. Analytical informatively-diagnostic model of working process of object of an AT for the current 
TC: 
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Fig. 5. Structurally-information model ASD DMS of type " EXPERT - object AT" 

 

Conditions of practical use CKC of a method. For operational use of the given method of 
diagnosing it is necessary to satisfy following conditions: 
► necessary: 
− definition by the Customer of particular types of objects of an AT which require operative 
diagnosing and the automated support of decision-making under operating conditions; 
− presence of the theoretical and practical bases of construction of the specialised hybrid 
dynamical automated systems of diagnosing of difficult objects; 
− presence of the generated collective of experts-developers (experts, engineers on knowledge and 
system programmers); 
− maintenance of financial support; 
► sufficient: 
− realisation of applied techniques of synthesis adequate multyparameters informatively-
diagnostic models of working processes of standard objects of an AT; 
− use of special methods of operative identification of a kind of the current TC of separate copies 
of objects of diagnosing without their dismounting; 
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− application of the modern software for modelling of environments of specialised knowledge 
bases of the automated systems; 
− use of the newest tool means of processing and display of different types of information; 

Information technologies of realisation CKC of a method in the environment of ASD DMS 
type "EXPERT - object AT" 

For approbation CKC of a method and fulfilment of the indicated sufficient conditions of its 
realisation on particular difficult object of an AT (a standard aircraft engine) are developed:  

1) Applied techniques and settlement algorithms analytical IDM working processes of two-
circuit turbine engines [2] in which the full system of the nonlinear equations and criteria of the 
dynamic similarity is used, describing parametres on an input and an exit of each constructive knot 
of the flowing part, considering them совмесную activity and control lawes on the established 
operational modes. It allows essentially (more, than 10 times) to expand informatively-diagnostic 
base of objects of an AT of low level suitable to checking and gives the chance definitions of change 
of parametres of knots (elements) depending on versions of possible operational damages. 
Functionability and adequacy IDM is provided with realisation of a method of linear optimisation of 
parametres with limitation on specifications, and their acknowledgement implemented by 
comparison of the received results of analytical modelling with known test experimental data on 
separate types of the aircraft engines received in EDB their manufacturers, and also with data of the 
complex experimental researches executed on full-scale gasdynamics a bench of a standard aircraft 
engine.  

2) the algorithm of realisation of a new kind of the informatively-search approach to the 
operative automated recognition in the form of combined is functional-test (CFT) a method of 
identification [3] is developed. This method, unlike existing functional or test methods of 
identification, is based on use of a consecutive combination of special settlement-functional 
algorithms and deciding test rules for identification of a kind of the current TC as separate copies of 
difficult objects of an AT which diagnose as a whole, and their constructive knots. The given 
method is realised in the form of working algorithms and adapted in limits consider above CKC a 
method of diagnosing of objects of an AT at four conditional stages with application plainly state 
deciding rules on an example of diagnosing of standard difficult objects of an AT (type of aircraft 
engines).  

3) Is designed and presented generalized algorithm of the decision of the problem of the 
diagnostics standard complex dynamic object AT before node CKC method in combination with 
algorithm of the realization CFT method to identifications on example different types engines and 
automated informatively-diagnostic annunciator [4,5] (fig. 6) with knowledgebase and software 
variant, which practically realize them in ambience ASD DMS of type " EXPERT - object AT" for 
support of the taking the working decisions. The Results to test approbation of the offered method 
demonstrate his capacity to work, validity, efficiency and possibility to realization in real condition 
of the usages complex object AT in aircraft enterprise. Is it herewith shown that use automated ASD 
DMS on all stage of the process of the estimation TC power installation before constructive node 
allows to provide increase a level his operatively in 3,3 times (for power installation Yak -40) and in 
2,7 times (for power installation IL-76),but level quality analysis to parametric information in 
process diagnosing such complex object AT increases in two times. This brings about cardinal 
qualitative increasing level parametric informatization processes their diagnosing from existing low 
before high level without significant economic expenseses and allows in significant measure to 
reduce the factors to duration and labour content of this process. 

Conclusions. To advantages considered CKC a method of diagnosing of difficult dynamical 
objects of an AT with application of environments of the automated systems of support of decision-
making it is necessary to attribute:  

- universality of application of a method for polytypic objects of an AT;  
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- efficiency of definition of an estimation of a current technical condition of each separate 
diagnosed copy of object of an AT without its dismounting from an aircraft under operating 

Fig. 6. The Structurally functional scheme of the automated informatively-diagnostic warning 
indicator for the operative control and an estimation of a technical condition of a flowing part of a 
turbine engine 

 
conditions with definition of particular technological recommendations to the aviapersonnel for 
support of acceptance of the operational solution;  

- the minimum expenditures of labour on technology of diagnosing of difficult object of an AT 
in whole and separate constructive knots; - maintenance of diagnosing of standard objects of an AT 
at profound levels (to constructive knot/element);  

- cardinal increase of levels parametrical информативности, контролепCIгодности and 
maintainability without essential constructive adaptations of modern objects of an AT;  

- substantial increase of levels of automation and a supply with information of processes of 
diagnosing of difficult dynamical objects of an AT; - practical provision of realisation of strategy of 
operation of objects of an AT on a technical condition with the control of parametres. 
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ALGORITHM OF DIAGNOSING JET ENGINE AT IN COMBINED DAMAGED UNITS 
OF A FLOWING PART 

One of approaches of the decision of a problem of diagnosing of the aviation turbojet dual-duct engine 
is considered at combined damage structural units of a flowing part with use methods of recognition of 
images and neural networks classifications 

The diagnostic models of various levels developed at present are applied as to debugging and 
tests of algorithms of diagnosing as simulators of initial data, and is direct as a part of these 
algorithms. The given diagnostic models represent functional dependences of parameters of a 
flowing part FP (pressure, temperatures and consumption of a working body and fuel, rev of rotors 
etc.) from entrance and mode parameters (temperature and pressure upon an input in the engine, 
humidity, etc.), and also parameters of characteristics of units. The last allow to correct dependences 
between characteristics of units, simulating thereby various defects of these units. Algorithms of 
localization of the defects, based on identification of such models, represent a separate direction in 
parametrical diagnostics gas turbine engines (GTE) [1]. 

Now the in-depth studies directed on working out of algorithms of diagnosing which are based 
on the theory of recognition of images [2, 3] which theoretically allow to spend an estimation of a 
technical condition (TC) of the engine without attraction of models of high level are spent. 
According to this approach at first in space of measured parameters or diagnostic signs classes of 
conditions of object of diagnosing are formed, and then to use of the received classification there is 
an acceptance of the diagnostic decision on conformity of a current condition of the engine to one of 
the generated classes at training of system [1-3]. Thus, types and the general number of classes 
should be chosen and fixed at a grade level – prior to the beginning of direct diagnosing GTE. It is 
necessary to notice, that at such approach it is necessary to limit the general number of classes, 
differently reliability of recognition of each class (condition) decreases [1].  

The estimations of technical condition GTE developed before system are based on a 
hypothesis about possible occurrence of malfunction only in any one structural units. However the 
analysis of operating experience of some engines shows, that acceptance of the given hypothesis is 
not absolutely correct. The analysis of statistical data about refusals and damages of units and 
elements dual-duct engine (DDE) promotes an establishment of more accurate interrelations 
between functional parameters of a working body and characteristics GTE taking into account 
influence of such damages as: erosion, corrosion or pollution of disks vanes, guide vanes, nozzle 
vanes (NV), nozzle diaphragm (ND) and turbine bucket, burnout structural elements of the 
combustion chamber (CC), change of radial backlashes in the compressor, change of area NV of the 
high (HPT) and low pressure turbine (LPT), adjournment of products of combustion on vanes, 
breakages vanes, etc. [4].  

The physical nature of occurrence of the damages leading to occurrence of refusals is different 
for various units of the engine. The compressor, as a rule, is subject to the damages, caused by hit of 
an extraneous subject and abrasive deterioration while damages CC and turbines carry thermofatigue 
and wear character. At abrasive deterioration of structural units of flowing part (FP) the stock gas 
dynamic stability decreases; carbonization fuel nozzles leads to such phenomenon as "jet burning" to 
a flame and, as consequence, to heterogeneity of a field of temperatures before ND with the 
subsequent melting, burnout vanes of ND and wheels vanes. Carbonization atomizers and change of 
the area of apertures combustion pipes CC for pass of a secondary stream, leads to incompleteness of 
combustion of fuel, adjournment of products of combustion on vanes ND, wheels etc. On figure1 
results of the spent analysis directed on revealing of in combined damaged (CD) constructive units 
of a flowing part of by-pass engine (BPE) D-36 are presented (fig. 1). 
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Now for localization (recognition) of malfunctions GTE various analytical, mathematical, 

numerical methods are used: recognition by angular position of a vector of measurements, a method 
of dividing planes, a method of diagnostic matrixes, a method of statistical classification. However 
complex use of a mathematical apparatus of the theory of recognition of images for an estimation of 
technical condition GTE is worked more not enough [5,6]. In practice, especially in systems of 
operative technical diagnostics, to similar methods and algorithms special demands are made, major 
of which is the simplicity of realization connected, including, with speed of performance of 
operations. 

Recently, for construction of qualifiers of a technical condition of objects at the decision of 
diagnostic problems more and more a wide circulation receive self-trained structure on the basis of 
artificial neural networks. Heightened interest to neural networks to the structures, observed at the 
decision of problems of forecasting, classification and management, is caused by possibilities of 
neural networks such operations of processing, comparison and classification of images which are 
inaccessible to the traditional mathematics, self-organizing and self-training possibilities. Neural 
networks are a powerful method of imitation of processes and the phenomena, including nonlinear, 
for reproduction and research of extremely difficult dependences in space of signs and space of 
conditions (classes) GTE [5,6]. For approbation of process of recognition of classes of conditions 
GTE with use of classical methods of recognition of images and networks classifications, have been 
carried out complex research with attraction of data, both bench tests, and modeling experiment [3]. 
On the basis of the spent researches, the scheme of algorithm of training of system and algorithm of 
an estimation technical condition GTE on the basis of a logic conclusion of results of diagnosing 
(fig. 2) have been developed. Distinctive line of the given algorithm, complex use of methods of 
recognition of images is: the discriminate analysis, a method of minimization of risk, and also 
networks classifications taking into account compatibility of damage of constructive units of 
flowing part GTE. By working out of algorithm of the control of technical condition GTE the 
assumption under operating conditions is accepted, that till the moment of identification of 
malfunctions or damages of constructive units of a flowing part of the engine the portrait of 
malfunctions is known. It means, that the system has passed preliminary training and possible 
conditions of the faulty engine are classified. At formation of initial matrixes it is necessary to 
approach individually to each type GTE as the quantity of possible conditions depends on design 
features of object of diagnosing. 

Result of an estimation of the TC of object of diagnosing is recognition of malfunction of 
constructive units FP of the engine, based on three best methods of recognition of images: clusters, 
discriminate analyses and minimization of risk and neural networks method, by association of their  

Figure 1 – Distribution CD units GTE Д-36: 
1 – Compressor,  
2 – CC,  
3 – Turbine,  
4 – Compressor – CC,  
6 – CC – Turbine,  
7 – Compressor – CC – Turbine. 

Combinations of constructive units FP
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estimations on the basis of procedures of a logic conclusion. Procedure of a logic conclusion is 
under construction on a condition that the accessory to a certain class GTE proves to be true at its 
acknowledgement for not less than two different methods. Separately this procedure is carried out 
on base only methods of recognition of images and separately for all selected methods taking into 
account a significance value of each method (fig. 3). 

As a result of the spent researches, the problem of diagnosing of a flowing part of the aviation 
dual-shaft engine with depth of localization of malfunction to constructive unit with a logic 
conclusion on the basis of complex use of such methods of recognition of images as has been 
solved: minimization of risk, the discriminate analysis and neural networks. 

Figure 2 – Procedure of diagnosing BPE at damage of constructive units of a flowing part: 
a) - the scheme of algorithm of training of system, 
b) - algorithm of an estimation technical condition GTE. 
 

a) b) 
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Figure 3 – Results of a complex estimation on the basis of a logic conclusion: 
a)– training sample for 2 methods of recognition of images (MRI), 
b)– training sample for 3 methods together with NN (MRI+NN), 
c)– verifying sample for 2 methods of recognition of images (MRI), 
d)– verifying sample for 3 methods together with (МRI+NN). 
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NUMERICAL ANALYSIS OF PERIODIC PULSATION INTERACTIONS OF EXTERNAL 
FLOW ON CYLINDER`S AERODYNAMICS AND HEAT-EXCHANGE.  

Annotation: The computer analysis results of the aerodynamic characteristics of the cylinder in the 
non-stationary gaze flow with periodic low-frequency pulsation with respect to the average velocity at 
subcritical Reynolds numbers are presented. It is shown that periodic pulsations of the flow velocitys 
significantly effects on the frequency of the vortex separations and the form of the Karman trail behind 
the cylinder, on the pulsation frequency of the aerodynamic coefficients, heat-exchange coefficient, their 
average and amplitude values.  

 
INTRODUCTION 

In the last years the significant attention is given to the questions of the pulsing flow influence 
on the bodies’ aerodynamics and heat-exchange [1]. It was found that the flow pulsations and the 
mechanical vibrations of the construction may improve or worsen the aerodynamic properties and 
the intensity of the bodies’ heat-exchange. The financial expenses for the execution of the physical 
research with pulsing flow and the heat-exchange in the wind tunnel are sufficiently large. 
Therefore, to solve the problems of the applied aero-hydro- dynamics and heat-exchange the 
computer modeling technologies or CFD-technologies (CFD – Computational Fluid Dynamic) is 
found to be more and more implemented. By now the series of universal computer software of 
different level are developed (FLUENT, STAR-CD, VP2/3, FLOW3D, ANSYS-CFX, CFDesign, 
CosmosFloWorks etc.), that are based on the numerical solution of the non-stationary Navier-Stocks 
equation systems, that include the heat-exchange and turbulent transfer processes. 

In this work the influence effect of the velocity low-frequency periodic pulsations of the 
external air flow on the aerodynamic and heat-exchange characteristics of the cylinder at subcritical 
flow conditions (at Reynolds numbers 300 < Re < 50000) is numerically researched using 
SolidWorks/CosmosFloWorks applications. Long-wave velocity pulsations, amplitude of which is 
lower than the velocity of sound (i.e. acoustic pulsations), but typical body size (diameter of the 
cylinder D) is smaller than half of the pulsations wave length D < L/2 (L= V0 T = V0/f, L – wave 
length, V0 – average velocity of the external flow, T – pulsations period, f – pulsation frequency) are 
considered. Pulsations velocities are of the sinusoidal and rectangular type (V(t) – flow velocity, t – 
time): 

V(t) = V0*(1+А sin(2πft)) m/s,  

V(t) = V0*(0.1+А· sign(sin(2πft)) m/s, ( )
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The periodicity of the vortex separation that form vortex trail behind the cylinder is defined by 
the dimensionless frequency (Strouhal number) that expresses the correlation between the vortex 
separation frequency f0, typical body size and typical flow velocity V0: 

00 /VDfSh =  
Here f0 is the frequency of the vortex separation from one side of the cylinder (or the 

separation frequency of the vortex pair of the cylinder). Another interpretation of the Strouhal 
number is also possible: it is the relation of the typical body size (diameter of the cylinder) to the 
flow pulsations wave length. Yet, another alternative of the physical meaning of the Strouhal 
number for the Karman trail in the stationary flow was proposed in the work [2]: it is the relation of 
the transverse distance between the chains of the separation vortexes to the longitudinal distance 
between the vortexes. All three definitions of the Strouhal number are required for the analysis of 
the pulsation flow influence on the cylinder aerodynamics and heat-exchange. 
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At subcritical cylinder flow conditions by the stationary flow the dimensionless vortex 
separation frequency practically does not depend on the Reynolds number Re = V0 D / ν (ν is 
kinematic viscosity coefficient) and is equal to the Sh ≈ 0.21 (fig.1) [3]. The results of the verifying 
numerical calculations [4] that were performed in this work by authors is in good agreement with 
known experimental results. 

 
Fig.1 The Strouhal number for a smooth circular 
cylinder as  a function of the Reynolds number 

 
The periodic vortex separation creates the 

periodic pulsations of the flow in the vicinity of 
the cylinder (the vortex energy is significantly 
larger than the energy of the turbulent 
pulsations), as well as aerodynamic and heat-
exchange coefficients. In the stationary flow the 

pulsation frequency if the Lift force coefficient Cy coincides with the frequency of the vortex 
separation f0, and the pulsation frequency of the head resistance Cx is two times larger than f0 and 
pulsation frequency Cy. 

The intensity and the frequency of the vortex separation in the pulsating flow depend on time, 
frequency, the form and amplitude of the pulsating flow. In this case usual Karman vortex trail 
behind the cylinder deforms in longitudinal and transverse directions and consists of the periodic 
system of the free vortexes with variable step and variable intensity. That is why it is necessary to 
begin the assessment of the flow pulsation effect possibilities on the cylinder flow parameters from 
the establishment of the relation between the flow pulsation frequency and the frequency 
characteristics of the separation vortexes. 

The objective of the work is to define the conditions and peculiarities of the flow periodic 
pulsations on the flow character, vortex separation frequency, the form of the Karman vortex trail, 
aerodynamic and heat-exchange coefficients of the cylinder at subcritical flow conditions.  
 
RESULTS AND DISCUSSION 

The calculations results have shown that the flow pulsations effect has the universal character, 
if the dependence of the researched dimensionless parameters on the dimensionless flow pulsation 
frequency Sh = fD/V0 (f – flow pulsation frequency) at the same Reynolds numbers is analysed. 
There exist the Sh frequency ranges where the pulsations significantly affect the non-stationary 
picture of the velocity field near the cylinder or change the frequency of the vortexes separation and 
the form of the Karman trail as well as pulsation characteristics of the aerodynamic and heat-
exchange coefficients. 

The dependence character Сх(t) and Сy(t) at the increase of the dimensionless flow frequency 
in the range of the 0≤Sh≤ is shown on fig.2 and fig.3. It is obvious that the influence character of the 
dimensionless flow pulsation frequency on the Cx(t) and Cy(t) coefficients is significantly different. 
The Cx(t) coefficient pulsations form is close to the form of the velocity pulsations (sine curve in 
this case) in the whole range of the Sh number variation, but Acx pulsation amplitude increases with 
the Sh number increase. The Cy(t) coefficient pulsations form depends on the frequency of the 
velocity impulses in the significant extent. At Sh>0.14 the local extremes the intensity and the 
quantity of which increase with the increase of the Sh number appear. In comparison to the Acx the 
pulsation amplitude of Acy changes insignificantly with the increase of the Sh number and in the 
range of Sh>0.5 remain practically constant. 

The intensity of the vortexes in the time of the separation may be approximately assessed by 
the numerical values of the pulsation amplitudes Cy(t) based on the known expression of relations 
between Cy and the velocity circulation.  

This indicates on the necessity to define and assess the influence not only of the first but also 
of the consequent harmonics of the separation vortexes frequencies spectrum. The analysis of the 
calculation results showed that it is necessary do define no more than two first spectrum harmonics 
to research the subcritical flow conditions. Therefore the appearance of the local (weak) extremes in 
the pulsating flow on the Cy(t) curves gives the evidence of the separation vortexes formation the 
separation frequency and intensity of which differs from the main vortexes. This indicates on the 
necessity to define and assess the influence not only of the first but also of the consequent harmonics 
of the separation vortexes frequencies spectrum. The analysis of the calculation results showed that 
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it is necessary do define no more than two first spectrum harmonics to research the subcritical flow 
conditions. 

Characteristic frequencies of the first and second harmonics of the separation vortexes 
frequencies spectrum may be defined using the dependency plots Cy(t). The main frequency f0

(1) 
(the frequency of the first harmonic) is defined by the number of the positive (negative) half-periods 
on the plots Cy(t) at the given time interval in this case. The sub-harmonic frequency (the second 
harmonic) f0

(2) is defined by the number of the local extremes at the same time interval. The 
conversion to the corresponding dimensionless frequencies Sh0

(1) , Sh0
(2) is performed using the 

expression for the Strouhal number.  
Another method to define the characteristic frequencies is the numerical method that is based 

on the spectral analysis of the calculation data for Cy(t) using the fast Fourier transformation and the 
assessment of eigenfrequencies using the Pisarenko method of harmonic expansion [5]. The 
processing of the calculations results has shown that both methods give the characteristic 
frequencies that are close to each other. Each of the described methods has its own advantages and 
disadvantages. The simultaneous usage of these methods allows performing the reciprocal 
monitoring and to interpret the results more justified. 

From the fig.2 and fig.3 it follows that the influence of the second harmonic that changes the 
signal form practically appears only on the Cy(t) an Nu(t) curves. In the beginning the local extreme 
on the Cy(t) curve appears on its positive branch at 0. Sh>0.14. Then with the increase of the flow 
frequency it gradually moves to the negative branch, and at last it appears on both branches. The 
average Lift force coefficient value for the period is equal to zero <Cy> = 0 in throughout the 
frequency range. The Nu(t) curve is affected by the first pulsation harmonic Cx and by both 
pulsation harmonics Cy. The analysis of the characteristic Nu(t) coefficient’s pulsations frequencies 
will be given later. 
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Fig.2 Dependence Сх(t) , Сy(t) и Nu(t) !! for different pulsation frequencies of the running flow 
(0≤Sh≤0.19), Re =1000.  
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Fig.3 Dependence Сх(t) , Сy(t) and Nu(t) !! for different pulsation frequencies of the external flow 
(0.19≤Sh≤0.83), Re =1000. 
 

The dependence on the Sh number averaged for the period of Drag coefficient <Cx> value and 
amplitude values АСх of the coefficient Cx(t) is shown on fig. 4. The character peculiarity of the 
flow pulsations effect on the instantaneous values Cx(t) lies in the significant growth of the Drag 
coefficient pulsation amplitude and the appearance of the negative values Cx(t) at pulsation 
frequency Sh>0.15 (fig. 2 – 4). The condition Cx(t) < 0 implies that the pushing force directed 
against the flow will periodically affect on the cylinder instead of the resistance force directed along 
the flow. Sign-alternating amplitude values of the Acx Drag coefficient values in the area Sh>0.5 
increases approximately linearly with the increase of the frequency (e.g. Acx(max) ≈ 1.1 + const * 
Sh) and at Sh ≈ 1 are approximately 10-12 times larger than the corresponding value in the 
stationary flow (fig.4). 

The averaged Drag coefficient <Cx> for the period throughout the frequency range 0<Sh<1 is 
always larger than zero and it changes significantly smaller with the increase of the pulsation 
frequency than pulsation apmlitudes. In the frequency range of Sh = 0.02 – 0.45 the flow pulsations 
cause the increase of <Cx> at approximately (40-50)% in comparison with the corresponding value 
in the stationary flow. In the area of the relatively large Strouhal numbers at Sh>0.5 it is possible to 
approximately assume that <Cx> weakly increases according to the linear law and at Sh ≈ 1 is 1.25 
– 1.5 times larger than the corresponding value in the stationary flow. The Reynolds number at 
Sh>0.5 as in the case of the stationary flow also practically does not affect the character of the <Cx> 
variation. 

Fig.4 Influence of frequency of the flow 
Sh on variations of   
АСх(max), АСх(min), <Cx>, ACy(max)  
for Re=1000, Re=10000, D=0.1m. 
 

Lift force coefficient АСу 
amplitude values in the zone of the 
large Strouhal numbers of Sh>0.5 are 
approximately constant and are 35 – 
36% larger than АСу in the stationary 
flow in contrast to the АСх value 
(fig.4). In the range of 0.02 < Sh < 0.5 
the Acy value is also approximately 
constant and is 2 – 2.5 times larger 
then Acy in the stationary flow. In the 

range of 0 < Sh < 0.02 and 0.08 < Sh < 0.18, the Acy value sharply changes reaching the maximal 
and minimal values that is the evidence of the considerable nonlinear effect of the flow pulsations 
on the separation vortexes intensity.´ 

The particularities of the Sh number effect on the characteristic pulsations frequencies of the 
Cx, Cy coefficients and their amplitude values may be analysed on the basis of the results presented 
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in fig.5. It was shown earlier that the Sh number variation of the first and second harmonic 
frequency of the separation vortexes coincides with the frequencies of the corresponding Lift-force 
coefficient pulsation harmonics Sh0

(1) = ShCу
(1), Sh0

(2)
 = ShCу

(2). The data presented in fig.5 confirms 
the Sh flow number influence on the mechanism of the vortex separation from the cylinder surface, 
and ShCу

(1)= φ1(Sh), ShCу
(2) = φ2(Sh) curves show the character of this influence. Let’s note that in 

contrast to the Cy the frequency of the first and of the second Cx Drag and Nu Heat-transfer 
coefficients pulsations harmonics are related with the vortexes separation frequency by other laws 
that were also defined and analysed on the basis of numerical experiments. 
 

Fig.5 Dependence of dimensionless frequencies 
of vortex separation Sh0

(1), Sh0
(2) and ShСx

(1) , 
ShСx

(2), ShNu
(1) , ShNu

(2) from  flow pulsation 
frequency Sh for Re1000, Re10000. 
 

At the low pulsation frequencies of 
the flow in the range of 0 < Sh < 0.09 (let’s 
call it „the first zone”) the frequency of the 
vortex separation is approximately constant 
and is equal to the frequency of the 
separation in the stationary flow Sh0

(1) ≈ 
Sh00 ≈ 0.21 (fig.5), i.e. the flow pulsations 
practically doesn’t influence the character 

of the flow around the cylinder in the first zone. 
In the second zone (0.08 < Sh ≤0.42) the flow pulsation influence becomes considerable. In 

the range of 0.08 < Sh ≤0.11 the vortex separation frequency is partially suppressed by the flow 
pulsations and decreases until Sh0

(1) = 0.5*Sh00 =0.11. Then with the increase of the Strouhal number 
form Sh = 0,11 = 0.5*Sh00 until Sh = 0,21= Sh00 the frequency of the first harmonic Cy(1) becomes 
equal to the flow pulsations frequency Sh0

(1) = Sh and increases until the value of Sh0
(1) = Sh00 at Sh 

= 0.9Sh00 =0.19. This is the evidence of the full “capture” condition of the vortex separation 
frequency by the flow frequency at the given range of the Sh numbers. The frequency of the second 
harmonic is two times larger then the frequency of the flow Sh0

(2) = 2*Sh (fig.5) in this case. The 
further increase of the pulsation frequencies leads to the fast decrease of the vortex separation 
frequency until the value of Sh0

(1) = 0.5*Sh00 at  Sh = 0.21 and to its consequent more gradual 
increase at value of Sh0

(1) = Sh00 at Sh = 2Sh00 = 0.42 again. Let’s note that the character of the 
vortex separation frequency variation in the first zone and in the range of the frequency “capture” of 
the second zone (0.08 < Sh ≤ 0.21) qualitatively coincides with the analogical data in the case of the 
cylinder oscillating across the stationary flow [6]. However, in the range of the flow pulsation 
frequency variation 0.21 < Sh < 1.0 the character of the Cx and Cy on the Sh value dependence for 
the cases of the flow around the stationary cylinder in the pulsating flow and around the oscillating 
cylinder in the stationary flow significantly differs, especially in the range of the large values of Sh 
> 0.42. 

In the third zone (Sh > 42) the flow pulsation frequencies increase practically does not affects 
the frequency of the first harmonic Sh0

(1) that is approximately 5% smaller then the vortex 
separation eigenfrequency Sh00. the value of Sh0

(1) in this zone does not depend on the Reynolds 
number. In the range of Sh > 0.42 the dimensionless frequency of the second harmonic Sh0

(2) that 
defines the separation frequency of the additional vortexes and the appearance of the local extremes 
on the Cy(t) curve (see figures for the frequencies f ≥ 0.4Hz, Sh ≥ 0.2758 in fig.2 and fig.3) linearly 
depends on the flow pulsation frequencies (fig.5) and approximately can be defined using the 
expression Sh0

(2) = Sh +С* Sh00, where C ≈ 0.95÷1. 
The frequency characteristics of the Drag coefficient Cx(t) in the range of Sh ≥ 0.5*Sh00 is 

completely defined by the flow pulsations frequency (frequency “capture” conditions) and are 
described by the relation ShCx

(1)
 = ShCx

(2) = Sh (fig.5). The increase of the flow pulsations frequency 
in this area leads to the linear increase of the pulsations amplitude Acx and to the periodic 
appearance of the longitudinal force directed against the flow as described earlier (fig.2 – 4). The 
main part in the creation of the periodic longitudinal force significant by the value in the condition 
of the capture is played by the vortex separation with the frequency that is equal to the flow 
pulsations frequency. 

The convective heat-exchange of the heated cylinder in the pulsating flow to a considerable 
degree depends on the condition of its non-stationary flow and therefore on the frequency and the 
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intensity of the vortexes separation. The intensity of the non-stationary heat-exchange is described 
by the dimensionless Heat-exchange coefficient (Nusselt number) Nu = αD/λ, where α [W/(m2*K)] - 
Heat Transfer coefficient, λ [W/(m*K)] – gas Heat Conduction coefficient. The influence of the 
flow pulsation frequency on the dependence character Nu(t) may be assessed according to the data 
in fig.2, fig.3, fig.5. In the stationary flow the pulsation frequency Nu(t) coincides with the Drag 
coefficient pulsation frequency and is two times larger than the pulsations frequency Cy or vortex 
separation frequency (fig.2). The appearance of the additional separation vortexes in the pulsating 
flow causes the formation of the local extremes both on the Cy(t) curves and on the Nu(t) curves 
(see, e.g. the frequency range f> 0.2, Sh > 0.14 in fig.2, fig.3). As a result the Nu(t) curves obtain 
complicated enough configuration that indirectly reflects both the influence of the Cy and Cx 
pulsations. The influence character of the flow pulsation frequency Sh on the frequencies of the first 
ShNu

(1) and of the second ShNu
(2) Heat-exchange coefficient pulsation spectrum harmonics is shown 

in fig.5. The frequency of the first harmonic is fully defined by the flow pulsation frequency 
practically in the whole range of Sh numbers that was researched (excluding the narrow range of 
0<Sh<….?.) and is described by the linear dependence ShNu

(1) = Sh (fig.5). Therefore only one 
condition is typical for the frequencies of the first Heat-exchange coefficient pulsations harmonic – 
the condition of their capture by the flow pulsations. The second harmonic is also proportional to the 
flow pulsation frequency and is described by the expression ShNu

(2) = 2Sh (fig.5). 
The variation of the separation frequency and of the separation vortexes intensity affects the 

form of the separation zones and of the heat transfer intensity between the cylinder and the flow in 
the general case. In the aerodynamic trail behind the cylinder the heat trail with zones (cores) of the 
increased temperature is formed in case of the heated cylinder cooling or of the decreased 
temperature at the cylinder heating with hot flow. The calculations showed that the heat trail is 
similar to the Karman vortex trail moreover the temperature cores zones practically coincide with 
the zones of the regular vortexes positions [7]. 

The analysis of the flow pulsation frequency Sh influence on the value of the average Nusselt 
number <Nu> by the period has shown that it is possible to distinguish conventionally three 
characteristic zones (fig.6). In the first zone 0 <Sh <0.09 (the vortex separation frequency is 
approximately constant) the flow pulsations almost does not affect the separation zone’s form and it 
is possible to consider <Nu> ≈ <Nu0>, where <Nu0> – is the average value of the Nusselt number in 
the stationary flow. 

In the second zone (0.08 <Sh <0.5 fig.6) the flow pulsation frequency increase leads to the 
30÷40% increase of the relative Nusselt number depending on the heat flow direction (the cooling of 
the heated cylinder or the heating of the cylinder by the hot flow). In the third zone at Strouhal 
numbers of 0.5 < Sh < 1.0 the heat-exchange coefficient stabilizes and the value of the relative 
Nusselt number is <Nu>/<Nu0>  = 1.3 ÷1.4. 

Hence the presented data gives the evidence of the considerable enough increase of the heat-
exchange intensity in the pulsating flow and of the heat-exchange process control in the range of the 
dimensionless flow pulsation frequencies of 0.08 <Sh <0.5. 

 
 
 
 
 
 
 
   Fig.6. The dependence of the relative  

     Nusselt number <Nu>/<Nu0> on the 
     dimensionless flow pulsation  
     frequencies Sh. 
 
 
 
 
 

CONCLUSION 
1. In the periodic pulsating external flow the intensity of the cylinder Lifting vortex varies 

periodically and the free separation vortexes are formed. The Karman vortex trail behind the 
cylinder has been deformed both in longitudinal and in transverse directions and consists of the 
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system of the free vortexes with the alternating step and intensity. As a result the periodic pulsations 
of the flow velocity significantly affect the frequency of the vortex separation, the form of the vortex 
trail, the pulsation frequency of the aerodynamic coefficients Cx, Cy and of the dimensionless Heat-
exchange coefficient Nu, their average and amplitude values. 

2. For the analysis of the flow pulsation effect on the aerodynamic and heat-exchange of the 
cylinder it is appropriate to select three characteristic variation ranges of the flow dimensionless 
Strouhal number Sh. 

In the first range of 0< Sh < 0.09 the pulsations of the external flow does not affect the 
vortexes separation frequencies and the heat-exchange intensity. 

In the second range of .09 < Sh < 2Sh00 =0.42 the pulsations of the external flow partially 
suppress the vortexes separation frequency. In this range there are the areas with the condition of the 
full “capture” of the vortexes separation frequency by the flow frequency. The increase of the 
average head-resistant coefficient <Cx> does not exceed 40÷50%, but the Lifting force Acy 
pulsation amplitude does not exceed 35÷40%. The amplitude values of Acx are two times larger than 
the average values of <Cx> (Sh). At pulsation frequency of Sh > 0.15 the negative instantaneous 
values of the Drag coefficient appear periodically. 

At the third range of the dimensionless flow frequencies of Sh ≥ 2Sh00 =0.42 the average Drag 
coefficient of the cylinder does not vary and is approximately 35% larger than the Drag coefficient 
in the stationary flow. The pulsation frequency and the amplitude values Cx(t) increase 
proportionally to Sh (at Sh ≈ 1 the amplitude values of Cx(t) are 10-12 times larger than the 
corresponding values in the stationary flow). The pulsation frequency and the amplitude values 
Cy(t) are constant and are approximately equal to their values in the stationary flow. The average 
Heat-exchange coefficient also remains constant, but the average Nusselt number is 30÷40% larger 
than the corresponding value in the stationary flow. The frequencies of the first and of the second 
heat-exchange coefficient’s pulsations harmonics are proportional to the flow pulsations frequency. 

3. The received results give the evidence of the necessity to consider the peculiarities of the 
aerodynamic coefficients variation, as well as the possibility of the significant increase and control 
of the heat-exchange process of the cylinder that is streamlined by the subcritical external pulsating 
flow. 
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EXTRUSION-INTRUSION PATTERN AS AN INDICATOR OF ACCUMULATED 
FATIGUE DAMAGE 

The results of the tests show that quantitative estimation of accumulated fatigue damage may 
effectively be performed by computer-aided optical analysis of the surface state using damage 
parameter and fractal dimension. Such method can be applied for alclad aluminum alloys which are 
used for modern aircraft skin manufacturing. New approach allows to indicate more troublesome 
points of aircraft structures, predict fatigue crack under full scale test of aircraft structures as well as 
estimate remaining service life. 

Introduction 
It is well known that the visual inspection of aircraft is the most widely used method employed 

for ensuring the structural integrity of an aircraft skin and its substructure. For example, a typical 
heavy inspection carried out on a commercial aircraft after every 12,000 flying hours, is about 90% 
visual and 10% non-destructive inspection (NDI) [1]. 

Pressurization and depressurization of the aircraft during each flight cycle causes its body to 
expand and contract. This expansion and contraction induce stress in the skin that leads to the 
resulting in the growth of cracks outward the rivets. There are many reliable models which predict 
crack growth quite accurately as a function of the number of pressurization and depressurization 
cycles. The goal of visual inspection is to detect cracks that are above a minimum threshold length. 
This threshold length provides a safety margin that allows a crack to be missed in two or three 
consecutive inspections before it is big enough to endanger the aircraft structure. 

The investigations show that the aircraft visual inspection can be sufficiently improved by the 
application of computer aided optical tools at initial stage of fatigue. 

New method background 
The life of a fatigue crack has two stages, initiation and propagation. Dislocations play a major 

role in the fatigue crack initiation phase. It has been proved by laboratory tests of the alclad 
aluminum alloys that after a certain number of loading cycles dislocations pile up and form 
structures called persistent slip bands (PSBs). An example of a PSBs is shown in fig. 1. 

 
Fig. 1. Persistent slip bands. 

PSBs are the areas that rise above (extrusion) or fall below (intrusion) the surface of the 
component due to material movement along slip planes. This leaves tiny signs on the surface that 
serve as stress risers where fatigue cracks can be initiated.  

Observation of the extrusion and intrusion intensities gives the information about the 
accumulated fatigue damage. For quantitative assessment of accumulated fatigue damage some 
parameters of the surface relief have been proposed.  
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Aluminum alloys D16AT, 2024T3 and 7075T6 have been explored in our previous 
experiments. These materials are widely used foro manufacturing modern aircraft skin in Ukrainian, 
Russian and Western aircraft industry. As a result of cyclic loading, the deformation relief 
(extrusion-intrusion pattern) is initiated and developed.  

As it was proved before the intensity of the relief as well as the fractal dimensions of clusters 
depend on the maximum stress level, number of cycles and corresponds to distribution of the stress 
near the stress concentrator.  

Presented results show that the asymmetry of cycle must be taken into account for precise 
estimation of accumulated fatigue damage. 

Experimental procedure 
Specimens have been loaded with the wide range of stresses at frequency 25 Hz. The surface 

was polished with diamond paste. Geometry of specimens with the hole as a stress concentrator is 
shown in fig. 2. 

 
Fig. 2. Specimen for fatigue test. 

The procedure for accumulated fatigue damage estimation used in the research includes the 
applies digital images (fig. 3a) of the deformation relief observed by the light microscope.     

Correspondence of the studied structures to the well-known scheme of the extrusion and 
intrusion formation [2] was proved by the scan microscope investigation of aluminum specimens at 
the wide range of the loading modes. 

In fig. 3b the digital photo of the specimen surface with developed deformation relief obtained 
by the scan microscope SEM-515 – “Phillips” with the voltage 30 kV is presented. 

                                           
                                     a)                                                       b) 
Fig. 3. Aluminum layer surface of alclad aluminum alloy D16AT: a) Light microscope (x 390); b) Scan 

microscope SЕМ-515. 

In papers [3-6] the processing steps of digital images of alclad aluminum alloys surface that 
allows quantitative estimation of the surface saturation level with the microplastic deformation signs 
and correspondent accumulated fatigue damage were shown.  

In papers [7] it was shown that the fractal dimensions of deformation relief describe the shape 
of relief clusters and could be considered as an additional damage parameter that significantly 
improves the accuracy of the accumulated fatigue damage estimation. 

Nowadays there are a lot of methods for the fractal dimensions calculation of the nature 
objects. One of the more widespread is “a box counting” [8]. 

The method gives the possibility to calculate fractal dimension of the relief cluster boundaries. 
Fractal dimension of the cluster boundaries is designated as Dp. 

20μm
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For some fractals the most informative parameter is a fractal dimension of the ratio of 
perimeter to area. It is known that this ratio characterizes the shape of objects. For the regular 
geometrical figures this parameter is a constant value and it doesn’t depend on the object size. 

In paper [9] such kind of dimension describes the shape of clouds and rains.  
Correspondent fractal dimension for the clusters of deformation relief is Dp/s. 
For the data processing automatization special software has been developed. 
Main stages of calculations are: transformation of digital images of a surface into the 

monochromic; separation of single clusters of deformation relief; determination of the deformation 
relief clusters contours; overlapping of the box net on the cluster`s contours or on their surfaces; 
calculation of the box number, overlapping contours of clusters or their surfaces; graphs 
construction of the relationships ln Np=f(ln(1/b)); ln Ns=f(ln(1/b)) and ln Np = f (ln (Ns)), where Np – 
number of cells (boxes), overlapping contours of deformation relief clusters; Ns – number of cells 
overlapping  surface of deformation relief clusters; b –  the size of the cell. 

Typical graph of the relationship ln Np = f (ln (Ns)), obtained during the research is presented 
in fig. 4.  
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Fig. 4. The relationship between number of cells overlapping clusters contours and number of cells 

overlapping clusters area. 

Fractal dimension Dp/s obtained by application of geometrical method was estimated as a 
doubled absolute tangent value of the slope angle of the middle part of the fractal graph in its linear 
approximation in log-log coordinates [9]. 

Fractal dimensions of the deformation relief clusters contours as well as the fractal dimensions 
determined by the ratio of perimeter to area exceed topological dimension of the line and are within 
the range of 1 to 2. 

Experimental results 
The design of specially constructed test machine allows to carry out optical observation of the 

specimen surface after several initial cycles of loading. Thus, the monitoring of surface state began 
from the moment of the first evidence of extrusion-intrusion pattern appearance. 

 Damage parameter D and fractal dimension Dp/s have been considered as main diagnostic 
parameters. 

As a typical example of the surface relief evolution one can consider evolution of damage 
parameter D and fractal dimension Dp/s during the process of one specimen loading, tested under the 
maximum cycle stress 234,5 MPa with zero minimum stress level. 

As the practical task of the accumulated fatigue damage monitoring is to forecast the residual 
life of the aircraft structure components, the ratio of the damage parameter D and fractal dimension 
Dp/s to the remaining number of cycles have been investigated (fig. 5 and 6). 
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Fig. 5. Relationship between remaining life and damage parameter D. 
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Fig. 6. Relationship between remaining life and fractal dimension Dp/s. 

As it is seen from the graphs above, both parameters correlate with accumulated fatigue 
damage. 

By this relation damage parameter D denots the intensity of the extrusions and intrusions 
pattern that forms deformation relief, while changing of the fractal dimension Dp/s characterizes the 
process of the deformation relief clusters coalescence.  

In this connection we can apply multiple correlation models for the life forecast process. Thus 
both parameters of the deformation relief could be taken into account.  

Dispersion and regression analysis made by module “ANOVA” of the “Statgraphics Plus” has 
shown the possibility of the following multiple correlation model application: Nres.,%=228,252 – 
385,169 D – 69,067 Dp/s, where: D – value of the damage parameter;  Dp/s – fractal dimension;   
Nres.,% - residual number of cycles, %. 

Correspondent value of the R2 equals 92,2851 %. Standard error is 6,48.  
The analysis performed proves the significance of both considered models parameters: 

damage parameter D and fractal dimension Dp/s. 
Parts of the aircraft can be subjected to different modes of loading. Hence, it is possible to 

compare some typical regimes, particularly under symmetrical and nonsymmetrical loading, with 
stress ratio R=0, (fig. 7 and 8). 
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Fig. 7. Evolution of the damage parameter under σa=86,58 MPa at loading with stress ratio R=0 (1) and 
symmetrical cycle (2). 
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Fig. 8. Evolution of the fractal demension under σa=86,58 MPa at loading with stress ratio R=0 (1) and 

symmetrical cycle (2). 

As it is seen from the presented graphs accumulated damage accelerates with the increase of a 
maximum stress level despite of the equal amplitude stress σa for the tested specimens.  

Another important factor of loading is a value of the static component of the fluctuated load 
under the loading regimes with fixed maximum stress level (fig. 9 and 10). We have carried out tests 
under the σmax=234,5 MPa with different values of the static components: σ1=67,85 MPa (R=0,3), σ2=117,78 
MPa (R=0,5), σ3=140,4 MPa (R=0,6). 
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Fig. 9. Evolution of the damage parameter under the various cycle asymmetry coefficients R and fixed 

maximum stress level. 
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Fig. 10. Evolution of the fractal dimension under the various cycle asymmetry coefficients R and fixed 

stress level. 
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The conducted tests show that the decrease of the asymmetry coefficient increases the rate of 
the fatigue damage accumulation on the initial stage of fatigue. 

We can point out, that at all regimes of loading the most appropriate equations for the 
relationships between damage parameter D and number of cycles is: D=aLn(N)+b. 

The relationships between fractal dimension Dp/s and number of cycles are:Dp/s=aLn(N)=b. 
As a result of scheduled researches, the following exemplary procedure for aircraft fatigue 

analysis might be proposed: 1. Operating range of loads, load distribution along the structure, and 
material characteristics are determined. 2. Structure parts to be investigated are determined. 3. 
Laboratory fatigue tests of structure elements (specimens) are carried out to create data bank as to 
evolution of the element surface state. The test program is scheduled taking into account operating 
range of loads. As a result of the laboratory tests correlation models for fatigue prediction are 
developed 4. Monitoring of fatigue process of aviation structures under full-scale test is performed. 
5. The analysis of an inspected part of a structure is conducted by estimation of damage parameter D 
and fractal dimensions. 6. The prediction of the aircraft component residual life is performed by the 
application of laboratory tested mathematical models. 

Conclusions 
The presented results indicate the possibility of the accumulated fatigue damage estimation as 

well as possibility of the remaining life forecast for aircraft structure components, of alclad 
aluminum alloys made by using the computer aided optical method of the surface deformation relief 
analysis. 

For the structure components remaining life prediction multiple correlation models, including 
damage parameter D, that characterizes saturation of the surface with the signs of microplastic 
deformation, and fractal dimension  Dp/s determined by the ratio of the deformation relief clusters 
perimeter to their area can be used.  

The evolution of the extrusion-intrusion pattern is influenced by the maximum stress level and 
the asymmetry of cycle. 
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METAL FATIGUE PROCESS INVESTIGATION BY THE INTERFERENCE 
NANOPROFILOMETER 

The evolution process of deformation relief of D16AT alloy being cyclic loaded was studied. Possibility 
of material extreme condition prediction in the fatigue process is discussed. 

Introduction 
The aircraft service life and planning of the periodic check of the technical condition and 

overhauls is tightly connected with necessity to predict the construction remain resources and 
fatigue process influence on the construction units. 

The main feature of the fatigue process is its locality. As the results of the damage 
accumulation in any overloaded area of the construction unit, the fatigue cracks are appearing, it 
leads to the load-carrying ability reduction and unit damage. The second peculiarity of the process is 
its vicissitude. The fatigue process is the summaries of two different processes: the damage 
accumulation process following to the fatigue crack and the process of fatigue crack expansion [1]. 
However the aircraft construction has some parts where the cracks are unacceptable. Therefore it is 
required to predict the extreme condition based on the information of damage accumulation.  

The damage accumulation conception is used for formalization of the gradual machine failure 
phenomenon, moreover the material damage in the time period is explained as a deviation of its 
controlled properties [2]. The controllable parameters such as plastic deformation, wearing and 
corrosion level, crack length are often used as a damage criteria. The current damage condition may 
be estimated in these cases and the extreme condition or safe life prediction may be determined with 
high accuracy level.  

The units properties deviation doesn’t always appear on microscopic level. For example the 
fatigue damage in the latence period appears on micro – nano scale level.  

Fatigue damage in the latence period in many cases is followed by deformation relief 
formation [3]. A metallographic investigation shows the difference in the processes of the 
deformation relief formation in the high and low stress amplitudes. The extrusion and intrusion 
appearance on the surface of the clad aluminum alloy makes possible quantitative estimation of the 
accumulated fatigue damage with the use of relief formation intensity and relief dimensioning 
parameters. Such estimation can be evaluated by analysis of surface image obtained while using 
microscope with high magnification. However optical microscopy gives only qualitative information 
about surface deformation relief. But this information is not enough for prediction of remaining 
service life and accumulative fatigue damage.  Quantitative relief properties can be obtained by 
using optical inteferometric profiler “Micron-alpha” [4] which was developed at the department of 
aircraft structural design of the National Aviation University. Sensitivity of this instrument allows to 
solve a problem of quantitative estimation of specimen surface geometry (topography) changing 
under fatigue. [5] 
In this work results of surface deformation relief changing of aluminum alloy D16АТ, obtained by 
optical interferometric profiler “Micron-Alpha” under fatigue loading are represented. 

Experimental procedure and results 
The subject of investigations is polished specimens of duralumin alloy D16АТ.  
Specimen dimension is 400×80×1,5 mm. The concentrator with diameter 4 mm was made in 

the center of specimen (fig. 1.a) 
Fatigue tests were carried out using servo- hydraulic test machine Bi00-202V with loading 

frequency f=11 Hz. Loading cycle is sinusoidal, from zero.  
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Specimens were tested on fatigue at cyclic loading. Maximum loading of the cycle is 
120 MPa. 

Specimen loading was performed with periodicity 10 000 cycles. After each loading specimen 
surface relief was measured. Investigations were carried out till appearance of well-defined crack 
with length 0,5 mm.    
 
 
 
 
 
 
 
 
    a)     b) 

Fig 1. Specimen sketch : a) general specimen sketch (dimensions, mm); b) area of specimen where 
surface relief was measured (dimensions, µm)   

Measured area of specimen was positioned on distance 0,5 mm from edge of concentrator in 
perpendicular direction to the axis of loading. (fig. 1.b). 

Its position was controlled according to the image obtained by instrument. Magnification of  
instrument is 500 times. Relief features are clearly visible at this magnification.  
 
 
 
 
 
 

 
 

Fig.2. Surface  profile and roughness properties 

Parameter Ra, arithmetic average of roughness deviation was chosen as index which shows 
surface relief changing. Surface roughness is a measure of the texture of a surface. It is quantified by 
the vertical deviations of a real surface from its ideal form [6]. According to [7] value of arithmetic 
average of roughness deviation we find from the formula 

( )∫=
l

dxxy
l

Ra
0

1 . (1) 

To determine relief changing due to nonfailure operating time measurements were performed 
by two methods. Measurements were made along 20 lines. In the first case lines were oriented in 
cross direction to the axis of loading (fig.3.a), in the second case they were oriented in longitudinal 
direction.  

Values for lines along which roughness is determined from dimensions of measured area 
which is equal to 450x170 (table): 

Table 
Determination of lines parameters 

  cross direction longitudinal direction 
Length of lines, µm 400 160 
Step between lines, µm 8 20 
Number of lines 20 
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Fig. 3. Methods of relief determination roughness 

Value Ra was determined for each line. For further analysis of surface deformation relief 
changing we used meaning value Ra  along 20 lines. 

20
20
∑

=
iRa

Ra .  (2) 

Data analysis shows (fig. 5) that difference between Ra  obtained by two methods is very 
small and it is possible to assume that values of roughness parameters for first and second cases are 
equal. However to determine stress influence of concentrator on specimen surface the first method 
of roughness measuring was chosen in longitudinal direction to the axis of loading.    

 
 
 
 
 
 
 
 

Fig.5. Influence of lines directions on  Ra  value 

 

 

 

 

 

 

Fig.6. Changing of Ra due to operating time depends on distance from stress concentrator 

As an example let’s consider results obtained on specimen after experiment. Dynamics of 
surface relief changing due to operating time are showed on fig. 6 and fig. 7.   

Fig. 6 shows that surface topography of the specimen changes in dependence on distance from 
concentrator, inclination of mean line Ra indicates it.  In this connection it is necessary to choose 
location of measured area very thoroughly.  

 
 
 
 
 
 
 

Fig. 7. specimen surface relief changing due to operating time
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Fig. 8. Graph of dependence of Ra  changing due to operating time 

At operating time N=86 300  testing was stopped because specimen was  brought up to 
extreme condition (crack propagates up to 0,5 mm on side №2 ) 

For Side №1 it’s clear that changing of Ra  is directly proportional to operating time and is 
given by straight line. For side №2 the similar tendency is observed till the moment of crack 
formation. Fig 8 shows inflection of curve in the area N=80 000 which is caused by crack formation. 
However  in particular case changing of Ra  due to operating time has a view represented in fig. 5. 

Conclusions 
The received results show, that the values describing a roughness of a material surface 

changing with an operating time and can be used to forecast time of a specimen limiting state 
achievement . The jump of the roughness parameter changing is connected with local cyclic plastic 
deformations in top of the crack. It allows to detect crack occurrence. 
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THE STRESS-STRAIN STATE OF AVIATION THIN-SLAB STRUCTURE ELEMENTS OF 
UNDER IMPACT LOAD 

The problem concerning transversal impact of a body in form of a mass point or a finite body of 
different form to the sheet-formed structures was considered. For solution the finite element method 
(FEM) was used. The influences of velocity value, the impact body mass, the effect of presence 
strengthened ribs and damages in web of plate on the structure stress-strain state were studied. In 
addition different plate boundaries fixing was considered. 

1. Statement of problem. The problem concerning transversal impact of a body in form of a 
mass point and a finite body of different form to the sheet-formed structures of following type: a 
plate, a plate strengthened by ribs, a plate with damages was considered. The stress-strain state of 
above mentioned structures by elastic approach is defined under different level of impact impulse 
and plate boundaries fixing applying finite element method (FEM). 

As such model the stress-strain state of a plate, rigid fixed along perimeter, under impact was 
studying. For that plate it is impossible to obtain exact analytical solution, especially if the problem 
is complicated by presence of the ribs, damages, strips etc. Therefore, for calculation the 
approximate analytical and numerical methods were applied. The represented calculation approach 
is based on a combination of numerical methods and basic principles of impact theory under 
expansion by oscillation modes. 

The problem of load impact to plate in point with coordinates x = a/2, y = b/2 is considered 
(Fig. 1). Let analyzed the plate with rigid fix along edges. At t ≤ 0 the plate is under stressless and 
strainless state, but at moment of time t = 0 the plate is impacted by a load, which have a mass M 
and velocity v0. The velocity vector v0  is directed at right angle to the center surface of plate plane. 
In other words  

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Problem design diagram 
 
2. The basic statement of studying. The differential equation of induced transversal 

oscillations of a plate is presented in following view 

( )
4 4 4 2

4 2 2 4 22 , ,w w w wD m q x y t
x x y y t

⎛ ⎞∂ ∂ ∂ ∂
+ + + =⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠

,   (1) 

 

а 

b 

z 

y 
M 

v0 

x O 
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where  
( )

3

212 1 н
EhD =
−

, 

D – cylindrical rigidity of plate, h – plate thickness, E- modulus of elasticity (Young's modulus), ν- 
Poisson's ratio, w – vertical deflection, m – plate unit area mass (т = γh/g), γ – relative density of 
plate material, g – gravitational acceleration. 

Initial condition of the problem 

w = 0  and  0w
t

∂
=

∂
  аt  t = 0.     (2) 

 
Due to plate rigid fixing along its perimeter the boundary conditions will be in following view 
 

w = 0  and  0w
x

∂
=

∂
  at  x = 0 and  x = а, 

w = 0  and  0w
y

∂
=

∂
  at  у = 0 and  у = b. 

(3)

 
It is practically impossible to obtain strong analytical solution for the equation (1), which 

would be met the initial conditions (2) and boundary condition (3). Therefore, it is expedient for put 
problem solving to apply the approximate analytical and numerical methods. 

For solution of denoted problem concerning load impact to the plate we used a numerical 
method, which is based on the finite element method (FEM) in form of displacement. 

The theorem of mass point momentum alteration at impact is represented in following view 
( )1 0 jM − =∑v v S ,      (4) 

 
i.e. mass point momentum alteration during impact is equaled to sum of impact momentums (Sj) 
acting to the mass point. There v0, v1 – accordingly velocity of the impacted load at the beginning 
and the end of impact. The formula (4) could be written by axis z projection in following view 

( ) 0z1 jzM k v S+ =∑ ,      (5) 
 

where  k – restoring coefficient under impact. 
Impact momentum 

av
imp imp imp

0

dt
τ

= = ⋅ τ∫S F F ,     (6) 

where Fimp – impact force, τ – time of momentum duration. 
Usually it is accepted that 

1
1

22,5 2,5 π
τ = =

ω
T ,      (7) 

where ω1 – first circular frequency of plate natural oscillation. 
 
 

Based on formulae (6) and (7) was obtained 
( ) ozav

imp(z)

1M k v
F

+
=

τ
.      (8) 

 
It is assumed in formula (8) that only one impact occurs (without repetition). The impacting force, 
which should be applied to plate during time τ, is defined by formula (8). 
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The references [1 – 3] are dedicated to impact load theory. The up-to-date results concerning 
impact calculations are presented in references [4 – 9]. 

3. The plates under impact of mass point. The developed procedure is illustrated by a 
calculation example of steel plate, design diagram of which shown in Fig. 2. The analysis of stress-
strain state of the structure member, caused by impact load of different level intensity at a constant 
impact momentum view, was fulfilled applying FEM. 

The plate dimensions are: side а = 1 m and thickness h = 1,25 сm. It is made of low-carbon 
steel with following properties: E = 2,1×105 МPa;  ν = 0,28;  γ = 77 kN/m3. The plate is rigid fixed 
along its perimeter and modelled by uniform finite-elements mesh. The impact of load occurred at 
point K with coordinates x = y = a/2 = 0,5 m. The plate circular frequencies of natural oscillations ω1 
= 692,772 s-1, ω2 = = ω3 = 1408,08 s-1 were taken into account. The time τ = 0,023 s of impact 
momentum duration at first circular frequency of plate natural oscillation was considered. 

 

 

 

 

 

 

 

 
 

 

Fig. 2 Design diagram of plate 
 

For the studying plate at load mass М = 3 kg and initial impact velocity v0z = 20 m/s it is 
given the fields of deflection intensities distribution w for plate central surface (Fig.3) and the 
fields for main σ1, σ3 and equivalent σeq stresses for the plate based layer were researched. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Fields of deflection intensities distribution w for plate central surface 
 

 
The analysis of the plate stress-strain state under dynamic impact load with different impact 

momentum intensity is presented in view of plotting some functional relations of the equivalent 
stresses level σeq and deflections w around a zone of extreme values at point K caused by load mass 
magnitudes that impacted into plate (Fig. 4). 
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       a       b 
 

Рис. 4 Relations at variation of impact initial velocity v0z  at point К  
А – 10 m/s, В – 20 m/s, С – 30 m/s, D – 40 m/s: 
a – equivalent stresses σeq = f(M);  b – deflections w = f(M) 

 
While studying influence of impulse view form on structure member stress-strain state it was 

taken into account the linear (Fig. 5 a, b, c) and curvilinear relations (Fig. 5 d, e) for impulse loading 
F = f(t). 

The diagrams of intensity of the deflections w and equivalent stresses σeq in plate cross-
section КN for different impulse view form are presented in Fig. 6 under load mass М = 3 kg and 
impact initial velocity v0z = 20 m/s, accordingly. The comparison of calculation results is given in 
Table 1. 

 

 
 
 

      а                  b                  с 

 
 
 
 

d                            e 
 

Рис. 5 Impulse form of view 
 
 
 
 
 
 
 
 
           a       b 
 

Fig. 6 Deflection w (a) and equivalent stress σeq (b) intensity distribution diagrams in cross-section КN 
depending on view of impulse: А – Fig. 5, d; В – Fig. 5, b; С – Fig. 5, c 
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Table 1 

View form of impulse 

Relations Fig. 5, а  Fig. 5, d Fig. 5, b Fig. 5, c 

wmax, mm 1,12 1,14 1,20 1,28 

σeq(max), МPа 33,02 33,56 35,40 37,81 

4. The plates under impact of a massive body. It was also considered a plate under 
impacting of a body in the finite dimensions. The impact square is 40×40 cm. A magnitude of 
impulse load intensity and mass of impacting body were distributed on impact interface area 
accordingly. 

The analysis of structure member stress-strain state was performed at constant view form of 
impact momentum intensity. The value of maximum deflection at point K was decreased to wmax 
= = 0,831 mm. The deflection distribution diagram onto plate surface is given in Fig.7. The 
maximum equivalent stress in our case occurred at N (see. Fig. 2) and equals to 
σeq(max) = 23,25 МPа that proves a distribution of maximum stress intensity towards external plate 
contour. 

The distribution field of the plate equivalent stresses σeq is given in Fig. 8. 
 
 
 
 
 
 
 
 
 

Fig. 7 The diagram of plate’s deflections 
 
 
 
 
 
 
 
 
 
 

Fig. 8 The stress field σeq of the plate caused by impact body of finite dimensions 
 

5. The damages of plate caused by impact loadings. For the maintenance practice of sheet 
structure members the issues related to appearance of damages on structure surface due to material 
corrosion and others causes. The damages of such types often occur during operation of the aircrafts, 
ground-based machinery and military equipment. 

This problem takes on special significance in cases when dynamic loadings occurs, for 
instance at impacting the damage sheet structures by bodies with significant intensity of impact 
momentum due to a great body mass or impact velocity. 
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The analysis of plate stress-strain state with damage area of 40×40 cm at its centre and 
thickness of h = 0,5 сm under constant view form of impact momentum intensity is illustrated by 
fields of its deflections and equivalent stresses (Fig. 9). 
 
 
 
 
 
 
 
 
 
 
 
   a       b 

Fig. 9 The field of deflection w (a) and equivalent stress σeq (b) intensity distributions 
for damage plate 

 
6. The plates with strengthening ribs under impact loadings. The effect of presence 

strengthening ribs in various cross-sections and its locations in area extend of plate was investigated. 
The stress-strain state variations due to failure one or several ribs were considered as well. The 
presence of damages in plate web also was analyzed. 

It was considered a plate with stringers during action of mass point impact at the centre of 
plate under following conditions: a = 1 m, b = 1,6 m, c = 0,4 m, d = 0,8 m; two stringers in cross-
section dimensions 50×50×3 mm (Fig. 10). The analysis of structural member stress-strain state 
under constant view form of impact momentum intensity was performed. The value of maximum 
deflection at point K comes to wmax = 2,244 mm. The field of deflection intensity distribution 
onto plate surface is presented in Fig. 11. The field of equivalent stresses σeq intensity 
distribution of the plate based layer is presented in Fig. 12. 

During analysis of damages in plate web the defects in the plate centre of dimensions 40 × 40 cm 
and deep of 2,5 mm and 5 mm were considered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 The structure diagram of plate with stringers 
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Fig. 11 The deflection field of plate with stringers 
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   a            c 
 
 
 
Fig. 12 Distribution of equivalent stresses σeq: а – in plate with stringers; 

b – in central cross-section along axis х; c – in central cross-section along axis y 
 
 
 

The extreme values of deflections of the plate central surface wmax and equivalent stresses 
σeq(max) of plate based layer depend on damage deep are given in Table 2. Corresponding diagrams 
of the plate equivalent stresses σeq in central cross section along axis x are shown in Fig. 13. 

 
Table 2 

Deep of damage, mm 
Relations 0 2,5 5 

wmax, mm 2,244 2,962 4,18 

σеq(max), МPа 58,94 73,797 101,829 
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b 

Fig. 13 Diagrams of equivalent stresses σеq (MPa) of plate with stringers in central cross-section along 
axis х at damage deeps: а – 2,5 mm; b – 5 mm 

 
 

7. The views of plate fixing. The influences of different plate boundaries fixing (Fig. 14) on 
their stress-strain conditions were studied. During analysis the diagonal matrix of masses under 
permanent view of impact momentum intensity were considered. The duration of impact momentum 
τ were taken into account under first circular frequency of plate natural oscillation ω1. 

 
 
 
 
 
 
 
 

    І      ІІ       ІІІ        ІV 
 

Fig. 14 The views of plate fixing along  its edges: 
r is rigid fix; h is hinged fix; f is free end;  І, ІІ, ІІІ, ІV are plate types 

 
The stress-strain state was performed for the square plates of side dimensions 1 m and 

thickness h = 1,25 сm made of low-carbon steel with mentioned about mechanical properties. The 
plates are subjected to transversal impact of a point mass M = 5 kg into the centre under v0 = 50 m/s. 
The values of maximum equivalent stresses σэкв max and deflections wmax for different plate types and 
their cross-sections are shown in Figures 15 and 16 respectively. 

 
 
 
 
 
 
 
 
 

Fig. 15 The values of σэкв max  for different plate types: І – into plate centre; 
ІІ – into plate centre and fixing; ІІІ – into plate centre; ІV – into plate centre and free end 
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Fig. 16 The values of wmax  for different plate types: І, ІІ, ІІІ, – into plate centre; 
 ІV – into plate centre and free end 

 
8. Conclusions. Based on results of numerical analysis performed applying presented 

approach one may formulate the following statements:  
1. It is suggested an effective procedure, which enables sufficiently solving the problems 

concerning impact action of load, that is based on FEM and impact theory, for plate formed 
structure analysis. 

2. The influence of impact momentum view form was studied (four cases were analyzed). Here 
discovered that the most dangerous is impact momentum view form presented in Fig. 5,c).  

3. Performed calculations demonstrated that considering dimensions of the impacting body leads to 
decreasing of the values of dynamic deflections and equivalent stresses.  

4. The influence of plate corrosion damages was studying as well. The analysis of stress-strain state 
shown that under decreasing of plate thickness at damage area up to 40 % the maximum 
deflection value increased to 100,5 % and equivalent stress increased to 80,2 %. 

5. The effect of strengthening ribs on stress-strain state of structure member was studied. 
6. The influence of corrosion damages on plate with stringers was analyzed. 
7. The effect of different plate boundaries fixing was studied. 

The obtained results may be applied for analysis of the sheet structure members’ stress-strain 
state under action of impact loading. 
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MATERIAL IMPACT STRENGTH RESEARCHES IN THE CONTEXT OF CIVIL 
AVIATION SAFETY 

Test run of three layered composite material specimens with load-bearing metal frames and spacer 
mediums of several types is carried out using developed and manufactured experimental impact 
strength research installation "GANCHEN". It includes piercer accelerator, ballistic pendulum and 
residual deformation measurement device. Composite structures showing better impact energy 
absorption characteristics and consequently protection properties in the view of safety provision are 
determined.  

1. Introduction 
At the high level of technical equipment evolution the increasing attention is given to 

reliability of and construction usage safety maintenance while their development and operation. 
Besides more and more considerable requirements are exposed to specialized designs intended for 
protection. The problem of construction and material stability at impact loadings arises in many 
areas, starting with creation of protective designs and ending with constructing transport. Impact 
loading is a kind of dynamic loading, namely a pulse action at occurrence of a non-stationary 
strained deformed state in a volume of the loaded body that is quickly changing in time because of 
distribution of resilient-plastic and impact wave fronts and is transformed into a quasistatic or 
harmoniously changing state with the strain intensity reduction in time after the end of the transients 
[1]. This question is actual in aircraft because of the necessity of support of properties of technical 
and operational modern aviation equipment after collision with extraneous subjects and receptions 
of residual external deformations of construction members because of operation of aviation 
technical equipment in boundary modes or gradually accumulated residual deformations and also on 
account of transition to its on-condition maintenance. Bottom parts of fuselages, motor-gondolas, 
chassis gondolas and of aerodynamic aircraft surfaces intensively interact with thrown out from 
under the wheels or entrapped with the air-gas streams of aviation engines while taking off and 
landing stones, extraneous objects, sand, dust etc. This problem is important for helicopters that are 
used at small heights and with unprepared take-off platforms, for high-speed on-ground vehicles, 
such as automobiles and locomotives, for estimation of deformations of automobile bodies after 
road accidents. Construction ability for a troubleproof work in a wide range of operation conditions 
and its survivability degree directly influence upon the safety level as good as its protective qualities 
in the situations of intentional wrongful acts execution contra people, cargo, techniques using 
means, which action is aimed at construction destruction under the action of impact loading. 

2. Problem Statement 
Temporary situation in the sphere of civil aviation safety demands elaboration of new 

complicated composite impact proof materials and corresponding science intensive experimental 
installations for researches of their impact strength. Theoretical description and consequently 
practical usage of  properties of solids and liquids at high pressures which exist in powerful impact 
waves, represent a very difficult problem rather wide of its final solution at present. Therefore 
experimental research methods of condensed substance in a compressed state take on special 
significance [2-4].  

Thus the safety problem solution in aviation the same way as in other fields of human 
activities determine urgency of study of construction property and behavior under the action  of 
external forces, which result in elastic or residual deformations depending on material structure and 
nature, and also the problem of comparison of deformation characteristics of different design 
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variants. All this is possible to be executed by means of development of a specialized research 
complex uniting opportunities of such impact interaction initiation and following definition and 
analyzing of reaction of material patterns to it, their characteristics. 

3. Theoretical Experiment Grounds 
Elastic pressure constituent in shock waves with pressure of about hundreds of thousands 

atmospheres and below predominate if it occurs in condensed substances in contrast to gaseous 
matters. All the intrinsic energy obtained by the substance in the wave is spent for repulsion forces 
overcoming at the body compression and is concentrated in the form of potential, elastic energy. The 
pressure range of about several tens and hundreds of thousands atmospheres has a great importance 
for practice. These are typical pressures mounted at explosive detonation, at water blasts, at impact 
of detonation products with metal obstacles etc. Mechanically solid equilibrium position at zero 
temperature and pressure is characterized with mutual compensation of interatomic attractive and 
repulsion forces and also with elastic potential energy minimum, which may be taken as its zero 
reference datum xε  = 0. Scrutinizing shock waves of not too significant amplitude it is possible to 
ignore electronic pressure and energy constituents and to consider Gruneisen coefficient Γ  to be 
constant and equal to its value 0Γ  at normal conditions. At the same time it is assumed that the wave 
is not too weak, so that it is possible to ignore also the initial unperturbed substance energy 0ε . In 
fact it corresponds to admitting the start temperature to be equal to zero and to making no difference 
between the normal volume 0V  and the starting volume kV0  at temperature absolute zero. Such 
wave slightly differs from the acoustic one. It extends with speed close to acoustic speed, 
compresses the substance only to several or tens of percents and gives it velocity behind the wave 
front which is several times less than the wave eigen transmission speed. The atmospheric pressure 
is negligibly small in comparison to the pressure, which takes place at even very small body volume 
changes. So there is no difference if it is in vacuum conditions ( xp  = 0) or in the atmosphere ( xp  = 
1 atm). 

The pressure p  and specific inner energy ε  of a solid substance may be considered in their 
two parts. The first ones, which are their elastic constituents xp  and xε , are bound only with 
interaction forces, which act between body atoms and completely do not depend on the temperature. 
The other ones which are thermal constituents are associated with the body heating, i.e. with its 
temperature. Elastic constituents xp , xε  depend only upon the substance density ρ  and are equal to 
the full pressure and specific inner energy at the temperature absolute zero. So they are named 
below as cold pressure and energy for short. At the temperature absolute zero atoms perform null 
oscillations associated with the energy of 2ν⋅h  per one normal frequency variation ν . This energy 
may be included into potential energy )(Vxε  so that xε  is observed starting from the zero oscillation 
level in the body equilibrium state at xp  = 0. The elastic pressure is connected with the potential 
energy with the relationship dVdp xx ε−= . It has a natural mechanical meaning of equality of the 
energy increment to the compression work. This correlation may be considered as isotherm or 
adiabatic cold compression equation. Potential energy and elastic pressure dependences on solid 
specific volume are schematically shown in the fig. 1,a. 

Mass, impulse and energy flow conservation law for the shock wave front have completely 
general meaning without regard to aggregative state of the substance in which the wave propagates. 
Shock wave transmission speed in the unperturbed substance is designated as D  and mass speed 
surge in the wave front is designated as u  and is equal to the substance speed after the front in the 
laboratory coordinate system if the substance initially rests. Omitting index for values after the wave 
front the mass and impulse conservation laws are written as ( )uDDVV −=0  and 0VuDp ⋅= . 
Excluding the speed u  in these equations the pressure gets calculation formula 
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( ) 00
2 1 VVVDp −⋅= . In capacity of third energetic correlation percussive adiabat equation is taken 

at 0p  = 0: ( )VVp −⋅⋅=− 00 5,0εε  [5]. 
The full energy obtained by one mass unit of a substance in the result of impact compression 

)( 0 VVp − , is distributed equally between the kinetic 22u  and inner 0εε −  energy. It holds for the 
coordinate system in which unperturbed substance rests. In turn the inner energy variation consists 
of elastic and thermal energy changing. If to consider a shock wave distributing in the body at zero 
temperature 00 =T , the variables have the next values: 00 =ε , kVV 00 = . The continuous substance 

Vp, - diagram for impact compression of (fig. 1,b) contains cold compression adiabat curve xp  and 
percussive adiabat Hp . The last one is naturally above the cold compression curve because the full 
pressure after the wave front combines both elastic and thermal pressures. 

The obtained by the substance elastic energy xε  is numerically equal to the horizontally 

hatched curvilinear triangle ОВС area: ∫=
kV

V
xx dVp

0

ε . The full inner energy ε  according to the 

impact adiabat equation is equal to the triangle ОАС area. The difference of these areas, which is 
vertically hatched, performs the thermal energy of the substance which was subjected to impact 
compression. As it may be seen from the fig. 1,b, the area ОАС is necessarily greater than the area 
ОВС, if only the cold compression curve is bulged relative to the volume axis ( 022 >dVpd x ), that 
is usually true. So the substance is always heated in the shock waves and its entropy increases. It is 
completely general statement arising for solids from the elastic substance properties. 

 

   
a b c 

Fig. 1. Graphic chart of dependences of solid parameters on volume: a – curves of potential energy xε  (1) 

and elastic pressure xp  (2); b – Vp, - diagram for impact compression of continuous substance; c – 
Vp, - diagram for impact compression of porous substance; xp  – cold compression curve, Hp  – 

continuous  substance percussive adiabat, porp  - porous substance percussive adiabat 

There are significant differences in impact loading action for porous substances comparing to 
the continuous ones. The porous bodies may have very different nature and structure and may be 
powders, bodies with inner interstices, fibrous bodies. All of them are characterized with presence of 
more or less coarse particles and continuous substance zones with normal density of 00 1 V=ρ  and 
hollow zone thanks to which the average specific volume 00V  is greater then the normal one 0V  and 
the average density 00ρ  is less then the normal one 0ρ . At impact porous body compression to high 
pressures the usual continuous substance adiabat may be considered being coincident with the cold 
compression curve. The effects connected with strength and initial temperature  CT 3000 ≈  
distinction from zero are neglected.  

If the substance is continuous and homogeneous behind the shock wave front in the final state, 
the percussive adiabat is given by the fig. 1,c in accordance with the conservation laws for the shock 
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wave front and the substance constitutive equation. The corresponding to the normal volume 0V  and 
zero pressure p  = 0 point is laying in the percussive adiabat. The obtained by the substance in the 
shock wave inner energy  ( )VVp −⋅= 0021ε  is equal to the horizontally hatched triangle area. Its 
elastic part is equal to the curvilinear triangle area, which is limited with the curve )(Vpx  and 
thickly hatched in the fig. 1. The more is the initial volume 00V , i.e. the higher is the initial substance 
porosity, the more is the difference between the areas, which corresponds to the thermal part of the 
energy at porous substance compression to the same final volume. Here the elastic energy at a given 
volume does not change and the full one is increasing. So the more is porosity, the more steeply is 
the percussive adiabat. Specifically percussive adiabat points are situated higher for porous body 
then for continuous body. For porous substance compression to the same volume as the analogous 
continuous substance much higher pressures are necessary. They are the higher the higher is the 
substance porosity degree. The situation does not change qualitatively if to consider the initial 
temperature and entropy to be not equal to zero [6].  

Therefore it is possible to suppose that porous substance usage as medium layers for three 
dimensional composite materials will promote to increase of impact energy absorption by the 
construction, which is made of it, because of initiating of its dissipation in the form of thermal 
intrinsic composite substance energy. To check this supposition it is necessary to carry out a series 
of comparative experiments of specimens with the same supporting layers but with inner layers of 
different porosity and subsequently of different density and nevertheless made of  identical material 
so they provide equal mass of the produced constructions. 

4. Research Equipment Elaboration 
The extreme short impact loading duration demands usage and elaboration of special 

measurement methods, which allow definition of physical parameters in the conditions of high 
speed process, demand creation of corresponding devices. Specially for carrying out of experiments 
on research of impact durability of monolayer materials or materials of complex composite structure 
and constructions of them, computerized research complex is developed and produced. It serves for 
carrying out experiments on impact interaction of specimens with an accelerated to a certain 
velocity piercer. The complex includes "GANCHEN"-type thermal gas ballistic gun for piercer 
accelerating, piercer velocimeter, ballistic pendulum for measurement of integral energy datum of 
piercer-specimen interaction, and "ODD" device for measurement of residual deformation of the 
specimen. The principle of thermodynamic gas expansion processing at chemical reaction of 
burning with energy eduction is used for the piercer racing. The experiment progress control, 
gauging equipment sensor signal processing and obtained information data storage are accomplished 
at researches. The elaborated system and research techniques permitted carrying out a series of 
comparative check tests of specimens of different metal-composite constructions. 

Impact strength researches are strictly regulated with numerous state and international 
standards. Among them are European standards CEN, Germany police administration’s standard 
DIN 52290. They were considered at development of the research equipment. The used method 
essence is as follows. The researched samples are punched with a piercer as obstacles. Energy 
characteristics of the impact process are defined with the ballistic pendulum on which the 
investigated samples are fixed. It receives an impact pulse while punching which causes the 
pendulum deviation of size S from the equilibrium position that may be used for calculation of the 
power absorbed by the sample during its deformations and fracture according to the energy balance 
equation [2, 5]: 
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where m  – piercer weight, 0V  –collision speed, 1S  – pendulum position, SS <1 . 
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 The laboratory installation "GANCHEN", which principal scheme is given in the fig. 2, is a 
computerized equipment complex, which consists of the thermal gas ballistic accelerator – the 
flouncing device 3 for the piercer 5 racing, the piercer velocity measuring set 4, the ballistic 
pendulum 6 for researched material specimen 10 fastening and data acquisition and analysis system 
1. The flouncing device 3 also includes the power supply unit 2, working gas supply system 7, 
diaphragm unit 8 and acceleration tube 9. Data acquisition and analysis system 1 serves for the 
experiment process controlling, processing of measuring equipment sensor signals and the received 
information saving. The ballistic pendulum 6 is used for estimation of the impact interaction energy 
characteristics. The installation also includes residual deformation damage definition system 11. 

The action principle of the developed thermal gas dynamic flouncing device in the structure of 
the research ballistic installation is as follows. At guidance of the system 4 and with help of the 
working gas supply system 7 the flouncing device chamber is filled with working gas at a certain 
pressure. The ignition system due to work of the power supply unit 2 creates the electric spark 
discharge on a specially developed lengthened electrode located directly in the chamber. It initiates 
the chemical reaction of burning accompanied with a temperature and pressure increase that results 
in destruction of the diaphragm and accelerating of the piercer in the tube 9.  

 

 
 

Fig. 2. Thermal gas ballistic laboratory installation "GANCHEN" principal scheme: 1 – data acquisition 
and analysis system; 2 – power supply unit; 3 – flouncing device; 4 – piercer velocity measuring set; 5 – 
piercer; 6 – ballistic pendulum; 7 – working gas supply system; 8 – diaphragm unit; 9 – acceleration tube; 
10 – researched material specimen; 11 – residual deformation damage definition system 

 
A butane-air mixture is used as the working gas in the constructed installation. The electric 

ignition unit provides a voltage of 25-30 kV for the spark creation. Power supply is effected from a 
network (220 V). The power supply unit 2 transforms the alternating current to direct current with 
voltage of 27 V for work of the hydraulic automatics of the unit 7, the electric ignition unit and 
particularly for the controlling unit 1. A special working chamber internal surface form is designed 
for receiving a cumulative effect and thus considerable increase of the installation effectiveness is 



 12.25

obtained. Several safety levels are incorporated in the working gas supply system design, which are 
duplication of the gas access overlapping cranes, the fulfilled gas release system for the case of 
unforeseen pressure increase and others. The unit 1 provides control remotability and consequently 
safety of work with the installation. The installation advantages are compactness, simplicity of work 
and control remotability, modular structure that makes possible not only replacement of the 
deteriorated units, but also experimentation with usage of different types of igniters, diaphragms, 
acceleration tubes, power supply units of different capacity. The experiment is carried out according 
to the following procedure. The piercer is accelerated to a fixed velocity and the level of the 
remainder deformation or destruction after the impact is determined for each material of the list of 
the researched ones. The piercer velocity is measured with a device communicated with the data 
acquisition and analysis system and transmitting the data on its values for usage in the further 
calculations.  

For an operative complex qualitative and quantitative estimation of macro and 
micromechanical damages of material surfaces with calculation of both the damage geometry and 
complex integrated parameters of deformation destruction a special device was created and patented 
– optical deformation detector ОDD [7, 8]. Its modification ОDD-L was used at the experiment 
execution. Its operation principle consists in projection of an obtained with a laser radiator grid 
image on the studied surface and the following surface image receipt with the help of a 
photosensitive matrix. Specially designed program software allows definition of coordinates of 
surface points and calculation of residual deformation cavity parameters by means of analysis of the 
initially projected grid image curvatures. Precision of definition of the surface coordinates depends 
on the created laser beam quality, the matrix sensitivity, computer algorithm of the data processing 
etc. In the realized device the received precision is 0.01 mm.  

 

5. Experiment Operation and Analysis of Research Results 

 
 The developed installation and research techniques allowed carrying out a series of tests of 

composite material specimens. Three layered composites with load-bearing metal frames and spacer 
mediums of several types were studied. Three test runs were executed, in each of them a quantity of 
specimens enabling building a statistical distribution of obtained results was analyzed. Specimens of 
two types were researched. For the sake of convenience the specimen layers were numbered in the 
following way. Metal layer facing towards the piercer is marked as the first one. The layer, after 
which the shock wave exit out of the specimen takes place, is numbered as third. Accordingly the 
medium layer is considered as the second one. In the first test run the medium composite layer was 
made of polyvinylchloride, in the second test series it was cellular polystyrene and in the third one it 
was a metal grating structure. In the specimens of the both types the second layer was made of the 
same material, but it had porous structure in the first case and continuous structure in the second 
case. Specimens of one test series have the same weight and chemistry. In the third test run grating 
usage allowed obtaining porous metal layer. In the corresponding specimens of the second type 
metal plates of the same mass were utilized. 

With the help of the elaborated thermo gas ballistic accelerator the piercer was raced to the 
speeds of accordingly 200±0.4, 350±1.2, and 450±2 m/s for every test series. Piercer velocity 
support was realized by proportioning the actuating medium amount in the flouncing device 
working chamber. The velocity selection is explained with provision of the not throughout specimen 
punching condition. So that in the result of interaction the material gets only residual deformation of 
the third layer in the form of a cavity. Specimens with work area of 100 х 100 mm were fixed on the 
ballistic pendulum. So the energy transferred to the specimen from the piercer but not absorbed by 
the material layers was defined. By definition of the track passed  by the reflected from the 
specimen piercer in the opposite to its initial motion direction it was found out that amount of its 
residual kinetic energy after interaction with the specimen was too small in comparison to the initial 
one. 
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Appearance of the material specimens with the medium layer of cellular polystyrene after 

punching with the piercer is given in the fig. 3. 
 
 
 

  
a 
 

c 
 

  
 

b 
 

d 

 

Fig. 3. Material specimen appearance after interaction with the piercer in test with a specimen of the first 
type (porous) from the front (a) and from behind (b) and in test with a specimen of the second type 
(continuous) from the front (c) and from behind (d) 

 

In the fig. 4 three-dimensional cavity models are shown with color and numerical 
representation of their parameters. The models were obtained as a result of residual deformation 
measurement for both types of specimens of each test run. As it is seen from the given models, there 
is a clearly defined dependence of residual deformation value upon the medium specimen layer 
porosity in each experiment series. 
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a c 

b d 

Fig. 4. Cavity appearance (a) and deformation model (b) in test with a specimen of the first type (porous); 
cavity appearance (c) and deformation model (d) in test with a specimen of the second type (continuous) 

Moreover in each case the higher porosity is accompanied with less strongly pronounced 
residual deformations of the third specimen layer. Percentage ratio of the working area residual 
deformation degree at interaction realization in all the three cases is given in the table 1. The 
observed according to its volume deformation is differing from about 1.2 to almost 2 times. 
Therefore differs the damage of potentially protected by the composite constructions.  

Table 1.  
Specimen residual deformations in the three test runs 

Average specimen deformation, 3610 m−⋅  Test 
run with porous spacer mediums with continuous spacer mediums 

Residual deformation 
value ratio, % 

1 0.025 0.03 0.83 
2 0.018 0.034 0.53 
3 0.020 0.027 0.74 

 

As it implicates from the considered above theoretical analysis of the impact interaction 
processes, which was given in the third section, the elastic constituent of the energy obtained by the 
specimen as a result of impact should not essentially differ for specimens of one test series. 
Pendulum suspension deflection values received for each separate experiment verify that such 
supposition was righteous in practice to 4.5 %. This deviation may be explained by the initial piercer 
velocity fluctuations, specimen fixation rigidity distinctions in each separate test and by other 
variations in experiment holding conditions. Taking into account the clear tendency of the general 
regularities evincing, the deviation is small for influencing on their revelation. In that case the given 
in the table 1 values testify to different levels of resulting shock wave energy acting onto the third 
material layer. Its decrease for composites with porous materials is explained with its transition into 
the form of potential and intrinsic energy of the second layers.  
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Thus carrying out of comparative impact interaction tests of three layered material specimens 
with load-bearing metal frames and spacer mediums of porous and continuous structure showed that 
utilization of porous substances for medium layers contributes to increased impact energy 
absorption by construction made of it. 

6. Conclusion 
For properties of constructions and behaviour estimation under the action of high-speed 

impact loadings and comparison of corresponding characteristics of materials and different 
constructions’ execution variants at the stage of their material development or engineering of the 
compete design, specially for carrying out of experiments on research of shock durability of 
monolayer materials or materials of complex composite structure and constructions of them, 
laboratory research ballistic installation "GANCHEN" is developed and produced. The developed 
system and research methods enabled carrying out a series of comparative researches of material 
specimens with computer processing of gaging equipment sensor signals and obtained information 
saving. Impact interaction parameters of materials with load-bearing metal frames and spacer 
mediums of porous and continuous structure were learned. The experiments were considered 
according to the shock wave transmission theory.  

While carrying out of the tests it was shown that usage of porous substances as spacer layers 
of three layered composite materials facilitates to increased impact energy absorption by 
construction made of it. So such materials have heightened protective qualities at the same mass of 
produced of them construction. It is perspective in spheres of surface protection of transport 
vehicles, such as aircrafts, helicopters, automobiles, trains, cutters and yachts, for light armoring 
system elaboration. Such materials may be utilized in constructions of divide walls and partitions, 
pilot and passenger chairs, doors and floor panels and also for shockproof constructions used in 
water, wheeled transport, in another fields. 

Obtained results gave an opportunity to state the next aims and research directions for 
development of impact-resistant composite materials applicable in aviation, ground transport and 
protective constructions. 
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MULTIPURPOSE DATA ACQUISITION SYSTEM FOR INVESTIGATION OF 
MECHANICAL PROPERTIES OF MATERIALS 

Multipurpose mobile data acquisition system (DAS) of Laboratory of strength of materials, Mechanics 
chair of NAU is intended for strength testing of materials and aviation/industrial structures as well as 
for automation of educational laboratory works. DAS permits to control testing machines and 
experimental rigs and perform measurements of up to 32 analog signals of appropriate transducers. 

Introduction 

With the development of microelectronics and computer hardware a great progress has been 
achieved in development and implementation of sophisticated test rigs for experimental 
investigation of different physical phenomena. In the field of strength of materials a number of firms 
begin to produce computer-controlled testing machines with appropriate software permitting to 
conduct the set of standardized tests with controllable regimes of loadings. Such machines however 
are very high-priced and often are intended for routine everyday testing. Ukrainian plants and 
scientific/educational institution like that in other post-soviet countries for almost two decades were 
unable update their park of testing machines. Still now the regular cost of order of $100 000 is too 
high for many Ukrainian entities equipped with aged machines. This is even more true for 
educational institutions, which need from one hand a number of machines for educational purposes 
and from other hand a flexible multipurpose test rigs to perform scientific investigations. In 
Laboratory of Strength of Materials of Mechanics chair of National Aviation University of Ukraine 
the approach of creation of multipurpose expandable data acquisition and control system has been 
chosen to satisfy the demands of up-to-date testing. This permitted step-by-step improving of testing 
capabilities with gradual automation of different scientific and educational testing rigs and no high 
lump sum payment. 

 
Nomenclature 
 
DAS data acquisition system; 
GUI graphic user interface; 
I/O input/output; 
KA strain gage amplifier gain coefficient; 
ksps kilosamles per second – number of signals measured per second; 
LVDT linear variable differential transformer; 
P load; 
ΔL absolute deformation; 
ε relative deformation; 
σ stress; 

1. Data Acquisition and Control System Concept and Composition 

Modern data acquisition systems are usually include regular or specialized computer with one 
or more extension boards for data acquisition and control. It could be a multifunctional data 
acquisition board with opportunities to measure and generate analog and digital signals or a set of 
specialized boards capable to perform specific task, for instance only measurement of analog signals 
or generation of analog output signals. These boards could be installed in the expansion slots of 
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computer's motherboard (ISA, PCI) or connected to computer via different ports – USB, COM, 
SCSI, etc. 

Several aspects should be taken into account to make a decision concerning DAS architecture. 
At the beginning of the work a set of tests to automate and park of existing machines and test rigs 
have been analyzed and list of parameters to be measured and controlled have been created. 
According to scientific and educational load on the laboratory it was found appropriate to create one 
multifunctional system rather than a number of separate systems with individual DAS in each. The 
hardware from different vendors was investigated on the cost-beneficial basis accounting to both 
hardware cost and the complexity of software development and implementation for a specific task. 
The issues of accuracy and measurement errors as well as opportunities of dynamic measurements 
and possible sampling rates were taken into account.  

The concept of multiple functionality requires that DAS should be mobile and be easily 
connected to any test rig in the laboratory. That is why all the equipment must be mounted in the 
single and transportable unit. This forced to use internal expansion board(s) installed inside the 
computer and the latter is to be mounted in the same rack with all necessary signal conditioners, 
power sources, wiring and computer peripheral devices such as monitor, keyboard with mouse. The 
composition of hardware in this unit is defined by scope of tasks to be performed by DAS. The 
analysis have shown that almost all measurements performed in the laboratory include not more 
than two parameters such as load (or pressure) and displacement and a number of signals of strain 
gages, which often exceed 16 – the number, typical for multifunctional data acquisition boards.  

The final requirements to DAS were formulated as follows: 
 Number of analog measuring channels – up to 32; 
 Signal types – high-level pressure transducer 

signals, deformation sensor signals, strain gage 
bridge signals, etc.; 

 Opportunity to acquire discrete signals of test rig 
state; 

 Opportunity to generate discrete and continuous 
(analog) control signals. 

 Connection to external instrumentation using 
serial communication ports (RS-232, USB) and to 
LAN. 

The main requirements to computer were: 
 Easy software coding using “rapid prototyping” 

approach; 
 Graphical representation of measured parameters 

in the course of experiment; 
 Opportunity of remote observation and control of 

the experiment. 
These requirements have led to the following 

hardware composition. DAS is mounted in wheel-based 
Schroff's “Proline” industrial cabinet (figure 1), where all 
the other instrumentation is mounted: 

 1. Industrial on-line uninterruptible power supply to 
prevent equipment damage from power supply 
failure; 

 2. Stabilized DC power source 24 V, 3 A to power 
transducers and signal conditioners; 

 3. Industrial computer with expansion boards, 
monitor; keyboard with mouse. Expansion boards 
are from Advantech company and include: Fig. 1 DAS Front View 
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 a) PCI-1713 32-channel analog input board with 12-bit 
analog-to-digital converter and up to 100 ksps 
sampling rate; 

 b) PCI-1720 4-channel 12-bit analog output board; 
 c) PCI-1753 12-byte digital I/O board; 
 d) All boards have galvanic insulation up to 2500 V to 

prevent system damage in harmful industrial 
electromagnetic surrounding. 

 4. 30 strain gage amplifiers; 
 5. Web-cam for remote observation; 
 6. Appropriate internal wiring with screw terminals and 

connection cables to connect respective signal sources and 
external controlled devices to expansion boards (figure 2); 

 7. Three output multipin connectors and power supply 
connector are located in a special holder on the left-down 
part of the cabinet (figure 3) and intended to reach easy 
connection to outer devices. 

DAS composition and mobility provide its multiple 
functionality together with output connectors. One of them is 
universal 45-pin connector containing six 4-wire strain gage 
channels, 2 analog input channels, 2 analog output channels, 3 
digital input and 2 digital output channels, 24 V DC pin and 
common (GND) pin, 2 pins for RS-485 connection and 8 pins for 
LAN connection. Two other are identical 50-pin connectors 
containing twelve 4-wire strain gage channels each. This permits 

connection of any test rig in laboratory for both measurement and control. 
All software has been created using MATLAB package and appropriate toolboxes. Individual 

programs may include Simulink blocks with real-time windows target blockset. This permits to 
avoid low-level programming of data acquisition procedures and gives access to easy-implementing 
real-time graphics together with extensive and sophisticated data processing tools. MATLAB 
approach to data acquisition tasks utilizes both “Switch-and-measure” and “Easy prototyping” 
concepts. For simple single-mission tasks it is possible to compose very easy software program with 
minimal coding and graphic representation of measurement results. For routine tasks it is relatively 
easy to create software program with necessary graphic user interface, which permits software and 
hardware tuning and which could contain soft real time blocks for test rig control. As compared to 
LabView software package widely used for solving measurement tasks, it could be mentioned that it 
is intended mainly for specialists in data acquisition and requires understanding of functioning of 
data acquisition hardware. Matlab's data acquisition concept on the contrary is oriented to specialists 
in particular branch of knowledge (engineers and scientists), say specialists in strength-of-materials, 
who's business is strength testing, not data acquisition. 

2. DAS Application Examples 

2.1 Tension test of standard specimen 

Standard 8 mm in diameter specimen was tested using ZDMU-30 test machine. It was 
controlled manually because automation of hydraulic drive of this machine requires servo drive with 
loop-back, which could not be easily built. Measurement of tensile force was performed using 
Danfoss pressure transducer installed in the pressure line of power cylinder of the machine. The 
correlation between measured pressure and applied force was obtained via preliminary calibration 
using standard (reference) dynamometer. Absolute deformation of the specimen was measured using 
precalibrated strain gage deformation sensor connected to one of strain gage amplifiers. In the 

Fig. 2 DAS Rear View 

Fig. 3 DAS Output Connectors 
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course of the experiment instantaneous values of load and absolute deformation were displayed on 
the monitor. After specimen rupture the data were recalculated and two plots were displayed on the 
monitor in “P-Δl” and “σ−ε” coordinates as shown in figure 4. Specific values were calculated 
including maximal load, maximal deformation, stress and relative deformation. All obtained data 
together with plots were saved to hard disc in MATLAB format. Another required values, such as 
limit of proportionality, limit of elasticity, modulus of elasticity, etc. could be calculated 
programmatically provided that more precise deformation sensor is installed on the specimen. 

2.2. Aviation panel testing 

This is an example of multipoint strain measurements using DAS. Aviation panel specimen 
with typical operational damage was tested [1]. The main task of this investigation was experimental 
verification of computational model for mode of deformation determination of aviation structures 
with stress concentrators. Investigated specimens were made of aluminum alloy sheet and had 
different modeled defects. Totally 26 stain gages were glued to each of them in and round the 
modeled damage. Tests were performed on P-5 test machine (Fig. 5) and loads were applied 

manually. This set of tests was performed at the beginning of DAS 
creation that is why only measurements of strain gage were performed 
by DAS. The values of load were input in the software program from 
keyboard. 

To obtain precise data, all strain gage amplifiers were calibrated 
to set the same gain coefficient equal to KA = 500. To reduce random 
errors caused by both electrical noise and inaccuracy of load setting, 
each load value was repeated tree times and at each point multiple 
measurement were performed during 2 s at sampling rate of 2 ksps. 
Mean values were calculated programmatically within in each sample 
and then mean value of three sets was calculated. Measurements were 
performed at each level of loads and permitted to obtain strain 
distribution over specimen width as shown in Fig. 6. 

2.3 Pipeline section testing with internal pressure 

A scientific investigation of residual capability of pipeline 
section with modeled corrosive damage to withstand internal pressure 

Fig. 4 Resultant Plots in “P-Δl” and “σ−ε” Coordinates

Fig. 5 Aviation panel 
specimen 
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was conducted at ZDMU-30 
test machine. Modeled 
corrosive damage was 100 mm 
long milled-out cavity, which 
decreases pipe wall thickness 
from 5.0 to 1.5 mm. End faces 
of pipeline section were corked 
with thick flanges welded to it, 
and the pipeline was filled with 
water. In the upper flange two 
threaded openings were 
performed, one of which was 
used to supply pressure and 
another one – to drain residual 
air. The later had a stopcock. 

To obtain comprehensive 
data concerning mode of deformation of the specimen in the neighborhood of modeled damage, 12 
strain gage sensors were glued to the specimen according to the scheme shown in figure 7. During 
testing pressure value was set up manually using built-in pressure regulator and pressure 
measurement was made using similar to the tension tests Danfoss pressure transducer. Similarly, 
calibration of the transducer was performed using machine's manometer as a reference standard 
gage. 

The procedure of testing was the 
following. Oil from test machine was pumped 
into the pipeline section and 13 parameters 
were continuously measured during the 
experiment. They were internal pressure and 
12 strain gage signals referencing to relative 
deformations in specific points of the pipeline. 
Two of them namely longitudinal and 
circumferential relative deformations in 
undamaged portion of pipeline, measured by 
strain gages #7 and #8 respectively were 
plotted on the monitor versus internal pressure 
in the course of experiment. To reduce electric 
noise and accounting for that pressure changed 

relatively slow, here 0.1 s samples were obtained continuously at sampling rate of 2 ksps. Mean 
values of each sample were considered the 
result of measurement at certain pressure. 

In the test non-trivial results were 
obtained [2]. It was found that at pressures 
exceeding 4 MPa plastic deformation began in 
the place of weakness and circumferential 
deformations very quickly exceeded 1.0 % and 
reached measuring rage of strain gage sensor. 
Longitudinal deformation was much less and at 
pressure level of 10 kPa it did not exceed 
0.025%. Circumferential deformations in the 
vicinity of place of weakness (fig. 8) changed 
from tensile to compressive, which was 
measured by strain gages #3 and #4. 
Deformations under strain gages #5 and #6 

Fig. 7 Strain Gages Layout on the Pipeline 
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remained tensile but still much less then that in undamaged region. Rupture pressure was 16 MPa, 
which is much less than for undamaged pipe. The data concerning deformation distribution were 
later proved by numerical modeling and by similar investigation performed by Belorussian 
researchers [3]. 

2.4 Impact loading of simple beam - educational laboratory work 

For educational purposes DAS is used to demonstrate and perform measurements and control 
in different laboratory works including strain gage calibration, stress concentration, loading of 
cylinder vessel with internal pressure and other. Among them there are two works with dynamic 

processes measurements [4], 
for which DAS permits to 
obtain much more reliable 
data then analog recording 
equipment. Laboratory work 
“Investigation of stresses and 
deformations of simple beam 
under impact loading” 
demonstrates dynamic 
deflection of the beam under 
the action of falling weight 
and stipulates comparison of 
dynamic factors obtained from 
experimental data with those 
calculated from theoretical 
considerations. Graphic user 
interface (GUI) of laboratory 
work is shown in figure 9. 

Test rig includes simple 
beam with weight trap attached to it in the middle of beam span. Solenoid for weight holdup and 
drop is installed above the trap with the opportunity of vertical movement along guide path. Lateral 
deflection of the beam is measured by strain gage bridge glued to it. Height of drop is measured by 
linear variable differential transformer (LVDT) with appropriate signal conditioning circuit. 
Switching ON and OFF of the solenoid is realized from DAS via digital output signal generated by 
digital input/ output board. 

After initial signals measurement of unloaded beam the weight is placed into the trap and 
static deflection is measured. Then by pressing hold-on button (“Підвіска кульки”) on GUI the 
signal is generated (logical “1” is set) to switch the solenoid on. The weight, which is steel ball is 
put under the solenoid and holds there with magnetic force. After drop button (“Скидання кульки”) 
is pressed the measurement of height of drop (LVDT output signal) is performed, solenoid is 
switched off (respective digital output signal changes to “0”) and measurement of beam deflection 
output signal is started with 10 ksps. Measurements are performed during 0.6 sec and obtained 
instantaneous values of output voltage are recalculated into deflection values using preliminary 
obtained calibration function, digitally filtered to remove noise and graphically output to the 
monitor. Maximal deflection of the beam is found and its value together with height-of-drop value 
ire placed into the respective window of GUI in digital form. Theoretical and experimental values 
are calculated in hidden mode and could be printed for a lecturer to control students' results. All data 
are logged to disk into a separate file. 

2.5 Vibration and resonance study - educational laboratory work 

Laboratory work “Investigation of elastic oscillations of mechanical systems” is aimed to 
experimentally verify the correctness of theoretical values of amplitudes of forced oscillations of a 

Fig. 9 Graphic User Interface of Laboratory Work #19 
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beam and to teach the students 
the phenomenon of resonance. 
Test rig is cantilever steel 
beam with electric motor 
installed at its free end. To 
outer portions of motor's shaft 
two unbalanced weights are 
attached. The deflection of the 
beam from equilibrium 
position is measured by strain 
gage bridge glued to it, and 
output signal of the bridge is 
conditioned by strain gage 
amplifier and input to DAS. In 
the experiment instantaneous 
position of the beam is 
measured at sampling rate 
10 ksps together with relative 

time of the beginning of each individual measurement. This permits calculation of both amplitude 
and frequency of oscillations. Speed of rotation of electric motor is regulated from DAS via analog 
signal, generated by analog output board, which voltage is set programmatically from the GUI. The 
change of oscillation amplitude can be viewed in digital oscilloscope screen. GUI of laboratory 
work is shown in figure 10. 

Pressing of start button (“Пуск”) (see fig 10) switches electric motor ON and required speed 
of rotation (and frequency of excitation force respectively) is set up by slider position. Oscillation 
amplitude varies according to excitation frequency. After transient process is finished, operator 
performs measurements by pressing respective button on the GUI (free or forced oscillation button). 
Measurements during 1.2 sec are performed and instantaneous values of strain gage output signals 
are used to calculated beam deflection values according to its calibration function. Obtained data are 
plotted to upper window. Oscillation period is calculated as mean value of times between eight 
sequential maximal and minimal values of deflection amplitudes. The mode of oscillation is defined 
using Fourier transformation and magnitude-frequency plot is output to lower plot window. A pair 
of “amplitude-frequency” data is output to digital data window. A set of measurements with 
different excitation frequencies permits to obtain the dependency of amplitude of forced oscillations 
versus frequency of excitation and gives students the understanding of resonance phenomenon, its 
danger to mechanical structures and means for its overcoming. 

3. Problems and Prospects 

The main problem of implementation of computer-controlled testing using hydraulic-driven 
test machines is the difficulties of creation of servo actuators instead of manually controlled ones. 
Today several firms in the world propose computer-controlled pump stations with servo valves but 
their prices are too high and only slightly less than testing entire machine. From the other hand a lot 
of test machines have good enough pumps capable to produce rated pressures and flows and need 
only appropriate control units. This is particularly true for educational and scientific institutions 
where operation time of machines are relatively small despite there physical age. For these machines 
suitable computer-controlled servo valve block seems to be the best choice to obtain up-to-date 
testing capabilities for minimal cost and with minimal labor expenditures, but only few vendors of 
such equipment are available in the world. 

Another problem associated with previous one is the implementation of standardized 
procedures of testing, which also requires computer-controlled regimes of load application and 
could not be implemented without closed-loop control. This requires installation of appropriate 
sensors and development of corresponding real-time software to control testing machines. For 

Fig. 10 Graphic User Interface of Laboratory Work #20 
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instance, for tension and compression tests it is planned to equip electrically driven P-5 testing 
machine with load cell and displacement transducer for load and deformation measurements. 
Control of loading speed and/or strain rate according to requirements of regulations is planned to 
perform by electric motor regulation using frequency converter. These are the main tasks to be 
solved in future to expand testing capabilities of DAS presented. 

One more task at which the works are in progress, is utilization of image processing for 
determination of metal macrohardness using digital images of the dents obtained according to 
Brinell, Vickers, and Rockwell hardness tests. Images of footprints of respective intruders are 
obtained using digital camera or web-cam and microscope, if necessary. Software for sophisticated 
image processing is included in Matlab's image processing toolbox. 

In educational sphere it planned to rise up the level of automation of several laboratory works 
and to expand their nomenclature. 

Conclusion 

Multipurpose mobile DAS of Laboratory of strength of materials, Mechanics chair of NAU 
proved its applicability and efficiency in solving tasks of strength testing of standard specimens and 
aviation/industrial structure. It showed easy and quick adaptation and tuning for particular testing 
task and capability to provided high volumes of measurement information with improved accuracy. 
The opportunity of graphic representation of measured parameters in the course of experiment 
permits a higher-level control of testing procedure even if it is performed manually. Quick and easy 
documentation of testing results and opportunity to perform sophisticated processing of obtained 
data directly after test completion is another advantage of the DAS presented. 

Application of DAS in educational sphere improves the level of specialists. 
Further works are needed to expand testing capabilities of DAS including new sensors 

installation and software development. 
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NON-DESTRUCTIVE INSPECTION OF AIRCRAFT COMPOSITE PLATES BY USING 
IMMERSION ULTRASONIC METHOD 

 
In this study, for aircraft structural composites immersion ultrasonic test method is optimised by 
changing test prob scan range and test piece immersion time. Laminated fiber composites and 
honeycomb composites are analysed by using pulse-echo and through transmission test techniques. 
Obtained results are discussed in the conclusion and advantages of the method are also listed. 

 
1. INTRODUCTION 

Advanced composite materials are different from homogeneous metal alloys. Laminated 
structures and continuous fibers are used in them. Generally, there are long fibers such as graphite, 
carbon, boron and Kevlar 49 in matrix phase such as epoxy.  Aircraft structural composites have 
many advantages such as high strength to weigth ratio, stiffness, enviromental degradation 
resistance [1]. They have good resistance during long service time for both civil and military 
application. But, wide range of defects such as ply delamination damage, impact damage, moisture 
absorbsion damage can be occure during curing processes and service life time [2]. 

Damages should be detected as possible as in early stage. Discontinuities can be detected by 
non-destructive inspection (NDI) both in design full scale tests to assess maintenance planing 
scadule and in maintenance facilities during components service life [3]. Two important fact about 
component condition appear by using NDI techniques. This methods show that component doesn’t 
contain discontinuities. Second is NDI obtain the guarantie that if the component’s discontinuities 
reach critical dimension. In modern aircraft maintenance planing especially for damage tolerance 
analysis NDI methods are vital [4]. 

Inhomogenity and low density of composites cause many problems for application 
conventional NDI methods such as radiograpy, eddy current and ultrasonic. On the other hand, 
ultrasonic immersion method is capable to detect small discontinuties in  the aircraft composites [5].  
 
2. THE PRINCIPLE OF IMMERSION ULTRASONIC METHOD 

As a principle of this method, test piece and prob are immersed in the test tank. Tank generally 
contains water as liquid couplant. During the contact test to protect couplant thicness homogenity is 
difficult. This changement affects sensitivity of results. But in immersion method water column 
between test piece surface and prob is constant. Automatic scanning is used and prob is commanded 
by manipulators. 
The interface reflects high percentage of the ultrasonic energy because of highly differences 
between acoustic empedance of water and test piece. For example, the percentage of the transmitted 
ultrasonic energy through the interface water/carbon-epoxy is 72% [6]. 
 
3. DIFFERENT MEASUREMENT TECHNIQUES 

Two different measurement tecniques can be used in ultrasonic immersion control. These are 
pulse-echo and through transmission techniques. In pulse-echo technique, one prob is used as 
transmitter and receiver. As one prob using is practic, this technique is generally prefered. Because 
damage echo can be shown in A-scan display, pulse-echo is more succesful for laminated 
composites testing as shown in Figure 1.a. C-scan display is also possible. The most importante 
inconvenient of pulse-echo is front and back surface of test piece should be parallel. 

Damage detection capacity of this tecnique is listed for different damage type in Table 1. For 
example, to assess delamination of glass-epoxy laminates up to 16 mm thick, pulse-echo is capable 
[1]. 

The other technique is through transmission. In this technique, two prob are used. One prob is 
transmitter. This prob doesn’t have receiving fonction. The other prob is only receiver, this prob 
doesn’t study as transmitter. For sandwich composites this technique is more successful than pulse-
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echo as shown in Figure 1.b. Especially for thick laminated composites testing, this technique have 
advantage. The other advantage of this thecnique is two prob can be placed in angle position as 
shown in Figure 1.c and 1.d. [7]. 

 
                              
                             Figure 1 Different immersion tecniques 

      a. Pulse-Echo for laminated structure 
      b. Through transmission for honeycomb structure 
      c. Through transmission for “I” section 
      d. Through transmission for “T” section 

 
Through transmission technique have high sensitivity for small defects in test piece. For 

example, 1.6 mm dimension defect can be detected in boron-epoxy composite. Damage detection 
capacity of this tecnique is listed for different damage type in Table 1 [8]. 

 
                               Table 1 Damage detection capacity of test tecniques 

                      

Damage Type
Pulse-Echo Through 

Transmission
Delamination
Crack Effective Technique
Void
Thick Bond
Core Damage
Density Variation
Inclusion

Test Technique

 
 
4. THE OPTIMISATION OF IMMERSION TEST SYSTEM 

For this optimisation study, carbon-epoxy (T300-914) test pieces are used. Each piece is 28 
plies and 3.5 mm total thicness. Each of them has impact damage created by 20 joule impact energy. 
Immersion test system contains one immersion tank with manipulator moving x,y,z axes and Usip 
12 Krautkramer unit and computer system. C-scan display can be used. For this study pulse-echo 
measurement tecnique and diminution of background echo is regarded. Reflector plate and focusing 
immersion prob are used [9]. 
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4.1. Assesment of Prob Scanning Range  
Scanning range affects the test time and damage shape picture on C-scan display. Prob 

scanning range can be choice depends on test system capacity.  For small defect analysis scanning 
range should be small enough.  In this study, testing ranges are between 0.2 mm and 1mm by 
changing in each step 0.1mm. C-scan examples are given in Figure 2. As shown in Figure 2, for 
damage shape picture quality, about 0.2 mm value is obtained as optimum scanning range.  
 

 
 

Figure 2  Different scanning range examples 
 
4.2. Assesment of Immersion Time  

Test piece’s surface dimensions affect the scanning time for C-scan display analysis. 
Composite materials absorbe the water. This cause debonding and delamination problem. For 
composite testing immersion time should be short enough. In this study for impact delamination 
damaged composite laminates, after 3 days immersion time water absorbation problem was 
detected. As given in Figure 3, after 3, 8 and 10 immersion days analysis results show that C-scan 
damage picture change. Immersion time should be restricted by only scanning time. After the test, 
test piece should be taken off the tank and immediately dry.  
 

 
 

Figure 3  Different immersion time test results 
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5. CONCLUSION 
Immersion ultrasonic method is more successful than contact ultrasonic test method, 

especially to test thin composite plates. This method can be used to analyse damage tolerance design 
requirements at laboratory level. In this test method, nearfield perturbation problem of ultrasonic 
beam can be eliminated in the water column. The other advantages of this method can be listed as 
below. 

Test prob angle can be changed easily. 
As automatic scanning is possible, test speed is high. 
For small defects high sensitivity.  
Test piece surface condition such as surface roughness and shape don’t affect the test results. 
For thin composite plates testing, high sensitivity focusing prob using is posible, as focal 

distance stays in water column. 
Test piece dimension should be small enough to immerse into the tank and immersion time 

should be short enough. In this case, advanced water squirting probs may be used instade of 
immersion into the tank. Only longitudinal waves should be used in immersion method, as other 
transversal and Lamb waves don’t transmit in the water. Because high percentage of the ultrasonic 
energy reflects from the test piece surface, high test frequences should be used.  
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INDIRECT THRUST MEASUREMENT DURING THE GROUND TESTS OF THE 
TURBOROP ENGINES 

The new method of propeller thrust measurement is proposed. Also it’s compared two different means 
of blade pitch measurement with their advantages and disadvantages 

INTRODUCTION 

At the end of 20-th century a lot of regional turbojet like ERJ-145, CRJ100 CRJ200 etc. were set in 
operation in Western Europe and North America. In this case the most of aviation experts were unison in 
opinions that time of turboprops is finished [1, 2]. But some years ago, after new European noise admission 
rules implementation and particularly after the beginning of the petroleum crisis, the biggest regional carriers 
came back to discussion about the possibility of using of turboprop aircrafts. From this point in 2006 the new 
life of turboprops was started. 

In witness of this fact, in 2007 ATR, which is affiliated company with the biggest European aircraft 
consortium EADS, announced the record level of orders for their ATR 42-500 and ATR 72-500 aircrafts in 
all history of ATR [3]. More than that, Bombardier – the other biggest manufacturer of regional aircrafts is 
also optimistic in their forecasts about the future of turboprops [4]. Bombardier analytics suppose that in next 
twenty years regional carriers will increase their turboprop fleets and in 2026 the part of turboprop in global 
regional fleet will be assigned up to 36 percent. 

The increasing of amount of turboprops in next ten years had remade the problems of turboprop 
exploitation again. That’s why the solving of the most of this problems but on from the new point of view 
with new test equipment, with modern algorithms of problem searching etc are very important task which 
will allow to increase the level of flight safety and economical efficiency. 

The problems of turboprops operation 
During the manufacturing and operation all aircrafts assumed some specific attributes. The typical 

attribute of the turboprops is the aerodynamic quality degradation in consequence of asymmetric thrust of the 
left and right engines [4, 5]. In such case the crews are trying to compensate this asymmetric with rudder, 
ailerons or flaps using but the result of this compensation could be dramatic [6]. The other side of 
asymmetric thrust is increasing of the fuel consumption which could reach up in some cases to 6 percent. 
That’s why the periodic control of thrust of turboprop is very important procedure which will allows keeping 
a high level of flight safety. 

In addition, precise determination of turboprop thrust is of much interesting as it allows, in principle, to 
verify the specified engine performance and propeller characteristics as well as to quantify the lift and drag 
characteristics of the aircraft. 

The exist thrust measurement methods 
In the case of turboprop, the thrust of the propulsion unit can be obtained from measurements of the 

variables related to the propeller thrust and the jet thrust of the engine. Several techniques to obtain propeller 
thrust and jet thrust already exists. In general, they require the measurement of several engine and propeller 
variables and also airdata like temperature, airspeed, humidity etc. 

The most simple method of thrust measurement is the using a force balance method [7, 8] which is widely 
used during designing or testing of a power plants in a couple with the measurement of total pressure behind 
the propeller [9, 10]. Both of these methods are terminated only for designing and special manufacturer 
testing because they require a special equipments and conditions which couldn’t be provided during all 
period of engine operation. 

In other case the thrust of turboprop could be obtained through the power measurement [11, 12, 13], but 
this method is also limited and not allows to measure the trust level of power plant on the ground which is 
very important for plane crash preventing especially during the take-off. 

So, at present some thrust measurement method were created but all of them are not answered for in full 
requirements which were raised by air carriers. Therefore it’s necessary to continue technical investigations 
which could solve the problems of turboprop operation without using special equipment in all periods of 
turboprop exploitation. 
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Method of thrust measurement during the ground tests  
The proposed method is based on the “shadow” time 

duration measurement which is detected by the special 
optical device (fig. 1) during the propeller blade 
rotation. In more detail, if the blade is crossing the light 
beam then an optical “shadow” is created and fixed by 
photo detector (fig. 1, phase II). 

And if the lights beam is following to the optical 
detector without obstruction then detector registered a 
signal and transforms it to electrical signal (fig. 1, 
phase I and phase III). This signal is more power in 
compares with the “shadow” signal so it allows 
calculating the “shadow” duration 12 ttt −=Δ . This 
conception of the blade pitch measurement is very 
simple and it’s not required any kind of airframe 
construction modification. 

The length of “shadow” projection could be 
obtained with known rotation speed гвn : 

гв
пер.гв пр30

nV r l V tπ
= ⇒ = Δ , 

where V – linear propeller rotation speed;  
 пер.гвr – selected propeller radius; 

 прl s – the “shadow” length. 
It’s obvious; the “shadow” length will change if 

propeller blades move from one angle to other.  
The propeller characteristics like chord length b , 

and profile curvature c are, as usual, well known 
parameters of each type of propeller so it’s not difficult 

to obtain the blade pitch (fig. 2) 
The radial angle радγ  of blade projection could be obtained from equation 

гв
рад 30

n tπγ = Δ . (1) 

The same angle could be obtained (but in degree mode) with formula 

( )x
o2arcsin 0,5 cosb

R
γ ϕ ϕ⎡ ⎤= +⎢ ⎥⎣ ⎦

. (2) 

where xb – blade chord length on radius xR ; 
 oϕ – blade geometric twist on radius xR ; 
 ϕ – blade pitch. 
In consideration of (2) the radial angle радγ  could be written with formula 

( )x
рад o2arcsin 0,5 cos

180
b
R

πγ ϕ ϕ⎡ ⎤= +⎢ ⎥⎣ ⎦
. (3) 

The result of substitution (3) in (1) is  

( )x
гв o3 arcsin 0,5 cosbn t

R
ϕ ϕ⎡ ⎤Δ = +⎢ ⎥⎣ ⎦

. 
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The relation between radiuses xR  and R  is estimated by 
the following equation 

So far as the chord length xb  and blade geometric twist 

oϕ  are not constant and changed along the blade the blade 
pitch calculation procedure should be amendment with next 
equations 

( )x xb f R= ; ( )o xf Rϕ = ,. 

where x xb b D= ;  

 x x 0,5R R D= ; 
 D – propeller diameter. 
With known propeller blade pitch ϕ , propeller 

manufacturer characteristics and atmosphere conditions, it 
becomes possible to calculate the thrust coefficientα  and 
power coefficient β  which allow obtaining the thrust and 
power produced by propeller. 

The propeller thrust could be obtained with following 
equation 

2 4P n Dαρ= , 
where ρ – air density. 
The propeller power could be calculated with formula 

3 5N n Dβρ=  
The jet thrust of turboprop as usual could be obtained from 

mathematical modeling of a gas turbine engine. At the end both propeller thrust and jet thrust should be 
added one to one which will represent the full thrust of turboprop. 

The blade pitch measurement tests 

The first attempt of propeller blade pitch measurement was done with the 2 blade propeller model via 
portable PC-integrated oscilloscope Handyprobe 2. 

This measurement strategy allowed indicating the different blade pitch with 1 degree step (fig. 3). But a 
high parasitic noise and insufficient precise form of signal (fig. 4) are jamming the final result. 

The second strategy is based on using of Schmitt trigger which allows obtaining nearly ideal meander. 
The tests result in this case could be obtained in graphical mode and also in table mode (table 1). 

( ) 22
x x o0,5 cosR R b ϕ ϕ= − +⎡ ⎤⎣ ⎦ . 

 
Figure 3. The “shadow” for different blade pitch 
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Figure 4. The signal distortion 

 
 

Conclusion 
The model based experimental testing of proposed 

method indicated that the using simplicity and 
adequate accuracy are the good indicators before the 
in full ground tests with turboprop aircraft.  

However the proposed method has a limitation 
which consists in the possibility to measure the thrust 
only during the ground tests. This fact restricts the 
range of implementation of proposed method but the 
simple mathematical apparatus, the lack of any 
construction modification and using readiness for all 
types of aircrafts with variable-pitch propeller are 
unchallenged advantages of this method which could 
serve for it widely using. 
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Table 1. 
The “shadow” and light detection duration  

# “Shadow” 
duration 

Light detection 
duration 

1 657 2207 
2 655 2234 
3 635 2197 
4 655 2207 
5 661 2225 
6 641 2226 
7 660 2194 
8 655 2208 
9 654 2231 

10 632 2196 
11 656 2211 
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THE COMPLEX APPROACH TO THE DECISION FORMING OF AVIATION GAS 
TURBINE ENGINE TECHNICAL CONDITION   

The offered method of aviation gas turbine engine monitoring based on the complex system, allowing 
to  perform multiply – stage identification the engine actual  condition. The separate stage of complex 
system for realization of offering method was considered.       

The investigation of the Aviation Gas Turbine engine (AGE) technical condition automatized 
system’s creating shows the insufficiency valid of application system based only on the one of the 
monitoring method. As know no one methods are not universal and absolutely reliable. Naturally, 
the like diagnostic systems, build only on the one classifier could not satisfy the requirements 
presenting to the engine diagnostic entirely as in the online as in the offline regime. 

Under this condition the complex method applying is stipulated by using the Soft Computing 
new technology and Mathematical Statistics in the AGE monitoring process. Applying such method 
is requested the steady and effective investigation of modern information technology resources [1].  

 The creating AGE complex monitoring system allowing to perform the multiply-stage online 
and offline engine condition identification by flight recorder and manual parameters registrated 
parameters, shows on the Figure 1. 

The first stage of suggested AGT complex monitoring system is allowed to determine only 
the tendency of engine inclination to the fault condition by the Neural Network and Statistic 
methods without engine fault localization [2].  

The statistics determination of the engine fault is based on the forming of the flexible 
diapason registrated parameters and comparing their values with upper and lower calculated 
possible boundaries by formulas: 

2
1 nn,n

U
n SKPP += ; 2

nn,1n
L

n SKPP −= , 

where nP  and nS  - the average values and standard deviation of engine parameters, n,1K  - tolerance 
coefficient, depending on the measuring number n , applying amount’s layer and confidence 
probability.  The context of the Neural Network is the engine fault determination on the basis of the 
upper and lower threshold forming of output diagnostic parameters the suited to the beginning of 
AGE condition fault. The output diagnostic parameter in the engine neural network model is 

                         
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Common scheme of AGE  complex  diagnostic 
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making more exact, borrowing of main distribution parameter’s characteristics efficient which 
forming of engine condition fault threshold by below formula: 

un
U
П PU γ+= , 1bu *P αγ = ; 

ln
L
П PU γ+= , 2bL *P αγ = , 

where nP  - the last measured value of output diagnostic parameter, bP  - base (baseline) value of 
output diagnostic parameter, determined as centre line average for three subsequent measured, 

6.05.01 ÷=α  and 3.02.02 ÷=α  - the experiment coefficients were found out by investigation of 
real faults of engine PS90A-76SW, D30KU – 154 and RB-211-534E.  

The recommendation requirement for the further engine maintenance is handed by the Logical 
Decision Block (LDB) by comparing the Neural Networks and Statistics analysis result of actual 
engine condition.  

The fault localization up to engine module based on the practical and theoretical result is the 
second stage of the offering AGE complex monitoring system. The practical result of the engine 
fault localization is based on the table which was formed by correlation and regression analysis of 
real AGE faults. It will be enough to find out the output diagnostic parameter of neural networks 
engine’s model and recognize the activity rate of parameters the effectiveness which characterized 
the engine actual condition [3].  

The forming of theoretical engine fault localization is carried out by engine actual condition 
identification steady simulation parameters values characterized the real engine fault trained by 
static neural network. The real source of main calculated point’s volume for static neural network 
training is bank of parameters values faults which archived during engine maintenance [4].  

The final stage of suggested engine identification method is applied the specified actual 
condition of the engine by comparing the theoretical hypothesis with the practical engine fault 
localization. The comparison of hypothesis is based on the correct combination of practical and 
theoretical engine fault localization results by the LDB. At the same time the logical model has the 
following structure: 
−  the identification results are coincidence; 
−  the identification result are different  

In case the actual engine condition is defined by the second presenting option therefore as a 
basis decision is applied the result of practical localization, but the engine fault module is become 
the theoretical localization result take into special consideration and without ground deep analysis 
the engine don’t admit up to the further maintenance.  

The creating automatized AGE monitoring system is being passed the successful experiment 
realization on the engines PS-90A-76SW, D30KU-154 and RB-211-534E.                 
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TECHNOLOGICAL ASPECTS OF DEVELOPMENT OF ELECTRONIC TRAINER FOR 
ACQUISITION OF SKILLS AND ABILITIES ON A START AND TESTING OF 
AVIATION ENGINE 
 

The substantive provisions of aviation electronic trainer development technology are presented for 
engineer-technical personnel. The features of a sound row creation of electronic trainer and his 
synchronization are shown with the system of reflection of information. 

 
Complication of modern air courts and aviation equipment attained such level at which an 

omission in procedures of technical service and repairing can appear pre-condition to dangerous 
flying incident or to the conclusion from the line-up of expensive equipment. On these reasons very 
rigorisms are produced to professional preparation of specialists on technical maintenance of air 
courts which are impossible to satisfy the following to traditional programs and methods of the 
primary teaching and practice only on the real air courts. 

For development of complex of skills of operative management processes of technical 
exploitation aviation operating trainers are used.                     
Last years the theory of exploitation of the difficult technical systems got considerable  
development, especially in area of  aviation. 

Basis of simulation model of trainer is a functional model of aviation engine. The functional 
model of aviation engine consists of interactive graphic flight compartment which cooperates with 
program-mathematic model of the functional systems of engine. The model is realized in the 
technological pointing and other technical documents on a start and assay of engine. 

The display imitators of device boards of flight compartment, and also imitators of 
management organs, enter in the complement of trainer: switches, levers, and buttons. On the 
structural and colour registration imitators largely correspond real organs of management. 

Dynamic processes of start and assay of engine, switching and moving of organs of engine 
management, and also text of prompts is accompanied by sound effects and voice of the announcer. 

Switching of position graphic toggle switches, protective hubcaps, lids and handles of 
management is carried out after admission of cursor on the image of organ of management and 
successive pressure of the left key of a "mouse". 

Switching of graphic position button switches is carried out after admission of cursor on the 
image of organ of management and successive pressure of the left key of a "mouse". 

Moving of graphic organs of management having more than two positions (rotary switches, 
levers of management engines, steering wheel and other) must be carried out after admission of 
cursor in the set position and pressures of the left key of a "mouse". 

A graphic flight compartment provides a call on the screen of monitor of necessary organs of 
management and control to provide the implementation of cabin procedures on a start and assay of engine. 

A graphic flight compartment consists of two fields: working (left part of the screen) and 
official (right part of the screen). The areas of device boards, related to the current step of start and 
assay of engine, are represented in working part. In official part of the screen the side system of 
signaling and alphanumeric field is represented for prompts. 

The scenario of start of engine is executed in accordance with the algorithm of start and reflects 
maintenance of every step of process of start, parameters of work of engine and their value controlled on this 
step. The actions of a student are described in the process of management of the engine start. For example, 
the scenario of start of auxiliary power-plant includes the followings steps: 

- To push the button «main pumping»; 
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 - To switch «emergency brake»; 
 - To switch the screen «auxiliary power-plant»; 
 - To commute toggle switch «launching - cold rolling»; 
 - To commute toggle switch of stop and choice of the mode of operations of auxiliary 

power-plant; 
 - To press button «launching». 

Development of the electronic trainer reflection system. 
The system of the electronic trainer reflection system consists of a set of graphic images, presenting 
the workplace of a flight engineer of airplane IL-96. The followings panels of device board and 
desktop of a flight engineer were used: 
•    Panel of the air conditioning system  
•    Panel of auxiliary power-plant 
•    Panel of the fuel system 
•    Panel of engine control devices 
•    Launch of engine pad on earth 
•    Launch of engine pad in mid air 
•    Control engines stand. 

The panels images of flight engineer workplace are got by digital photography in a flight of 
airplane IL-96 compartment. The got pictures were used as a model for subsequent creation of 
electronic version in the environment of graphics editors of Corel Draw, Adobe Photoshop, Adobe 
Flash and Microsoft Powerpoint. 
Sound row  creation of of electronic trainer and his synchronization with animation. 

Sound accompaniment of process of start of engine consists of noises of started auxiliary 
power-plant, engine and voice of announcer. Two methods of creation of sound accompaniment 
were used: record of noises at the start of engine in the conditions of the air field by a dictaphone 
and editing of sound file from the program «Microsoft Flight Simulator». The last shift gave more 
high-quality sound accompaniment, as the sound is synthesized, and does not cause problems with 
filtration of extraneous noises, as a dictaphone record. To creat necessary effects of permanent 
maintenance frequency of rotation, and also sound effect of increasing frequency of rotation in the 
process of output on the mode, a cyclic segment was selected long in 1 second. Then by the 
dynamic change of frequency and amplitude of this segment the effect of growth of turns was 
attained in the program Adobe Audition Professional. In the process of importation a sound was 
used in the format of Mp3. For the improvement of sounding quality, by facilities of the program 
Adobe Audition Pro, superfluous noises and echo, arising up at the increase of amplitude were 
remote. 

Facilities of ActionScript were used so far as events of animation must coincide with the 
events of sound, programmatic synchronization. Start, stop, volume of reproducing of every sound, 
and also amount of cycles of his sounding, are set with the valid for one occasion commands of 
ActionScript. It allows to avoid a mess with importation of sounds and complications with 
synchronization. All sounds here are in the internal library of executable file. 

Trainer software is functionally linked base of educational materials, teaching and supervisory 
programs. It provides individual preparation of a trainee taking into account his primary level of 
preparation. 
Development framework: 

Application software of the trainer is developed with the use of Macromedia Flash 8 software 
framework and programming language ActionScript 2.0 and takes into account the standard 
requirements of airline “Aeroflot”. 

Macromedia Flash 8 software product is the last version (in the moment of beginning of 
development) of one of the most widespread in the world and the widely applied applications, 
allowing to execute author works and animation. Reliability, productivity and variety of Flash 
possibilities, rises with every update version. In respect of traditional animation and graphic 
program possibilities, support of developers in that became more complete than never. This support 
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is not only limited by animation, as Flash 8 package evolved in an effective multimedia tool, able to 
integrate a wide set of languages and multimedia formats.  

An object-oriented programming language ActionScript 2.0 is used in Flash 8, which passed 
the considerable way of development from the primary programming a method «drag&drop» in the 
version of Flash 4 to reliable and standardized object-oriented language nowadays. 
Technology of Flash-document development includes a few stages. Being in development 
framework, a designer creates a so called author file (document). During this process visual 
elements, colour chart of project, are developed, and appearances which find embodiment through 
the vectorial editor of the program are also created. On this stage, if there is a necessity, the import 
of graphic arts (vectorial or raster) is carried out from external editors, its optimization and 
integration in a detail design.  

Then the animator joins in business. He «animates» characters through an assembling line (or 
simply decorative elements). The structure of document is formed. The import of video files or 
sequences, created in external applications is carried out if necessary. 

The document is supplied with a phonogram (by sound accompaniment). For this purpose it is 
necessary to import a sound file (created beforehand in one of the programs specially intended for 
this purpose). 

Then the programmer forms a program framework document and fills the project with 
interactive maintenance. The range of script language application can be very various depending on 
tasks. The necessity of the intensive use of programming is conditioned the presence of large 
number of interactive elements and also non-linearity of implementation of document. 

The document has a phonogram (sound accompaniment). For this purpose it is necessary to 
import a sound file (created beforehand in one of the programs specially intended for this purpose). 
We will show development technology of electronic trainer in a general view on the example 
of the step “Choice of operation mode of auxiliary power-plant”. 

As the step «mode of operations of auxiliary power-plant» is intermediate, all necessary 
elements to continue the work are already drawn, layers are distributed. We open the panel of 
Actions of scale of Timeline and write a code «stop();» to stop reproducing in while expecting 
managing influence. We choose the button « 3 pozic 2» and on a panel “Actions” we write the code 
of passing to the next shot. Thus it is necessary to stop the before started sounds. For this purpose 
on a panel “Actions” we write a code «sound_7.stop();». We move the losing head of scale of 
Timeline on the next shot, write a code «stop();». We make a substitution « 3 pozic 2» on «gaz». 
Button is also commutable «5» on «5_Active». Pressing Ctrl+f12 compile and test the prepared file. 
Trainee action control is carried out due to ActionScript code program. 2 types of errors are 
counted up separately: errors of choice of necessary devices and management organs, and errors of 
violation of algorithm of start. A warning signal sounds and an error is set off when incorrect key 
being pressed. After implementation of exercise there is a general amount of errors, and also a type 
of perfect errors specification is represented in the field of text-tips, and can be both looked over 
and unsealed on a printer. Time of implementation of exercise is there represented. 

The use of electronic trainer in an educational process allows substantially to reduce bringing 
in engineer-technical personal of the educational air field in teaching students technology of start 
and assay of engine PS-90A on the airplane IL-96. In addition, it is possible to replace training of 
students and test start of engine on an airplane by acquisition of skills on a start and assay of engine 
on the trainer. 

The trainer is intended for working off the correct sequence of executions of a trainee at a start 
and assay of engines PS-90A on the airplane IL-96. 

Work of the trainer is based on the simplified mathematic model of engine work. Control of 
actions of the trainee is carried out on the basis of actions of a member of the crew in obedience to 
Guidance on flying exploitation. 

The trainer can be used for individual preparation in the educational process of aviation 
technical schools and training centers of Civil Aviation. The trainer has tree operating modes: 

•Self-control (training);  •Control (certification);  •Demonstration. 
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OPTIMIZATION OF PARAMETERS OF TURBOFAN AFT-FAN ENGINE 

Peculiarity of turbofan engine with aft-fan calculation is considered in the paper. It is described 
adjustment parameters of gas generator and aft-fan of turbofan engine based on optimal gas flow free 
energy balance between primary and second flows providing the optimal ratio of velocity at the exit 
plane of the core exhaust nozzle and velocity at the exit plane of the fan exhaust nozzle.  

Introduction 
Principal ways of turbofan engine development direct at efficiency increasing, rise of specific thrust 

and as result of it mass reducing.  
These problems are solved by choosing optimal engine parameters and air-gas channel configuration. 

The choice has to meet engine operational requirements and aircraft requirements. 
Purpose of the article is investigation of resources for turbofan engine parameters improvement at the 

expense of aft-fan geometry optimization. 
Turbofan engine aft-fan consists of two elements: internal part (core) and external part. Internal part of 

aft-fan operates in turbine mode. External part operates in propeller mode. Gas flow coming from low 
pressure gas generator turbine is the working fluid for turbine of the turbofan engine aft-fan.  Power 
developed by aft-fan turbine is transferred virtually without loss into turbofan engine secondary flow and 
increases energy of air passing through secondary flow. 

Adjustment parameters of gas generator and aft-fan of turbofan engine 
Thermodynamic calculation of turbofan engine with aft-fan consists of base thermodynamic 

calculation of gas generator and aft-fan optimal parameter calculation. To obtain optimal parameters of 
turbofan engine having separate exhaust nozzles it is necessary to partition useful cycle work to primary and 
secondary flow so as the optimal ratio of velocity at the exit plane of the core exhaust nozzle сІ and velocity 
at the exit plane of the fan exhaust nozzle сІІ is realized. Bypass parameters optimization is carried out for 
concrete design flight conditions of aircraft taking into consideration different variants of engine design 
arrangement. 

Aft-fan rotor blades have an elaborate design. The fan blades are performed as extension of the turbine 
blades. The root end of airfoil operates in turbine mode and has corresponding airfoil profile. Tip end of 
airfoil operates in compressor mode and has compressor blade parameters. 

The turbine part of blade row characterizes by extension ratio π*т.Вл and extension work required for 
compression air passing through turbofan engine secondary flow. The external part of aft-fan characterizes 
by pressure ratio ∗

ВлІІπ  and compression work. 

Optimal gas flow free energy balance (optimal parameters value of internal and external parts of 
aft-fan) that sets conditions for minimum specific fuel consumption for given flight conditions exists.  

Given data for calculation aft-fan optimal parameters are results of engine gas generator 
thermodynamic calculation and operating conditions.  

Value of cycle work Li and parameters of gas flow after gas generator turbine are determined from gas 
generator thermodynamic analysis findings. Gas generator cycle work is calculated with the assumption that 
efficiency of compression process (ηс) is equal to compressor efficiency (ηк*) and efficiency of expansion 
process (ηex) is equal to gas generator turbine efficiency (ηт*) 

ηс ≈ ηк*; ηex ≈ ηт*.  
This assumption is sufficiently correct for preliminary optimization calculation.  
Design flight conditions are characterized by design altitude, flight speed Vp and estimated value of air 

temperature and pressure at the engine and aft-fan inlets (Т*
н, p*

н). 
In design mode efficiency of aft-fan is set on the basis of statistical data for propellers and fans. The 

aft-fan efficiency is taken ηВл= 0,8…0,85 in Mach number range Мн = 0,5…0,7. 
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Optimization conditions 
Turboprop engines and turboshaft engines can conventionally be considered as turbofan engines 
with high bypass ratio (greater then 10). For these engines condition of cycle work optimal 
distribution between propeller and direct thrust can written as 

вoptp
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η
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Applying this principle to aft-fan parameters calculation the mean value of gas velocity at the 
exit plane of the core exhaust nozzle 

в

p
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Optimal free energy balance between aft-fan primary and secondary flow provides at this 
velocity. It characterizes the minimal specific fuel consumption.  

According to thrust creation the turbofan engine with aft-fan is the turbofan engine with separate 
exhausts. In ideal case for turbofan with separate exhausts condition of optimal distribution of 
core cycle work Wi is equality of gas velocity at the exit of primary ccI and secondary flow ccII 

cIIcI cc = . 

According to considered requirement velocity at the exit of primary and secondary flow for 
design flight speed Vp and optimal parameters of turbofan engine with aft-fan are  
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Determination aft-fan parameters 
1. Useful gas generator cycle work which considered as free energy is determined as 
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2. External work transferred by aft-fan turbine to secondary flow can be evaluated using the 
equation 
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taking into account that 
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cc , we get optimal value of external work at given flight 

speed and fan efficiency 
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3. External work transforms to the change in kinetic energy of air flow passing through 
secondary flow.  Taking into account bypass ratio m we have 
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Subject to the optimal ratio flight velocity and velocity at the exit of primary and secondary flow 
of aft-fan 
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4. From equations in items 2 and 3 we get 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
2
Вл.

2
Вл.

2

3
Вл.

2
Вл.2 1

2
1

2 η
η

η
η VLmV i

, 

from this we get optimal bypass ratio for given flight conditions and fan efficiency:  
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5. Estimated value of fan pressure ratio ∗π opt II Вл is calculated according to got optimal bypass 
ratio: 
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where 
opt
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L
η  determined from equation (2). 

Value ∗π opt II Вл  alloys determine flow parameters at the secondary flow nozzle exit.  Further aft-
fan calculation is determined by conditions of engine design as a whole. 

 
After the definition of the optimal meaning of the by-bass ratio and pressure ratio in the fan, it’s 

necessary to coordinate the parameters of the turbine and of the aft-fan. For solution this problem, it’s 
impossible to use the complex parameter, which is propose in work [1]. 

 
2

( )
k k g

g

u G m
MFP Mσ

Π =  (3) 

 
where ku  rotor velocity, 

kG  = mass flow rate coefficient for fan, 

gm = 0.0396, 
σ  = tensile stress, 

( )gMFP M  = mass flow parameters for turbine. 

The impossible of using the complex parameter can be explained, that the equation (3) has been 
received when stretch stress in the turbine blades become clear from equation (4) and depend on the exit 
turbine square in near the rotation of the rotor constant. In the turbine blades the tensile 
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22
3600 tN Aπσ ρ= Φ  (4) 

 
where ρ  = density of the turbine blade alloy, 
N  = rotor revolution per minute, 

tA  = exit turbine area, 
Φ  = shape coefficient for turbine blade. 
Depend not only from parameters, that is used in (4), but from centrifugal forces of the compressor 

blades too. The centrifugal forces of the compressor blades are perceive by turbine blades. 
The influence of compressor blades shape and the turbine blade form for the tensile stress could be 

considering by the coefficient Φ  which is present in equation (4). After substitution of the turbine exit area 
for gas flow rate and for middle gas parameters the equation (3) could be written in following form 

 

4
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π

πασ
 (5) 

 
where α  = the outlet angle of the gas flow from the turbine nozzle set, 

GK  = 0,93 ÷ 0,95 experimental coefficient, 
f  - fuel / air ratio, 

*
kπ  - the compressor pressure ratio, 
*
НT  - the total temperature at the engine inlet, 
*
Tπ  - the turbine pressure ratio, 
*

TT  - the total temperature after turbine. 
σb - total pressure loss coefficient for main burner, 

Ф0 - empirical coefficient. Its determination is difficult and that is why the simplified formula 
can be used instead formula (5): 
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where *
Влπ –fan pressure ratio. 

Rotor speed ratio is replaced by tip diameters ratio ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

Т

к

Т

к

D
D

u
u

. Tip diameters ratio 

expresses from hub/tip ratio of fan: 

( )Δ+= 1
Т

к
к D

D
d , 

where Δ – length of fan blade root. Mass flow rate coefficient for aft-fan turbine TG  is 
determined from equation (7) using calculated optimal bypass ratio and optimal fan pressure 
ratio *

Вл.optπ  for given кd and кG . 
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Then turbine and fan diameters are calculated from continuity equation and tensile stress in 
turbine blades is checked.  

If aft-fan is assembled with production gas generator having specified air flow rate on the design 
mode then secondary flow air flow rate GII, engine thrust 

Σ
R  and specific fuel consumption CR 

are determined as  

вIвII mGG = ;  

( ) GRmGR +=
Σ

1вI ;  

( )
( )mRH

ТТcg
C

Gu
R +⋅

−
=

∗∗

1
3600

Г

КГПП

η
, 

where 
П

g - relative fuel consumption, uH - specific fuel caloricity, 
П

c - fuel specific heat, ∗
Г

Т - 
total temperature before turbine, 

Г
η - burner efficiency. 

If engine thrust is given on the design mode 
Σ

R  then air flow rate through the primary and 
secondary flows and specific fuel consumption are determined in accordance with the same 
equations. 

Conclusions 
 

The method described in article can be used for calculation geometric parameters of aft-fan at optimal 
bypass ratio and optimal fan pressure ratio. 
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CRISIS OF VISCOUS FLOW IN AIRFOIL CASCADE 

 
Flow of viscous compressible gas is considered in the airfoil cascade with big negative angles of 
attack. Influence of wall boundary layer upon the flow stall modes is estimated in the article.  

Introduction 

Aerodynamic research  of the axial-flow compressor stages begins with calculation of the air 
flow in elementary stages, are designed as airfoil cascades.  

Characteristics of the axial-flow compressor stages and modes’ of operation typical 
restrictions, are determined by using cascade aerodynamic characteristics.  

The modes of operation main restrictions are of such types: restrictions for gasdynamic 
stability, are caused by flow separation under big positive angles of attack, and compressor stage 
stall modes for the air consumption.  

Separation flows are widely spread in nature and practice, description of them plays important 
role in engineering calculations. Separation appears in the result of viscous-nonviscous interaction 
between flow layers, that is why viscous processes, as well as nonviscous should be exactly 
modeled to foresee flow separation. Processes interact nonlinear, this fact have to take into account.    

It is well known, that position of a separation point depends on boundary layer condition in 
front of interaction zone. 

Turbulent boundary layer is more stable for separation than laminar, because viscous 
displacing tension, that has counteracted to pressure gradient is higher. Therefore, during 
separation flows research it is necessary to consider and to model at quite exactly level condition of 
boundary layer.  

Researches and publications analysis 
A number of researches on characterization of the airfoil cascades were made [1, 2, 3]. 

Functional dependences have received, on the basis of researches’ results analysis, and used to 
forecast an appearance of the flow stall modes for air consumption. 

 On the Fig. 1 [2] airfoil cascade characteristic in the ideal gas flow was represented. It allows 
to evaluate an appearance of the flow stall modes depend upon the relation of the throat crosscut 
flow area to the normal crosscut flow area at the entry into cascade.     ( TF / 1F ).  

  
 
 
 
 
       

 
Fig. 1. Dependence of the Mmax values from the relation 

of DF / 1F : 
1 – theoretical attitude(experiment); 
2 – supersonic cascade(experiment); 
3 – transonic cascade(experiment); 
4 – subsonic cascade(experiment). 
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The wall boundary layer is formed on a plates  surface under real gas flow. Throat crosscut 
flow area of the blade channel becomes lower, this influences on flow mode and appearance of the 
stall mode[2, 3].   

Target setting 
Influence of flow compressibility and viscousity is taking into account to foresee need of 

quite exact definition of the separation zones’ arrangement and intention, also to correct pitch angle 
and the cascade density, which is calculated for nonviscous flow under different M numbers. 

The goal of this research was to define real flow viscousity influence level on stall modes.  
Target setting like this allows to analyze exactly viscousity influence on stall modes of the airfoil 
cascade without taking features of aerodynamic plates form into account(plates “bodily”). 

Geometrical parameters of the airfoil cascade (cascade density 
b
t  ; plates pitch angle γ), are 

corresponded to similar parameters for aerodynamic plates cascade. Choking modes overall 
performance. Air flow under this modes can be devided into confusor (up to throat) and 
diffuser(after throat) sections.(Fig. 2). If the air flow in the blade channel’s throat area corresponds 
to condition wT =аcr, there will be stall mode with maximum possible air consumption.  

 
 

Fig. 2. The airfoil cascade flow scheme 

 

On the Fig. 2 flow parameters  are designated: w1– is the velocity vector on cascade input; γ– 
is the plate pitch angle; βı –is the angle of attack; b –is the plate chord; t –is the grid spacing; Fı –is 
the normal crosscut flow area at the entry into cascade; FD –is the blade channel throat flow area; δ 
–is the boundary layer thickness on the profile surface.  

Analysis of viscous compressible gas flow in the airfoil cascade 
Let’s examine gas flow in the cascade of the thin plates(Fig. 1) for two cases: nonviscous 

compressible gas flow and viscous compressible gas flow. 
To the first case consumption equation for sections Fı and FT is written down in the form of:   

            )()( D
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where m – air consumption coefficient, considers features of actuating fluid’s physical 

property, equal: 
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R – is the gas constant; 1F  – is the normal crosscut flow area at the entry into cascade; FD –is  
the blade channel throat flow area; ∗

1P , ∗
1T – is the impact pressure and temperature in Fı crosscut;  

∗
гР , ∗

гТ  – is the impact pressure and temperature in FD crosscut; )( 1λq , )( гλq  –relative current 
density in characteristic crosscut.  

From equality ∗
1P = ∗

гР  and  ∗
1T = ∗

гТ   we get:   
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Value of the consumption function in Fı crosscut, corresponds to the flow stall mode in 

throat FT  is written down in the form of:    
1

1 sin 
sin )(

β
γ

=λq .                                                                 

Quantity
a
wM 1

max = , corresponds to the appearance of stall flow in the blade channel throat, is 

written down in the form of:  
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To the second case equation of continuity with taking boundary layer into account, is written 

down in the form of:        
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where δ*– boundary layer displacement thickness in Ft cross section. 
From equality ∗

1P = ∗
гР  and  ∗

1T = ∗
гТ  we  get: 
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To the stall mode under: q(λг)=1 Derivable:  

1
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where 
t
*δ  is the relative boundary layer displacement thickness on the profile surface in the 

throat area;  t - the grid spacing )( ⎟
⎠
⎞

⎜
⎝
⎛⋅=

b
tbt ;  b - the profile chord; 

b
t  is the cascade density. 

For the viscous gas flow the cascade stall mode is defined by algebraical expression: 
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To evaluate the influence of the boundary layer parameters on the stall modes, we use the 
determination method of turbulent boundary layer’s  integral characteristics in the blade channel 
throat. Calculation formula: 

5
г

гг
1
Re

kx ⋅=δ  . 

 
Where: xr is the coordinate of the throat channel (from the profile nose); k  is the coefficient 

characterizing geometric parameters of the cascade and is defined by data of experimental 

researches (for cascade of the thin plates with grating density of  
t
b  < 1.5 and the coefficient of k ≈ 

0.37); 
v
xw r

r
⋅

=Re  is the Reynolds criterion for the point with coordinate of  xr.  For compressor 

cascades, transfer point of the laminar boundary layer to the turbulent boundary layer is located near 
blade entrance edge. Thus making boundary layer calculation as for the turbulent one can be 
executed for the whole length of blade chord. 

The displacement thickness for crosscut in the blade channel throat can be defined by formula: 

1
1

гг +
⋅δ=δ∗
n

,  where the coefficient n = 1.43 … 2.5. 

For the cascades with grating solidity  
t
b  = 0.8 ... 1.5 chord b = 80 … 120 mm, angle of pitch 

γ = 38 … 45°, flow parameters correspond to the numbers of Re = 3 … 5 · 105, impulse losses 
thickness δ = 0.3 … 0.4 mm.  Based on the fact, that boundary layer integral characteristics are 
interrelated by formula: 

 

n
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=
δ
δ
∗∗

∗ 2   ,                                                                (3) 

 
The displacement thickness of the boundary layer in the cross section of the blade channel 

throat is: 

n
n+

⋅δ=δ ∗∗∗ 2 = 0,76 ... 0,92 mm. 

 
We receive the Mmax values by formula (2) taking into consideration displacement thickness of 

the boundary layer by formula (3) and can evaluate gas viscosity influence on stall of axial-flow 
compressor stages. Fig. 2 shows the Mmax values, are calculated for nonviscous gas flow in the 
airfoil cascade by following dependence:  
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г
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Fig. 3 shows calculation dependences of Mmax values for the flow without taking boundary 

layer into consideration, and M*
max values with taking boundary layer into consideration  

Analysis of these dependences proves that throat channel stall under significant reduction of 
speed values at the cascade entrance takes place, as a result of the viscous real flow influence. In the 
airfoil cascade, discrepancy of Mmax and M*max values is from 5 to 15%. Comparison of stall modes 
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characteristics for airfoil cascade (Fig. 3) and experimental data for aerodynamic profiles gratings 
(Fig. 1) proves that the offered method of calculation is correct enough. 

 
 

Fig. 3. Dependence of the Mmax values from the relation of FT/ Fl 
 

The M*max values had defined with the help of the formulas (1) and (2) under quality signs 
contemporized with the experimental research results, that are shown on Fig. 1 (curves 2-4).  
Continuation of researches in this direction should be oriented to determine the calculation 
dependences to evaluate flow viscosity influence on subsonic and supersonic airfoil cascades 
characteristics. 

Conclusions 

1. Offered method allows to evaluate the estimation of the flow viscosity influence on cascade 
aerodynamic characteristics during streamline of them with the big negative angles of attack . 
Comparison of  stall modes characteristics for the airfoil cascade (Fig. 3) and experimental data for 
aerodynamic profiles (Fig. 1) proves that offered method of calculation is correct enough. 

2. Taking flow viscosity into account leads to lowering the Mmax calculation value, 
corresponds to the compressor cascade stall mode for the air consumption. For the airfoil cascade 
the Mmax and M*max values discrepancy is from 5 to 15%. 

3. The aim of the further research is to obtain results and to analyze the influence of 
peculiarities of the aerodynamic form of cascade blades profiles on the grating blocking modes in 
the viscid gas flow. 
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OPTIMISATION OF PROCESSES OF AIRLINE LOGISTICS  
 

Methods of optimisation of logistics support system of maintenance processes by repair parts on the 
basis of the reliability analysis and resource state of airline aircrafts park are observed. 

 
Introduction 

To aviation technique (AT) provision by repair parts major attention is constantly paid. It 
results from the fact that to create absolutely reliable object is impossible and for its maintenance 
repair parts (SP) are always necessary. They are necessary for elimination of random failures and 
substitution of the wearing out parts. It demands coordination of logistics processes and process of 
aircrafts maintenance as a whole with logistics support of airline activity, in particular, with the its 
maintenance service (MS). 

 
1. Supply optimisation and forming of necessity in material resources  
In operation practice for estimation and maintaining of reserves and spar parts various 

models of spar parts optimization are used. Most often in these purposes stochastic model are used. 
They are based on data about AT failures and faults for the previous period and also data about 
resources residuals and aircraft run on predictable period. There are two the most justified and 
accommodated for operating time accounting system models .  

Model 1 is grounded on use of law of small numbers by comparison of observable number 
of failures фn with regulating upper bound (RUB), representing admissible level of reliability. The 
observable number of failures in certain times has character random from null to RUB. Value of 
RUB is determined with use of law of small numbers. RUB determines with the accepted 
probability задP  high limit of failures п = received which will not be exceeded with the given 
probability задP  in the presence of only stochastic reasons [7]: 

( ) Ta
ВГРn

n
n
Ta cT

ncT eР ωω _

0
!зад ∑

=

=
=  

Where T – run of airplanes park; a – number of similar airplane types; cTω –planned failure 
rate;

зад
Р  – probability of failures number, which does not exceed regulating upper bound.  

On fig. 1. it possible to see monograms of quantity of articles not exceeding regulating upper 
bound with the given probability Pзад = 0,975 for various predictable failure rates and 

{ } 3-e16,1;2,1;8,0;65,0;4,0 ×=сТω , 1=a  

Model 2 is grounded on estimation of quantity of the spare parts required for maintenance 
of article on set interval [ ]kt,0 , at major enough interval of maintenance in comparison with mean 
time between failures [4]. 

( ) ,2/3T
tu

T
ttm σ

α+=  

where m (t) – quantity of spare parts, α−1U –quantile of normal distribution for probability, equal to 
( )α−1 , T –mean time between failures, 2σ – time variance between failures, t – total operating 
time. 
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On fig. 2. monograms of quantity of spare parts depending on probability are resulted at 
α−= 1p , mathematical expectation and mean standard deviation of time between failures 

equal 200,500 == σT . 

       
 
Fig. 1. Quantity of articles not exceeding 
regulating upper bound with probability Pзад = 
0,975 for various parameter values of failures 
flow (model 1). 

 
Fig. 2. Relation of required number of articles 
instead of failed articles providing given 
probability (model 2). 

2. Airline park supply by spar parts by maximum of probability of non-failure operation 
criterion on the basis of rational selection of reserve elements at limited financing 

The common statement of problem on spare parts provision can be formulated thus: let the 
average of failures cpm  and cost of recovery ic  of each i-th part which works in system throughout 
time ti is known ( )tti ≤ . Considering that quantity of spar parts should be not less then quantities of 
failures, definition of quantity of spare parts of one type is reduced to pm  determination from the 
equation [5] 
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The number of spare parts can be discovered also by approximate formula  
Λ+Λ= tUtm rp . 

It is necessary to determine the quantitative structure of spare parts for the greatest possible 
probability of non-failure 1-α of engineering system throughout time t. Quantity of spare parts is 
determined taking into account limitation 

∑
=

≤
k

i
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1
, 

where mi – number of spare parts of i th type, ci – cost of one part of i th type, C – total sum for spare 
parts purchase. 

Thus maximisation of probability of non-failure in case of the normal law: 
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where jT  – mean time to failure of j th part, 2
jσ – time to failure variance, t – total operating time, [·] – 

integer part of number. 
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In the equation it is required to discover such maximum value of quantile of distribution 
( α−1U ) at which the inequality is fulfilled. It is necessary to note, that the minimum financing of spare 
parts should be not less then the costs of average of parts failed at the indicated period t , i.e.  

j

k

j j
c

T
tC ∑

= ⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
>

1
. 

On fig. 3, optimum quantity of spare parts of each type, their greatest possible probabilities of 
non-failure and total costs of complete sets of the same type repair parts for normal ( 8890,Pнj > ) and 
exponential ( 9050,Ppj > ) distributions (the Poisson flow of failures) are shown. 

8890,Pнj > 9050,Ppj >  at initially set quantity of failures and cost of parts for base period and the 
limiting f financing С=190000 у.е.  

  
                                   
Fig. 3 Maximization of probability of non-failure operation on the basis of rational selection of 
reserve elements at the limited financing: a - normal distribution; b - Poisson flow of failures. 
 

3. Optimisation of supply process to provide given probability of non-failure of the 
complex  engineering system 

For complex systems at RUB calculation methods of structural, logical circuits and 
functional method are used. These methods can be used in problems of optimisation of spar parts 
logistics system. In this case at failure of system consisting of n part parts, each part is substituted 
by another one with the same performances of reliability. The formula of calculation of probability 
of non-failure for the scheme with m-multiple unloaded reserve looks like [2] 
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ii j
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)exp(
λ

λ  

Thus, probability of part non-failure is increased at each adding of the reserve element and 
consequently systems RUB increases too. The problem consists in discovering sequence of 
substitutions of parts which, by each selection of part, maximises probability of system non-failure.  

For security of non-failure operation of fuel system number of logical (fig. 4) [9].  should be 
executed.  

On the scheme through iA the events consisting in non-failure operation are marked out,: 
aircraft part of fuel system (event 1A ); automatics of fuel rate control (event 2A ); pilot using manual 
selection of fuel delivery pumps (event 3A ); fuel flow-meter (event 4A ); parts of manual selection of 
delivery pumps (event 5A ); automatic control unit of centre-drilling (event 6А );  system of fuel 
supply of left engine (event 7А ); system of fuel supply of right engine (event 8А ). 
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Fig. 4. The Logical circuit of non-failure operation of fuel system. 

 
Probability of non-failure of fuel system of airplane, систР  according to the scheme, it is 

possible to be calculated by method of logical circuits by formula  
)2)(( 876867687543254321 РРРРРРРРРРРРРРРРРРРсист ⋅⋅−⋅+⋅+⋅⋅⋅⋅−⋅⋅+=  

Where – 8321 ,,.........,, РРРР probabilities of implementation of i th events (failures).  
On the basis of statistical data of failure rate of fuel system parts are resulted in tab. 1. 
 

Table 1. 
The statistical given rates of failure of parts of fuel system 

Events Symbol  
Value of intensity 

m
1

=λ  

1А  1λ  4105,2 −⋅  

2А  2λ  51010 −⋅  

3А  3λ  0 

4А  4λ  5108 −⋅  

5А  5λ  51010 −⋅  

6А  6λ  51010 −⋅  

7А  7λ  5105 −⋅  

8А  8λ  5101 −⋅  

 
If time in flight is equal to four hours ( 4=t ), that, receiving distribution of mean time 

between failures at all parts of fuel system under the exponential law, t
i

ieР λ−=  we 
gain 0.99820130=систР . For small t, accepting tР ii λ−≈1  it is possible to gain approximate value 
for probability 0.99820072=систР , which coincides with exact within the sixth signs. 

If to accept for prediction interval 5000=t h. and for RUB - 975,0=пр
систP    on the basis of 

the statistical given values of failure rate of fuel system parts (tab. 1)   number of the added parts as 
RUB maximum modification are placed as follows 

=)(tn [7, 1, 1, 2, 1, 7, 2, 1]. 
Thus, systems RUB accepted values  
систP = [0,2014, 0,4532, 0,6105, 0,7539, 0,8348, 0,9040, 0,9470, 0,9757]. 

At total number of spar parts equal , 8=sk  quantity of the added on type parts is equal 

O
r 
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r 

O
r 
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=)(ik [4, 2, 0, 0, 0, 0, 2, 0] (fig. 5 a). 
If in calculations of fuel system RUB the consecutive scheme, in sense of reliability, by the 

order of RUB maximum modification is used (fig. 5 b)  
=)(tn [1, 2, 5, 6, 4, 1, 7, 1, 2, 5, 6, 4, 8, 1, 7, 2, 5, 6, 1]. 
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Fig. 5. RUB modification of fuel system: a -  at schematic connection; b – at consecutive 

connection  
 
 
4. Optimisation of spare parts supply of recovered AT articles 
The important problem of AT maintenance is calculation of recovered spar parts reserve 

where for the purpose of minimisation of idle time of airplane failed aggregate is immediately 
replaced by spar part and it is guided to repair. The repaired aggregate supplements with itself the 
spar parts reserve. Insufficiency of the spar parts reserve increases airplane idle times, and 
redundant spar parts reserve fixes money resources and demands expenses on storage of articles. 
The similar scheme is widely applied at AT maintenance of large airlines, which has major number 
of the homogeneous aggregates. The classical approach to the solution of this problem of 
storekeeping is application of methods of queueing theory, in particular, for model with failures 
M/M/1/S. Required articles is observed as the channel holding, each request calls the ordering for 
fulfilment (repair), duration  (delay) is interpreted as maintenance time.  

The problem solution is the optimum volume of the spar parts reserve which is set by the 
formula [6]:  
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Where h – the price of article storage; d – the price of idle time of airplane for the same unit 
time (the penalty price); μλρ = –load factor of system recovery, λ –failure rate; μ –intensity of 
recovery. 

On fig. 6 plots of ratio of logs from right member of the formula for load factors from 0,05 

to 0,975 and the norm of the penalty (
h
d 62 1010 … ) are resulted. The rounding off of nonintegral 

numbers should be yielded for obtaining of optimum reserve in the smaller side.  
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Fig. 6. Relation of optimum reserve to the penalty 

h
d and load factor norm μλρ =  

5. Forming of optimum size of the ordering of spar articles 

In the course of delivery of spar parts there is problem of optimisation of size of the ordering 
and frequency of deliveries in the form of separate complete sets for consumptions minimisation of 
oftheir delivery and storage, which can be expressed as follows[8]: 

min2 →++= QZSCQSAГ , 
where C – the price of unity of ordered article; Z – charges on reserve unity storage; Q – ordering 
size; S – necessity in material for certain period; A – cost of delivery of one complete set of the 
ordering. 

Calculation of optimum size of ordering Q* is executed by formula [1]: 

Z
ASQ 2

=∗  

Point of the repeated ordering: 
NSLР =  

where N – number of the working days in period; L – period of obtaining of the ordering 
Interval of time between orderings: 

SQNТ ∗⋅=  
As display practical calculations expenditure for orderings are approximately equal to 

storage charges. 
If products are delivered from one manufacturer or geographical zone (city) it is possible to 

present functional in kind: 
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where Аi – cost of registration of the ordering on i-й kind of products D – cost of delivery of one 
complete set of the ordering.  
 

6. Optimisation of aircraft engines supply of airline park 
The most adequate methods of long-term prediction of processes of maintenance and 

reproduction of aircraft engines park are simulation models, which are grounded on simulation of 
engine service life (fig. 7) [3]. 

In the simulation model service life is executed in four stages: initial distributions of objects 
in all states (maintenance, repair, storage), advancing of system time and accumulation of 
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modifications in all parts of system; analysis of modifications in each part; decision making on each 
part of system according to the selected strategy of maintenance[10]. 

For implementation of this strategy all service life states plane and engine are dissected on n 
internal states, which match to i-th value of operating time, from initial to limiting, equal to the 
assigned service life of engine. 

The mathematical presentation of all processes is executed on the basis of discrete 
Markovian circuit looks like Kolmogorov-Chepmen differential equations. For process of 
maintenance the set of equations looks like 
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where λ1 (i) and λ2 (i) – intensity of exit / entry (-/+) from maintenance state (Э2) accordingly on 
resource and on failure; )(,2 tP i - probability of determination in i-th state of maintenance Э2 with 
operating time iH  

 
 

Fig. 7. Structure of processes: a - maintenance and repair (life cycle) of engine; b - fragment 
of maintenance process (П – manufacture; ОЭ – maintenance expectation; Э – maintenance; Р – 

repair; ОР – repair expectation; C – discarding;  
Hi - State with operating time Hi; −2,1 λλ intensity of passage on resource and failure. 

Information about initial resource state of airplanes park , engines and their operating time 
on the prediction beginning, and also rates of run modification of park, considering seasonal 
oscillations for last two years are gained within the limits of AT system reliability. One of versions 
of such calculation is presented on fig. 8 and rice 9. 

 
Fig. 8. Quarterly performances of engine cycle:  

1 - manufactured in quarter, 2 – used in quarter, 3 – repair waiting, 4 – removed for repair before 
the term, 5 – under repair for quarter, 6 – discarded for quarter 
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Fig. 9. Integrated performances of engine cycle: 
1 - manufactured in quarter, 2 – used in quarter, 3 – repair waiting, 4 – removed for repair before 

the term, 5 – under repair for quarter, 6 – discarded for quarter 
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AIR TRANSPORT INTEGRATION PROCESS MANAGEMENT  
 

The modern problems of aircarriers integration are considered. Basic scientific and practical 
recommendations on the choice of forms and methods of air transport integration processes 
development in Ukraine and estimation of their efficiency are defined. 

 
Low-income popular majority of the country on the one hand, and high level of running 

expenses on the other hand, do not allow even to the large domestic carriers to use their sizable 
financial resources for updating the aging airline fleet and modernization of infrastructure objects. 
A situation is aggravated by the modern market of aviation services, characterized by destructive 
competition which continues to exhaust resource potential of airlines. Competition is stepped up by 
the foreign carriers. There is the passengers outflow to the foreign airlines which widely use the 
integration as a method of raising of their competitiveness. These factors require industry 
consolidation, collaboration and cooperation development. 

The international market of passenger transportations in fact turns out to be shared between 
global alliances of the world largest airlines. Consolidation of airlines in the form of aviation 
alliances or other economic unions is one of methods for raising the efficiency of transportations 
under the severe competition conditions. And world air transport itself, strictly speaking, is found 
hard up: the regular global airlines for 5 years in succession suffer losses, there is the large surplus 
of unused carrying capabilities, regularity of flights, their safety etc., is violated. 

Unlike world practice, integration processes development in civil aviation of Ukraine still 
takes place in very small scales, or «convolves» on the earliest implementation phases.  

The analysis of global market development of air traffic showed that a period from 1996 to 
2007 was characterized on the whole by growth of air traffic with the average annual growth rates 
of passengers transportations by 4%, freight by 6 %; 20 global airlines out of 811, carrying 
passengers on international and domestic regular air-routes, transport more than 50% all passengers 
of regular routes. In the structure of regular passenger transportations of global airlines the share of 
the transportations volume, carried out on the international routes, was 60%. The dynamics of 
volume indices of air traffic in different regions of world differed from average level. The highest 
growth rates are shown by the carriers of Near East and African airlines.  

In spite of steady growth rates of air traffic volume, global air carriers experience deep crisis 
(i.e. airlines work with negative profitableness). The main reasons of this, besides the growth of 
political instability in the world mentioned, are the price increase of air fuel, increase of cost of 
airplanes, ground service, taxes, collections and payments set by governments and airports, and also 
the personnel costs. 

In the global fleet of airplanes the share of transportations performed by aircraft with the 
specific fuel consumption over 30 g/pass. km, does not exceed 5%, while in Ukraine such airplanes 
make 80%. The modernization of aircraft fleet is carried out with extremely low rates. 

The tendency of sharp decreasing of domestic internal transportations while increasing the 
international sector influenced the development of the airport system of the country.  

The volume of state support of airports for modernization of material and technical base has 
made about 20-30% from the general volume of investments lately, and participation of regional 
budgets in an investment process makes less than 10%. 

The research showed that, with the development of air traffic sector, the necessity for the 
high-quality ground infrastructure increases. Nowadays there is an urgent necessity for creation of 
international transport hubs. By the experts estimate, the construction of one hub gives, by the most 
pessimistic estimation, annual increase of no less than 1,5 mln. pass., and the regional hubs 
available – up to 7 million 
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The process of competition strengthening of the Ukrainian airlines with foreign aircarriers is 
underlined. Mainly it is related to the passengers outflow to the western airlines. Booking of 
business-class on the routes of domestic aircarriers, as a rule, does not exceed 40%. Industry 
consolidation both for saving of leadership at the internal market, as well as for joining international 
market is required. The analysis of airlines collaboration and cooperation development showed that 
integration processes in global air transport have taken place by stages, in a definite sequence, 
within the framework of general tendencies. 

The first stage was characterized by confluence of airlines of one country, because the 
international law did not allow the receipt of commercial rights to those companies in which more 
than 25 % foreign participation was present. First to appear on international lines were alliances not 
supposing to exchange ownership. Next stage of integration development is related to the process of 
liberalization of air transport regulation. Appearance of countries with the minimum regulation and 
control of rights for access to the market, its capacities and pricing, promoted the strengthening of 
integration processes and appearance of large coordinating centers. 

Nowadays, the main tendency at the international market is deepening of cooperation of 
airlines in different regions of the world, including sharing codes, implementation of transportations 
and participation in the programs of encouragement for the passengers who fly regularly. There is 
still the process of market liberalization. Greater part of mergence and acquisitions is carried out 
within the same country. More of possibilities for the mergence of transactions on confluence with 
foreign airlines and their acquisition appeared, mainly owing to the fact that many states adopted a 
new policy or changed effecting rules with regard to foreign investments and control of national 
carriers for the purpose of rising of efficiency and search for new investments for the airlines 
development. As the analysis showed, the airlines interested in gaining the access to the internal 
market of the competitors come forward for abolition of limitations most actively. 

Presently in the world there are about ten global alliances which develop actively. At the start 
of 2008 about 80 % world aviation market has been controlled by global aviation alliances.  

Marketing alliances having temporary character and allowing to the airlines to keep legal and 
financial independence became the preferable form of union in Ukraine. The attempts of voluntary 
union in other forms are undertaken by the Ukrainian airlines, but duration of their existence so far 
does not allow to draw conclusions how successful they are.  

Absence of clear determination of integration in entrepreneurial activity in the Ukrainian 
legislation, as well as difficult and contradictory character of integration processes showed up in 
existence of different approaches to determination of this notion. It is possible to select two aspects 
of the considered phenomenon, which can be classified by their development in time: aspect of 
dynamics, characterizing process as an action and the action itself of creating integrated structures; 
aspect of statics, characterizing the result of this process, that is functioning of newly- formed 
structures. 

As the analysis showed, according to the theory of the systems the integration is considered as 
the state of the system separate components intercommunication and the process which stipulates 
such state. Consequently, integrity of the system is expressed by the high-quality specific property 
which is created in the process of continuous cooperation of elements and is absent in the simple 
sum of properties of separate elements. The latter allows asserting that when the system integrative 
properties are available, the effect of synergy appears, and the main purpose of airline integration is 
the achievement of synergetic effects, which in market economy appear, first of all, in achieving of 
competing advantages due to the integrity of the object. 

There is also an approach which determines integration as the interconnection with the market 
of corporate control. By the integration the process of acquisition/union of rights for the control 
over a company is meant. In this case integration processes will be realized by means of corporate 
mergence. 

The analysis of different definitions of integration allows asserting that they should not be 
considered as alternatives, for all of them reflect the main source of effect – synergy, which 
provides the receipt of competitive advantages. So principle of competition will be realized with 
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larger effect in the integration systems. 
Taking into account the world three basic systems of corporate management (English-

American, European and Japanese), in international practice three basic models of integration are 
selected: Anglo-Saxon, Continental and Japanese, distinctions in which to a great deal are 
determined by the features of corporate management in that or another country. Such features are: 
instruments of economical-legal infrastructure within the framework of which shareholders can 
realize the right of ownership, and also character of distributing of joint-stock ownership in a 
country. Thus absence or relatively rare use of certain mechanisms is connected, for example, with 
the market intercept of corporate control, and can be compensated by the other one, such as, owning 
the large share holding, domestic control, belonging to the created group. 

Classification by the organizing and legal registration (corporation, business concern, holding, 
conglomerate, strategic alliances and etc) and by the direction of integration is the most widespread 
(horizontal, vertical, conglomerate and etc). 

The analysis of world experience allows to determine seven basic reasons of integration: 
receipt of synergetic effect; upgrading of quality management; tax motifs; possibility of the surplus 
resources use ; the personal motifs of managers; difference in the market price of company and cost 
of its substitution; difference between liquidating and current market value. Practically there is no 
situation in which an enterprise during integration would aspire the achievement of a certain single 
purpose. As a rule, the question is about the system of purposes, that, in its turn, presents a serious 
problem at planning of integration of companies. It is related to the decision of such questions, as: 
estimation of the integration object cost, mechanism of realization of transaction on integration, 
adjusting of postintegration co-operation of subdivisions and others. So there is no universal 
formula by which it is possible to estimate or realize an integration process, but there is a 
mechanism of the given process control. 

As a methodological tool at the integration process control on the air transport the conception 
of project management can be recommended as the most complete, responding to the requirements 
of complexity in the development of air transport. The given conception is based on the 
«project»notion, which comes forward as the object of management, possessing specific features 
effluent from the essential features of every concrete project. 

Determination of purpose is the starting point of the project management methodology – the 
desired state of the guided object, which must contain the basic idea of the project and determine 
the project and activity on its realization on the whole. Further in the project management the 
purpose is decomposed into the realized and guided elements of activity, logically and 
organizationally bound in complexes and packages of works. 

At the level of Ministry of transport the mission of passenger transportations by the air 
transport, primary purposes and strategies of industry in investing, financial and other spheres must 
be defined. The project management allows considering the market of air transportations as a 
system of large scale, uniting commercial (profitable transportations) and socio-economic (regional 
and local transportations) subsystems. This is especially important for the choice of mechanism of 
government control of economic processes in the commercial and social sectors of transport market. 
The purpose of project must be open up in the detailed plan of actions, which reflects different 
aspects of project and can be expressed depending on its content in different documents. It allows 
removing the lack of coordination on the levels of management by an air transport, resulting in the 
decline of efficiency and quality of transport service. 

Methodical approach to the economic substantiation of choice of the air transport integration 
variant can be developed on the basis of application of the unclear set (TUS) theory and method of 
analysis of hierarchies (MAH). TUS is used for research of economic problems of activity of 
enterprises in the conditions of vagueness. At planning of integration practically it is impossible to 
build mathematically strict (adequate) formal model of the incorporated company (alliance) due to 
the fact that a number of parameters of the enterprises integration process, considerably affecting 
the results of the task decision, turns out to be indefinite. Complex hierarchic structure of 
integration purposes suggests using the special methods of optimum decisions acceptance theory, 
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including MAH. 
Two-stage procedure of integration processes simulation is suggested. 
On the first stage the model of unclear set estimation of the integration alternatives efficiency 

with the use of linguistic variable is made, i.e., the variable, the meanings of which are not numbers, 
but words or sentences of natural or formal languages. From feasible solutions 2-3 variants of 
integration are selected, which are characterized by the largest potential of synergetic effects 
according to the results of the multicriteria estimation. These variants are considered as 
«perspective» from the point of realization of purposes and development of airline, and are the 
«approximate» ones. Perspective variants further come forward as elements of great number of 
effective decisions on integration and pass to a next stage of simulation. 

On the second stage additional, specifying information for the simulation with the use of the 
MAH is involved. The use of new information increases the level of requirements to the considered 
variants and solves the problem of high-quality variety of alternatives. From the great number of 
effective variants the optimum decision on integration development of airlines with taking into 
account horizontal and vertical connections in the hierarchy of economic criteria and indices is 
selected. Additional information must comply with the requirements of the content, for it should 
give the answers to the following questions: does this additional information contradict to the 
current one, and, if not, does it carry anything new? For this purpose on the second stage of 
simulation the analysis of the already involved information with taking into account the estimations 
received from the compared variants is conducted, that purposefully allows to complement 
information about the preferences. 

Thus, the conducted researches allow concluding and suggesting the following: 
– activity and plans of the Ukrainian carriers as for the integration by their purposes, tasks and 

methods on the whole correspond to the world tendencies and approaches. However development of 
integration processes on the air transport of Ukraine so far is not realized to a due measure. Mainly 
it is connected with insufficiently studied efficiency of integration and mechanism of choice of the 
best variants of integration decisions; 

– marketing alliances became the most widespread form of union in Ukraine. Main trunk 
aircarriers tend to be united with regional companies, however the latter reluctantly go to voluntary 
unions: integration often takes place in the form of mergence by the main airlines of flat-broke 
regional ones. For the industry the appearance of alliance agreements between aircarriers and 
railway operators is also a common thing, which means transition to interbranch integration. 

– efficiency of integration depends on the quality of management and organization of this 
process on every stage. As a methodological device at the integration process control in the air 
transport it is offered to use conception of project management, as the most completely compliant 
with the requirements of complexity in the development of air transport. Within the framework of 
this conception the air transport must be considered as a large system with various functions and 
complete set of criteria of the system; 

– the important element of the successful integration of companies is establishing of inter-
corporate cooperation which is reasonably to be carried out in the following directions: integration 
of corporate strategies; integration of the management system; integration of product line, which is 
carried out on the basis of optimum principle within the framework of a new corporate structure; 
integration of the system of orders distributing (works, services); integration of corporate cultures; 

– in a particular branch developments in solving of the problems related to organization of 
integration processes and estimation of their efficiency, the  retrospective analysis is accentuated as 
a rule, because of the lack of the required initial information. As the research showed, for the choice 
of effective integration decisions the perspective approach realized within the framework of 
technology of project management using the unclear set theory, with the acceptance of optimum 
decisions, including the method of analysis of hierarchies is the most significant and important. 
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CRACKED BLADE PRESENCE INFLUENCE ON BLADED DISK DYNAMIC RESPONSE 
 

Process simulation of the cracked blade identification is presented. Crack induced nonlinear problem 
formulation is performed by harmonic balance method. Main efforts are directed on development of 
bladed disk model containing cracked blade, which takes into account external excitation phase lag, 
system mistuning and able to simulate cracked blade localization phenomenon.  

Introduction 
Cracked blade identification procedure is very important task and it is under investigation of 

many researchers [12-14]. The problem can be divided in the following tasks: (I) understanding of 
the crack nature appearance and its subsequent propagation; (II) precision of the crack most 
probable location depending on particular external conditions; (III) defining crack probable critical 
sizes that allows or forbids consequent operation of the damaged assembly; (IV) development of the 
appropriate cracked blade model within the frameworks of the bladed disk dynamic model; (V) 
application of the blade amplitude measurement methods with goal of cracked blade identification.  

The aim of the presented study is to offer the model of the cracked blade behaviour which 
contains as much as possible information to describe its identification process in the most realistic 
way.  

The bladed disk model was created containing cracked blade. The cracked blade simulation 
involved introducing of the relative DOF between coinciding nodes of the crack location region. 
Due to absence of cyclic symmetry caused by crack presence it was necessary to implement a 
reduction procedure of the bladed disk model to reduce computational expenses, which are high at 
full solution, moreover, in the case of nonlinear solution methods requiring iteration procedures. 
The reduction approach was applied using crack location as interface between two blade model 
parts. They were considered as sub-structures for subsequent fixed-interface method application. 

The questions of crack nonlinear behaviour under periodically varying load were considered and 
the solution on the base of harmonic balance method application was proposed. Application of the 
nonlinear solution procedure depends on centrifugal forces forming initial gap. Such gap can result 
in always open crack case and thus in useless of crack nonlinearity simulation.  

The excitation model of the bladed disk is able to take into account external force phase lag 
caused by difference between number of rotor and stator blades. Then mistuning model basing on 
different blades structural properties deviation was added. It can directly affect cracked blade 
detectability. Cracked blade dynamic behaviour localization plays here important role. As cracked 
blade dynamic localization we will understand blade localized frequency response. At certain level 
of mistuning it seems to be impossible to identify cracked blade presence, even in the case of its 
localization. 

1. Bladed disk model with cracked blade  

Generally bladed disk dynamic problems present by themselves the objects for cyclic analysis 
techniques application due to their behaviour symmetry in circumferential direction. The presence 
of mistuning, alias spread of structural properties from one blade to other, or in cyclic 
representation between the sectors, disrupts the symmetry. And even in this case, from the work 
[10], we can see the ability to continue with cyclic analysis of the mistuned bladed disks. In our 
study we will deal not only with mistuning caused by manufacturing inequalities. The crack 
presence in the blade will induce its nonlinear behaviour that will lead to impossibility to utilize 
cyclic analysis and will require full assembled disk model to simulate its influence on disk dynamic 
response. 
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In order to create full bladed disk model containing one or some cracked blades the disk sector 
with cracked blade finite-elements model was initially developed using ANSYS. Then its structural 
matrices were transferred to MATLAB to continue sequential assembling process.  

As it was mentioned earlier, as the initial, the sector with cracked blade was taken. And to obtain 
the disk model with one or some cracked blade it is enough to merge DOF in the cracks areas of the 
blades accepted as uncracked. In order to facilitate this procedure the relative crack DOF was 
introduced. These relative DOF present by themselves displacements between nodes, which comes 
into contact at crack breathing. Thanks to such approach it is necessary to delete these DOF from 
system matrices in order to pass to the uncracked state. Also introducing of the relative 
displacements will decrease in 2 times number of nonlinear DOF retained for cracked blade 
nonlinear behaviour simulation. 

  
a       b 

Figure 1 Bladed disk finite-elements model:  
a - sector with cracked blade, b – assembled disk with applied external forces 

2. System reduction methods application 

When doing an analysis of vibration performances of a structure with required high accuracy we 
meet the problem of enormous DOF number taking part in the solution procedure. The exclusive 
solution is to reduce system size by implementing one of the existent reduction methods based on 
system sub-structuring like fixed interface sub-structuring method of Craig-Bampton [6] and free 
interface sub-structuring method of Mac Neal [7]. 

In the case of the disk model with cracked blade the sub-structuring approach can be understood 
on individual cracked blade. Crack location forms interface between two blade parts (fig. 2). It 
should be noted that in this case we do not have classical sub-structuring, because these parts are 
not fully independent. Some DOF are remained shared between upper and lower blade sub-
structures. They are relative displacement between contact nodes. 

In our case, it is possible to apply two approaches of the sub-structured system reduction: 
−  Reduction of the full assembled system (fig. 2 a). This approach was used for the analysis as 

the most favourable at the present moderate number of full system DOF.  

 
a       b 

Figure 2 System sub-structuring: a – using full assembled system; b - using disk sector 
− Reduction on the base of the disk sector (with cracked blade, fig. 2 b). In this case the 

cracked blade sector is reduced and then full system assembling is performed.  
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 After having established two approaches for system reduction the fixed-interface method was 
chosen to be applied.  

As interface or master DOF the relative displacement between contact pairs were accepted. 
Additionally, a certain number of modes describing uncracked bladed disk behaviour were retained. 
Also DOF of external force application were added to this set. The initial full model of the 
assembled bladed disk contained 28284 DOF and it was reduced to the model of 136 DOF plus 
certain number of additional modes. Comparing system eigensolutions it is enough to retain 50 
modes additionally to be able to properly approximate dynamic behaviour of the full model within 
the range of the 1-st blade flexural modes.  

3. Frequency response of the bladed disk 

      3.1 Linear crack case 
The linear presentation of the cracked blade consists in simulation of the crack presence 

supposing the crack to be always open. Generally, crack influence on dynamic response is 
simulated by stiffness reduction when solving eigenvalues problem. The crack models used in these 
analyses are divided into two categories:  

− open crack models – linear statement; 
− opening and closing or breathing crack models – nonlinear statement [1-2, 8].  

Most researchers use always open crack models in their studies and have claimed that the change 
in natural frequencies might be a parameter for crack presence detection.  

Let the bladed disk be described by the equations of motion  
                                                     ,KC tie ω

ξ =++ FuuuM ���                                                        (1.1) 

where M, Cζ, and K are the symmetric mass, damping, and stiffness matrices of the disk model, 
F – amplitudes vector of external excitation force.  Damping matrix was calculated on the base of 
structural damping ratio ξ  and stiffness matrix KC ξ=ζ . 

Then, in the linear case we assume that system response is steady-state and has the form 
tixetX ω=)( that yields to the set of algebraic equations  

                                                                FH =x ,                                                                      (1.2) 
where ξω+ω−= CMKH i2  is the impedance matrix at the excitation frequency ω . 

Application of external excitation forces is shown on fig. 2. Forces are applied in points of blade 
tip: at leading and trailing edges. The system frequency response solution we will perform within 
the range that covers blades 1-st flexural modes. On graphs of fig. 3 solutions of the full system 
assembled in chapter 1 and the reduced system elaborated in chapter 2 are presented. 
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Figure 3 Full (a) and reduced (b) bladed disk models frequency responses 
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At the absence of the excitation force phase lag (all externally applied to blades forces have same 
phase) we observe two system response peaks: principal peak of all blades and additional peak 
which corresponds to frequency localized response of the cracked blade.  

A localization phenomenon is very important diagnostic sign that gives us the most information 
about crack presence in the blade. Simulations concerning cracked blade localization cases will be 
interrogated in the chapters 3.3-3.4 in combination with the presence of mistuning and excitation 
force phase lag. 

3.2 Nonlinear crack case 
However, the assumption that crack is always open in vibration is not realistic because 

compressive loads may close the crack. The main results obtained through simulations or 
experimental studies were that the observed decrease in the natural frequencies is not sufficient to 
be described by a model of open crack [12-14]. So, the real changes in resonances can be calculated 
only on the base of nonlinear cracked blade dynamic model. Two approaches of crack breathing 
process simulation might be used: 

− periodical varying stiffness introduction [8]; 
− contact simulation between crack sides in the moment of crack closing [2]. 
In most cases analytical solutions of such dynamical systems are practically impossible to obtain. 

Thus researchers and engineers turn to numerical techniques. Firstly, systems are discretized as a set 
of nonlinear ordinary differential equations with high dimension. Then traditional direct time 
integration solution techniques are then applied. However, this process is extremely time-
consuming. Therefore, it seems to be necessary to examine more efficient techniques to reduce the 
computational costs. One such technique is harmonic balance (HB) method [4-5]. Earlier a simple 
mathematical model able to simulate such nonlinearity was created [2]. In such way it was possible 
to prove correctness of the method formulation by comparing its results with direct integration. 
Now this approach can be projected on more complex cracked blade model.  

In nonlinear case system motion equation (1.1) is expressed by: 
                                ),()(KC tunl FFuuuM =+++ ��� ξ                   (1.3) 

where Fnl – nonlinear force vector. 
 Then we are searching for the u(t) in the form of the truncates trigonometric series of k=1, …, N 

harmonics: 
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where a0, ak, bk – Fourier series coefficients, ω – excitation frequency. 
 If we put equation (1.4) to (1.3) the last would be changed to: 
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where A is diagonally symmetric in block matrix: 
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where b – nonlinear member, C – external excitation force vector and u~ – vector of Fourier series 
coefficients.    
      Nonlinear solution requires taking into account system nonlinearity, in our case - nonlinear 
contact force between two nodes. The governing equation (1.5) of HB method represents by itself 
the system of nonlinear equations to that some linear transformation could be applied in the for a 
Newton-type iterative solver of nonlinear algebraic equations system implementation. 
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The nonlinear force representation is one of the most important tasks in any nonlinear analysis, 
as well as for the harmonic balance method. In our case we have some nonlinear degrees of freedom 
(relative vertical displacements between contact nodes). For the contact force determination the 
Lagrange multipliers or penalty methods could be utilized [1]. The easiest way is to use the penalty 
method to approximate this force by the following expression: 

     ,
2 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
⋅= nlnl

nlnl

uu
kF                       (1. 7) 

where knl – penalty stiffness and  unl –  nonlinear dof displacement. Penalty stiffness value should be chosen 
to provide minimum penetration in the contact zone.  

It should be mentioned the disadvantage of such nonlinear force approximation when it crosses the zero. 
So then unl=0, ∞→∂∂ nlnl uF / . In order to pass up such problem the smoothing function should be applied. 
In the work [3] tangent function was used for smoothing.  We applied it with some modification and have 
gotten the next expression: 
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where s – coefficient, the sufficiently high level of that is required to accurately represent force-displacement 
relationship smoothing. 

The nonlinear solution and as the linear one in the time domain are reconstructed by inverse 
Fourier transformation and shown for: relative vertical displacement between two coinciding 
contact nodes – “crack point” (fig. 4 a) and excitation force application node horizontal 
displacement – “tip point” (fig. 4 b).  
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Figure 4 Nonlinear solution by HB method for different harmonics numbers: a – “crack point”, b – “tip 
point”, c – “tip point” (zoom), d – frequency response function at “tip point” (dashed line - linear solution of 

the cracked blade) 
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Fig. 4 presents the simulations accomplished for different numbers of retained harmonics (1.4). 
Their number is critical for solutions computation times. The set value of penalty stiffness is enough 
to avoid penetration and nonlinear force approximation (1.8) allows us to precisely simulate system 
nonlinearity.  

For all following simulation the nonlinear model with 2 harmonics was used as it accurately 
enough describes system nonlinear behaviour. Also we can see that system response stays almost 
sinusoidal and this fact will be utilized for more simple formulation of tip-timing method governing 
equation.  

3.3 Excitation frequency phase lag influence on the bladed disk dynamic response 
For external excitation force vector construction for all force application DOF of the assembly 

(fig. 1) it is necessary to take into account force phase lag. It is caused by inequality between blades 
numbers of the rotor wheel and preceding stator stage. An engine order excitation is assumed, 
which is harmonic in time and differs only in phase from blade to blade. The excitation force on j-th 
blade can be expressed as: 

                                                 )1(2, −π=ψ= ωψ j
n
n

ee
r

stii
jj   FaF ,                                             (1.9) 

where jF  - excitation force vector of j-th sector, ψ  - phase, ω  - excitation frequency, sn  - stator 
blades number, rn - rotor blades number. 
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Figure 5 Excitation force phase lag influence on bladed disk forced response: 
a - ns=28; b - ns=23  

On fig. 5 simulations of reduced bladed disk model forced response are presented at different 
number of stator blades that induce different phase lag values of excitation force. We can observe 
that with increase of phase lag the amplitude peak is going to increase. Also we can see from these 
results that crack imposed nonlinearity shifts cracked blade localized peak closer to the main system 
response. This fact is very critical in the view of further mistuning consideration because it hides 
cracked blade frequency localization among other mistuned blades. 

3.4 Mistuning effect on frequency response of the bladed disk  
After having established the influence of the excitation force phase lag we pass to the 

examination of the mistuning effect. It will be simulated the possibility to localize cracked blade 
dynamic response at the certain mistuning level. The prediction of the mistuning effects on the 
bladed disk response is a mainly challenging problem as indicated by the many authors [9-10].  

In our case we considered that main effect of mistuning on bladed disk forced response would be 
represented by blades stiffness mistuning and as far as we are working with the range of the blade 
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1-st flexural mode only, the mistuning model can be represented by perturbation of the individual 
blade partition of the bladed disk stiffness matrix [9]: 

   bjjjbm m KK )1( += ,          (1.10) 

where  mj – mistuning coefficient relatively to the 1-st blade and randomly generated by normal low 
with mean 0=μ and standard deviation σ . 

Having obtained the fundamental mistuning model, a major concern becomes the prediction of 
the ability to detect cracked blade on the base of the bladed disk forced response. The easiest case, 
at the presence of certain level of mistuning, is if we have a case of cracked blade frequency 
localization. As it was mentioned before it will result in appearance of the additional resonance 
peak caused by crack presence in a blade. In linear statement crack presence can be equated to the 
blade mistuning. Therefore at a certain mistuning level we can obtain uncracked blades frequency 
localization. This will results in cracked blade detection problems. 

Generally, the maximum forced vibration response of a subcomponent (blade) of a mistuned 
structure is larger than that of a perfectly tuned structure. Thus mechanical energy stored in a 
subcomponent of a mistuned structure is different from those stored in other subcomponents. This is 
called the vibration localization of a mistuned structure. Localization occurs because waves 
propagating away from the energy source are rejected by the boundary between the slightly 
different subsystems constituting the nearly periodic structure. The resulting energy accumulation 
may lead to much higher amplitudes locally than would be predicted if perfect periodicity has been 
supposed, this possibly can have disastrous effects, for example in turbomachinery [11].  
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Figure 6 Excitation force mistuning influence on bladed disk forced response (ns=23): 
a - σ=0.01; b - σ=0.02; c - σ=0.01 (zoom); d - σ=0.02 (zoom)   
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From the results of different mistuning level simulations (fig. 5-6), we can observe stated earlier, 
that taking into account of cracked blade nonlinear behaviour leads to difficulties of crack 
identification. Sometimes it becomes impossible to distinguish cracked blade localized dynamic 
behaviour. The linear model at mistuning level of 2% allows us to recognize cracked blade, whereas 
taking into account the nonlinearity makes this process unrealizable. 

Conclusions 
The presented above study was devoted to describe cracked blade detection process that can be 

performed during operation or maintenance of the aviation gas-turbine engine. It consists of bladed 
disk model with cracked blade development. Much attention was made of cracked induced 
nonlinearity simulation by crack inside contact approach. The influence of combined excitation 
force phase lag and bladed disk structural mistuning was studied. Certain level of the mistuning was 
decided to be critical for ability to detect presence of the cracked blade. Also it is necessary to point 
out that taking into account cracked blade nonlinear behaviour decreases such abilities due to the 
shift of cracked blade natural frequencies closer to the uncracked one.  
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EXERGOECONOMIC ASSESSMENT OF AIRCRAFT TURBOFAN ENGINES 

Exergy analysis has been widely used in the design, simulation and performance evaluation of thermal 
systems. Besides providing savings on fuel consumption, exergoeconomic analysis is quite useful for 
environmental protection issues. However, utilization of this tool over the aircraft turbofan engine is a 
relatively new research area.  

An exergoeconomic analysis of an aircraft turbofan engine is performed in this study. Exergy and 
exergoeconomic analysis methods based on both first and second laws of thermodynamic along with 
economic parameters are used for understanding how close the system to the ideal operation 
conditions, where the imperfection points or components could be and how further recoveries and 
improvements could be possible from the technical, economical and environmental points of view.  

A new parameter, the so-called specific thrust cost (STC), which has been recently developed by the 
authors, is used in this paper. This parameter may be considered to be more useful than specific fuel 
consumption (SFC) for comparing the aircraft propulsion systems. Based on the analysis performed, 
the STC values are found to be 139.01 $/kNh and 306.44 $/kNh for the cold and hot thrusts, 
respectively. On the other hand, the effects of various parameters, such as system life time, annual 
operation hour and interest ratio, on the STC  are also investigated and discussed.  

 
1. INTRODUCTION 
 
Currently, one of the most two problems that suffered by the world community are the risk of 
depletion of the energy resources and their environmental and ecological impacts. Some offer the 
alternative energy and sustainability, while the others insist on the nuclear energy. Beyond these 
options on the other hand, the perception of efficient utilization of the present energy resources 
reveals as a simple and required step before switching the energy format to the new ones. 
 
A number of studies on alternative energy resources have been conducted in many countries. (i.e., 
hydrogen in Canada, ethanol in Brazil and wind in Denmark, Spain and Germany). Utilization of 
many alternative energy technologies, such as solar, biomass, has significantly increased [1]. 
Among them for instance, one of the promising technology, called solar chimney, was 
experimentally studied in Spain in 1982. This plant gave a power output of 50 kW with a collector 
diameter of 240 m and a chimney height of 195 m [2]. Furthermore, since 2001, in Australia, a 
study on a solar chimney with a height of 1 km has been implemented. This chimney is considered 
to give a power of 200 MW and also to abate 900,000 tones of greenhouse emissions [3].  
Exergy analysis is one of the most practical method that makes engineers measure the system 
performance quite accurately. Using the both first and second laws of thermodynamics, it deals with 
the heat and work independently. Using exergy analysis method, it is searched the answer of the 
how systems could work better. This could be done by determining the work potential based on the 
thermodynamics laws, at the inlet and outlet of the single units, and the figuring out the difference 
between these two points. Catching a similar non ideal condition by exergy analysis provides 
making an exergoeconomic analysis and getting results more sense (i.e. cost). Cost at every system 
components makes enable to know if the improvement work on the system and system design is 
really profitable, e.g. one unit could have a high efficiency, but the high capital investment could 
eliminate the benefits having with the efficiency. Similarly even a component has a relatively low 
efficiency, it could be worse if trying to increase the efficiency in the meaning of capital 
investments. For further studies one could refer the Refs. [4-6]. 



 13.41

2. MODEL 
 
The model used in this study is a turbofan engine with a high by-pass ratio of 5.4:1. The overall 
pressure ratio and the specific fuel consumption (SFC) values are 28.4 and 0.357, respectively. It 
consists of one stage fan, 3 stages low pressure (LP) compressor, 14 stages high pressure (HP) 
compressors, an annular type combustion chamber and 2 and 4 stages HP and LP turbines. It is used 
with especially middle and long range aircrafts (i.e., B747, B767, A300, A310, A330, MD-11 and 
DC-10). The thrust range of this engine is changed between 214-334 kN at a maximum take off. 
Since this is a turbofan engine, there are two exhaust parts named as fan and core engine. The thrust 
obtained by the fan exhaust depends on the fan unit and there is no any burning of fuel or air, while 
the thrust obtained by the core engine exhaust is due to the discharging of the combusted gas from 
this part. Because of the air or gas mass flow exiting the exhausts are not the same, the thrust of 
these parts is also not the same. As a rule of thumb, 75%-80% of the total thrust is produced in fan 
exhaust and the rest of thrust comes from the core engine exhaust.  
 
3. ANALYSIS 
 
In this two-step analysis program, the main objective is acquiring the cost rate of thrust which is 
produced by the fan and core engine exhausts, independently. Since the cruise phase is the longest 
period of a flight and consumes the most fuel, for this analysis, the cruise phase was chosen under 
the proper operation conditions. An exergy analysis was carried out first. The data required for the 
exergoeconomic analysis were then collected. Finally, using these data, capital investment and the 
expenditures of operation and maintenance, an exergoeconomic analysis was conducted. The 
operational cost was included in the maintenance cost value.  
The detailed calculation and method about either exergy or exergoeconomic analyses could be 
found in thermodynamics textbooks, while some papers could be obtained from Refs. [7-12]. 
Therefore only the basic equations were included in this study.  
 
3.1. Exergy analysis 
Here, two exergy components are considered in exergy analyses, namely physical and chemical 
exergies as [8] 
 

( )0 0 0phex h h T s s= − − −  (1)  

0 lnch
ch k k k k

k k

ex x ex RT x x= +∑ ∑  (2)  

where h, s and T in Eq.(1) denote the enthalpy, entropy and temperature, while x and chex  in Eq.(2) 
are the mole fraction and the standard chemical exergy value for the corresponded air components, 
respectively. When the gas flow is assumed to be ideal, Eq. (1) can be expressed as 
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1 ln lnph p
T T Pex c T RT
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⎛ ⎞
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⎝ ⎠
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where pc  and R  denote specific the heat at constant pressure and the universal gas constant, while 
T and P are the temperature and pressure of the system, respectively. However, for physical exergy, 
acting as Eq.(3) could give inaccurate results in such cases particularly after combustion or a similar 
chemical reactions [13].  
The other two most known exergy items are called potential and kinetic exergy. Since there are no 
elevation differences, the potential exergy is neglected. On the other hand, at the exhaust parts, due 
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to the high speed discharge there are serious amount of kinetic exergies at those parts. The kinetic 
exergy is given as, 
 

2

2000ke
Vex =  (4) 

 
where V denotes the velocity and the number of 2000 is used to convert (m/s)2 to (kJ/kg). 
In this analysis, the environment temperature and pressure are taken as 246.9 K and 0.363 bar, 
respectively. These values are the environment temperature and pressure values at the flown altitude 
of 10060 m (33000 ft). The air mole fractions at this altitude are assumed to be the same those in 
the sea level and taken from Ref. [8] as 77.48% for N2, 20.59% for O2, 0.03% for CO2 and 1.9% for 
H2O, respectively. 
 
3.2. Exergoeconomic Analysis 
The second and last step of the analysis is the exergoeconomic analysis, which is used to take into 
consideration of the cost concept. Without an exergoeconomic analysis, the results are sense only 
for the thermodynamics studies, but not for the case of practical applications of the result obtained 
from those studies.  
Three basic important equations used in exergoeconomic analyses are given by [8] 
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In Eq.(5), CRF denotes a parameter called capital recovery factor, which is used to levelized the 
purchased equipment cost (PEC) of a separate unit as well as the entire system. Among the other 
symbols, i, n and CA are the interest ratio, system life time and the levelized capital cost, 
respectively. The other equation is obtained from  

, , , ,
T

i k Q k k e k W k
i e

C C Z C C+ + = +∑ ∑� � � ��  (7) 

 
where C�  and Z� denote the cost rates (exergetic costs) and the non-exergetic levelized cost values with the units of $h

-1
, while the subscripts of 

i, e, W and Q define the inlet, exit, work and heat transfer, respectively. Eq.(7) should be run for all of the system components, such as fan, 

compressors, combustion chamber, turbines and exhaust parts. The Z� term is usually composed of capital investments (CI) and operation and 
maintenance (OM) costs and is given by 
 

T CI OMZ Z Z= +� � �  (8) 
 
4. RESULTS AND DISCUSSION 
 
In order to define a merit for the thrust cost, a new parameter, the specific thrust cost (STC), is 
developed in this paper for the first time to the best of the authors’ knowledge. The STC, similar to 
the specific fuel consumption, is used to obtain the kN based cost of the thrust. It is also called the 
most sense parameter of the exergoeconomic analysis conducted in this paper.  
In this paper, the parameters, which are tried to be searched for the effects on the cost rates and 
specific thrust costs (STC), are listed as fuel cost, interest ratio, system life time, maintenance 
coefficient and annual operation hours. Using the Eqs.(1-8), the calculated STC values are obtained 
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as 139.01 $/kNh for cold thrust and 306.44 $/kNh for hot thrust, respectively. In the following 
paragraphs, the effects of some variables on the STC are studied. 
In Fig. 1, the STC variation of cold and hot thrusts due to the fuel price is shown. As seen in this 
figure, both thrusts increase with the fuel price as expected. In this analysis, the fuel (kerosene) 
price is taken as 1.8719 kg/$ and this case is marked as the circles. Also, increasing the fuel price 
only 0.5 $/kg (from 1.5 to 2 $/kg) can result in 35.8 $/kNh and 79.6 $/kNh ascends of cold and hot 
thrusts, respectively. Therefore the fuel prices have quite dominant effects on the STC. 
The variation of the STC due to the annual fuel price increase is illustrated in Figure 2. In the 
present analysis, the annual fuel price increase is estimated as 6%. This estimation is made by 
considering kerosene fuel prices of the last three years in Turkey. However, it is not possible to 
determine a fixed annual fuel price increase. Therefore, assuming some different annual fuel price 
increase, one could have case results about the STC. According to the diagram, it is clearly seen that 
the hot thrust is affected much more than cold thrust because the cold thrust produced by the fan, 
which is operated by the low pressure turbine, while for producing the hot thrust it is required much 
more energy to operate high pressure turbine. Also not all the energy provided by the low pressure 
turbine is given to both the fan and the low pressure compressor.  
In Figure 3, the interest ratio effect is shown. Although it is assumed that the constant interest ratio 
among all of the system life time of 15 years in this analysis is hardly possible, in conclusions of the 
descend and ascent, nearly constant interest ratios might be expected. Between the values of 5% and 
15%, the interest ratio is responsible of an increase about 160.1 $/h at the levelized total capital 
investment and the operation & maintenance expenditures. In this paper, the purchased equipment  
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Figure 1. Fuel prices effects on the STC. Cold and hot 
thrusts denote the thrust obtained from fan exhaust and 
core engine exhaust, respectively. The circles show the 
value of fuel price (=1.8719 kg/$) which used in the 
present analysis. 
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Figure 2. Variation of the STC due to the annual fuel 
price increase. Cold and hot thrusts denote the thrust 
obtained from fan exhaust and core engine exhaust, 
respectively. The circles show the value of annual fuel 
price increase (= %6) which used in the present analysis. 

cost (PEC) of the entire engine is assumed to be 10 M$. This value can be levelized as 281.7 $/h for 
an interest ratio of %10. It can also be noted that, decreasing the interest ratio from %10 to %5 and 
increasing the interest ratio from %10 to %15 are resulted as descend at 75.3 $/h and as ascent at 
84.8 $/h, respectively.  
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Figure 3. Variation of the levelized capital investment and operation and maintenance costs (Ztot) due to the interest 
ratios. In this paper, the interest ratio is assumed as %10 (i.e., 0.1) and constant among the system life time. 
 
In Figure 4, the Z values belonging to the major components of the engine are given. Since there 
are 3 PEC groups which can be listed as; (1) Fan, LPC and HPT as the PEC at 1 M$, (2) HPC and 
LPT as the PEC at 3 M$ and (3) CC as the PEC at 300,000$. As seen in the figure, components 
having high PEC values are affected more than those having relatively low PECs. For instance, 
increasing the interest ratio from %10 to %15 is resulted in 25.4 $/h for HPC, 8.48 $/h for fan and 
2.54 $/h for combustion chamber.  
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Figure 4. Variation of the levelized capital investment and operation and maintenance costs (Ztot) of all major 
component of the engine due to the interest ratios. In this paper, the interest ratio is assumed as %10 (i.e., 0.1) and 
constant among the system life time. HPC and LPT denote High Pressure Compressor and Low Pressure Turbine, 
while LPC and HPT are Low Pressure Compressor and High Pressure Turbine, respectively. CC is Combustion 
Chamber.  
 
Regarding to the system life time effects, it is interest to get a relation as an inverse proportion at 
the first glance, but it is an expected result because that increasing the system life time will increase 
the operation & maintenance expenditure. Meantime, this cost ascent should not consider alone, 
because there will be a revenue ascent as well. Considering the net profit, on the other hand, despite 
having a relatively low values than the first years revenues, it is still possible to speak about a 
serious amount of profit. This case is shown in Figure 5.  
In Figure 6, the similar results are obtained as explained in Figure 5. For the values varying   
between 2930 h/year (8 h/day) and 6570 h/year (18 h/year), the variation of STC for both hot and 



 13.45

cold thrusts are found to be 205.00 $/h and 90.68 $/h, respectively. For the current analysis, the 
operating hour p.a. of the engine is assumed as 5110 h (14 h/day). Therefore, increasing the 
operating hour from 5110 to 6570 h/year (14 h/day to 18 h/day) is resulted as 37.01 $/h with an 
increase of %26.68 for cold thrust and 83.36 $/h with an increase of %27.20 for hot thrust.  
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Figure 5. Variation of the STC due to the system life 
time. Cold and hot thrusts denote the thrust obtained 
from fan exhaust and core engine exhaust, respectively. 
In this analysis, n=15 years. 
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Figure 6. Variation of the STC due to the annual 
operating hours of the system. Cold and hot thrusts 
denote the thrust obtained from fan exhaust and core 
engine exhaust, respectively. In this analysis, annual 
operating hours is taken as 5110 hours which equals 14 h 
operating per day.  
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Figure 7. The variation of the STC due to the annual operating hours. The annual operating hours limits vary between 
100 h (0.3 h/day) and 5000 h (13.7 h/day). Cold and hot thrusts denote the thrust obtained from fan exhaust and core 
engine exhaust, respectively. 
 
After examining the annual operating hours effects over the STC for the values between 2920-6570 
hours (8-18 hours/day), the variation of STC for the smaller values of operating hours should be 
considered. Performing a parametric study, it is found that there is a decent until a value of 1000 
h/year (2.7 h/day) for the cold thrust and 850 h/year (2.3 h/day) for hot thrust, then after those 
values there is an ascent as seen in Figure 7. From this result, it might be concluded that there must 
be a further research on figuring out the close relation between the STC and the revenue obtained 
by the aircraft operator. Since there have no any data about the revenue in this paper, it is not 
possible to estimate which annual operating hour is the most profitable at the manner of STC.  
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5. CONCLUSIONS 
 
In this study, an exergoeconomic analysis is performed for an aircraft turbofan engine. Exergy and 
exergoeconomic analysis methods are used to measure the real performance of thermal systems 
dealing with both first and second laws of thermodynamics. Exergoeconomic analysis is established 
after an exergy analysis.  
The examining parameters in this study include annual operating hours, system life time, fuel price 
and interest rates. The main conclusions, which may be drawn from the results of the present study, 
may be listed below: 
a) kg based fuel price and the annual fuel price ascents have drastic effects over the STC 
b) increasing the interest rates increase the levelized total (and component by component) capital 
investment and operation & maintenance expenditure 
c) there is an inverse proportion between the system life time and STC since increasing the system 
life time increase the cost because of the higher operation % maintenance cost due to the aging. 
d) furthermore, considering some parameters such as annual operating hours which studied in 
Figure 7, it is revealed that for obtaining the actual profit, the cost values found by the 
exergoeconomic analysis might be taken into consideration with the revenue which came from the 
ticket selling. But in this case, one should consider the other cost not only deal with the engine, but 
also deal with the other items such as aircraft, airport, real estates and so on. 
The authors plan to perform such a study by widen the range of the exergoeconomics. 
 
Nomenclature 
 
i Interest ratio 
Z�  Levelized capital and OM costs 
CA Levelized capital cost 
n Life time 
h  Molar specific enthalpy (kJkmol

-1
) 

s  Molar specific entropy (kJkmol
-1

K
-1

) 

x Mole fraction 
chex  Standard molar specific chemical exergy (kJkmol

-1
) 

T Temperature (K) 
R Universal gas constant (8.314 kJkmol-1K-1) 
 
Subscripts 
0 Ambient 
CH Chemical 
k Component indices 
e Exit 
Q Heat 
i Inlet 
KE Kinetic 
l Levelized 
PH Physical 
T Thrust 
W Work 
 
Superscript 
CI Capital investment 
OM Operation and maintenance 
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METALLOPHYSICS OF WEARING FRICTION SLIDING IN THE PRESENCE OF 
ABRASIVE MATERIAL 

New direction of researches of wearing down ability of the ground surfaces is offered on     principle 
of display by the metal of electronic relaxation. The calculation-analytical model of surface wearing 
down capabilities is developed and estimation of influencing of factors incoming in it is conducted  

Introduction. During deterioration of friction surfaces of initially free abrasive particles, 
which are in the conjugation space [1], it is observed charging effect fixation of the abrasive 
material on one of the friction surfaces. In that conjugations of friction sliding, where movable 
surface is made of more tough metal than fixed one, usually charge last. Due to this effect, the 
deterioration ability of movable surface appreciably reduces. Never the less, deterioration of 
fixed friction surface under heavy load is very considerable [2]. The deterioration mechanism of 
charging surface is not completely elucidated. 

Theoretical concept and its analysis. The result of study of this problem [3; 4] showed that 
structure because of charging fixed surface gets composite. Abrasive deterioration of such  
“composite” represents fatigue disruption under low-cycle loading. Frictional low-cycle fatigue 
takes place at the fixation points of the abrasive particles on the friction surface and the destruction 
has a viscous character. This process occurs because of abrasive particles enforced vibration which 
charges into metal under action of changeable forces or forced by movable surface. Due to vibration 
of particles in the places of their fixation deformations will appear  and tensions which are in accord 
with them. Scheme of powered action of friction movable surface on the abrasive particle which is 
fixed on fixed surfaces depicted in fig. 1. 

According to [5] it can be assumed take that speed of deterioration of fixed surface is  
Vi=h/τ=hω/N      (1) 

where hA – penetration of abrasive particle on the fixed surface; τ  – material durability at the place 
of abrasive particle fixation with penetration h; ω –  enforced vibration frequency; N – quantity of 
cycles till material destruction at the place of abrasive particle fixation with penetration hA. 

Charging layer can be regarded as the enforced vibrations source from which in the depth 
of fixed surface amplitude vibrations will be spread. 

 
Fig. 1. Scheme of power action of mobile surface of friction on abrasive particle, that: 
1 – abrasive particle; 2 – immobile surface of friction; 3 – center of oscillation of the 

particle 
 
Due to such vibrations in the fixed surface metal acoustic waves spread which with at 

distant  from the surface disappear. As  charging layer is the source of acoustic vibrations are 
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spread lower layer then for flat external surface it’s possible to take acoustic wave as flat (fig. 2)  
wave with finite value of shift 

⎟
⎠
⎞

⎜
⎝
⎛ −ω=

a
xtmAA sin       (2) 

where A – source shift from equilibrium position; Am – vibrations amplitude;  t  –   time interval;  x 

– wave front coordinate;  
П

Ea
ρ

=   speed  or sound (phase velocity); E – metal resilience module 

of the fixed friction surface; Пρ  – metal particle of the fixed friction surface.  

 
Fig. 2. Scheme of  spreading flat wave in immobile surface of friction:  
1 – source of oscillation; 2 – immobile surface of friction; 3 – front of wave 
 

Due to enforced constant frequency, intensity of sound depends on amplitude vibration am 
only. It is possible to find Am formula on the basis of solution of the expression of energy 
consumption process in the body with unbounded external surface, which moves in the deterioration 
process.  

After the solution of this equitation the following formula for amplitude vibrations, a has been 
obtained 

)( zbVeAmAm i
2

0
−−χρ=         (3) 

where 0Am – amplitude of enforced vibrations on the fixed friction surface; 
ρ
λ

=
c

b2  – temperature 

conductivity of metal; λ – heat conductivity of metal; c – heat capacity; z – depth on which  
enforced vibrations are spread inside the metal; Vi – metal deterioration rate. 

If in the equation (3) instead of deterioration rate V1 its expression is put from (1) we will get 
a well known from vibration theory formula for finding amplitude of fading vibrations. 

⎟
⎠
⎞

⎜
⎝
⎛ ω

πε
−= z

a
AmAm 0       (4) 

where ε  – acoustic loss factor [6];  
a
πε  – metal physical constant of an immovable surface. From 

equalizations (3) and (4) for suppression velocity V1 will have 

ε
πω

=
a
bVi

2

.         (5) 

Acoustic loss factor is recommended to determine from the following correlation 
( )

η
+ωπ

=ε
E

l1
3

8 .                                         (6) 

where aTal
ω
π

==
2  –  wave length; T – vibration period; η  – metal viscosity of immovable surface. 

In general, viscosity of immovable surface η  is determined through its connection with inner 
metal friction. But the approach exists [6], that the notion of inner friction includes energy losses of 
different types which have no direct relation to the notion of viscosity. It is reflected negatively on 
the exactness of viscosity estimation. 
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The analysis of new relations with high-level characteristics is necessary for increasing 
exactness. Besides, if to take into account the interaction, fact of friction tensions with electronic 
system of metal, the approach from the position of electronic relaxation is to be considered 
perspective [7]. 

According to this approach, sound fading is a result of a sound wave interaction, that is 
spread with electronic gas of metal. 

The gas, that electrons create in metal, is highly degenerated (i.e. has quantum character of 
interaction between electrons) and is a subject of  Fermi-Dirak statistics. [8] Quantum state of 
electron is described by wave vector K, directed toward the side of spreading electronic wave in 
metal. One of the most important characteristics of the metal electronic system is the Fermi surface 
– the surface of constant energy at a K – sphere,  which answers Fermi’s energy. In the metal 
conductivity only conductivity electrons which are on the Fermi’s surface take part. According to 
[7]  electrons may be regarded as effective viscous environment, viscosity of which 

 

3
VlmN eee=η         (7) 

where 
μ
ρ

= ПA
e

NN  – quantity of electrons in a volume unit; NA – Avocado’s number; Пρ  – metal 

viscosity; μ  – metal molecular weight; em  – electron mass; el  – average length of electron free run; 
V –  average velocity of electrons conductivity. 

Because of this viscosity, sound wave transfers a pulse and energy to the electronic gas and 
as a result of this fades. 

Taking into account, that near the Fermi’s surface 
−

V = FV  equitation can be written as follows 
 

33

2τ
==η FeeFeee VmNVlmN        (8) 

where −
ρ

=τ 2eN
m

e

e  relaxation time;  e – electron charge; ρ– specific electric resistance of metal; 

−=
e

F
F m

EV 2  velocity of electrons near the Fermi’s surface; ( ) 32
2

3
2

/
e

e
F N

m
E π=  – Fermi’s energy  

 
π

=
2
h  – Plank’s constant; h – Plank’s constant. 

After the introducing all these correlations in to the formula (8) and correspondent 
transformations. 

We obtain 

                                          
ρ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
μ
ρ

π
=η 23

3

e

N nA

.                                                                          (9)               

 
If we take into account (9) formula (60 looks like  
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And now, returning to the formula (5), after the substitution (10) we definitely have 
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Using known correlations of quantum mechanics, i e de – Broil’s formula 

Fee
Fe

e Vmh
Vm
h

λ=⇒=λ      (12) 

 
where eλ  – de – Broil’s wave length, and also formula of gyro magnetic ratio of election spin moments 
  

gS=e/me       (13) 
 

equalization (11) can be rewritten form which is in a more comfortable for subsequent analyses 
form.  
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Single out in the equation six groups of factors, which characterize: 

1) Quantum characteristics of electrons 
( )2FeVK λ= ;     (15) 

 
 
 
 
  

2) Electronic system 

S

/
e

e g
NE γ

=
32

     (16) 

where 
ρ

=γ
1 – conductivity of metal  

3) Thermal characteristics 

C
T λ
=       (17) 

4) Mechanical characteristics  

E
M

Пρ
=

1      (18) 

5) Acoustic  characteristics 

a
l+

=
13        (19) 

6). The soiree of oscillations    
ω=D        (20) 

After substitution (15-20), the equation may be written in the following form.  
DTMKEV ei 3=       (21) 

Results from (21), show that increase of all six groups of factors favours the increase of 
wearing ability. The most influence is exerted by parameters sF g,V,1λ  – so as they are pouts of 
equation (13) with index of power. 2. The smallest influence has parameter N1 which has index of 
power  2/3. The rest of parameters have the index of power 1, so their influence should be 
considered as essential. 

Conclusion. The equation (13) revels the nature of wearing ability, defines ways of regulation 
by this tribological  characteristics, and also it is an instrument for calculation of wearing ability. So 
as it is evident the amplitude Am is not a part of this equation, the for application in tribotechnical 
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calculations it is  necessary to know temperature of fiction (defined experimentally or by calculation 
way), as well as temperature dependences on all parameters.      
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TRIBOENGINEERING OF COMPOSITE ELECTROLYTIC GRADIENT COATINGS 

In the work research of dependence of wear resistance single and multi-layer composite electrolytic 
coating from structure and composition of a matrix-filled type is carried out. Influence of a gradient of 
properties of multi-layer coating on their wear resistance is considered 

Introduction.  An effective solution to the problem of increasing the wear resistance of parts 
made from construction materials is the formation on them of wear-resistant gradient layers with a 
heterogeneous structure of a matrix-filled or a skeleton types. 

This solution has been successfully realized thanks to using composite electrolytic coatings 
(CEC), composed of a ductile metallic matrix and wear-resistant powdered filler. In this case, 
gradient coatings are composite matrix-filled coatings whose regular character is broken in the 
gradient direction, with the shape, quantity, and dimension of inclusions changing in accordance 
with a definite law [1, 2].  

The present work aims at obtaining data on the wear resistance of matrix-filled single- and 
multilayered gradient deposits containing SiC inclusions in the Ni matrix and at clarifying the effect 
of the gradient in the coating depth direction on their wear resistance.  

Experimental procedure.  
Composite electrolytic coatings were produced through silting of strengthening SiC powders 

of various dispersivities with electrolytic nickel. The coatings were deposited on prismatic 10x10x5 
mm samples. Deposits containing coarse particles (fractions 100/80, 50/40, and 28/20 μm) were 
deposited onto the horizontal cathode under impulse stirring of the electrolyte at a current density of 
5-10 A/dm2. The coatings containing more disperse particles (fraction 5/3 μm, SiCN nanoparticles 
50 nm) were obtained on the vertical cathode under continuous stirring of the electrolyte at a current 
density of 4-5 A/dm2. 

Tests were performed on a M-22M unit under conditions of dry friction. Prismatic          
10x10x5 mm samples were studied at a friction speed of 0.5 m/s and a load of 20,40, and 60 N. 
Steel HRC 45 was as a counterbody, a shaft-plane as a scheme of coupling, the friction path was 
equal to 1 km. Wear was evaluated from the data on mass loss and the linear wear of the friction 
couple. 

Results and discussion.  
The coatings obtained were examined using a chemical analysis and wear tests. 
The contents of inclusions in the Ni matrix were (mass %): SiCN=2, SiC5=4, SiC28=12, 

SiC50=20, and SiC100=24. It was established that the larger particles, the better they are inserted into 
a coating. By the data [3], the optimal inclusion content in a coating, from the viewpoint of increase 
in wear resistance, is 20-30%. 

 We have developed multilayered gradient coatings the wear resistance  of which was higher 
than that of single-layer coatings  for both the direct – fig., а (base from Steel 20, layers with 
inclusions of particles sizing (from base to surface) from 100/80 μm to nanometers) and reverse – 
fig., b (base, fine particles, coarse particles) gradients. The structure of the multilayered coating 
with a gradient in the depth direction is shown in Fig.  
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                                      а                                               b 

Fig. Microstructure of multilayered gradient CEC containing SiC inclusions in Ni matrix, 
Augmentation ×130: a – direct gradient; b – reverse gradient 

 
The results of friction and wear tests are listed in Table. 

As seen, the coatings obtained by filling of nickel matrix with silicon carbide powder 
(fractions from 50/40 to 28/20 μm) have the highest wear resistance among single-layered CECs, 
which is far higher than that of mild Steel 20; the friction coefficient being lower by a factor of 
1/3. These data are in good agreement with those obtained before [1]. 

Table  

The data of friction and wear tests of CECs with various fillers 
   

Coating  
type Load, N Friction 

coefficient 
Weight wear of 
sample, mg/km

Weight wear of 
counterbody, 

mg/km 

Linear wear of 
friction couple   

μm/km 

1 2 3 4 5 6 
20 1,3 75,7 34,6 62 
40 0,91 83,8 24,5 72 Steel 20 
60 0,75 61,5 26,4 56 
20 1,3 32,4 5,0 47 
40 0,8 33,9 5,4 48 Ni+SiCN 
60 0,7 36,6 6,8 50 
20 1,3 27,7 1,8 42 
40 0,63 34,2 2,5 48 Ni+SiC5 
60 0,69 38,7 8,9 53 
20 1,1 1,7 5,7 11 
40 0,9 3,4 10,2 22 Ni+SiC28 
60 0,73 9,0 37,4 40 
20 0,75 1,2 4,5 10 
40 0,62 3,2 9,4 22 Ni+SiC50 
60 0,8 7,7 10,6 25 
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Continuation of table 

1 2 3 4 5 6 
20 1,1 69,7 37 49 
40 0,82 93,2 42,5 105 Ni+SiC100 
60 0,66 121,7 54,1 118 
20 1,15 4,0 7,1 40 
40 0,82 10,8 8,7 59 Direct 

gradient 
60 0,75 6,5 17,0 38 
20 1,3 3,8 13,5 48 
40 0,91 9,3 20,5 65 Reverse 

gradient 
60 0,75 6,2 30,0 52 

 
Coatings containing smaller and larger particles are characterized by significantly greater 

wear. For example, under the selected scheme of friction, CECs containing 24 mass % filler with a 
particle size of 100 μm sharply decreases the capacity for work over the entire load range (20-60 
N). However, in the presence of a multilayered CEC with a gradient of quantity and location of 
inclusions in the layers, the wear resistance increases.  

Estimating the total wear (linear and by weight loss), we see that the basic regularities are 
similar for both small (20 N) and maximal (60 N) loads and the optimal SiC dispersivity is in nickel 
CEC (50/40 and 28/20). Despite the fact that the content of nanostructured (50 nm) SiC filler is 
below 2 mass %, the wear resistance of these CECs is not lower than that of Ni-SiC (5/3 μm, 4 
mass %) CECs. 

Of the greatest interest is the fact that the wear resistance of CECs with both direct and 
reverse gradients, containing in the upper layer inclusions with dispersivities of 5/3 and 100/80, 
respectively, is far higher in comparison with that of deposits with no gradient sublayer. It is 
explained by the fact that such gradient layers have higher dissipative properties than single-layered 
coatings and more effective disseminate stresses in nickel matrix that is confirmed by the analytical 
calculations.   

Conclusion.  
Single-layered composite electrolytic coatings on the basis of nickel have been produced with 

optimal filler dispersivity from the viewpoint of high wear resistance under selected friction 
conditions. 

The work needs further elaboration. Nevetheless, the conclusion about the positive effect of a 
gradient sublayer on the wear resistance of coatings can be drawn. The use of such gradient 
coatings makes it possible to significantly increase the wear resistance of deposits containing fine 
inclusions (including nanoparticles), which do not have a required wear resistance when used in 
single-layered coatings. 
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TRIBOLOGICAL PROBLEMS OF AIRCRAFT SAFETY 

Results of this work show that for failure probability reducing it is necessary to enhance tribostructure 
stability, i.e. to reduce their entropy. Prospects are connected with reducing of friction factor of 
technical tribosystems in two-three orders and approaching of this factor to the level of biological 
systems 

 
Safety of an airplane as a technical object is mainly determined by its strength and tribological 

properties. Strength features characterize the ability of the structure to resist its destruction under 
permissible operational conditions. Tribological properties mean the ability of aircraft movable 
joints to maintain the required operational ability during given service life. 

In order to ensure required safety relative to strength criteria  special systems have been 
developed which include prior information, static and endurance calculation methods, experimental 
check of all engineering solutions under laboratory and working conditions beginning from initial 
design stages to the aircraft phasing out of operation. 

The main criterion of strength is the destruction probability that can be expressed by load 
condition characteristics during operation and strength properties of the structure as  

Q (X)F(X)dX,= ∫ p         (1) 

where p(X) is the density of distribution of external loads during operation; F(x) is the distribution 
function of the structure strength. 

Tribological aspects are not considered during the first stage of the process of design. In other 
words, at the initial stage of   design prior information is used. After that on the basis of actual and 
operational testing the full-scale maximum load and service life are determined. 

In this case required safety level is based by the application  of traditional materials and 
constructions as well as homogeneity of tribology objects with respect to small number of failure 
signs. Trouble-shooting  and elimination of failure reasons takes up to 80 % of all of expenditures 
for aircraft and aero-engines maintenance. In this case failure of tribocouplings is the main source 
of aircraft accidents which occur owing to technical reasons. 

Complicated, multifactor, non-equilibrium contact process are the   reason of the fact that the 
designed methods for tribocouplings have not been elaborated. In order to obtain the estimation of 
the processes (1) it is necessary to have multi-dimensional characteristics of materials in 
tribocontacts as well as operational conditions in the range of all factors influencing operation. Due 
to the fact that external and internal conditions of tribological objects are indefinite it is very 
difficult to determine all characteristics with the accuracy necessary for calculation and design. The 
present paper describes methods of calculation and design based on specific properties of 
tribosystems and triboprocesses. 

Two contacting solid bodies and a lubricant (grease, oil, gaseous or combination of these) the 
elements of a tribosystem. In the process of relative displacement under load, the interaction of 
substances of tribosystem elements takes place. These substances under the action of fluctuating 
potential power and temperature fields rather quickly achieve final physical-chemical and aggregate 
condition. 

During the evolution stage of running-in, the tribosystem spontaneously transfer from the 
state preset by technological processes to the state determined by the process itself. At this stage in 
the place of a contact tribological structures are being formed and later on, in these structures at 
stationary mode the triboprocesses are realized. Tribostructures are formed from products of 
interaction of all tribosystem elements that are in the final physical-chemical and aggregate state. 
For example, iron oxides properties are invariable up to temperature 1000° K. Oxides, sulfides, 
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phosphates, cokes, metallorganic salts and complexes in the form of molecules, clusters, 
superdispersed   particles are tribostructure elements and provide their resistance to external actions. 

In tribostructure forming mechanism randomness has the main effect. In the fluctuate 
potential field of the tribological contact probability peaks arise in a random way. During 
evolutional process the weakest peaks of potential probability correspond to abrupt peaks of 
concentration of transferred substance. Final molecules, clusters, superdispersed particles form 
structures in the form of separate portions, meshes, cells, wedge-shaped and wavy systems that can 
be observed at the end of the process on the elements and samples friction surfaces and can be 
analysed in the metastable state. During tribostructure formation entropy decrease is iteratively 
compensated by entropy increase during heat removal from the tribosystem.  These conditions are 
favourable for self-organization and formation of dissipative structures. 

Having been formed tribostructures operate according to nonlinear laws of synergetics in the 
stationary mode. Their overgrowth is limited by entropy and their low level is restrained by free 
energy. 

Using linear approximation of Boltzman’s  transfer equation we can present triboprocesses as 
function of time in the following form 

dу(t)/dt = -( у0 - <у>)/Т                (2) 
у(t) = (у0 - <у>)ехр(-t/T) + <у>    (3) 
У(t) = (у0 - <у>)T[1 – ехр(-t/T)] + <у> t                             (4) 

where y0 and <y> are initial and stationary values of the process; T is running-in time of relaxation; 
Y(t) is integral process. 

In tribological contact friction, wear and failure processes are realized. Energy, substance and 
failure flows correspond to these processes. Mentioned above equations are correct for all of three 
flows. If we deal with friction process Y(t) corresponds to friction energy Efr(t) and y(t) is friction 
power N(t)= dЕfr(t)/dt; for wear process  Y(t) corresponds to wear I(t) and y(t) is wear rate it = dI/dt; 
for failure process Y(t) is failure probability П(t) and y(t) corresponds to failure rate п(t)= dП(t)/d t. 

Functions presentations (3) and (4) correspond to classical curves that describe wear rate and 
failure rate depending upon time. Exponents of right parts characterize running-in evolutional 
process, running-in duration determines relaxation  time T and running-in effect on integral process 
is characterized by function У0 = ( у0 - <.у>)T[1 - ехр (- t/Т)]. At this stage free energy tends to 
minimum, aggregation of transferred particles occurs, substance internal flows form the 
tribostructure and increase its volume, failure flows and substance flows from the system are 
reduced till they achieve stationary level. In this case tribostructure substance is in its finite state, 
temperature and entropy are constant, and  tribostructure entropy is proportional to its volume. 
When the entropy effect becomes predominant tribostructure collapses. Tending to uniform 
distribution leads to partial destruction of the tribostructure and removing some amount of its 
substance from the system in the form of wear debris. In this case, the volume and the entropy of 
the tribostructure decrease and tend of free energy to minimum becomes predominant. 
Consolidation of transferred particles occurs and tribostructure recovery is observed. The cycle is 
repeated. 

Stationary state level is determined not by all produced entropy but only by its small part that 
is connected with tribostructure substance. It is proportional to the volume and may either be 
increased or reduced. During friction process the total entropy always increases. Competition of 
free energy G and entropy STv generates steady periodical processes under non-equilibrium 
conditions. Models of Lotki – Volter,  brusselator models and others correspond to these processes 
in G-STv coordinates. 

In any tribosystem in the positive quarter of velocity range Vm/sec(X1) and loads PПa(X2), 
where X  is the predetermined coordinates, there exists an area C in every point of which there is a 
stationary state where friction, wear and failure process have constant in time and dispersion 
features (Fig.1).This area is limited by states in which failure probability is increased from zero to one. 
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In friction units of aircraft systems 
velocities and loads are changed depending upon 
modes of typical flight and random fluctuations. 
Triboprocess level is also changed together with 
these states. In order to choose an optimum 
tribosystem for the specific friction unit it is 
necessary to have the method to estimate friction, 
wear and failure under variable operational 
conditions. 

Let us consider basic physical phenomena 
and mechanism of this calculation. 

In every point of C area stationary state is 
an attractor. At the stage of running-in all 
processes tend to this state. When the system 
moves along area C all three processes follow to 
the path of motion. In this case motion is 
considered as changing of states in time. In other 
words it is motion in the area of states where the 
process corresponds to new state in every following point. 

In the solid body mechanical signals are spread with sound speed. Tribostructures activated 
by friction have high relaxation ability. That is why triboprocesses follow to states without inertia 
up to high rate of change of loads and accelerations. Attraction of stationary states and high 
relaxation properties of triboprocesses allow to use superposition principle and linear summation in 
combining characteristics of tribosystem y(X) and medium p(X) in the form of  

У`(t) = ∫
t

0

dt ∫
D

у(Х)р(Х) dХ     (5) 

Inner integrals determine average values of processes and their dispersions for all states in  X  
coordinates during time dt, Y(t) and σ2(t)  are correspondingly integral  value of the process and its 
dispersion during time from 0 to t. Outer integral is used for non-stationary operational conditions 
when contact area is increased together with wear and this fact leads to change of states probability 
p(X). If operational characteristic p(x)  is not changed the inner integral is multiplied by the time of 
process realization t. 

Let us consider the structure of states area X on the basis of operational conditions of the aero 
engine friction unit. These conditions are changed during aircraft typical flight from the ground 
idling condition when velocities and loads are minimal to take-off mode with maximum velocities 
and loads. For any part of the engine we may determine rectangle D( X ) in X coordinates within 
which all its operational states are located. This rectangle has to be in limitations of stationary states 
area С( X ) because outside this limitations failure probability tends to one. 

After dividing this rectangle by lines which are parallel to axes and are located at equal 
distance we obtain a set of elementary rectangles. Identical velocity and load interval correspond to 
every of this elementary rectangle. During typical flight time T  any time ttk corresponds to every 
elementary part. Besides, we shall assume that value рj,k= tj,k/Т is the probability of a given state 
with respect to time. If we preset corresponding probability to every elementary part of  D( X ) we 
obtain operational characteristics of the friction unit рt( X ). This characteristic is a single mapping 
of the time line on X . In this case every portion of these lines has exact place on D( X ). Inverse 
mapping р( X ) on t is ambiguous. It shows the probability with which the given state may appear at 
any point of the time line. In this case one elementary part D( X ) may have several mappings on t. 

Expression (5) is generalization of integral (1) for multi-dimensional spaces and non-
stationary processes with respect to medium state p(X). In this case medium is functional area of 
velocities and loads X. 

 
Fig 1. Preset area X  tribosystem conditions: 

1 is boundary of area C; 2 is boundary of area of 
friction unit D operational states; 3 is state 
probability; 4 is critical operational part. 
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In order to find energy losses for friction, wear or failure probability per time t it is necessary 
to calculate integral (5) for every process. For performing this calculation we should know 
operational characteristic of the friction unit р(Х) that is one for all of three processes as well as 
tribosystem characteristics for every stationary process on C such as friction factor µ(Х), wear rate 
i(X) and failure rate п(Х). 

Operational characteristic of the friction unit can be obtained as a result of calculations and by 
means of analysis of synchronous measurements of velocities and loads during operation. 

At every point of area C average values with respect to time and dispersions of processes are 
constant. Besides, dispersions are homogeneous on C. That is why we can use average values 
functions and common dispersion for every process on C as tribosystem characteristics. 

Owing to stability of tribostructure properties the friction factor is usually changed lightly in 
the area of stationary states C. That is why it is possible to use average value and dispersion of the 
friction factor as characteristics of tribosystem stationary process of friction. For determination of 
these characteristics we have made several experiments at different points of area C. 

Function i( X ) that describes parameters of wear stationary process in all points of area C on 
X  can be obtained in laboratory environment by means of making quite complicated and long-term 
experiments and analysis of their results.  

Application of methods of multi-variant statistic and mathematical models of regression 
analysis allows to reduce essentially material and time expenditures for the experiment and to 
represent characteristics in the analytical form that is handy for use and storage. 

Stationary processes of the wear are homogeneous in area C  with respect to dispersions. 
Consequently, for its estimation it is enough to make several parallel experiments at one point, for 
example at the centre of areaC . 

If wear is a result of partial and reversible destruction of the tribostructure the failure process 
occurs under partial non-reversible tribostructure destruction and after that it progresses till the final 
fracture. Failure process leads to serviceability loss of the frictional unit due to excessively high 
friction forces and comes to either seizure for example, in a cylinder and the piston group of the 
aircraft piston engines, in frictional units of the landing gear and other or to fire due to failure of 
support bearing of the gas turbine engine rotor and so on. Failure due to excessively high level of 
wear leads to high dynamic loads and to blades destruction of structural elements. In particular 
owing to wear of strip flanges blades of the gas turbine engine rotor are destructed. Such failures 
can be the reason of emergency and catastrophic situations. But because of the fact that for aircraft 
the probability of such situations can not be higher than 10-7 or one during 1100 years of service life 
we casn come to a the conclusion that the failure probability of the most responsible units 
approaches to zero. 

The large part of the stationary state area C corresponds to these conditions. The increase of 
the failure probability in the marginal area is connected with stationary imbalance between energy 
and entropy in the tribostructure. When the entropy is excessive with respect to stationary states 
high mobility of tribostructure elements reduce their load-carrying ability. Direct contact of solid 
surfaces and cohesive separation of relatively large particles occur.  

When the entropy is quite small we observe tribostructure breakdown that occurs due to low 
mobility of elements, direct contact of solid bodies and cohesive separation of particles. These 
particles form stress concentrations at the contact. They cause separation of new particles. The 
process is developed according to self-catalyzed mechanism and brings to non-reversible 
tribostructure destruction. Thus, instability of stationary states and development of failure processes 
are connected with appearance of self-catalyzed reactions at the contact. 

As a rule, failure processes arise  at the intersection of critical and operational areas ∆ (Fig.1) 
If for a friction unit the state probability during operation is р(∆) and the probability of appearance 
of the tribosystem failure process E is п(Е/∆) we can find the average failure frequency p(E) along 
operational area as р(E) = р(∆) п(Е/∆). After multiplying this expression by t we obtain the 
analogue of the integral (5) for failure probability during time t where  р(∆) is friction unit 
operational characteristic and п(Е/∆) is tribosystem failure process characteristic. 
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Obtained relation  represents existing knowledge about failure processes. Frequency of failure 
is   uniformly distributed in time. In other words it has maximum information entropy. This 
information allows to localize failure process and to improve quality of forecasts in the presence of 
corresponding characteristics as well as to reduce the failure probability in case when characteristic 
features are not present.  The reduction of indeterminacy as a result af diagnostics may be assumed 
as quantity of obtained information i.e. information is inversely proportional to indeterminacy  

Information relative to failure E contained in characteristic F probability E changing  from its 
priory value p(E) to its posteriori value p(E/F). In the information theory information amount 
contained in event F with respect to event E is determined as 

I (E,F) = log {p(E/F) / Р(Е)}     (6) 

In this expression the base of the logarithm determines a unit of measurements of the 
information. When the logarithm base is 2 the information unit relative to E is obtained if p(E) is 
doubled; when the logarithm base is 10 the information unit corresponds to increase of p(E) in ten times. 

When diagnostics is performed  according to two characteristics simultaneously the property 
of additivity of the information amount is carried out in the following way 

I(E; F1FF) = I(E; F1) + I(E; F2/F1)         (7) 

Failure appearance is always connected with tribostructure non-reversible destruction. That is 
why it is accompanied with identical phenomena for different tribosystems which are used as 
diagnostic characteristics. Among them there are changes in acoustic and vibration spectra, change 
of friction surfaces state, friction force fluctuation, presence of solid bodies’ particles in the wear 
debris. Tribosystem homogeneity relative to failure characteristics permits to use very wide 
information basis for expert objectives and to obtain reliable estimation of priory probabilities even 
for very seldom events.Conclusion.  

Information obtained during aircraft service life, modern means of technical diagnostics and 
operational inspection system allow to determine development of failure processes at an early stage. 
On the other hand the posteriori information and Bayesian calculation with required accuracy 
permit to localize a failure when the first signs appear and to reduce failure probability when they 
are absent to the level determined by requirements of airworthiness standards. 

This level, according to which aircraft accidents rate is not grater than 10-7 per flight hour is 
not changed during fifty years. It means that classical methods of aircraft safety improvement 
exhaust themselves. 

Results of this work show that for failure probability reducing it is necessary to enhance 
tribostructural stability, i.e. to reduce their entropy. Classical method consists of increasing energy 
flow rate from the system. Modern cooling systems attain their perfection many years ago. That is 
why reserves are minimal in this direction. 

Prospects are connected with reduction of friction factor of technical tribosystems in two-
three orders and approaching of this factor to the level of biological systems. Principal solution of 
this problem is connected with activation of repulsive phase states of interatomic ties in technical 
systems tribostructures.  

In technical systems multiple reducing of friction forces simultaneously allows to solve 
different problems of wear, failure and ecology besides saving energy expenditure. 
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FRETTING-RESISTANCE OF AIRCRAFT TRIBOLOGICAL ASSEMBLY 
DETAILS IN THE CONDITIONS OF ALTERNATING LOADS 

The technical state of units and details of aircraft undercarriage, made from high-strength 
construction steel 30ХГСА, was analysed. The experimental researches of 30ХГСА steel in the 
conditions of fatigue and fretting-fatigue were conducted. 

Today aerotechnics are a difficult technical complex, which includes plenty of details and 
units, forming a part of equipment, engines, frame and control system. The analysis of the technical 
state of aircraft basic units and details in the last few years testifies that they fall out by reason of 
various surface damages, related to violation of geometrical size and worsening of surface layer 
quality which assisted by high operating loads. So in 100% aircraft defects are exposed in the 
construction of fuselage, 47% - in a construction of wing and undercarriage and to 60% - in gas 
turbine engine, which are concerned with the damage of compressor-blades, turbines and other 
details [1]. 

Among the mentioned power elements the least operating reliability, from the point of 
strength, have the details and units of aircraft undercarriage, which work under hard operating 
conditions and high level of variables loads, operating at take-off, landing and taxiing. Such 
details are power constructions, joint-screw-bolt connections, axes, suspension brackets, bushes 
and other. To maintain the high reliability and strength of undercarriage the most of its power 
construction details and units are made from high-strength construction steels (fig. 1), the most 
widespread of them is 30ХГСА and 30ХГСНА [2-4]. 
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Fig. 1. Allocation of materials by the elements of the aircraft undercarriage construction 

 
The construction steels have substantial dispersions of characteristics and fatigue resistance, 

and also high sensitiveness to the stress concentrators. An analysis of statistical data of the 
undercarriage power construction failures in exploitation showed, that more than 60% of the 
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undercarriage construction elements are liable to fatigue damages, thus 26% from them behave to 
the failures of joint-screw-bolt junctions. A nature of detail surface damages testifies of the joint 
influence of the alternating loads and fretting-corrosion. 

A high wear in movable joints can result in the loss of kinematical precision of undercarriage 
gear power construction that, in same queue, can create the redistribution of loads and, on occasion, 
impacts in joints. Therefore, today, a research in area of tribology and mechanics of contact damage 
is an urgent task. They predetermine the considerable part of operating failures. If a wear conduces 
to the severe financial losses, then a fatigue damage can result in sudden destruction of responsible 
units and details. So, in the general issue of aircraft and air-engines details wear the fate of fretting-
corrosion makes from 35 to 50%, and the amount of fretting-fatigue damages makes, approximately, 
40% from general fretting ones [5, 6]. 

Thus, an analysis of aircraft undercarriage elements damage testifies about the necessity of 
further deep study of power elements, made from construction steel 30ХГСА (30ХГСНА), 
fretting and fretting-fatigue, and methods of its durability increase in the operating conditions. 

Method of researches. The samples for research of fatigue resistance characteristic were 
made from high-quality alloy steel 30ХГСА (module of elasticity E = 194 GPa), which is widely 
used in an aviation engineering. The samples were exposed to heat treatment in the following 
mode: hardening to 910°С and cooling in oil, after that tempering at temperatures of 500°С during 
1 hour. The material of counter-samples is steel 30ХГСА. 

An experimental determination of fatigue and fretting-fatigue resistance characteristic was 
conducted on VLZ plant (on the base of electrodynamics vibrostand; certification No 
UA6.001.H.313) in the mode of resonance vibrations at normal laboratory conditions. The flat 
cantilever corset type samples were put to the test under conditions of symmetric cross-bending (fig. 
2). For the criterion of sample destruction was taken a drop of self-frequency vibrations on 1%, by 
comparison to an initial resonance value which conformed to an origin in the «dangerous» section of 
surface semi-elliptic macro-crack sample with a depth to 0,1 mm. A frequency of sample resonance 
vibrations in the process of fatigue tests made of 130 Hz, on a fretting-fatigue ~ 75 Hz. 

 

 
 

а b 
Fig. 2. A sample with a dynamometric ring for the fretting-fatigue tests: a - a general view, b - a schematic 
image (a transverse section): 1 - a clamp, 2 - a sample, 3 - a dynamometric ring, 4 - a counter-body, 5 - a 

plate-holder, 6 – a bush, 7 - the bolts, 8 – the tenso-resistors 4Г1-10-400 

place of 
destruction 
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Before the beginning of tests a dynamic calibration of sample was conducted without and with 
fixed on it dynamometric ring with counter-bodies and static calibration of ring by the tenso-
resistors of KФ-4 type with a base of 3 mm and 4Г1-10-400 with a base of 10 mm. The dynamic 
calibration was conducted by a method, developed in the Central institute of aviation motor-building 
(CIAM, Moscow) and recommended for dynamic calibration on the enterprises of aviation industry 
[7]. 

Results of researches and their analysis. After the research method described higher were 
got the curves of 30ХГСА steel fatigue on corset samples (curve 1 on a fig. 3) and on the same 
samples at presence of pressed to them fretting-brackets (curve 2 on a fig. 3). Effort of pressing of 
brackets to the sample was chosen starting from realization of the most damaged level of contact 
stress. Given on a fig. 3 results testifies, that the presence of fretting reduces the border of 
30ХГСА steel fatigue from 718 MPa to 375 MPa. Thus the angle of slope of the fatigue curve is 
also increased to abscissa. 
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Fig. 3. The results of 30ХГСА steel researches on a fatigue and fretting-fatigue: 1 - a curve of the smooth samples fretting; 
2 - a curve of those samples fatigue in the conditions of fretting in contact with that steel at contact pressure of 140 MPa;  3, 

4, 5 - a fretting-fatigue of samples at contact pressure of 56, 70 and 14 MPa accordingly. 

In a table are resulted the numeral values of the statistical processing data results on a 
fatigue and fretting-fatigue of investigated steel as a line of regression 

lg N = A – B σa, 

where N is an amount of destruction load cycles of the sample; σa is an amplitude of the applied 
stress in a section, in which destruction was happened. 
 

Table 
Data of the statistical treatment of fatigue and fretting-fatigue curves 

Type of research 
 

Free member, 
A 

Coefficient of 
regression, B

Coefficient of 
correlation, R

Standard deviation, S 
 

Fatigue 16,233 0,014 -0,7150 31,4942
Fretting-fatigue 7,9104 0,00535 -0,9307 44,372 

Note: Results are got during minimization of the deviation squares sum on lg. 

σa, MPa 

N, cycle
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It should be noted that, not looking on the near values of standard deviations for both of the 
curves, dispersion of results more meaningfully for the case of «clean» fatigue, because samples 
which did not destroyed on the base of tests of N = 107 cycles at the level of stress amplitudes 
higher than the border of endurance were not taken into account during treatment of results. 

Because a level of contact stress in tests on a fretting-fatigue was selected coming from 
literary sources, and at such level of brackets pressing a slippage in a contact can be insignificant 
and the adhesion zone of a sample with a counter-body prevails, that decreases the damage from 
fretting, it was executed a few experiments at less values of contact stress and amplitude of cyclic 
stress σa = 500 MPa. On a fig. 3 these points marked with numbers 3, 4, 5 (SКФ is equals to 158, 192 
and 77 MPa, accordingly). They show that durability at these contact stress exceeds those which 
are determined at this σa level on the fretting-fatigue curve. Thus, the level of contact stress chosen 
for researches is most damaged from investigated. Starting from that in the conditions of fretting-
fatigue there is a level of brackets pressing, after exceeding of which influence of this parameter 
remains almost at the same level [8], it is possible to consider that this level is achieved. In 
addition, a re-calculation to actual stress in a contact testifies that they changed in the different 
investigations at the building of the samples fretting-fatigue curve in the range of                   
SКФ = 276...290 MPa. 

Conclusions. 
1. The short review of the aircraft undercarriage power elements load conditions and the 

reason of destruction statistics testifies that the 30ХГСА (30ХГСНА) steel, which is utilized in 
these constructions, fatigue and fretting-fatigue further researches are necessary, taking into account 
possible application of the newest technologies of resistance characteristics increase to the 
mentioned factors of the steel surface layer. 

2. The method of cantilever samples fretting-fatigue researches in contact with П-like 
fretting-brackets at their loading in the resonance mode on an electro-dynamic vibro-stand, 
which can be applied for verification of the different methods of materials surface modification 
influence to resistance a fatigue at presence of fretting-contact, was developed and tested. 

3. The decrease of 30ХГСА steel endurance limit in ~ 1,9 times at presence of fretting was 
experimentally determined. It’s showed also, that realized in the experiments for 
building of the fretting-fatigue curve contact stress are the most damaged from investigated choices, 
and dispersion of the experiment results at «clean» fatigue is higher, than at fretting-fatigue. 

References  
1. Шапкин   В.   Проблемы   поддержания   летной   годности   воздушных   судов 

//Авиапанорама.- Сентябрь-октябрь.- 2003. - С. 24-26. 
2. Бойцов Б.В. Надежность шасси самолета. М.: Машиностроение, 1976. - 216 с. 
3. Марчук В. Є., Колесник В. I,  Кравець В. В. Проблеми надійності шасі літальних 

апаратів // Труди академп. - К.: НАОУ, 2005, №62, с. 240-244. 
4. Купрін А.П., Марчук В.С, Лабунець В.Ф., Жигінас В.В. Підвищення надійності 

шасі літальних апаратів нанесенням дискретних структур на поверхні зношених деталей 
//Проблеми тертя та зношування: Науково-технічний збірник - К.: НАУ, 2006. - Вип. 46. - С. 
149-159. 

5. Ковалевский В.В. Малоамплитудный фреттинг-износ и фреттинг-усталость 
металлов и сплавов: Автореф. дис... д-ра техн. наук: 05.02.04 / ВНИИЖТ. - М., 1985. - 36 с. 

6. Шевеля.В.В., Калда Г.С. Фреттинг-усталость металлов. - Хмельницкий: Поділля, 
1998.-299 с. 

7. Трощенко В.Т. Грязнов Б.А., Малашенко И.С. та ін.Циклическая прочность рабо 
чих лопаток ГТД из никелевых сплавов // Пробл.прочности. - 2007.- № 2. - С. 5-14. 

8. Тanaka К., Мuton Y., Sакоda S.. and Lеаdbeater G.  Fretting fatigue in 0,55C spring steel 
and 0,45C carbon steel //Fatigue Fract.End.Mater.Struct. – 1985. – Vol.8,No 2. – P.129-142. 



 14.18

UDC 621.891 
М.N. Svirid, P.h.D., engineering 

V.V. Lubyaniy, P.h.D., engineering  
V.G. Paraschanov  

S.N. Zanjko 
                                                                      National Aviation University Ukraine  

 
MONITORING OF FRICTION NODE TRIBOLOGICAL PARAMETERS IN 
CONDITIONS OF MASS REMOVING 
 

The process of friction surface monitoring in the dynamic mode is presented. The processes of 
reparation are considered in the electrical conduction environments of polyethylene glycol for 
creation of positive gradient on the surfaces of friction. The results of recovered layer formation by 
the dynamic materials are shown, appointed the influence of magnetic lines direction on the 
conditions of material removing.  

Introduction 
A difficult structure and technical decisions of various system details of hydraulic actuators, 

which are used in the newest transport vehicles, are need service and repair with time. The main 
reason of their failure, in the process of work, is a wear of surfaces of touch. Creation of friction 
surfaces  with the beforehand set properties and with subsequent  unhandled service.    

Purpose of research. To create a complex for testing on wearing capacity of materials in the 
directed magnetic field. To work off  technology of friction surfaces renewal, due to unhandled 
technologies, by triboelectrochemical method. 

General  problem and its connection with science tasks. Quality of details  and  knots of transport 
vehicles  can be substantially arisen, if apply new technologies  of details and  constructions 
restoration, which are based on the achievements of physics and material engeneering.  

The basic method of wear  intensity decline, at a friction, there is the using of lubricating 
materials, however, there is a number of the working modes and their efficiency isn’t enough. 

Researches showed that copper tape in a pair steel-bronze appears as a result of anodal 
dissolution of bronze. Thus alloying elements of Pb, Zn, Sn, Al, Fe go to lubricating material and 
surface of friction enriched by them.  

Thus the capacity of mechanism is explained the different ways to the condition of friction. Co-
operation of surfaces can be mechanical or molecular. Mechanical cooperation is expressed in 
mutual penetration and hooking of inequalities of surfaces in an aggregate with their collision, in 
the case of sliding of rough surfaces  

1. World experience in tribological sphere 
     Use of materials and pair, which co-operate in the process of friction, has a considerable 
spectrum  , to both properties: chemical and mechanical. 

The corps of fuel and oil pumps of the different setting are made from aluminium alloys, in 
particular  Al9. Wear of an aluminium corps  under the gearing of oil pump to renew by galvanic 
method  is impossible. The details of plunger pair are made from steel of 25Х5МА. 

All  friction knots  of machines are in the tense state, for their capacity power and material losses   
are used. Due to the friction surfaces power state  change, between them, the third intermediate 
body appears with  the operating parameters,  to which energy or work of friction is spending, done   
from the taking efforts in a mechanism. A total power stream is outlaid on flowing of tribological 
changes in the area of friction, which divided into a mechanical constituent and electrochemical 
changes, with formation of the third body. Deformation of superficial layer actively takes friction  
energy   for microstructure alteration of new structures formation , so called third body. 
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Fig.1  a) aluminium alloy friction surface after the  interaction with an alloy on the basis of iron;  
б) alloys friction surface  on the basis of iron. 

 
Basic principles of tribosystem work power providing are [1] expressed and the 

triboelectrochemical method of their power states control  is offered. In eighty percents the failures 
in machines are happen as a result of failure of details in the knots of friction. Charges on 
maintenance of aircraft to 7th one time exceed it’s cost, the same situation and in an engineer.     

Basic determination of friction, it is the phenomenon only of destructive character and processes 
apear in an area of surfaces collisions are the slump of material. But, it is possible to create such 
conditios of work in the friction knot, by which a wear was not. It is set that in opened tribosystems, 
which constantly get negative entropy and matter from an external environment, there can be non-
equilibrium states with the high degree of organization. Such systems are name without wear. 
Without wear effect is experimentally certain more than half century ago, however, and presently 
there is not a single idea in relation to the mechanism of it’s origin, in particular, mechanism of 
mass transfer in without wear mode. The phenomenon of spontaneous formation of copper tape, by 
the thickness of 1...2 mkm, was observed on steel or bronze, the coefficient of friction decreased 
approximately on an order. A process is not endless, since a surface was enriched by copper, 
dissolutions halted and set mode of selective transference.  

I. Kragel'skiy and D. Garkunov [2] specified that character of friction, which is conditioned by 
the exchange of friction knot with an external environment, energy and matter, also by the 
collective conduct of coppers ions , which is farmed thin copper tape which protects the friction 
surfaces  from a wear. A friction can not destroy tape, it creates it. There is the phenomenon of 
selective transference - transference of copper on steel and its reverse transference, which is 
accompanied by diminishing of friction force and as the results the considerable decline of friction 
pair wear. With the development of selective transference, the limits of unworn were wider. 
Gradually were passed to  creation of lubricating composition materials, which in a complex with 
basis of lubricating material, can cause the mode of excitation and self-regulation of process - to 
activate oxide-renewal reactions at the beginning of work of friction knot, to provide their fading in 
the set mode and to assist in the selection of necessary materials for creation of the modified 
structure of surface.  

Main factors, which determine the principle possibility of settling two and more metals and 
relative composition of alloy, are:  

- sizes of equal potentials of each metal in material, which removes the material, this electrolyte, 
cathode polarization of each metal;  

- relative concentration of ions of each metals, which must be covered on a surface, especially in 
cathode space;  

- overstrain of hydrogen on a set alloy;  

                       a)                                                                                         b) 
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- the mode of electrolysis is a temperature, size of current, removing, presence in the span  the 
colloids or other perfunctory-active materials.  

Using of perfunctory-active environments one of the electrons transference ways in liquids, 
which positively influence on frictions and wear conditions. Electrode potential of material is not 
always comfortable at the account of it’s transference conditions, both, material and superficial 
material. 

Perfunctory-active materials (PAM) are chemical compounds, which reduce superficial 
interference of water. PAM  used for the production of cleaning detergents, as effective corrosive 
depressor for metals in water environments, also shown that they prevent the process of stainless 
steel pitting. Their properties of corrosive depressing, related to their ability to fix in a metal, 
detaining, thus, superficial reactions and to form not reliable connection with the steel through the 
amino acid part of molecule. There is a negligible quantity of works on the PAM using on the basis 
of polyethylene glycol in the pair of friction. Polyethylene glycols – polyethylene oxide 
(polyethylene) the polymers of ethylene oxide (Е) have a general formula [-ОСН2СН2-]n. Viscous 
liquid by molecular mass to 400, the unlimited dissolves in water, but falls out in sediment from 
water solutions higher 100°С, and also at engagement of inorganic salts. The hydroxyl groups of 
glycols react independent of each other or simultaneously, that is why the proper mixtures of 
products appear sometimes.  

Soft metals (molybdenum, tin, copper, silver and other) can be brought in the area of friction or 
in the molecular micronized type, or at ionic level as a result of chemical reactions of liquid oil 
components with the source of soft metal.  

2. Experimental part 

2.1. Probed materials 
The most responsible parts of plunger pairs are the piston, which are made from iron-bearing 

materials and tempered on a martensite. For a specimen we chose steel 45, treated on offered 
structure, load changed from 5 to 10 MPa.. For providing of positive friction gradient, the work 
materials is lead, which is used as an auxiliary electrode fig.3. Glass served as a rider, as very thin, 
hard material, and chemically neutral. Possibility to conduct monitoring of friction surface 
transformation appears only on pinhole material.  

2.2. Research method 
The method of wear calculations (its general chart) consists in consistently done the following 

operations: 
-determine loading, operating in the friction knot; 
-determine deformation of friction knot, at the action of this loading, area, form of contact spot 

and size of operating contact tensions (for their determination the method of eventual volume 
elements and proper program providing are used); 

-on each of contact area laying out elements determine the actual area of contact of Ar and actual 
pressure of Rr,  that change depending on the mode of friction knots operations. For example, for 
aviation products: start, mode of taxiing, flight, set of height, cruiser mode, landing, braking, and 
others like that. 

Ability of material to form protective tapes on surface in the process of oxidization from the 
action of environment in different technical conditions under the action of friction and in stationary 
conditions, considerably differ. In stationary conditions, by potential electrolysis, it is possible to 
define enough exactly time of surface passivation. Considerably heavier to get a passivating surface 
during a friction. Permanent derangement of protective tapes, which appear, does not enable a 
surface stabilized in any solution. Chemical influence of environment with the surface of material, 
that appeared again, and speed of actual contact moving, considerably influence on the aggregate of 
parameters, which characterize the vital functions of oxide tapes on the friction surface. By  the 
tribological complex [3] developed in a laboratory, for determination of tribological characteristics 
of friction knot, we conducted monitoring of surface topography change, estimated the quantitative 
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parameters of the created oxide tapes and their geometrical sizes. The friction knot is the transparent 
glass plate from photographic glass, which is able to skip light through itself without breaking  and 
distortion of surface, which is observed. Opposite a specimen, through glass, the lens of microscope 
is mounted. Through the system of microscope lenses light focuses in  the photo camera “PC 
Camera” with the standart software, for treatment and fixing on the screen of computer, with 
possibility of record on electronic transmitters,  states and qualities of friction surface. This system 
gives a possibility to control the friction conditions of metallic specimen surfaces on «absolutely» 
hard rider, which is neutral electric glass. For determination of tribological parameters of metallic 
specimen, if it is necessary, it is possible to use the metallic surface of the rider. But in this case  
surface monitoring, without the handle of friction knot,  is impossible to do Due to the finger-plane 
friction chart, where a finger is a specimen   with the diameter of 3мм in 94 times longer, than it’s 
diameter (S=2pr =2 x 3,14 x 45= 282,6mm) to the next touch with the same  point, which is ground  
on a surface. Due to the moving mechanisms of carriage with a specimen on the plane of glass, it is 
possible to change the diameter of friction path, that enables to take pictures a specimen on the 
clean area of glass, in the area of lens action. 

A camera is mounted under a microscope so that the ray of light lighted up eyeshot of the 
«working field of specimen through glass», and images were shown on the computer screen. 

Knowledge of wear periodicity sizes will allow to extend our pictures of physical processes of 
contact interaction and will enable more grounded to speak about the questions of wear diagnostics. 
In this work the method of adhesive wear periodicity estimation is offered with the use of acoustic 
analysis of signals, registered during friction [4]. The dimension of current characterizes power of 
oxide tapes formation on the surface of metal. Taking off tension from the friction surface, which 
researches are conducted with, it is necessary to insulate the non-working surface of specimen from 
a hit liquid on it, usually for this purpose dope or shrink isolation are used. Thus, measuring a 
current between a specimen and any calibration electrode, better such, which has large corrosive 
firmness, being an electro-explorer with positive potential (gold, platinum, rules) which will pass on 
the reserved electric circle: working specimen - working liquid – reference specimen - ammeter - 
working specimen, will get a current, proportional to the amount of electrons, which go out from 
the surface of s specimen or directed on it’s surface. 

 

 
 

Fig.2. General view of tribological complex 
 



 14.22

Taking into account that the process of friction always radiates frequency signals, tribological 
complex is equipped by acoustic belongings, for the removal of frequency description in the friction 
process of metallic specimen on glass, or other surfaces. Tribological complex is provided with an 
acoustic piezoceramical sensor and standard software of SPECTRA-LAB_434 for a computer. The 
program works in connection with the sound card of computer.  

For accuracy of measuring and diminishing of extraneous sounds influence from working 
mechanisms, all details of tribological complex are made from non-metal materials. Bearings are 
made from a fluoroplastic 4, their working frequency hesitates in the range of low values from 700 
to 950 Hz, a carriage with the fixed specimen has working frequency about 800 Hz. Engine, taken 
away outside the tribological complex, and a tourk moment is passed by rubber passes. Velocity of 
the relative moving of specimen changes  fluently from a 0,05 m/sec to 2 m/sec. The friction 
moment is measured by two mechanisms: the first - the change of current is registered on an engine, 
depending on loading; the second - by a тензометрической beam, mounted in a carriage, in which 
an acoustic sensor and  spring of loading are mounted.  

The moment of oxide tape increasing  is accompanied by additional force of sound, which looks 
as raising of general frequency curve on all length of voice signal. In the moment of blowing off the 
oxide tape  from the surface of metal on middle  and high frequencies, from 20 to 20000 Hz, there is 
a splash of frequency constituent as peaks. 

Moving of metal in the atomic state is accompanied de alteration of structure, which is formed in 
the direction of the maximal strengthening and orientation in relation to direction of moving.  

 

 
Fig. 3 Electric chart of specimen connection: 

1 –auxiliary electrode; 2 - specimen;   3 – glass; 4 - microscope  

The surface of specimen was ground on abrasive skin–micron. Then wiped by spirit and weighed 
on the analytical scales AДВ-200М with accuracy 10-4 grammes. On the tribological complex [5] 
during 2 minutes rub a specimen to  appearance of contact spot, external view of which was 
observed on the screen of monitor with work on wear approximately 0,0005 gramme.   Then the 
voltage connected due to electric chart (fig.3) in the mode of permanent voltage 30V, at which an 
initial current was 10,5 mA. By switching it is possible to change direction of current. 

3. Results of experiment 
Was put a task to conduct friction surface monitoring  in the dynamic mode.   
The lead transfer on the metal surface was carried out by the tribochemical method in the 

environment of 25% polyethylene glycol-400, water-diluted. Loading was 0,2 kg of normal one, 
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velocity of relative rotation - 0,1 m/sec on a moment of contact spot appearance infield of view. 
During an experiment in the area of photographing, a specimen was taken off and weighed. If 
addition of weight was detected, a specimen was abandoned for research on the PEM microscope. 
A next  specimen was exposed the same researches, but time of work was increased on 20%. 
Finding the contact spot resulted to the subsequent gravity measuring.  

Thus, doing 5 measurements, detected the considerable causing of leaden coverage on the 
specimen surface, to 70% of area is covered by lead fig.4., soft tribological material. 
 

 

 
 

Fig. 4. Chemical composition of steel 45 friction surface after triboelectrochemical treatment in an 
environment of 25% solution PEG-400.  (Fe~29%, Si~4%, Pb~65%) 

4. Discussion of experiment results 
There is an endless amount of various dopants on the basis of soft metals (molybdenum, tin, 

lead, copper, silver and other) which can be brought in the area of friction  in the molecular 
micronized kind, or at ionic level, as a result of chemical reactions of oil components,  with the 
sources of soft metal.  Realization of the first method is related with two problems: 
     1) creation of the proof suspension of soft metals thin particles;  
     2)   ratio between the possible concentration of such metals, in circulatory butter and 
concentration sufficient for providing of plating effect even on the oil complete resource, very 
limited at time of work. In addition, the thin deviding layer of soft metals is not guarded the friction 
surface from the burrages in extreme cases, that is at stopping of oil circulation. 
The second method is related to realization of electoral removing, control of which carries while 
especially casual character and explores very seldom. 
Dopants, which activate forces of oil tripping with the friction surface can be very effective on 
unwearing and, especially, to unburrage characteristics.  
    But they have the substantial disadvantages:  
    1) the action of such dopants proceeds until they are in oil in a sufficient concentration; 
    2) such dopants, as a rule, not only are not anti-friction, but even able to increase resistance of 
friction; 
    3) usually high concentrations of such dopants can influence on oil reology.      
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Material which is activated is isotropic body for which it is always possible simply to define the 
border of durability and module of resiliency, which are the generalized descriptions of physical 
mechanical properties of material. And friction forces work will be always proportional to  
destruction work    Afr =k0 Ad. 

Resistance of material, at the bias, depends on dimensionless description h/R - relations of depth  
h, introduction of single inequality, designed by spherical segment, to it’s radius R.  

Depending on character of superficial layer deformation distinguish an external friction at 
resilient one, plastic contacts and at microcutting. In certain conditions, dependence on loading and 
mechanical properties of each friction pair, an external friction passes to internal, for which absence 
of  velocity jump is characterized in removing from one body to other. Loading at which an external 
friction is violated, for this friction pair, is named the weir of external friction. 

So in water solutions the nonpolar hydrocarbon radicals of PAM molecules form the micelle 
kernel, and polar groups are turned to water. PAM split in water solutions, and they are subdivided 
into anionic (hydrocarbon radical in composition of anion), cationic (with organic cation) and 
аmpholytic (amphoteric). Formation of micelles in colloid PAM solutions is the most 
thermodynamics-advantageous process in comparison of the processes of true solution formation or 
division of phases.  Formation of micelles in colloid PAM solutions, as adsorption of PAM 
molecules, in external layer flows involuntarily.  

 

  
 

   The conditions of liquid friction are accompanied by smoothing of surface, due to deformation of 
surface topography apexes. The subsequent smoothing  of surface in perfunctory-active liquids 
passes at piling of elements from a liquid. For the increase of aggressiveness of auxiliary electrode 
ions settling the directed electric current was used. At deformation of surface most power instability 
is concentrated in the places of actual contact. There where instability is, there always will be a 
change toward diminishing of superficial energy, which can pass at interference of metal ions in the 
produced surface with formation of protective tapes. 

 A lead is diamagnetic material, influence of the magnetic field on it’s transformations is 
minimum, if specimen is located between the poles. But on poles, at the change of direction of the 
magnetic field, moving of lead from N poles to the S pole is increased. 

  Technology of renew process passes under the action of friction. On surfaces which are ground 
many process are issue at the same time : stream of heat; streams of material; physical and chemical 
processes of interaction of bodies with an environment; deformation; structural, phase 
transformations and other  Some of these processes are caused directly by friction, streams of heat 

Fig.5. Renewal surface of steel 45 by lead
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from the area of friction, streams of matter from one area of friction to other one, and the main is 
deformation.  On fig.5 the renewal surface of steel 45 with an auxiliary electrode from lead, at the 
using of polyethylene glycol and magnetic constituent. These processes are caused, as a rule, by the 
gradients of intensive sizes, which arose up as a result of friction: temperatures of chemical 
potential, tensions. Thus, the general making of entropy in the system, conditioned by friction, will 
be equal the sum of entropy proper streams in the environment of polyethylene glycol. By the 
directed action of electric current there is transference of matter from an auxiliary electrode to the 
PEsteel 45 surface. On fig.6 lead, the nonmagnetic material, is presented. 

Conclusions 
Presented higher scientifically - methodical and 

practical  results of scientific work allowed to do 
the following conclusions: 1. At the friction of 
carbon  steel 45, hard-tempered on a martensite, in 
a pair with glass,  is shown, that it is possible to 
use glass as rider for the monitoring of tribological 
processes.  

2. The triboeletrochemical parameters of 
friction surface renewing are set for displacement 
of positive potential of friction.  

3. These researches are shown the principle new 
method of renewal of machines details friction 
pairs by the triboelectrochemical methods. 
Attitude of the power state of friction surface is 
shown to the mechanism of causing of metallic 
material on the workings surfaces of detail, in the 
conditions of unhandled renewal. The results of 
researches can be applied for the exhaust friction 
surfaces of oil pumps and plunger pairs. 
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FATIGUE CRACK GROWTH IN AIRCRAFT STRUCTURAL ELEMENTS AT REAL 
OPERATION CONDITIONS 
 

Abstract. The analytical and experimental researches concerning predicting of fatigue crack growth in the 
operating conditions are presented. Theory of fatigue crack growth indication is developed. There is planned 
and executed a flight experiment using the crack growth indicator (CGI) located on two aircraft An-24 and An-
26. Results of crack growth in CGI at operational load allowed evaluating the parameters of generalized Paris- 
Erdogan law and statistical properties of crack increment per flight. 

 
1. Introduction   
          At the same time the precise predicting of the fatigue crack growing is difficult problem, 
because there are many effects causing large range of the rate of fatigue crack growth.  

                                                                   m)K(C
dN
dl Δ=                                                                                   (1)  

where ΔK is the range of the stress intensity factor, C and m are material coefficients. Usually m 
lies between 2 and 7. This relationship that is known as Paris-Erdogan’ law [1] can be used to 
predict the remaining lifetime of a structural component, if the stress amplitude remains 
approximately constant. There are known others, more complex models used a stress intensity 
factor as main motive factor of fatigue crack growing. First of all if the stress amplitude varies, then 
the growth rate may depart markedly from the simple power law. The single overloads can reduce 
the crack growth rate drastically. There are a number of models for description of overload effect. 
First physical models [3-5] explain this effect on the basis of residual and active stresses interaction 
in plastic zone of the crack front.  Recent results for modeling of crack growing at the load with 
variable amplitude are some versions of these models. The more perspective approaches of the 
crack growing at variable amplitude load are methods for predicting flight-by-flight crack growth 
[6-13]. These methods use the load spectra for one flight as a unit of generalized periodic load. As a 
result all effects of overloading are accumulated in a fatigue crack increment for one flight and 
generalized Paris-Erdogan law (or similar formulas) can be used for predicting of crack 
propagation. Obviously better accuracy of predicting can be achieved. But in all cases it is 
necessary to reduce real flight loads to some idealized spectra for its using in fatigue tests or 
analysis. It is common disadvantage of all these approaches. Furthermore for example, small 
changes in the concentration of corrosive agents in the environment can also produce very different 
results in comparison with predicted ones. 
In this paper the results of analytical and experimental researches concerning predicting of fatigue 
crack growth in the operating conditions are presented. The problem of fatigue crack growth at the 
stresses of variable amplitude was analyzed and an approach of description of this process is 
performed. Theory of fatigue crack growth indication is developed. There is planned and executed a 
flight experiment using CGI located on two aircraft An-24 and An-26. 
 
2. A fatigue crack predicting at the complex spectrum of load.  
The remarkable properties of asymptotic representation of elastic stress in front of a some mode 
crack  provides the description of distribution of stresses as functions of coordinates by means of 
unique parameter – the stress intensity factor. Therefore the condition of similarity of stress in two 
points of front of a crack is carried out automatically, if the ratio of corresponding of the stress 
intensity factors on time does not vary. Thus, for cracks of the first mode, for example, the 
condition of full similarity of the stress state is transformed to a simple view 
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Thus if the set function ( )tP of structure of loading process is stationary in sense of its parameters 
identity at all possible intervals of loading,  the uniform characteristic of fatigue failure for the 
given loading  spectrum (cyclic loading, stationary random process, periodic program loading) can 
be presented in the form of generalized Paris-Erdogan law  
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where Cs and  ms parameters cracking resistance of a material at the set function of loading structure 
obtained at some base loading intensity σ0. 
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= it is relative stress intensity factor independent of a level of external load. It defines 

character of effect of length of a crack to stresses intensity near front of a crack. The factor ks 
considers influence of intensity of the given loading in comparison with basic process. In the 
formula (3) τ is the parameter of an operating time which can be estimated in flight hours, number 
of flights, number of cycles of program periodic load or other units. 
Thus, using the formula (2) it is possible to predict growth of the crack in a structural element, if 
conditions of all concomitant factors are satisfied and external loading has similar structure with 
basic process, but different intensity. Below it is shown the results of generalization of data about 
fatigue crack growth of at test of samples of a material 7075-Т651 by thickness 12.7мм and width 
152.4 mm[15]. The loading program spectrum was similar with an operational spectrum of the 
airplane. The maximal stress in a spectrum was 169, 211.8 and 254 MPa. If to accept the basic 
parameter of loading intensity σ0=169MPa, then ks=1.0, 1.253, 1.503 accordingly. For each level of 
loading intensity the direct processing of results of tests “the length of a crack – number of blocks 
of loading” has allowed to define value of the constant *

sC , and under the formula sm
ss

*
s kCC ⋅=  to 

define these constants for the second and third level of loading, using value *
sC of the first level. It 

was accepted average value of a parameter ms=3.2. Results of processing are presented in table 1. 
 
Table 1.  Theoretical parameters of the fatigue crack growth with experiment  

Maximum Stress, MPa   169.00 211.8 254 
ks 1.0 1.253 1.503 

experiment 1.907 4.2814 7.6655 4*
s 10C ⋅  theory 1.907 3.928 7.025 

Error, % 0 -8.25 -8.35 
 
  Other example: Fatigue test of samples from a titanic alloy Ti-6Al-4V with thickness 6.35mm and 
width 152.4mm was executed at the program loading [16]. Each block of program contained 17 
levels and cyclic load and modeled aircraft load in operation during one flight. At conservation of 
internal structure of the loading block the test has been lead at four values of a stresses 386.6, 421.8, 
456.9 and 492.1 MPa. Average value of a parameter ms=3.6 was accepted.  Results of calculations 
are presented in table 2. 
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Table 2.    Theoretical parameters of the fatigue crack growth with experiment 

Maximum Stress, 
MPa   386.6 421.8 456.9 492.1

ks 1 1.091 1.182 1.273

2.592 3.802 4.768 5.955
7.665

5 
4*

s 10C ⋅  

2.592 3.548 4.730 6.179 7.025 
Error, % 0 -6.703 -0.797 3.77

 
Thus, if the program block of loading is used as unit of an operating time predicting, a fatigue crack 
average growth rate estimated by the law (3) satisfied to data of test with accuracy (6-8) %. It 
allows to assume, as at use of the information on growth of a fatigue crack under action of real 
operational loadings it is possible to obtain enough reliable value of generalized law (3) constants 
and to use them for predicting remaining lifetime of structural elements. 
 
3.Indication of fatigue crack growth.   
At the same time the simulation of a flight loading spectrum in laboratory test does not guarantee 
exact definition of characteristics of cracking resistance in real operation (change of duration of 
flight, flight weight, weather and climatic conditions, rare random overloads, an environment), 
because it is difficulty to consider all factors of operation in the program of fatigue tests with the 
ordered, limited number of loading levels. Therefore for increase of reliability of predicting and 
efficiency of aircraft operation it would be desirable to obtain the experimental data on growth of 
fatigue cracks directly during operation. Such attempts are known. In Refs.[17,18] results of data 
processing about growth of cracks in operation in a covering of a wing of the С-130 aircraft are 
stated. For crack reconstruction the crack growth rate was measured between two sequential 
inspections. Paris’ law exponent was accepted 3, but constants were defined by numbers of cycles 
and length of cracks for each one.  
However, the cracks in primary structural elements are not admissible at regular flights of civil 
aircraft. If the crack is found out, the structural element either should be repaired or replaced. So 
long observation of a growing crack that necessary for reliable definition of cracking resistance 
constants is not possible at operation. 
Therefore an idea of inclusion in dynamically loaded structure some device for indication and 
measurement of a crack is the logical conclusion of this situation. There are many solution of 
different aspects of this problem (for example, US Patents No.3,979,949; 5,319,982; 6,983,660; 
5,614,680; 5,816,530; 6,443,018; Japan Patent 46359-78; SU 1504548-1989; 938093-1982 and 
others),[15,22]. All type of these devices must be subjected the same load but its destruction must 
not influence to the fatigue lifetime of a structure. These are common properties. 
Common disadvantage of all these solutions is low reliability of fatigue damage predicting 
connected with that of other significant difference of initiation and development of fatigue damage 
in comparison with original structure. Here the version of device [23] is used for definition of 
characteristics of crack resistance in real operation of aircraft. This device is free from mentioned 
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disadvantage because it is created in complete accordance with general theory stated above. The 
general theory allows to solve a problem of obtaining of material constants at the set function of 
loading structure. It is obvious the device must have a sensitive element containing a fatigue crack. 
Such device is named by the crack growth indicator (CGI). Constants of material for some 
structural element can be correctly obtained at following conditions:  

1) All concomitant conditions (the mark of a sensitive element material, technology of its 
mechanical and thermal processing, thickness, etc.) should be same, as at an investigated 
structural element. 

2) CGI should be fixed on a structural element so that to have the same history of loading, 
defined by function ( )tP  of structure of loading process.  

In this case growth of a crack in CGI will be caused by action real operational load and influence of 
all concomitant factors (temperature, humidity, a chemical compound of environment, etc.). 
 
Figure1 shows principal scheme of CGI mounted at the wing panel of aircraft (Unit A). 
The scheme of structural element and CGI interaction is presented in Figure 2. 
 
 
Disregarding nonlinear effect, it is possible to accept the operational stress σ(t) and the force P(t) 
acting on the CGI are proportional. Therefore, the stress intensity factor K (t) on a crack front in 
CGI is proportional to σ(t). It means both structural element and CGI have the same function ( )tP  
of structure of loading. 

The stress intensity factor K  is some function of a crack length. For this function determination the 
energetic method of mechanics can be used. First of all interaction force P (Figure 2 ) can be defined 
by the formula 

( )i00E
LP

λΔλ
σ
+

=                                                                                       (4) 

where 0л  is structural element, indicator without crack and fastening device common elastic 
compliance; iλΔ  is elastic compliance increment , caused by the growing of a crack, L is base of 
CGI., E0  is elasticity module of structural element material.  
The elastic compliance λ0 can be calculated theoretically or obtained experimentally. Elastic 
compliance increment iλΔ  can be determined in accordance the theorem of displacements 
reciprocity [19]. Effect of a crack can be expressed by displacement increment Δi in direction of 
appropriate generalized force Qi  

                                                               iii QλΔΔ =                                                                          (5) 

As a result elastic compliance increment is defined by known formula of the linear fracture 
mechanics 
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where E and E0  are elasticity modules of CGI and structural element materials, δ is sensitive 
element thickness. 
The function ϕ( l ) determines the stress intensity factor for crack in sensitive element at action of 
concentrated forces P,it is K = Pϕ( l ). 
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4. Flight experiment and processing of its results    
 In this case the sensitive element of CGI is around compact specimen of aluminium alloy D16T 
with 5 mm thickness and a basic size D= 54 mm. Others geometric relations and basic function K = 
Pϕ( l)  can find out in [25] for such configuration of isolated sensitive element. Using this function 
and formula (10) it is possible to define the function “Relative stress intensity factor - Crack length”. 
The analytical approach for determination of elastic compliance λ0 was created for a thin-walled 
structural element and two-points fastening of CGI. For experimental determination of initial elastic 
compliance λ0 the special device was designed and made. It allows also direct experimental 
obtaining of function “Relative stress intensity factor - Crack length”. Desirable degree of 
amplifying can be obtained by the increasing of CGI installation base L (distance between the CGI 
fastening points to structural component). 
Figure 4 presents CGI typical main characteristics “Relative stress intensity factor - Crack length” 
for two L. They were made for special flight experiment described below. It is seen, for fixed base of 
CGI installation L the stress intensity factor variation is small in wide interval of crack length. 
Therefore a fatigue crack growth rate in this interval of crack length also will be relatively small. 
Otherwise if the base L will be increased, then both the stress intensity factor and a growth rate of a 
crack increases.  
There was planned and executed a flight experiment using two aircraft An-24 and An-26 in 
operation. CGI was used for the evaluation of parameters of law (6) for bottom panel of central part 

of a wing .This part is located between fuselage and a compartment of engine. CGI was attached to 
the back longeron (here there are maximum nominal stresses in section of a wing). It was attached 
by bolts using the holes of the joint of bottom technological panel and the longeron.  
Previous analysis of CGI influence to structural elements of wing was executed. Before installation 
to the aircraft the preliminary initiation of a fatigue crack was executed in laboratory by relatively 
low level of cyclic loading which could not cause the effect of crack braking. 
The range of operating time of CGI sensitive element was from 5 to 300 flights. After taking down 
the sensitive element was prepared for fractography analysis of a crack surface. It is known the 
quantitative fractography was successfully used for coupons to generate crack growth curves under 
flight spectrum loading [10-12,26,27]. Fractography research was carried out by the electronic 
microscope. During the flight experiment the parameters of aircraft loading in each flight were 
strictly fixed: take-off weight, payload and fuel, flight range and duration. So the opportunity to 
estimate effect of  these parameters to the crack growth rate was achieved. Typical view of a crack 
surface of CGI after 294 flight is presented in the picture (Figure 5). The bands caused by the flights 

Figure 3. CGI main characteristics 
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could be distinguished on the fracture surface and an accurate reconstitution of the crack growth 
curve could be made. The crack increments occurring in the flights were measured (it is possible to 
see the marks for identifying each flight).    
 
 The attempt of an evaluation of the statistical characteristics of a crack growth was undertaken. 
Below the results of statistical analysis of CGI in 231 flights experiment, are presented. The crack 
growth was fixed precisely in 202 flights.  

The measurement of width bands was executed with use of a special technique with maximum error 
no more than 10%. The estimated average increment is equal 2.72⋅10-3mm/ flight, and standard 
deviation 1.44⋅10-3mm/ flight. The constant of generalized Paris-Erdogan law *

sC =0.0102 and 

m=2.5, if relative stress intensity factor is measured in m  and a crack growth rate in mm/flight. 
The statistical hypothesis about lognormal distribution low of a crack increment was carried out 
with positive result. Figure 6 presents the lognormal distribution function (continues line) and 
points of empirical cumulative distribution. 
 
5. Conclusions 
The fatigue damage having significant influence on remaining strength and remaining lifetime is 
very difficultly predicted, especially at a stage of initiation of a fatigue crack. Therefore, if the high 
accuracy of a prediction of remaining lifetime of some structural element is needed, then conditions 
of testing must correspond as much as possible with conditions of real operation. The proposed 
approach of this problem solution assumes such theoretical analysis and experiment at which the 
stress state in critical points of samples and its variation for time would be same as in an 
investigated structural component. This is main condition of reliable predicting of   fatigue damages 
initiation and its development. The second condition assumes identity of concomitant factors which 
are not the direct cause of fatigue degradation, but can significantly accelerate it. If these conditions 
are exactly satisfied, then it provides practically reproduction in experiment of the investigating 
phenomenon. In this case the experimental mechanical properties of a material will be exact and can 
provide a reliable prediction of remaining lifetime of a structural component. It is obvious also, that 
the area of use of these characteristics is limited, especially, for initiation of a crack. However, at 
the careful analysis this area can be widespread to separate classes of critical places of a structure. 
It is shown the fatigue crack growth allows obtaining more common solution in comparison with 
the initiation of a crack. The variant of effective solution offered above assumes evaluation of the 
fatigue crack resistance properties of material in conditions of real operational load at action of all 
concomitant factors influencing intensity of fatigue damage development. The approach assumes 
use of special device, fatigue crack growth indicator, for which all necessary conditions for 
determination of fatigue crack growth are satisfied practically precisely. On the other hand, the 

Figure 5. View of a crack surface in CGI after 294 flight
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combination of CGI with fractography of a fatigue crack surface allows decreasing necessary tests, 
terms of their carrying out and increasing accuracy and reliability of results. 
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FATIGUE CRACK INDICATION BY LAMB WAVE NON-DESTRUCTIVE TESTING 
 

Abstract. Investigation of ultrasonic Lamb wave interaction with a fatigue crack has been executed 
on flat samples of 1мм thickness aluminum alloy 2024-Т3. Quite definitely it is possible to 
conclude, that the given technology of NDT over use of ultrasonic waves is quite capable to 
provide high stability and necessary accuracy at the continuous integrated SHM of thin-walled 
aluminum components of aircraft. It is shown also the accuracy of damage predicting is one of the 
most significant parameter of SHM efficiency 

 
1. Introduction 
This article is result of the authors’ participation in European project AIHA. This project aims at 
realizing a breakthrough in aircraft health monitoring technology by exploring the capabilities of 
ultrasonic Lamb waves as the basic sensing principle and by providing an integrated and 
multidisciplinary research path.  
The safe use of complex engineering structures such as aircrafts can only be guaranteed when 
efficient means of damage assessment are in place. Whereas aircraft design is nowadays based on a 
damage tolerance approach and time based inspection cycles, it is envisaged that the large cost 
associated with this approach can be drastically reduced by switching to a condition based 
maintenance schedule. This does require continuous health monitoring capabilities using integrated 
sensing technology and autonomous damage assessment. Structural Health Monitoring (SHM) is 
becoming important for preventing catastrophic failures and also for the uninterrupted operation. 
Reducing the costs associated with inspection and maintenance will have a large impact on airline 
profitability and competitiveness. But the most important feature of SHM is reliable detection of all 
possible kinds of damage in structural elements of aircraft. For metallic components the fatigue is 
one of the most dangerous damage mechanisms in aircraft structures. Multi-site fatigue damage, 

hidden cracks and corrosion, which, especially 
when combined, can lead to threatening damage 
states.  Figure 1 shows two typical modes of 
fatigue crack in the skin of tail beam of 
helicopter MI-8 (at full scale fatigue test).  
Elastic waves and their propagation have been 
used for many years to analyze impact response 
problems, mechanical properties of various 
materials and structural damage. Various types of 
methods based on sound and ultrasound are 
applied for nondestructive testing (NDT). Modern 
NDT ultrasound equipment and technology 
allows hope that SHM problems can be 
successfully solved. In articles [1,2] it is present  
an example of calculation and experiment of  
implementation health monitoring of aircraft  

fuselage structures using ultrasonic waves: RMS of  calculated and measured signal have good 
correlation as “healthy”, as damaged structures. For health monitoring of aging aircraft structures, 
two main detection strategies are considered: the E/M impedance method for near field damage 
detection, and wave propagation methods for far-field damage detection [3]. Two damage 
identification techniques are integrated in this paper, including impedance methods and Lamb wave 
propagations. Examples of successful using PZT materials in the areas of active and local sensing 

Figure 1. The fatigue cracks in a skin are 
initialized by the stress concentration 1) near 
the most loaded fastening point in rivet-joint 
2) on small hole in skin 

1

2
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are Lamb wave propagations [5,6] and the impedance-based structural health monitoring methods 
[7]. 
But very important side of SHM is the reliable prediction of remaining strength and remaining life 
time. Two variants of models “signal - remaining lifetime” are essentially probable: 
1) Direct model “signal - remaining lifetime (remaining strength)”. It may be established by results 
of direct tests of samples or structural elements in conditions completely conterminous with 
operating conditions of a structural element. In this case the model will represent statistical 
connection between parameters of a signal and remaining lifetime. 
2) Indirect model “signal - damage - remaining lifetime (remaining strength)”. 
It is obvious the first variant is preferable from the point of view of accuracy and reliability. In 
some situations such model may be constructed. However a variety of materials, structural forms of 
elements, variants of mechanical loading, aggressive influence of environment does not allow to 
hope for reception in such immediate prospects of universal linking suitable for any probable 
conditions of operation.   
Therefore in all other cases the second variant is really feasible: “signal - damage - remaining 
lifetime (remaining strength)”. Analysis of damage phenomena, including its parameters and 
degradation conditions allows forming main functions those are basis of modeling “signal - 
remaining lifetime”. For all damage phenomena there is some common scheme of remaining 
lifetime determination: after damage initialization its parameter grows. At some moment it is 
detected by the system of inspection. It is initial value of parameter. During damage development 
the remaining strength is decreasing. Durability of damage development to some parameter when 
the remaining strength has decreased to minimal level is remaining lifetime. A fatigue phenomenon 
is possible practically for all structural materials of aircrafts. Mainly a parameter of fatigue damage 
is length and /or depth seen fatigue crack. Paris’ law or similar regularities allows establishing of 
tight correlation between crack sizes and structural element remaining lifetime. So, in this case the 
basic point of remaining lifetime predicting is the correlation “signal – crack size” establishing and 
its features defining.  
The establishment of reliable correlations between parameters of damage and a sensor response 
during automatic NDI is one of the most important conditions of successful creation of the SHM 
system of aircraft. It is first aim of present paper.  Second, and it is main aim, is estimation of 
efficiency different approaches of the fatigue crack prediction at use of scalar parameters of a 
signal-response. 
2. Experimental Investigation  
2.1. Material, Samples, Equipment 
Investigation of ultrasonic Lamb wave interaction with a fatigue crack has been executed on flat 
samples from an aluminum alloy 2024-Т3 by thickness 1мм. The sketch of a base configuration 
with the sizes 80х300м is presented in Figure 2. For initiation of a fatigue crack in a middle part of 
the sample the concentrator of stress was carried out. In experiment described here the sample with 
the central circular hole with diameter 4мм was used. The sample was tested by the servo-hydraulic 

test machine Instron with frequency of variable 
loading 10 Hz, the maximal stress in a cycle 

Figure 3. Experimental sample: Al 2024-T3, 
1x80x300mm, 4mm central hole 

Figure 2. Sketch of a sample with sensors in 
basic experiment 
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150MPa and factor of a cycle 0.333. 
At the first stage of tests the initial crack at edges of a hole with a size up to 1 mm was initiated. 
Before the beginning of the second stage of tests installation of PZT transducers was made in 
conformity with the scheme Figure 2. As transducers the Piezoceramic PIC 151, 0.5x10x50mm (PI 
Piezoceramic) was used. PZT transducers were pasted directly to a surface of the sample by means 
of one of types Hysol paste. The preliminary tests executed in laboratory KUL (Catholic University 
Leuven) have shown that at a considered configuration and a level of loading PZT keep strength 
and working capacity. The picture of a sample prepared for tests is shown in Figure 3.   

At the second stage of tests the 
fatigue crack was growing from the 
central hole in the sample during 
cyclic loading. The size of a crack on 
a surface of the sample was fixed by 
means of a microscope with tenfold 
increase. The crack developed 
practically symmetrically concerning 
the center of the hole. The crack 
growth history it is shown in Figure 4. 
Growth of a crack is well described 
by Paris’ law with an exponent =3.78 
and a constant =1.69ּ10-8, if growth 
rate to measure in mm/cycle, and 
stress intensity factor in MPaּm0.5.  
Loading was being interrupted and 

the non-destructive testing of a sample by means of the built in monitoring system described above 
was being made when after each end of a crack had growth approximately in 2mm. 
Electronics LWDS45 of firm Cedrat Technology with software of KUL was used for excitation of 
ultrasonic impulses.  
A impulse 5-cycle sine burst signal at 250 kHz used to excite the actuators at their resonance 
frequencies. Time extent of an impulse was 20 μcs, and the amplitude did not exceed 1.5 V (Figure 
4a). The Lamb waves excited by the actuators propagated along the plate and were received by the 
sensor. The response was amplified and transferred to a digital oscilloscope PXI-5105 ( National 
Instrument).  
The typical response is presented on Figure 4b. The signal has complex structure, but it is possible 
to notice, it represents some set of the impulses these are the transformations of an excitation 
impulse during its propagation from actuator up to a sensor as a result of interaction with borders of 
the sample, a hole and a crack. Thus intensity of an impulse, frequency and, as a result, the form of 

the direct and reflected impulses can vary. During fatigue experiment the essential change of 
conditions of signal propagation is connected with the growing of a crack. Therefore, the analyses 

                   a)                                                                           b) 
Figure 4. Form of an impulse of excitation (a) and Sensor response 
(b)  in Al sample with the 4mm central hole and initial crack  

Figure 4. Curve of a fatigue crack propagation 
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of features of the response and detection the most essential of them which are caused by 
propagation of a crack is the key problem of processing of ultrasonic NDT results. 
 
2.2.  Signal Processing and Features Extraction 
There are a number of simple time domain measures in structural damage detection [7]. These 
include response maximum and minimum and peak-to-peak of a response (a difference between the 
maximum and minimum), arrival time - absolute time when the signal first crosses the threshold 
level and others simple parameters of a response. The Root Mean Square (RMS), statistical 
moments are more complex parameters of signal. 
Three parameters of response were choused for their efficiency comparison:  
• Peak of amplitude - maximum amplitude of the signal (half of a peak-to-peak of a response); 
• Maximum of the RMS(t) on time interval [ ]t,0 , t<T, where T is duration of a record; 
• Global maximum of the smoothed function S(t) on time interval [ ]tt,tt ΔΔ +− , Δt< t<T- Δt, 
where 2Δt is trimmed interval of a record. 
First parameter can be easy defined using of a response record (Figure 4).  
Second parameter, maximum of the RMS(t) on time interval [ ]t,0 , can be defined by the following 
way. First of all the RMS(t) on time interval [ ]t,0  must be calculated by the formula 
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where n(t) is number of samples in a response record, si is the value i of digital record, s  is mean of 
process. 
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An example of RMS(t) as the time function is shown in Figure 5. Usually this function has one peak 
and in all cases first peak is maximal. 
Third parameter, global maximum of the smoothed function S(t) on time interval 2Δt is defined by 
similar way.  
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An example of this function S(t) is shown in Figure 6. In contrast to the previous case this function 
usually has several peaks and maximal peak is not ever first. The largest peak is named global. 
 
 

 
After processing experimental data the correlation functions “parameter of signal – length of the 
crack” were obtained (Figures 7, 8, 9) for each of three kind’s parameters.  

It is visible, that the obtained correlation 
functions have similar shape. Parameters of a 
signal noticeably decrease, if length of a crack 
increases. It can be explained by the shading 
effect of a crack. Because the crack is placed 
down on a way of direct distribution of an elastic 
wave from actuator to a sensor, there is its partial 
reflection from a surface of a crack. The degree of 
reflection increases with increase in the size of a 
crack that causes both change of the form, and the 
signal intensity received by a sensor. Because all 
of three parameters characterize signal intensity 
its reduction during growth of the crack is natural. 
 
 

Figure 8. Correlation function for the 
second parameter of response 

Figure 9. Correlation function for the 
third parameter of response 

Figure 7. Correlation function for the 
first parameter of response 

Figure 5.  The RMS(t) as a 
function of the time  

Figure 6.  The S(t) as a function of 
the time 
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2.3. Comparison of Efficiency of Different Parameters of a Response 
One of the main tasks of present paper is the comparison of efficiency of the use of different scalar 
parameters of a signal-response at the predicting of the size of a fatigue crack. Natural criterion is 
the mistake of predicting of length of a crack as a result of natural dispersion of measured values of 
parameter. So the variance and the standard deviation may be used as the measure of natural 
dispersion. The variance is the second central statistical moment. The variance describes the 
variability of a signal from the mean. The standard deviation from the mean is used widely in 
statistics to indicate the degree of dispersion. 
It is supposed the X is a simple scalar parameter of a response. It is random and has some 
distribution law FX(x). Let the length of a crack is the parameter of a signal function y = f (x). It is 
obvious, that in this case the predicted length of crack Y is also a random with the law of 
distribution FY(y).  If the function y= f (x) is relatively smooth, then  
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If for some fixed x0  is the mean of random X, then variance D(Y) of random Y  and its standard 
deviation σ(Y) can be expressed under formulas 
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If there is experimental data of the 
random X for different means x0, then the 
variance D(Y) of random Y and its 
standard deviation σ(Y) can be estimated. 
Statistical data obtained in experiment is 
sufficient for such estimation. Final 
results of statistical analysis are presented 
in Figure 10.  
 
3. Conclusions 
It can see any of three parameters of 
response has relatively small dispersion. 
Thus the length of a crack predicting with 
their use, especially for more than 10mm 
crack, is acceptable for SHM. Comparison 
of this parameters shows:  

1) Peak of amplitude is stable 
criterion in large interval of the 

length of a crack and preferred for small crack. 
2) Integral criterions 2 and 3 are preferred for large crack. 
3) The criterion 3 for small cracks can give sufficient difference predicted length of a crack. 

It is necessary to notice, that the received estimations are based on the limited experimental data. 
The increasing the volume of statistical data can undergo the certain changes. However, quite 
definitely it is possible to conclude, that the given technology of NDT over use of ultrasonic waves 
is quite capable to provide high stability and necessary accuracy at the continuous integrated SHM 
of thin-walled aluminum components of aircraft. Result of this research shows that multi-
parametric criterion can be used.  

Figure 10. Standard deviation of the crack length, 
predicted at the use of three parameters of a 
response: 1- peak of amplitude, 2- maximum of the 
RMS(t) , 3 - global maximum of the S(t) . 
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It is shown also the accuracy of damage predicting is one of the most significant parameter of SHM 
efficiency. 
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FEATURES OF CALCULATION OF THE ESTABLISHED MODES OF THE CASCADE 
ASYNCHRONOUS MACHINE 

The technical decision of construction of the generator of own needs gas turbine engine (GTE) in the 
form of the cascade machine used also as a starter for starting GTE is offered. Features of calculation 
of starter   mode of the cascade machine are considered  

Gas-pumping plants (GPP) with gas turbine engine compound 63% from total amount of GPP 
of Ukraine. The majority of them become out of date and requires replacement by modern, more 
reliable and economic plants. In this connection, searching of new constructional solutions, 
including turbine engine starting systems is actual.  

Now initial run-up of a rotor of a turbine engine is carried out with a compressor part of the 
GTE at the expense of pumping of gas which one is burnt further in a flare [1]. Such system makes 
essential ecological impact on an environment. At the same time, as a part of each GPP there is a 
generator of own needs. Hence, searching of such construction of the generator which one is 
capable to execute functions of a starter of gas turbine engine is expedient. 

 Cascade machine can be such starter-generator. Because of its noncontact construction the 
electrical starting system based on asynchronous cascade answers the basic demand of explosion 
safety GPP.  

The cascade machine consists of two asynchronous machines placed in one body and linked 
mechanically and electrically (fig. 1). The rotors of both machines are on one shaft, and their three-
phase rotor windings are switched on one on another. Thus the rotor winding of the first machine 2 
is connected to a rotor winding of the second machine 3 with an inverse phase interchange. 
Windings of stator of asynchronous machines (1 and 4) are made in the form of separate three-
phase windings. Ration quantity of pair poles defines synchronous velocity of cascade. 

 
Fig. 1 The scheme of set of starter-generator cascade 
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The cascade machine in such modification can be used as:  
• a noncontact asynchronous motor  with a resistance starting; 
• a noncontact synchronous generator of  higher frequency. 

In a mode of a noncontact asynchronous motor the cascade machine ensures turbine engine 
launch, i.e. is a starter. Thus the winding of the stator of the first machine is switched-on on the 
three-phase network and stator winding of the second machine - on a moment controller (МC) - a 
switch position (S) is 1-1. After starting-up of turbine engine the cascade machine works in a mode 
of the noncontact synchronous generator. Thus second machine infused by a direct current from the 
stator and it is implicit-pole synchronous generator. A switch position is 2-2 (fig. 1). 

Let's observe in more details operating mode of a starter of cascade. 
In noncontact modification the cascade asynchronous machine has one synchronous velocity 

[2] defined by a network frequency (f1) and the total number of pair poles of the first and second 
machines (p1 + p2) by formula (1) 

 
Sliding of first machine  s1 defines by known expression. Sliding of asynchronous cascade s2 

(2) is sliding a rotor of the second machine concerning a field of the rotor. 

 
where nп1 - velocity of a field of the first machine concerning the stator, and nп2 - velocity of a 

field of the second machine concerning a rotor (3),  f2 - frequency of currents of rotor windings of 
cascade machine [2]. 

 
The real rotating speed of a working shaft of an asynchronous cascade (n) taking into account 

sliding (s2) [2] is defined by the formula (4) 

 
The physical equivalent circuit of asynchronous cascade for one phase is present on fig. 2. 

Observing the processes proceeding in the cascade asynchronous machine, it is necessary to mark 
out three head loops merged by a transformer coupling by means of flows of interinduction  Фm1 
and Фm2 . It is   the stator of the first machine (1), a rotor head loop (2) and the stator of the second 

machine (3). Accordingly, the equations of voltage in the complex form [3] for these head loops 
look like (5): 

 , 

 (5)  

    
where  U1 - a mains voltage; 
   Ż1, Ż21, Ż22, Ż3 – complex resistances of head loops of a stage МC (fig. 1);  
   Żдоб  – complex resistances МC; 
   İ1, İ2, İ3 – complexes of currents of the applicable head loops of a cascade; 
   Ė21, Ė22, Ė3  – an EMF of windings of head loops of a cascade. 
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Fi
g. 2 Physical equivalent circuit of a cascade 

For account of steady runs of the cascade asynchronous machine the equivalent circuit of 
substitution gained by consecutive reduction in two stages of arguments of a stage to a network is 
used. The first stage - reduction of stator winding of the second machine to a rotor head loop. 
Second - reduction of a rotor head loop of a stage to the stator of the first machine. Used reduction 
coefficients of an EMF, currents and resistances are defined by known relationships. 

For account of modes of operation it is expedient to use an exact gamma-type equivalent 
circuit of an asynchronous stage (fig. 3). Thus, account becomes simpler thanks to that under this 
circuit design with sliding alteration currents of the principal circuit vary only a little, and the 
current of a circuit of magnetization remains invariable at invariable meaning of a mains voltage.  

Ů1

İ1 -İ2'

İ3'

Ż1

Żme

σ1r1 σ1x1

σ1
2σ2*(r21'+r22')/s1

σ1
2σ2*(x21'+x22')

σ1
2σ2

2*(r3'')/s1s2

σ1
2σ2

2*x3''

 

Fig. 3 Exact gamma-type equivalent circuit 

σ1,  σ2 - complex dissipation coefficients of the stator first and a rotor second asynchronous 
machines (6)  

 
Zme  – equivalent resistance of magnetizing head loops of a cascade 

 
where xm1 – inductive resistance of a magnetizing branch of the first machine; 
           xm2', x21', x22' – resulted inductive resistance of a magnetizing branch of the second machine, 
resistance of dissipation of rotor windings of the first and second machines accordingly. 
Currents of branches of the exact gamma-type circuit design are defined by expressions (8): 

 
and the moments of asynchronous machines of a cascade (9) 
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where  Ω1, Ω2 - frequency of a field of the first and second asynchronous machines in a cascade.   
The total electromagnetic moment of a cascade (10): 

 

 

Fig. 4 Moment characteristic of an asynchronous cascade 

On fig. 4 the characteristic gained computational by on an equivalent circuit of asynchronous 
cascade in case of the six-pole machine, fed from a network and the bipolar machine is introduced. 
Through stator winding operating of a cascade is realized. The full rated power of a cascade 
90 kVА. 

The technical decision of construction of the generator of own needs gas turbine engine 
allows to create a noncontact generator without gyrating rectifiers and to use it in the capacity of a 
starter for turbine engine starting. The resistance starting of the cascade asynchronous machines 
allows to realize run-up of a rotor of a turbine engine with the constant dynamic moment on its 
shaft.  
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AUTOMATIC CONTROL OF PROСESS OF DESIGN OF THE ASYNCHRONOUS MUFF 
WITH MASSIVE FERROMAGNETIC CARTRIGE CASE ON THE SECONDARY 
ROTOR  

The design procedure of optimum parameters asynchronous муфты with a massive ferromagnetic 
sleeve on a conducted rotor is offered 

Statement of a problem Interest to creation of optimum electric machines has arisen for a 
long time. For a substantiation of optimum parities classical methods of search of a maximum and a 
minimum of functions of many variables were used. However these methods not always are suitable 
for the decision of complex and special problems of optimum designing electrical machines. With 
reference to asynchronous motors with a massive ferromagnetic cartridge case on a rotor the 
problem of definition of the optimum geometrical sizes of a cartridge case is actual. This problem is 
connected by the value of nonlinear frequency dependent parameters that a ferromagnetic massive 
brings in rotor’s circuit of the asynchronous machine. 

The analysis of the last researches and publications Development of methods of optimum 
settlement designing electrical machines were engaged in M.P.Kostenko, G.N.Petrov, I.M. 
Postnikov, I.P.Kopylov, D.A.Avetisyan. 

The formulation of the purposes of article Purpose of this article is development of a 
technique of the automated designing asynchronous muff (АМ) with special design secondary 
squirrel-cage rotor. The feature such type of rotor consists in essentially nonlinear dependence its 
parameters from frequency and size of rotor’s currents.  

The basic aspects of a problem Application of methods of optimum settlement designing the 
characteristics of asynchronous machines allows to solve problems of search of such combination 
of the linear sizes of the machine and to choose of electro-magnetic loadings at which the criterion 
of quality (criterion function) has the best value from all possible and at which demands made the 
machine proceeding from conditions of operation with high efficiency is satisfied. With reference to 
asynchronous engines with a massive ferromagnetic cartridge on a rotor the problem of definition of 
the optimum geometric sizes of a cartridge is actual. The geometrical sizes of a massive cartridge 
case will be optimum if the demands of simultaneous maintenance of an extremum of criterion 
function (criterion of an optimum ) will be satisfied. Hence, for calculation of the optimum 
geometrical sizes of a ferromagnetic cartridge case it is necessary:  

1. To make mathematical model of object of optimization, in our case model asynchronous 
muff with a special design of secondary rotor;  

2. To define criterion of an optimum;  
3. To define operational requirements in the form of necessary restrictions;  
4. To describe constants and variable initial data, an index point of search;  
5. To develop the algorithm and the program of calculation on the personal computer, which 

connects parameters of optimization with criterion of an optimality and restrictions. 
Let's consider more in detail each of these components. At transformation of conceptual 

model on mathematical language set of used variables and qualitative dependences are translated in 
quantitative: criteria of an optimality - in criterion functions; restrictions are translated in the 
equations or inequalities; communications between variables in functional parities. 

We shall use mathematical model АМ with frequency dependent parameters in secondary 
rotor’s circuit, namely functional dependences between the geometrical sizes of a massive cartridge 
case, sizes of equivalent parameters, which is brought in secondary rotor’s circuit and 
electromechanical characteristics of АМ. 
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According to the basic settlement parities [2] communication between equivalent parameters 
of a ferromagnetic cartridge case, which is brought in secondary rotor’s circuit and frequency of a 
rotor of the asynchronous machine and the geometrical sizes of a cartridge case is 

established.
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Relative magnetic permeability sμ  we could find by means of the basic curve of 
magnetization for a material of cartridge case. For definition of equivalent parameters of a 
ferromagnetic cartridge case made from carbonaceous steel, it is expedient to use the approximated 
expression of a curve of magnetization [3]. 
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c , 1c , a , 1a  - factors of approximation of a curve of magnetization;  

0μ  - magnetic constant. 
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In formulas auxiliary quantities are designated: 
`1m  - number of phases АМ; 

1r  , 1x  - active and inductive resistance of a phase of a winding of leading (primary) rotor of АМ in 
view of removal of a contour of a magnetizing current; 

2r ′  , 2x′  - active and inductive resistance of a phase of the squirrel-cage secondary rotor of АМ, led 
a winding of a leading rotor in view of removal of a contour of a magnetizing current; 

relf  - frequency of rotation of a field concerning leading rotor АМ; 

амs  - sliding of АМ equal to the attitude of frequencies of secondary and leading rotors АМ. 
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s  - sliding of electrodynamic reduction unit (ERU);  
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sм

ам

p
p

- attitude of numbers of pairs poles of the synchronous machine and АМ ERU; 

1ωk  - factor of winding of a leading rotor; 

1w - number of coils of leading rotor АМ ; 
d - diameter of a secondary rotor ; 

hl, - length and thickness of a ferromagnetic cartridge case. 
Proceeding from equivalent circuit of ERU (fig.1), let's assume that parameters of secondary rotor 
of АМ are led to a leading rotor and for leading rotor we can say that constU =1 , and constf =1 . 
Such approach allows us to use АМ as system with the concentrated parameters. 

 
Fig.1 The equivalent circuit of SM and АМ cascade in view of equivalent parameters of a massive 

ferromagnetic cartridge case, which is brought in secondary rotor’s circuit of AM. 

Thus in secondary rotor’s circuit of AМ besides constant parameters appear nonlinear 
frequency depended parameters. Therefore calculation of modes of АМ by traditional ways (a 
method of the theory of circuits, etc) is impossible. Sizes of these equivalent parameters depend on 
the geometrical sizes of a ferromagnetic cartridge case (radial thickness and axial length). In turn, 
the geometrical sizes of a ferromagnetic cartridge case essentially influence a kind of the 
mechanical characteristic. Let’s find such geometrical sizes of a cartridge case at which the kind of 
the mechanical characteristic of AM will be close to excavator characteristic. For this some 
conditions should be carried out: the rigidity of an initial site of the mechanical characteristic and 
size of the starting moment would be enough. Thus it is the most expedient to enter restrictions on a 
kind of the mechanical characteristic of AM, namely to make necessary demands to its rigidity.  

The criterion of definition of the optimum geometrical sizes of a massive cartridge case can 
be formulated as follows: to find a maximum of the starting moment: 

max),(п →hlM ; 
at performance of conditions of necessary rigidity of the mechanical characteristic in the field of 
small slidings: 

0,
),,(
),,(

222

111

>
≥
≥

hl
MshlM
MshlM

.  

This problem concerns to problems of nonlinear programming. It complexity is defined by 
that restrictions are set in the form of inequalities. 

A task is solved by means of the search methods of optimization based on search of values of 
parameters of optimization on a grid with constant step and consecutive approach an optimum 
variant [1]. The algorithm of the program decision represented on fig.2 provides a variation of 
parameters of a cartridge case: lengths l  and thickness h . 

First we choose an index point of search: such values when the length and thickness of 
cartridge case have the minimal values. Further we vary length of a cartridge case at a minimum of 
its thickness. During calculations some length of a cartridge case at which the moment reaches the 
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maximal size is defined. After that thickness of a cartridge case increases up to new value. Then the 
cycle of calculations of search of the maximal size of the starting moment repeats. Thus the new 
length of a cartridge case will be less, than calculated earlier. The given algorithm works until the 
increase in thickness of a cartridge case leads to reduction axial lengths of cartridge case 
simultaneously with performance of restrictions on a kind of the mechanical characteristic. The 
found geometrical sizes of a massive cartridge case will be optimum. 

As follows from (1) between varied parameters stM (the starting moment) and l (axial lengths 
of cartridge case) on the previous and subsequent steps there is a mutual communication: at 
reduction of axial length of a cartridge case in comparison with the previous step there is an 
increase of the starting moment. 

 
Fig.2. Algorithm of the program of search of the optimum sizes of a massive cartridge. 

Calculation of equivalent parameters of cartridge case also is carried out by an iterative method. On 
a first step of calculation absence equivalent resistance is supposed. That gives the overestimated 
value of secondary rotor’s current 2I ′ . According to this value of a current make calculations of 
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equivalent parameters under formulas (1) – (9) and the next iteration rotor’s current is defined. 
Process proceeds until the difference between values rotor’s current on adjacent steps does not 
become less than some set size delta. 
To make calculations we suppose, that known sizes are: numbers of pairs poles of synchronous and 
asynchronous machines, quantity of coils and factor of winding of a leading rotor, parameters of 
equivalent circuit АМ, factors of approximation of a curve of magnetization of a material of a 
ferromagnetic cartridge case. 
Thus, on each step (stage) most favourable of possible decisions get out.  
It is necessary to note, that purposeful approach an optimum variant on each step of increase in 
thickness of a cartridge case is accompanied by approach of a kind of the mechanical characteristic 
to set kind. Results of work of the program are shown on the schedule (fig.3) 

 
Fig.3. A series of mechanical characteristics of АМ at constant frequency of rotation of a leading 
rotor, for different values of length and thickness of a ferromagnetic cartridge case: 1 - mmh 7= , 

сml 4.5= ; 2 - mmh 8= , cml 4.9= ; 3 - mmh 9= , cml 4.10= ; 4 - mmh 10= , cml 11= ; 5 - 
mmh 12= , cml 11= ; 6 - mmh 16= , cml 11= . 

As we can see from the schedule (fig.3) the most suitable variant is the mechanical 
characteristic № 2 with the optimum sizes of a ferromagnetic cartridge case mmh 8= , cml 4.9= , 
its kind comes nearer to excavator kind.  

Conclusions The offered technique of definition optimum geometrical sizes of a massive 
cartridge case allow designing АМ with frequency depended resistance in a circuit of the secondary 
rotor, which have the improved starting properties and the set rigidity of the mechanical 
characteristic in the field of small slidings. 
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DEVELOPMENT OF ALGORITHM OF GENERATION OF ADVISORY INFORMATION 
FOR CREW UNDER EVOLUTION OF ABNORMAL CONDITION IN FLIGHT 

The algorithm of generation of advisory information for crew under evolution of abnormal condition 
in flight is proposed. 

Introduction. The world aircraft service experience shows that the main task of modern air 
transportation development is ensuring of flight safety and flight high efficiency.  

Problem statement. The analysis of flight safety according to International Civil Aviation 
Organization (ICAO) [1, 2] shows that the main causes of accidents (of about 70 %) are crew 
errors. In this case the overwhelming majority is related to untimely and incorrect operation of 
crew. First of all it is connected by that the evolution of abnormal situation has rapid nature and 
crew not always have time required to counteract or stabilize development of condition occurred. In 
this connection for problem solving it is essential to search the ways to reduce the time required for 
crew to counteract development of abnormal condition or to prevent transition of a hazardous 
situation into catastrophic. This time will depend on nature of development of condition occurred, 
airplane aerodynamic characteristics, dynamic and psychophysiological characteristics of crew in 
particular abnormal condition, as well as from environment condition (6). This is why the concept 
of system "airplane-crew-environment" in abnormal condition during flight [7] has been introduced 
and justified for the further researches of possible ways of reduction of time required for crew. The 
concept definition takes into account the airplane aerodynamic properties, dynamic and 
psychophysiological characteristics of crew, environment condition, as well as nature of abnormal 
condition development.  

Solution of problem. One possibility of reduction of time required for pilot to counteract or 
stabilize the development of standard abnormal condition can become implementation of 
information system output advices for crew. The analysis of the information obtaining by crew in 
case of abnormal condition has shown that available indication system includes aural and light 
signals which can be of warning or notifying type. The publication proposes the algorithm of 
generation of advisory information in the form of prescriptive prompting messages. These messages 
essentially will be advices for actions, prompting to crew what of possible alternatives they should 
use in the given occured flight condition. To solve this problem the publication suggests to apply 
the mathematical tool using the controller based on fuzzy logic [3-5]  

With that end in view the block diagram of manual control mode for the longitudinal channel 
including the fuzzy controller has been developed (fig. 1).  The fuzzy controller algorithm can be 

presented as follows. The current value of derivative of pitch angle т

.
ϑ  is compared to its preset 

value з

.
ϑ , and the following error ϑε  passes to the fuzzification unit for transformation of its current 

value to its linguistic analogue. The fuzzy variable 
.
*ε  passes to the main component of fuzzy 

controller - the knowledge base. It is supposed to form the knowledge base of fuzzy controller on 
the basis of the algorithm: "If..., then..., else - aggravation of abnormal condition". Each control rule 
represents a fragment of knowledge and looks like "condition - action". This rule is presented in the 
knowledge base as follows: 

if 
.
ε  will be ∗ε  then u  will be ∗u , else - aggravation of abnormal condition; 

if 
.
ε  will be ∗∗ε  then u will be ∗∗u  , else - aggravation of abnormal condition;   

if 
.
ε  will be ∗∗∗ε  then u  will be ∗∗∗u , else - aggravation of abnormal condition. 
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where 
.
ε , u  – derivative of the following error  , pitch control, while ∗ε , ∗∗ε , ∗∗∗ε , ∗u , ∗∗u , 

∗∗∗u , - their linguistic estimations.  
The defuzzification unit transforms the linguistic values ∗u , ∗∗u , ∗∗∗u  to their crisp 

numerical value ∗
ϑ1u ., ∗∗

ϑ2u , ∗∗∗
ϑ3u . The found crisp value of control action will pass to 

multifunction display (MFD) in the form of advisory information for crew. 

туn

зуn
зϑ руирух

− +
−

ϑε

тϑ
+

∗
ϑ1u

 

Fig. 1. Block diagram of manual control mode for the longitudinal channel including fuzzy 
controller . 

where: з

.
ϑ  - a predetermined value of derivative of pitch angle; ф

.
ϑ  – an actual value of derivative 

of pitch angle; зn  - a predetermined value of acceleration; фп - an actual value of acceleration; рух  - 
a control action produced by crew.  

However, the linguistic control rules by themselves cannot be realized on modern computers. 
To formalize its, it is offered to define the referred above cause-and-effect relations in natural 
language with application of the fuzzy set theory and linguistic variables with account for positive  
previous experience of actions of crews in the similar conditions received by results of cognitive 
simulation. 

For this purpose we shall present the "Aircraft-Crew - Environment" system under abnormal 
condition as object having n  inputs and one output [3]: 

),...,( 21 nmmmfp = ,    (1) 
where p - an output variable; nmmm ,..., 21 - an input variables. 

The variables nmmm ,..., 21  and p  are quantitative, therefore the limits of their variation 
are assumed as known: 

;,1],,[ maxmin nimmM iii ==      
],,[ maxmin ppP =        

where )( maxmin ii mm  )( maxmin pp  - minimal (maximal) value of input and output variable. 

The problem lies in the fact that for a vector ],...,,[ 21
* ∗∗∗= nmmmM  of the fixed values of 

input variables niMm ii ,1,* =∈  of the specified "Aircraft-Crew-Environment" system under 

abnormal condition in flight it is necessary to determine required control action Pp ∈* , i.e. crisp 
value of the controlled  variable feed as advices on MFD. To estimate linguistic variables im , 

ni ,1=  and p the fuzzy sets will be considered: ],...,,[ 21 il
iiii sssS =  - fuzzy set of a variable im , 

ni ,1= ; ],...,,[ 21 rvvvV =  - fuzzy set of a variable p . These fuzzy sets q
is  and jv   will be 

determined by ratio [ 1 ]: 
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∫ μ=
max

min

/)(
i

i

q
i

m

m
ii

sq
i mms ;    (2) 

∫ μ=
max

min

/)(
p

p

v
j ppv j ,    (3) 

where )( i
q
i ms  - function of an input variable membership ],[ maxmin iii mmm ∈ to the set 

nilqSs ii
q
i ,1,,1, ==∈ ; )(yjvμ  - function of an output variable membership 

],[ maxmin ppp∈ to the solution rjVv j ,1, =∈ . 
On the basis of expressions ( 2), (3) the ratio (1) defining relation between input parameters, 

describing the occured abnormal condition im  and necessary to prevent development of this 
abnormal condition by control action p , is formalized in the form of system of fuzzy logic 
expressions which are based on the knowledge matrix . Its fragment is shown in Table 1. The 
available expert data presented in the form of the  knowledge matrix define relation between a set of 
input data describing the current state of "Airplane - Crew - Environment" system under abnormal 
condition nmm −1  and corresponding sets of system conditions requiring control actions 

rjv j ,1, =  as logic expressions of type "If (there is a condition), then (the certain control action is 
required to prevent its development), else -  aggravated development of abnormal condition" (ref. 
Table 1). 

Table 1 
Knowledge matrix 

Input variables Output 
variable 

No. of input value 
combination 

1m  2m  … im … nm  p  

11 11
1s  11

2s        11
is   11

ns  
12 12

1s  12
2s  12

is  12
ns  

… … … … … 
1 1k  11

1
ks  11

2
ks          11k

is  11k
ns  

 
1v  
 
 

 It is supposed to solve the problem of filling the knowledge base of advices  by use the 
knowledge base created on experience of previous successful actions of crews in similar conditions 
on the basis of cognitive simulation which is based on the subjective opinions of experts and 
analysts concerning to the condition occurred and possible recovery actions. 

 The principle of knowledge base generation with use of cognitive simulation, we shall 
consider by the example of standard abnormal condition. For the purpose the pitch angle following 

errors are accepted as input linguistic variables (fig.  1) ϑε  and by its derivative ϑε
.

, and as an 
output linguistic variable the value of control action Δ рвδ

 
 (elevators) which in the form of advice 

will pass to MFD is accepted. The values of linguistic variables are offered to be defined according 
to stated below qualitative scale which is formulated in terms of the theory of fuzzy sets: NL - 
negative large; NM - negative middle; NS - negative small; N0 - negative close to zero; C0 - close 
to zero; P0 - positive close to zero; PS - positive small; PM - positive middle; PL - positive large;  
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It is supposed to generate the control actions in the knowledge base connecting linguistic 
values of input and output variables on the basis of the algorithm: «if …., then ….., else - 
aggravation of abnormal condition».  

To define a grade of linguistic values membership to the specified fuzzy sets, the team of 

experts has been offered to estimate ranges of values of input variables ϑε , ϑε
.

 and output variable 
Δ for the chosen standard condition рвδ , then in regular intervals to locate between the maximal 
negative and positive values of these variables.  

10 respondents - pilots and test-pilots having high and approximately equal level of authority 
took part in anonymous individual polling.  

Then the experts has been offered to define a range of values of linguistic variables: ϑε   pitch 

angle following errors and its derivative ϑε
.

 , as well  control actions Δ рвδ   according to stated 
above qualitative scale which is formulated in terms of the theory of fuzzy sets. The results of 
testing for each linguistic variable are shown in Table 2. 

Table 2 
Knowledge base  

No. Error value ϑε  Error  

 value ϑε
.

 

Control 
 action  
 value Δ рвδ  

1 NL NL or NM PL 
2 NL or NM NS PM 
3 NS PS or P0 PM 
4 N0 PL or PM PM 
5 N0 NL or NM NM 
6 P0 or C0 N0 N0 
7 P0 NL or NM PM 
8 P0 PL or PM NM 
9 PS PS or N0 NM 
10 PL or PM NS NM 
11 PL NL or NM NL 
12 N0 PS PS 
13 N0 NS NS 
14 P0 PS PS 
15 P0 PS NS 

 In this case the fuzzy sets NL, NM, NS, N0 for { for a linguistic variable Δ рвδ  correspond to 
control wheel position "Push", and fuzzy  sets PL, PM, PS, P0 correspond to control wheel position 
"Pull". 

The principle of advisory information generation on the basis of the developed knowledge 
base (ref. Table 2) can be explained as follows: "If the value of pitch angle following error 6=ϑε  
corresponds to fuzzy set PS (positive small) with grade of membership  8,0 " and  "Value of rate of 

change of pitch angle following error 3
.

=ϑε  corresponds to fuzy set PS (positive small) with 

grade of membership 0,6, then "NM (negatively middle) control action is required that corresponds 
to  control wheel position "Push", else "Aggravation of  abnormal condition". It is offered to display 
as advisory information: variation of the constitutive parameter, required control action. Since 

θαϑ Δ+Δ=Δ , and variation of flight path inclination angle, describing long-period longitudinal 
motion of an airplane occurs essentially slowly than variation of an angle of attack we shall made 
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assumption, that αϑ Δ≈Δ . On the basis of this assumption it is offered to output on MFD not pitch 
angle following error, but variation of an angle of attack (fig. 2). 

 
 
 
 
 
 
 
 
 
 

Fig. 2. Example of display frame of advisory information for crew on MFD. 
 

Conclusions. Thus, the proposed algorithm of advisory information generation based on 
positive previous experience of experts - pilots allows formalizing the flight data in view of current 
development of abnormal condition in the form of fuzzy logic propositions connecting fuzzy 
variables and output control action displaying in the form of advice on MFD. 
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PROBABILISTIC DYNAMIC MODEL OF ESTIMATION OF FAIL-SAFE FEATURE   
BOOTHING ERGATIC INTERFACE 
 

Boothing integrated interface of the system is a «crew–aircraft–environment» is a key complex in the 
tasks of realization of strength security of flights of air ships. Amount of the aviation incidents 
accomplished through fault of «human factor», achieves 80 % from an incurrence. International 
organization of civil aviation of ICАО offered to the entire countries to create the control system by 
safety of  flight on new principles of organization and quality. 

 
      Introduction. Modern to aircraft with the functional computer-controlled systems, crew 

with all system of preparation to activity, influences of environment and system of their warning 
require the estimations of quality and depth of joint co-operation in questions perfection of the 
system of the crews, system of priorities and values of providing of safety of flights training, to 
development on principle new side equipment. 

 Such approach is grounded by the analysis of aviation incidents (АI): on the stake of human 
factor is from 65 to 85 % all АI, from which to 80 % behave to erroneous actions of crews in 
difficult situations Cost of error of crew constantly grows from permanent growth of primary cost 
of modern airplane increase of capacity of passenger salons and growth of cost of the crews 
training. Catastrophe of aircraft with the large number of passengers is perceived as state and 
national calamity. Exactly a high accident rate at passenger transportations disturbs ICAO, offering 
to the entire countries to create the control system by safety of flight on new principles of 
organization and quality. 

  There are the following contradictions in development of the functional systems of aircraft: 
1.       The faulttolerance of FS rises from one side, the resource of engines is multiplied, sides 

and ground methods and backer-ups strength security of flights are perfected, and with other - in 
sky above Europe, Japan, America becomes «all closer». Air space is intensively loaded besides by 
small aviation. 

2.      Conception of crew will be realized on the economic considering in composition two 
persons. The «truncated» crew has the limited possibilities and less chances to go out well from an 
extreme situation. 

3.         Introduction of the computer-controlled systems of warning about the collision with 
the obstacles promoted strength security of flights substantially, however computer-integrated these 
systems not are in a single informatively-managing complex. The systems not are reliable, subject 
to electromagnetic influences. The single multifunction complex of computer-integrated 
information is needed for the increase of reliability of activity of crew on wing. 

  

Problem statement. Region A (fig. 1) is examined as probabilistic space of influence of 
environment only on a pilot (limited flight visibility, inadequate commands of controller, 
unsatisfactory luminosity, runway other). These factors do not render influence on the capacity of 
the functional systems and glider [1]. 
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Fig. 1. Cooperation of causal factors on wing 
Region B determines influences of environment only on an air ship and indirectly on a crew 

(temperature, humidity, pressure of air, turbulence). Thus always there is probability of hit in a 
dangerous environment „displacement” wind, „dust” storm, strong icing meeting with birds and 
other 

Region C corresponds to the cases, when the errors of crew, caused by different reasons, are 
laid on on structural and ergonometric imperfections of concrete type of aircraft. 

Region of D is examined as the incorporated influences of refusals of the functional systems 
and glider, errors of crew and simultaneous influences of environment on a crew and aircraft. Points 
of D form space of the most difficult, but rare flights situations, when saltatory probability of 
aviation incident increases. 

Important that here each the component of the aviation transporting system and environment 
does not exceed possible limits and does not create the threat of safety of flights. Can account for 
combination of complicative factors by the display of system effect of synergetics character, 
resulting in the result of negative character – heavy aviation incident [2,3]. 

Basic assumptions: random events in the system «crew– aircraft – environment» independent 
and combinations of co-operation of the system take place „on to the chainlets”: A (crew –  
environment), B (environment - aircraft), C (crew - aircraft) and D (crew – aircraft – environment), 
where А,В,С,D, are regions of cooperation of elements, and crew, aircraft, environment, are 
elements of triad accordingly crew, aircraft and environment [4,5]. 

 Solution of problem. Probabilistic dynamic model of estimation of the fail-safe feature  
system of «crew – aircraft –environment»  

We will enter denotations: 
Qэ is conditional probability of errors of crew, negative factors caused by an aggregate; 
Qс is conditional probability of negative influences of environment; 
Qвс is conditional probability of refusals of the functional systems and glider of aircraft on 

wing; 
Qд is conditional probability of joint influence of erroneous actions of crew, negative 

influence of environment and refusals FS and glider (systems «crew–aircraft–environment»). 
Conditional probability of origin of event of erroneous actions of crew and negative 

influences of environment. 
( ) ВССЭВСCЭсЭВСЭA PQQQQQQQQ =−=+                                     (1) 

crew 

environment 

aircraf
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Conditional probability of joint event of negative influence of environment and refusals of FS 
and glider. 

( ) ЭВСсВССВ PQQQ =+                                                      (2) 
Conditional probability of origin of joint event of erroneous actions of crew and refusal of FS 

and/or glider. 
( ) СВСЭВСЭС PQQQ =+                                                     (3) 

Difficult flight situation compound situation (СS) at joint influences in elements (C-F-E) and 
possibly heavy aviation incidents (emergencies, catastrophes). Conditional probability of origin of 
situations: СS, crash situation (CrS) or catastrofe situation (CatS) at combination of all refusals 
„small” (C-F-E) 

СВСЭД QQQQ = . 
Passing to probabilities of origin of events of А,В,С,Д, we use expression ii PQ −=1 : 

                A     ( ) ( ) ВССЭА PPPP −−=− 111 ; 
                       ВССЭВССВСЭВСА PPPPPPPPP +−−=−1 ; 
                       ВССЭВССВСЭВСА PPPPPPPPP −++−=1 . 

                            B     ЭВССЭВСЭОСЭВ PPPPPPPPP +−−=−1 ; 
                                    ЭВССЭВСЭОСЭВ PPPPPPPPP −++−=1 . 

                    C     ( ) ( ) СВСЭЦ PPPP −−=− 111 ;                                                             (4) 
                                     СВСЭСВССЭСЦ PPPPPPPPP +−−=−1 ; 
                                    СВСЭСВССЭСЦ PPPPPPPPP −++−=1 . 
                               D     ( ) ( ) ( )СВСЭД PPPP −−−=− 1111 ; 
                                     ( ) ( )СЭВСВСЭД PPPPPP −+−−=− 111 ; 

                                     
.PPPPPPPP

PPPPP

ЭВСССВССЭС

ЭВСВСЭД

+−−+

+−+=
 

Conditional probability of total effect ДCBA Q,Q,Q,Q : 

                             
.PPPP

QQQQQ

ДCBA

ДCBA

−−−−=

=+++=∑
4

 

Probability of happy end of flight at the job processing: 
                           ДЦBAСВСЭ PPPPPPPP 31бип ++++−−−= ,                                               (5) 

where AP  is probability of that event And {erroneous actions of crew and negative influence 
of environment will not happen at the flight job processing}; BP  it is probability of that event In { 
joint event of negative influence of environment and refusals of FS and/or glider} at the flight job 
processing will not happen; СP  it is probability of that event with { joint event of errors  of crew 
and refusals of FS and/or glider} at the flight job processing will not happen. 

Passing in expression (5) to the probabilistic form of function of time for areas, it is possible 
to get analytical expression of probability of happy end of flight in the form of time of exploitation. 
It allows at the known statistical estimation of events A, B, C and to carry out D statistical design of 
complex index of fail-safe feature  aircraft: 

                                
( ) ( ) ( ) ( )
( ) ( ) ( ) ( ),tPtPtPtP

tPtPtPtP

ДЦBA

СВСЭ

пппп

ппппбип

Δ3+Δ+Δ+Δ+
+Δ−Δ−Δ−1=Δ

                                               (6) 

where ∑
1=

Δ=
n

i
ittп . 

 
 



 15.18

Conclusions 
1. A probabilistic model (6) is universal for the estimation of fail-safe feature  aircraft and can 

be resulted to the known form for the complex index of fail-safe feature  (1) at the independent 
events of the system «crew is aircraft is environment», when regions A,B,C,  and D degenerates in 
the empty sets. 

2. The analysis of statistical information on the stages of flight ( )itΔ  ∑
1=

Δ=
n

i
ittп  allows to 

draw structural conclusion about the increase of the fail-safe feature  system «crew is aircraft is 
environment» and to expose the tense dynamic areas of stages of flight of aircraft, the coefficient of 
risk of activity of crew can serve as the numeral index of these modes and capacity of aircraft 

3. Automation and cooperation of elements of the system is a «crew is air ship is 
environment» of cab interface of aircraft are those key bases of increase of strength security of 
flights and efficiency of the air system, when the variety of processes can be conditioned by the 
examined probabilistic dynamic model of fail-safe feature  and quantitative results of researches. 
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BASE COMPLEX OF RADIO ELECTRONIC EQUIPMENT OF AN-148 AIRPLANE 

 
The base complex of radio electronic equipment of AN-148 airplane is reviewed in this article, as well 
as its descriptions and possibilities, in regard to the task of regional passenger and cargo airplanes 
modernization. 
 

Introduction to An-148 airplane avionics creation. The excellent example of Russia and 
Ukraine mutual cooperation in the high-tech sphere and particularly in aircraft building is creation 
in the required rate and in the possible earliest date of competitive regional airplane AN-148 that 
has passed its certification tests in 2007. The integrator of An-148 airborne electronic complex 
(avionics)  is OJSC «Aviapribor - Holding» that is included in Russian Air Instrument-Making 
Alliance. The participation of the leading Russian avionics developer and producer in AN-148 
program allowed ANTK of O.K. Antonov to reach considerable success in short terms and with 
maximal economic efficiency. At designing appearance of AN-148 airplane avionics three variants 
of avionics complex design were reviewed: design on the equipment base of CIS production; mixed 
variant and complex with the use of integral crates of the computer systems and complex control of 
flight navigation and radio engineering systems [1, 2, 3]. 

Task formation for design and research processes. The task of avionics choice has required 
taking into account many factors in order to optimize the aircraft quality with minimum expenses 
and risks, main of which are the following: 

-   technical avionics descriptions should correspond to the  modern level and perspective 
requirements of ICAO (AP-25, JAR-25); 

-   equipment systems are to be certificated; 
-   cost of equipment set is to be at minimal level; 
-   expenses on the new systems creation, modernization as it applies to the AN-148 airplane 

conditions, and integration are to be minimized, including expenses on system integration. 
An-148 airborne electronic complex or avionics is integrated ensemble of associated 

computer systems, indication facilities and management, sensors, aggregates and information 
exchange channels, providing at high-automated level realization of effective co-operation within 
the system «crew – aircraft – environment» in order to fulfill the requirements to the airplane. 

Functions of avionics complex. Implementation of pilotage, navigation, communication and 
controlled supervision tasks is determined by ICAO, CNS/ATM conceptions: 

-   automated planning of flight task; 
-   automation of air navigation and pilotage; 
-   navigation with following RNP and RNAV requirements ; 
-   automatic and directive landing according to IIIA category of ICAO; 
-   granting the crew integral information about the flight and environment parameters, the 

technical condition of the avionics systems and aggregates, standard airplane equipment (SAE) and 
power installation; 

-   co-operation with flight control and air traffic facilities, and other aircrafts; 
-   avionics automated control and technical maintenance by airplane controls and diagnostics; 
-   possibility of modern technical service strategies («by the state») use. 
  
For AN-148 airplane system integrator of standard avionics complex is ANTK of O.K. 

Antonov with assistance of  OJSC «Aviapribor - Holding» - the developer of the following systems: 
-   computer system of air navigation with the block of databases (ВСС-100); 
-   complex system of electronic indication and signaling (KСЭИС-148); 
-   systems of automatic flight control (САУ-148); 
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-   electronic remote control system (ЭДСУ-148). 
 
These systems are basic integrate elements of any airplane. As a technical humanization on 

AN-148 airplane the following systems of Ukrainian development are installed: 
-   standard airplane equipment control system (СУ ОСО-148); 
-   system of the early warning and approaching earth (СРППЗ-2000); 
-   informative complex of high-speed parameters (ИКВСП-148); 
-   integrated (VOR/ILS/MPK) radio engineering system (КУРС-93).  
 
The standard systems of avionics include the following systems: 
-   collision avoidance system - TCAS-200 (USA); 
-   laser attitude-and-heading reference system - LCR-93 (Germany); 
-   satellite navigational - CHC-2 (Russia); 
-   reserve devices (Russia); 
-   radio navigation equipment  - РСБН-85 and DME-85 (Russia); 
-   radio communication equipment (USA). 
 
Structure of AN-148 airplane avionics has opened flexible architecture that allows potential 

Customer to form equipment composition without the airplane revision. Aircraft equipment 
corresponds to all modern requirements and recommendations of ICAO and EUROCONTROL, and 
due to the flexibility of architecture provides the requirements of the nearest and distant prospects. 

The computer system of air navigation (ВСС-100) allows to decide the tasks of automatic 
aircraft control in four-dimensional space (4D), to execute the automatic maneuvering on the 
standard charts of arrival (STAR), departure (SID), approach landing (APROACH) and 
maneuvering in the area of expectation (HOLD), to carry out the calculations of departure and 
landing descriptions, including engineless. 

The newest system of complex indication and signaling (КСЭИС-148) on the base of five 
multifunction liquid-crystal indicators (6x8 inches) substantially improves ergonomics of flight 
compartment. The decline of two persons crew load is carried out with the use of complex 
management control for the computer systems of air navigation CDU-6200, radio communicational 
and radio engineering equipment RTU-4200. 

Digital service and command communication in ACARS system (on CPDLC channel) 
together with air traffic management service and in the prospect of CNS/ATM conception 
implementation is carried out by data transfer equipment CMU-4000. 

Realization of «paperless documentation in cockpit» principle foresees the possibility of 3 
class electronic informational tablet (EFB) installation, when a technical document (flight operating 
manual, operating manual, etc.) is replaced with delivery of air navigation, official and certificate 
information to the crew. 

Safety of flights is improved by setting the MNRLS system of the early warning of earth 
approaching with the function of «wind shift» identification on board of the aircraft.  

The standard airplane equipment control system (СУ ОСО-148) allows to automotive 
information collection and treatment, fulfill administration, control functioning of the airplane 
systems, while simplifying the device boards arrangement and reducing crew loading during the 
flight. 

The modern high-efficiency protection from atmospheric electricity is introduced on the 
airplane based on high-power installations tests (lightning protection). The terms of avionics 
electromagnetic compatibility are provided on the stage of drafting the designer documentation 
(requirements to avionics equipment technical tasks, recommendations, concordance of designer 
documentation). 
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On the airplane the three-level avionics control system is realized with the integral 
interpretation of information regarding the technical condition of the systems for flight and 
technical crews [4,5]. Denial localization in the systems is foreseen on the basis of the embedded 
systems of control (ВСК). 

New conception on control and exploitation of aircrafts of AN-148 type is developed on the 
basis of ARINC 624 and ARINC 604 guiding documents and recommendations. It is grounded on 
unified requirements to the embedded systems of control for functional systems based on board 
system of technical service (БСТО) as means of integration and cooperation in regard to results of 
control with centralized access to information. 

БСТО and ВСК efficiency are provided due to automation of automatic denial identification, 
its localization and messages transmission to the crew or to the remote terminal. БСТО of the 
airplane allows to fulfill the following functions [3]: 

• to use means of technical service that are economically effective and convenient for use; 
• to simplify procedures of technical service and minimize requirements to staff recruiting; 
• to lower considerably exploitation expenses (in regard to continuity and labour involvement 

of technical service). 
 

Conclusions 
 

1. Avionics complex of AN-148 airplane conforms to the requirements of CNS/ATM 
conception and to the structure of Europe air space (ECAC) and North America air space as 
navigation strategy of ECAC for the period 2000...2015 year on all stages of the flight: 

-   Running approach  - take-off (beginning of introduction 2000...2005, general introduction 
2005...2010, without the use ILS 2010...2015). 

 
-   Route: automatic air navigation with provision of RNP-5 on all stages of the route, RNP-1 -  

in areas in the mode of RNAV (2005...2010), RNP-1, RNAV «free flight» (2005...2010). 
-  Approach and landing. Standard approaching scheme (STAR). RNP-1. Landing according 

to III A category of ICAO (2005...2010), co-operation with services of air traffic management and 
crew. 

- Ground running (after landing). Taxiing on the air field with aiming on lateral and 
longitudinal planes during the run and taxiing (ILS/GNSS - 2005...2010; GNSS/ILS -2010...2015). 

 
-  Echelon on the height providing shortened minimum levels on height. Crew provision with 

information about the environment, weather conditions, obstacles (2000. ..2015, taking into account 
the introduction of RNP, RNAV). 

 
-  4D RNAV four-dimensional zonal navigation (beginning of introduction in the period  

2005...2010 , general introduction in the period 2010...2015 ). 
2. Accurate characteristics of avionics complex: 

- according to the co-ordinates of location: from CHC - 10...20 m; in KOИ mode: БКВ, СНС, 
СВС - 10... 100 m; БКВ, СВС, VOR/DME - 5 km; БКВ, СВС DME/DME - 0,7 km; БКВ, СВС, 
РСБН - 1 km; БКВ, СВС - 6% of the route: 

 
- according to the way speed: from СНС - 0,15 m/s; in KOИ mode: БКВ, СВС, VOR/DME -

2m/s; БКВ, СНС, СВС - 0,15... 0,5 m/s; 
 
- according to a veritable course: from BKV - 20'+6'Х1(hour); in KOИ mode: БКВ, СНС - 

10'. 
3. Tasks that are decided by avionics complex: 
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-  flights according to the rules of flight on devices and rules of visual flight;  
-  aviating according to the methods of BRNAV and PRNAV, with RNP-1and RNP-5 

exactness level;  
-  maneuvering in the airport area according to SID and STAR charts;  
-  use of world air-navigation information base; 
-  III category landing; 
-  vertical echeloning after 300 m (RWSM); 
-  early warning of earth approaching (TAWS); 
-  warning of airplanes collision in mid air (TCAS);  

-  documenting of crew members negotiations;  

-  radio communication in MВ and ДКМВ range, communication inside the aircraft; 

-  indication for the crew on LSD indicators (flight and navigation information, information 
about synoptic formations, including «wind shift», chart of flight routes; exit scheme from the air 
field area, charts of landing approaching, charts of airports and others). 

 

4. Informational complex equipment co-operation is fulfilled taking into account ARINC429; 
ARINC 708A; ARINC 604; PTM 1495-75 (3); ГОСТ 18977-79; sound and video signals. 
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COMPUTER CERTIFICATION OF THE ROBUST CONTROL ALGORITHM 

Possibility of application of classic method of synthesis of the automatic control system by the 
methods of logarithmic peak descriptions is described in this work, for creation of robust law of 
management unmanned flying object. The method of choice of type of regulator and calculation of his 
parameters is shown, at the change of parameters of the unmanned flying object and action of 
external revolting influences causing saltatory change of parameters of the automatic control system. 

Introduction 
One of the modern approaches to the synthesis of an automatic control system is the approach 

based on the ideas of robustness: the robustness of stability and the robustness of quality – under 
conditions of indeterminacy. Today, Papers [1], [2] have developed the method of the synthesis of a 
robust system for the objects being under the action of parametric disturbances belonging to the 
type of tim-smooth spline-approximated parametric actions. However, for a certain class of control 
objects, e.g., DPLA of a single action, an impulse external action is characteristic, causing a 
jumping in the parameters of a control system. The methods, making possible to synthesize a robust 
control for such objects adequately to a physical nature of disturbance, have not been developed yet 
practically. Therefore, the subject of this article is actual both from a practical and a theoretical 
point of view.  
 Problem statement 

The approach to the synthesis of an automatic control system, based on the idea of a robust 
control, first of all, takes into consideration the fact that the real physical systems and external 
conditions, under which these systems operate, cannot be simulated in an absolutely accurate 
manner. The synthesis of a robust control system requires solving two problems: to determine the 
regulator structure and to adjust its parameters. This article has preserved the structure of the 
automatic control system prototype and made a channel-to-channel calculation of the PID regulator. 
The parameters of the regulator are chosen so that the system reaction may meet certain criteria of 
quality, in particular, the set damping time of transient processes, an acceptable overcontrol, the set 
reserve of the amplitude and phase stability. [3] 
Contents 

A two-channel structure has been taken as the basis of a control system, enabling the control 
of a single-action unmanned flying object (UFO), in two mutually-perpendicular planes of the 
coordinate system, linked with a selected object. [4] The structure of the mathematic model of a 
control system is shown in fig. 1. [5] 

Explain physical sense of work of this structure. The linear co-ordinates selected  by the 
device accepying laser ray serve as a managing signal, characterizing his deviation from the center 
of the laser informative ray formed by the special system of aiming.  

Let us proceed to the synthesis and computer simulation of a robust control system, having 
restricted ourselves to the calculation of a relevant coefficient of proportionality for the PID 
regulators of both channels, as well as the parameters of the rejecter. These coefficients have been 
chosen by the decibel-log frequency response method and specified in the course of an imitation 
simulation of the guidance process.   
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The amplitude-frequency response and the time change in the natural frequency of the UFO itself 
have been used in the choice of the parameters of the rejecter. As the structure of the automatic 
control system prototype is rather complex to be analyzed due to non-linear elements, composing it, 
the existing system has been suggested to be reduced to a certain shape.(1) 

                                               ,
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Curves  drawn on a fig. 2 shows the amplitude-frequency and phase response of the control 
object for characteristic points of the trajectory (t = 0 – 16 s), as well as the wished amplitude-
frequency response of the entire system, comparing which the kind of regulator and its parameters 
are being chosen. The reduction behavior of the existing system, brought to a simplified shape, has 
enabled to facilitate the calculation of the coefficient of proportionality for the PID regulators and 
the parameters of the rejecter. The calculated parameters were set into the mathematical model of 
the automatic control system prototype and checked in the course of the imitation simulation of the 
initial system.   

 
Fig. 2. Flock of the amplitude-frequency response of the control object and the wished 

decibel-log frequency response of the reduced automatic control system 

Log(ω) 

Log(ω) 

Fig. 1. Structure of the mathematic model of a control system 
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 As the boost of the UFO amplitude-frequency response does not exceed 20 dB at the natural 
frequency, parameters ξ1 = 0.05, ξ2 = 0.5. 

The transfer coefficients of a control path have been chosen such that the maximum reserve of 
phase stability and an acceptable reserve of amplitude stability might be provided.        

Curves  drawn on a fig. 3 shows the flock of amplitude-frequency and phase response of the 
open-loop initial control system for the characteristic points of the trajectory (t = 0 – 16 s) with the 
chosen parameters of the control system.  

These characteristics indicate that the reserve of an amplitude stability changes in the range 
from minus 5 to minus 10 dB, and the reserve of a phase stability from minus 30 to minus 45º. 
These reserves are sufficient to provide the stability of a closed loop system if the parameters of the 
control object change. 

 

 
Fig. 3. Flock of the amplitude-frequency responses of the open loop system 

Curves  drawn on a fig. 4, 6 shows the response of the control system to a stepwise output 
signal along coordinate Yset = 1 m with the maximum, mean and minimum speed of the UFO. 

  
Fig. 4. The response of the automatic control system 
to the single stepwise signal at the different stages of 

the flight of the control object 

Fig. 5. The response of the automatic control 
system to the action of the wind disturbance at 
the different stages of the flight of the control 

object 

   

Fig. 6. The corresponding change in the damping coefficient (ξ) at the different stages of the flight  of 
the control object 
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The quality of the transient process is satisfactory, the overcontrol is not more than 30%, the 
static error is absent since the controlsystem, having an astaticism of the first order, processes 
constant control and disturbing effects without errors. Curves  drawn on a fig. 4, 6 shows that the 
characteristics of transient processes do not change practically at all stages of the flight with the 
change in damping coefficient ξ of the control object. 

The response of the control system to the disturbing effect has been estimated as its 
functioning under the action of a wind disturbance with a constant speed of 30 m/s, reduced to the 
equivalent rudder angle δv = 5º. Curves  drawn on a fig. 5, 6 shows the graphs of repulsing 
disturbances at the different stages of the flight with the changed dumping coefficient.  

The control system repulses constant wind disturbances with a static error; the overshoot due 
to the deviation from the center of the ray does not exceed 0.7 m. The calculated coefficient of PID 
regulators and the parameters of the rejecter remained constant in the process of the imitation 
simulation, as the rest of parameters of the initial automatic control system changed in time.   

Under such conditions, the parameters, characterizing the quality of the initial automatic 
control system with the synthesized stationary coefficients of the rejecter, remained unchanged, 
which is evidence of the robustness of the synthesized control law.  
Conclusions 

A conclusion may be drawn on the basis of an amplitude-frequency and phase response 
analysis and the simulation of the response of the control system to type actions that the control 
system with the chosen parameters is stable in a longitudinal motion and possesses sufficient 
dynamical properties. Curves  drawn on a fig. 6 also show the change of damping coefficient ξ of 
the control object at the different stages of the trajectory. Curves  drawn on a fig. 3, fig. 4 and fig. 5, 
fig. 6 prove that the change in the parameters of the control object does not influence practically the 
quality indices of the automatic control system and they remain in an acceptable range, which 
shows that the use of the decibel-log frequency response method to synthesize an automatic control 
system has enabled a robust control law to be achieved, which was itself the purpose of this article.  
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METHOD OF EVALUATION OF RELIABILITY AND VITALITY OF DIFFICULT 
ELECTROENERGY SYSTEMS OF AIR-PORTS      

 
High strength and regularity of flights security is provided on all stages of litakovodinnya. 

That is why aspiration to attain the higher level of reliability of functioning of constituent of this 
process - technological equipment of surface facilities of the air fields providing of flights, fully 
appropriate. The equipment of surface facilities of providing of flights is especially sensible to  
quality of electric energy and interruptions of elektropostachannya. 

The increase of reliability of his power supply allows substantially to decrease probability of 
critical situations on the stage "Flight-landing" of air ship (PS), that refusals with direct influence on 
life and health of people. 

For planning, making and exploitation of the difficult electroenergy systems which provide 
the power supply of this equipment, as criteria of making optimum scheme-technical and 
organizational decisions use the quantitative indexes of vitality. 

 
Raising of problem 
 
Nateper reliability and vitality of elektropostachannya of responsible electro-receivers (EP) of 

the first category of the special group is provided due to the set amount of independent sources of 
power supply without taking into account them nadiynisnikh descriptions which from data of 
statistics differ in ten and hundreds one times. 

The problem of providing of quantitative reliability and vitality of elektropostachannya of 
responsible EP of air-ports indexes yet and until now is not decided, and its actuality in connection 
with growth of intensity of flights in the whole world and, accordingly, requirements to their safety 
and regularity grows incessantly. 

Consequently, development of method of evaluation of level of vitality of 
elektropostachannya of the system of svitlosignal'noy of the air field (SSA) brings in a ponderable 
stake in the decision of this problem. 

 
Analysis of the last researches 
 
For creation of method of evaluation of level of vitality of the difficult electroenergy systems 

which the systems of power supply of responsible EP are, were analysed the most widespread are 
known quantitative estimations in relation to their possible use. Yes, level of vitality of the system 
Lifi, for which unloading is executed after frequency, that disconnecting of nevidpovidal'nikh EP is 
used, determine such correlation [1]: 

 
 
 
 

  
where ∆Еm it is a border of nedovipusku of electric power after which vitality is at maximum 

level; ∆ЕI- there are nedovidpusk electric power subject to the condition I-go indignation for a case, 
when protiavariyni automatic devices execute unloading after frequency with the purpose of saving 
of basic  

functions of the system; РI is probability of appearance of I-go indignation; m is an amount of 
indignations. 

But for of air-ports such estimation can not be acceptable through their very low power 
comparatively with a grid and presence of plenty of responsible EP which can not be disconnected, 
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and also through impossibility of influencing such method on the brief interruptions of 
elektropostachannya. 

For the evaluation of vitality also use the methods of system informative analysis [1], which 
operate probabilities of unachieving aims through violation of functioning of object, management 
knot on condition of a priori incomplete information. 
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Where ),( ефd zafZ =  is a coefficient of organization of management which depends on the 

estimation of vitality and knot of management and efficiency of work of management knot  ; 
 

1γ , kγ  are  coefficients of the reverse and cross influencing between determining aims; 

1O , kO  - it is disorganization of determining aims; 1+kO  , nO  - it is disorganization of 

complementary aims; S – is a coefficient of relative importance of complementary aims.  
The index of having a special purpose disorganization and naslidkovi copulas between aims 

use for recognition of emergency situation and decision-making for its liquidation in some 
electroenergy systems and again due to disconnecting of unresponsible EP. 

The quantitative indexes of level of vitality, which do not use probabilistic descriptions are 
known also, for example [3]: 

 
 
 
 
 

 
 

Where )(ELj  is an index of vitality of the system for the plural of possible external 
indignations of E = {l1..li}; 

jФ  it is an index of quality of functioning of j-go variant of the system during indignation of li. 

That in the conditions of vagueness for the evaluation of vitality after this index examine the 
worst case of functioning of the difficult system, here optimization of the designed system is erected 
to finding of such variant of the system, for which   has a maximal value. 

In the conditions of air-ports, where registered interruptions of elektropostachannya of 
centralized vvodiv, most acceptable is such estimation of vitality, as a parameter of stream of 
refusals of functioning with cascade development of indignation and  

mass violation of power supply of EP [4].  
 

Raising of task 
 

A purpose of researches is development of method of evaluation of vitality of the difficult 
electroenergy systems, separation of levers of influence on the got estimations and developments of 
recommendations in relation to the increase of vitality of  
elektropostachannya of EP of the first category of the special group. 
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Evaluation of vitality of the difficult electroenergy system 
 

For the evaluation of reliability of functioning of the system of elektropostachannya of SSA 
will take advantage of certain in the article [4] criterion of its refusal. 

Vector of the states of the system X is the casual function of time )(tH m  which takes on a 

value from the counted plural { }m
mXX α=  . Will consider   the refusals   of first   multipleness of 

q1 from by a successive possible refusal each to the k-go element, then a number of the states of the 
system is т= k + 1, and also refusals of second multipleness of q2 by a successive possible refusal 
for two elements (at what one of these two lementiv could say no before with unfound out the so-
called refusal, such as a refusal defence of breakers of circuits, erroneous spratsyuvannya built on 
automatic vvodu of reserve (AVR)), then  12 += kCm . At scenario approach the states of the 
system of ms appear only and by the certain criterion of refusals, thus ms << m. 

At determination of criterion of refusal of the systems of reserving of industrial network 
(SRPM) which has two tires of the assured power supply on an output (SHGZH). ШГЖ1 and 
ШГЖ2 is used limitation of leading documents for the use of SSA. It is set that at the calculation of 
reliability of elektropostachannya of SSA the criterion of refusal of elektropostachannya is a refusal 
of one of SHGZH or two from three independent sources of power supply. This index was 
compared with violation of regularity of flights of PS. 

For the calculation of reliability of elektropostachannya of SSA the power chart of SRPM is 
analysed and the followings scenarios of ms are taken away with the refusals of q1 for the certain 
criterion of refusal: 

1. A short circuit is on the output of ПАВР1 or ПАВР2. Then will be the disconnected 
defence one of TSDZH and ADZH; 

2. A short circuit is on SHGZHI or ШГЖ2. Then at normal robotzakhistu and intersectional 
PAVR will be znestrumlenoy one of SHGZH. 

Other scenarios with the refusals of q2 are not examined on a background the considerable 
sizes of q1. 

For all SRPM there is a parameter of stream of refusals at the calculation of reliability Ω will 
be determined through 
 

 

ШГЖШГЖ ωω ⋅=Ω 4:  

Pursuant to operating normative documents there are limitations of the use of SSA on 
condition of presence of refusals of power supply, or refusals of her constituents, If to generalize 
different combinations of refusals of all functional groups of SSA and take them to the refusal of 
power supply, for the evaluation of vitality it  
is expedient to take no the criterion of refusal at once two SHGZH [4]. 

The evaluation of vitality of the difficult electroenergy systems upon typical settlements of 
reliability with average indexes which do not take into account technology of work of air-port, gives 
considerable errors. That is why there is a necessity in the account of the real division of duration of 
refusals and rare events, that refusals of AVR protective 
vehicles with the parameter of stream of refusals, greater than 10-3 -1, if duration of their existence 
is considerable enough. 

 On condition of the use of existent periodicity of verifications of capacity of SRPM of the 
system of svitlosignal'noy after the first and second categories of IКАО, that one time for a week, a 
refusal defence or erroneous switching of AVR without the proper signaling can exist at least week, 
that in the case of appearance of other refusals in the system of elektropostachannya can result in 
violation of elektropostachannya of responsible EP. 
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The refusals of power supply EP of the first category of the special group of air-port 
considerably differentiate on duration as a result of change of configuration of SRPM and 
introduction to work of different reserve electrical equipment, that is why they can be grouped in 
three groups: 

1) brief interruptions of elektropostachannya of Tk by duration to 3 s, that take place on 
condition of considerable decline of tension of network, which short circuits lead to, robot 
niz'kovol'tnikh AVR of fast-actings with small self-controls of time; 

2) middle interruptions of elektropostachannya of Tс by duration of 15 s, that take place as a 
result of refusal of niz'kovol'tnikh AVR and works of AVR of high-voltages, built on automatic 
repeated include a grid, by introduction to work of autonomous elektroagregativ of diesels; 

3) of long durations interruptions of elektropostachannya duration of over 15 s, that take place 
on condition of refusal of SRPM with the aggregates of diesels, but duration them limited 
sometimes in 5 khv, as on existent technology after such term of  znestrumlennya of surface 
facilities of providing of flights an air-port will be closed.  

Will consider methodical approach to creation probabilistic - the determined model [1] for the 
evaluation of vitality of elektropostachannya of SSA on the example of typical SRPM [1], that 
answer all requirements and recommendations of IKAO. 

In the case when vid two independent centralized sources of feed (vvodiv) of 1Ц and 2Ц 
through two power transformers of step-downs tension is given to the proper normal working 
entrance of the first and second built on AVR - А1 and А2. The entrances of emergencies (in the 
normal state turned off) of these devices are connected to autonomous diesel elektroagregata of R, 
and outputs through sectional AVR ELEMENT to two sections of ШГЖ-Ш1і Ш2 are connected. 

For the calculation of vitality of elektropostachannya of SSA it is necessary more detailed to 
consider a robot SRPM with the refusals of second multipleness of q2 [1]. Will describe situations 
which can result in the complete refusal of power supply of SSA. 

 
Situation 1. The refusal of both sections of tires arises up in tom case, when after the refusal of 

one of the centralized sources with the parameter of stream of refusals to the start of diesel 
elektroagregata will say no other source accordingly 

                                                              

                                                           )( 12 kk ωω  
In this case brief refusals are possible only with the parameter of stream of refusals Ω or 

middling the protracted refusals Ω1с elektropostachannya of SSA is in connection with tim, that the 
start  

of diesel elektroagregata lasts 15 s. 
Taking into account, that in last case of refusal take place only at the certain sequence of events: at 
first a refusal is middle or of long duration first or second centralized vvodu with the parameter of 
stream of refusals  

ДСДC 11.1 ωωω +=
 or ДC.2ω  

 and then brief - with the parameter of stream of refusals  

                                                                 )( 21 kk ωω   
will get such expression: 
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2 122121

71221
211 kСДkСДkkс

kСДkСД
kkkk ТT ωωωωωω

ωωωω
ωω ++⋅=

+
+=Ω −

 (1) 
 
 

  



 15.31

Coefficients in expression (1) certainly for the parameters of streams of refusals. 
The parameter of stream of refusals of middle duration   can be calculated  

after similar approach: 
 

                                            
7

211 103.6 −⋅==Ω СССССС Тωω   

 
Situation 2. Refusals two SHGZH of all trivalostey can take place, when during the of long 

duration refusal of one of centralized vvodiv dissuades any other, and diesel elektroagregat was not 
started, that said no in the mode expectation with probability of QДАО 

 
If there is only one source of power supply of SSA in work, the leader of flights closes an air-

port after adopting PS, which are on a circle. Let this time make TD = 300 s. 
Then by analogy, it is possible to write down such expressions for the noted sequence of 

events:  
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ДАОω  - parameter of stream of refusals of diesel elektroagregata in the mode of expectation 
"reserve", and TPDA is time between verifications of his capacity.  
 

Situation 3. The protracted shutdown of one of centralized vvodiv is characterized a forced 
downtime or prophylactic repair of Ko and possibility of refusal in the robot of diesel 
elektroagregata ratio. It follows to notice that in an air-port repairs of elektroagregativ of diesels and 
AVR during the difficult terms of weathers appointed will not be usually, and repairs in the 
centralized network execute regardless of requirements of air-port. 

Before the shutdown of one of centralized vvodiv during the planned repair in a grid it is 
needed preliminary to start diesel elektroagregat and load it higher than minimum possible power. If 
diesel elektroagregat will say no in the working state with the parameter of stream of refusals ДАРω  
an air-port on the set technology [4] will be closed after adopting airplanes which are on a circle. 
Coming from such development of events and their sequence, it is possible to write down such 
expressions 
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])()[(108.4 122211
6

3 ДPBДPBДАРД KKKK ωωω +++⋅=Ω −  
 

Situation 4. Related to the possible short circuit on SHGZH with the parameter of stream of 
refusals ШГЖω  and by the refusal of identical protective switches with probability of refusal of one 
of them Q3. 

 
In the case of origin of short circuit on SHGZH, defence which will disconnect her vid 

centralized vvodu and zablokue a sectional circuit breaker must work normally. If will say no 
defence of one of breakers of circuits of vvodiv, next defence, more near to centralized vvodu, will 
work, and a sectional switch will not be zablokovaniy. If there is not a power supply on any 
SHGZH, a sectional switch will be included on a short circuit, and at the possible refusal of this 
defence the second section of SHGZH can be turned off. Coming from the considered possible 
events, it is possible to write down: 

 

ШГЖПЗШГЖ
ПЗ

ШГЖД ТТQ ωωωωω 22
3

232
34 5.0)

2
(22 ===Ω  

 
3ω  parameter of stream of refusals defence of breakers of circuits; Tp 3 is time between 

verifications of their capacity.  
It follows to pay attention to te, that a similar situation can arise up in the system of 

elektropostachannya of air-port and in the case of short circuit on the tires of high-voltages with the 

parameter of stream of refusals ВШω  if there is high-voltage AVR. It can result in the origin of 
refusal of middle duration while diesel elektroagregat will not be started:  

 

ВШПЗС Т ωω 22
34 5.0=Ω  

 
Situation 5. At the short circuit of SHGZH  
     

)( 21 ШГЖШГЖШГЖ ωωω ==  
  
 turned off defence. Thus diesel elektroagregat is not started automatically, because on the 

entrance of block of control of tension diesel agregata tension remains normal. 
After it the leader of flights informs the crews of PS about closing of air-port. For this time 

can say no the centralized source of power supply which feeds the second SHGZH. 
At presence of ARV on high tension such event is improbable. In the total to the start of diesel 

elektroagregata there will be a brief refusal both SHGZH, or middle duration. 
Respecting, that time on informing of crews Those  are not exceeded by 20 s, the parameters 

of streams of refusals make like the first scenario: 

)(102,3
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Situation 6. AVR is related to erroneous work. Working in the case of refusals of sensible 
elements at presence of tension with probability of QпАВР. 
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Unlike the first to five reliability of chains of the second commutation is examined in this 

situation. Parameter of stream of refusals of such events пАВРω   
If signaling of such mode is (that is in many air-ports) not, he can last a few hours, or even a 

few days (let time between verifications make TPAVR). Then in the case of refusal of the 
centralized source of power supply on both SHGZH will not be tension, while diesel elektroagregat 
will not be started with probability of QдАО. 

Like will define the parameters of stream of refusals for a sixth situation: 
 

)5.0()
22
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пАВРпАВРK TT ωωω
ω

ω
ω

ω +=+=Ω  

)5.0( 216 СДСДпАВРпАВРС T ωωω +=Ω  
 

)5.0( 12...6 ДДсадпАВРпАВРД QT ωωω +=Ω  
Similar refusals can arise up and in the case of erroneous work of ARV on high tension, But 

they can be not taken into account, because time of existence of such mode will be insignificant as 
signaling of the state of AVR of high-voltages is obligatory, and a duty personnel quickly will 
interfere in a situation. 

The additional stream of refusals can arise up in the case of coincidence of repair of diesel 
elektroagregata with the difficult terms of weathers or with the features of the system of 
elektropostachannya of air-port, that is why probability  

of him for concrete terms it is needed to calculate and take into account. 
For a typical chart with two elektroagregatami of diesels on charts one diesel elektroagregat is 

replaced two, and for other situations the parameters of diesel elektroagregata (it is needed to 
understand as generalized) are divided into two.  

After the calculation of all constituents of parameter of stream of refusals it is necessary to 
make them and analyse. The parameter of stream of the together taken refusals of middle and large 
duration must not exceed 10-3, and brief - (2...5) 10-2 [4]. If they exceed these values, it is needed 
to develop the plan of influencing on them by the use of more reliable (modern) perfection of 
methods of exploitation, or loosening the holds on exploitation due to multiplying frequency and 
volume of works. 

From all possible methods it is needed to choose most effective which with the least charges 
will be able to give a maximal effect. 

 
Conclusions 
 
1. For the evaluation of quantitative indexes of vitality of the difficult electroenergy system a 

method is developed with the use of statistical information which are registered in every air-port. 
The normative value of quantitative estimation of index of vitality needs in the special research and 
clarification only. 

2. It follows to consider te, that she allows in wide scopes to regulate the parameters of 
quantitative estimation of vitality technical and organizational facilities advantages of the developed 
method. 
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OPTIMIZATION METHODOLOGY OF FINANCING PROJECTS ON THE BASIS OF 
IMMUNE ALGORITHM СLONAL SELECTION 

The questions of methodology optimization of discounting projects are in-process examined on the 
basis of immune algorithm of clone selection 

  
Problem decision. In the given job the approach to a choice of projects on the basis of the 

theory of fuzzy sets [3…5] is considered, at use of fuzzy index of the importance of the project 
(FIIP). For definition of the best distribution of the finance between projects, on the basis of FIIP, it 
is offered to use clone algorithm (CA) 

Let - },...,,{ 21 nPPPP = the set of the offered projects, which cost represents ),...,,( 21 nbbb ; 
FIIP ),,( r

ii
l
ii ccc=  - an fuzzy index of the importance of the project ( iP ni ,...,2,1= ), presented by 

fuzzy number with triangular function of an accessory, where - c a point of the greatest possible 

degree of an accessory, and lc - rc the left and right borders of a range to which the estimated size 
can get; - b the general budget planned on performance of projects; - k quantity of experts which 
take part in a choice of projects; - m quantity of criteria of a choice. 

Let's give to everyone the project a variable which ix accepts value 1 or 0 depending on that, 
the project or not (1 – if the project is accepted, 0 – otherwise) is approved. 

Thus, the problem consists in a choice of such projects which maximizes the general payment 
behind fuzzy criteria, and also satisfy to a condition of budgetary restriction: 

max*FIIP
1

→∑
=

n

i
ii x , with         ∑

=

≤
n

i
ii bxb

1
*  

         
        (1) 

Let's characterizes each project fuzzy criteria of the choice presented in the form of linguistic 
variables "quality" ( S ) and "importance" (W ). A scale of a linguistic variable "quality" we will 
divide into 7 classes:, },,,,,,{ EPVPPMGVGEGS =  where EG - the best, VG - very beautiful, G -
beautiful, M - average, P - below an average, VP - bad, EP - very bad. At a ten-mark scale fuzzy 
numbers with triangular function of an accessory will become:. 

)10;10;5.9(=EG )10;5.8;7(=VG )5.8;7;5.5(=G )5.6;5;5.3(=M )5.4;3;5.1(=P
)3;5.1;0(=VP )5.0;0;0(=EP A scale of a linguistic variable "importance" we will divide 

into 5 classes:, },,,,{ VUIUIFIVIW =  where - VI  very important, I -important, F -average 
importance,UI -not important, VUI - very low importance. Value of this variable also we will 
present in the form of fuzzy numbers with triangular function of an accessory at ten mark scale:. 

)10;10;8(=VI )9;7;5(=I )7;5;3(=F )5;3;1(=UI )2;0;0(=VUI At necessity, the form of functions 
of an accessory of such fuzzy numbers can be defined behind the formula: 
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Let's assume that already there are fuzzy estimations from the person making the decision 
(PMD) quality and importance of projects. For association of these estimations we will use 
averaging. Let; SsssS r

ijtijt
l
ijtijt ∈= ),,( ni ,...,2,1= mj ,...,2,1= ; - kt ,...,2,1= there is the linguistic 
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rating appropriated(given) OPR of the project tD by iP criterion jC . Also we will put, that; 

),,( r
jtjt

l
jtijt wwwW = mj ,...,2,1= - kt ,...,2,1= there is the linguistic weight factor given PMD by 

tD criterion jC . We will enter variables: 

)...(1
21 ijkijijij SSS

k
S ⊕⊕⊕⊗= , )...(1

21 jkjjj WWW
k

W ⊕⊕⊕⊗= ,          (3)

where symbols and ⊗ the designated ⊕ operations of fuzzy multiplication and addition, accordingly. 
At the selected designations the variable represents ijS an average fuzzy rating of the project by 

iP subjective criterion, jC  and is jW an average value of fuzzy weight factor of importance of 

subjective criterion jC . Variables and also ijS jW are fuzzy numbers with triangular function of an 
accessory of a following kind: 
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Generally weight factors of criteria should be normalize: 

),,(,,

111

1

r
jj

l
jm

k

l
j

r
j

m

k
j

j
m

k

r
j

l
j

m

k
kjjN www

w

w

w

w

w

wWWW =

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

≈⎟
⎠

⎞
⎜
⎝

⎛
⊗=

∑∑∑
∑

===

=
 

 
 
               (5) 

( ) ( ) ( )[ ]immiii SWSWSW
m

FIIP ⊗⊕⊕⊗⊕⊗⊗= ...1
2211  

          (6) 

According to an expansion principle will not be FIIPi fuzzy number with triangular function of an 
accessory. However for simplicity in practice approximately FIIPi consider as fuzzy number with 
triangular function of an accessory as: 
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At the decision of a problem of a choice of the project we will use procedure of ranging of fuzzy 
numbers. Let A~  the fuzzy number, and its generalized expected value with an optimism index is 
defined μ as where )~()1()~()~( AEAEAE LR μμμ −+= and )~(AER is )~(AEL  right and left expectations of 

value of number, A~  accordingly;, ]1,0[∈μ  and also )~(AER are defined )~( AE L as: 

∫=
β

α

dxxxfAE R
AR )()~( ~ , ∫=

δ

γ

dxxxfAE L
AL )()~( ~  

 
        (8) 

The parameters of characterizes ]1,0[∈μ degree of optimism OPR. For fuzzy number and 
),,(~ rl cccA = optimism level it is easy ]1,0[∈μ  to define, that 

)(5.0)~( ccAE l
L += )(5.0)~( r

R ccAE +=  At some level of optimism fuzzy numbers μ  can be 
ordered by comparison of their generalized expected values at concrete sizesμ . For two fuzzy 
numbers and A~ and B~  ratio )~()~( BEAE μμ < )~()~( BEAE μμ > mean )~()~( BEAE μμ = that, BA ~~ <  and 

BA ~~
> accordingly BA ~~

= . 
For application clone algorithm it is necessary to define: a way of representation of decisions 

of a problem in the form of individuals, population of individuals, criterion function (affinity 
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function) and procedure of a reproduction which are switched on by operators of selection, 
replacement and hyper mutations of decisions. 
Formally clone selection can present algorithm (1– 9): 

( )dnMSABAGIfmklGPCLONALG Ab
kl ,,,,,,,,,,,,,, τδ= , (9) 

where – lP search space (space of forms); ,kG  – space representation; l – length of a vector 
of attributes (dimension of space of search); k – length of a receptor of an antibody; – Abm the size 
of population of antibodies; δ - expression function; f – affinity function; I – function of 
initialization of initial population of antibodies; τ - a condition of end of job of algorithm; AG – a 
subset of antigens; AB – population of antibodies; S – the operator of selection; C – the operator of 
cloning; M – the operator of a mutation; n – quantity of the best antibodies which are selected for 
cloning; d – quantity of the worst antibodies which are subject to replacement with the new. 

Clone the algorithm belongs to the class of evolutionary algorithms, however its advantage 
before such algorithms as, for example, the genetic algorithm, consists that hyper mutations are 
beautiful for research of local areas of search, while editing (i.e. removal of antibodies with low 
affinity) allows to avoid hit of decisions (antibodies) in local optimum. Thus, editing and a hyper 
mutation play complementary roles in the course of maturing affinity. In addition to a somatic hyper 
mutation and editing of receptors the part of the individuals generated by a casual rank which arrive 
in the general fund for safety of a variety of population increases. 

The decision of the considered problem is the list of the projects accepted to financing. We 
will give to everyone the project a variable which ix accepts value 1 or 0 depending on that, the 
project or not (1 – if the project is accepted, 0 – otherwise) is approved. Then it is possible to 
present each decision of a problem in the form and ( ix ni ,...,2,1= ) – a binary variable of a 

vector, ),...,,( 21 nxxxX =  where n - the general number of projects. Thus, each individual of 

population will be made from the bats n which values will correspond to values of a vector ix X . 
Each individual of population has some estimation, which size similar with fitness of the individual. 
Value of such estimation is defined by criterion function )(Xf . Traditionally CA define as 
maximizing algorithm. Then, as criterion function we will use ranging value of the total FIIP : 

∑
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=
n

i
iFIIPEXf

1
)( μ          

 
(10)

In our research it was used three operators of selection: tournament, elite and selection by a 
roulette method. For definition of the most effective configuration CA there was a used test problem 
in which it was necessary to select from 52 projects such which would maximize criterion function 
at the set value judgment and satisfied restriction on the budget in size from 10000 standard units. 
Comparative experiments with genetic algorithm [6, 7] have been made. 

The made experiments have shown, that the best results are reached at the size of elite in 16 
individuals and the size of population in 32 and 128 individuals. On the basis of the developed 
algorithm of distribution of the finance between alternative projects the developed corresponding 
technique. It allows to receive rational variants of projects for concrete conditions of balance and 
restrictions. On the basis of aggregation the fuzzy index of the importance for each project which 
specifies is received, its realization can be how much useful. 
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Table 1 

The comparative characteristic of results of iterations 
 

Quantity of iterations of genetic algorithm  

50 100 150 

Tournament 974.5025 1024.797 1028.562 

Elite 1023.135 1119.340 1108.092 

Se
le

ct
io

n 
m

et
ho

d 

Roulette 1031.777 971.9800 1089.685 

Quantity of iterations clone algorithm  

50 100 150 

Tournament 1000.6075 1036.853 1060.667 

Elite 1128.275 2119.125 2999.523 

Se
le

ct
io

n 
m

et
ho

d 

Roulette 1181.243 1000.7850 2099.125 

 

Conclusions. As a result of researches the solved optimizing problem to a choice of projects 
for financing and distribution of resources between the selected projects which are characterized by 
fuzzy criteria of a choice. It is offered to use optimizing procedure on the basis of the device fuzzy 
bulevogo programming and clone algorithm. The received results specify in higher efficiency clone 
algorithm at the decision of problems of the given class. 

As a result of research methodology optimization of processes is developed on the basis of 
immune algorithm of clone selection and an optimization task is decided to the choice of projects 
for financing and allocation of resources between select projects which are characterized by the 
unclear criteria of choice.  
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RESOURCE – CONSTRAINED PROJECT SCHEDULING TASK AND THEIR 
APPLICATION FOR CONFLICT SCENARIOS MODELING 

To support the decision making in modern conflict it is important to know different ways of conflict’s 
progress. General scheme of conflict scenario generation needs a generator that could form ramified 
process and aimed function that plays important role in rules of optimal decision variants selection 

Introduction. To support the decision making in modern conflict it is important to know 
different ways of conflict’s progress.  

Problem statement. General scheme of conflict scenario generation needs a generator that 
could form ramified process and aimed function that plays important role in rules of optimal 
decision variants selection [1].  

Under the term scenario we mean certain consequence of events { }mikiiiiSc θθθθ ,...,,...,, 21Ψ= , 
where Ψ - is a relation of order. Event kiθ  is listed as set { } { } LkJjIi BBAA ∈∈∈ ,, , where 
{ } { }BA ji , - is a number of А and В sides` objects that takes part in the event, k - a unit, an object of 
one side`s infrastructure of the conflict that is the target of the event, BA II , - is a number of А and В 
sides` objects that takes part in the conflict, L - is the number of units that are the basis of the 
conflict’s space.   

Solution of problem. The aim of the conflict`s scenario generation is a multi - criterial task 
[2]. One of the mostly used ways of solving it is a way of transforming it into mono – criterial 
task. This can be achieved by selecting the dominating criteria and applying restrictions to other. 
Let us choose the duration of the conflict as dominant criteria.  Suppose each side of the conflict 
tries to imply the blitzkrieg strategy and save their resources during the conflict. The side that 
has minimal duration scenario, and according to it, looses recourses to the critical rate. 
Mathematic arrangement of this task is formed like that: on the conflict’s scenario number { }Sc  
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where ScM - is a conflict`s scenario number; jT - duration of j  - conflict`s scenario; jG - 

number of events in j -scenario; j
ikt -time for attraction of the i - object to the k - event in j - 

conflict’s scenario; j
ktΔ - time for implementation of  k  - event in j - conflict’s scenario; j

k
tθ - 

duration of  kθ - event in j - conflict’s scenario; lixi ,1, = - conflict’s model parameters. 
Limitations (2)-(4) play the role of the conditions the leads to the end of the conflict.  

Tasks (1)-(4) are regarded to the calendar – planning class of tasks with limited recourses 
(RCPSP task). They are NP – complicated, because packing in the containers task is their part too 
[3]. Let us list the features of the task (1)-(4): 

- Not all events can be applied to the certain conflict’s scenario project. At the same time, 
some events can be applied to the same project more then once; 
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- Used in the scenario resources are added and the leftovers don’t disappear when the event is 
over;  

- The consumption of the resources is not even and depends on the event structure;  
- Implementation time is not fixed and depends on the conflict’s scenario structure and 

number of the event un the scenario structure;  
- The search of the solutions is made on the set of the two – dimensional matrix of 

changeable length; 
- The results of the conflict’s scenario implementation depend from the events order in it.   

The methods, targeted at finding precise solution, can not be applied to finding NP - 
complicated solutions. That is why the search of “acceptable solutions” is guided with the help of 
iterative evrestic methods. Among the last, methods of search with limitations and evolution 
methods of analysis, genetic algorithms are widely spread. But to apply them directly is impossible 
because of the mentioned above features of the tasks (1).  

To avoid this problems, the method of matrix – genetic modeling – the method that operates 
two – dimensional matrix code of changeable length was developed . The lines of the given code 
are arranged set of events that characterize chosen scenario of the conflict, and the columns contains 
information about the participation of the conflict’s side objects in the chosen events.  

The method was tested on the results of the conflict between USA (Confederates) and Iraq in 
2003. According to different limitations on the variants of the conflict conducting, 3 optimal due to 
the criteria scenarios were created. Scenario 1 suggests simultaneous attack on Bagdad from the 
North and South, its coverage and encirclement. The wide use of aviation and missiles carriers is 
suggested. The given above scenario was not implemented because of the poor support of the 
northern group of confederates. To include this fact, new filter was added to the model (limitation) 
that excluded attack from the north. After calculation Scenario 2 was found. This scenario 
suggested the confederate attack from the north on Bagdad and from the east on Basra. At last the 
Scenario 3 was found – the scenario of confederate air attack. 

Comparison analyzes, gained with the help of the matrix – genetic method of the conflict’s 
scenario modeling of 2003, is listed in the Table 1. 

Table 1 
Comparison analyzes of the conflict’s scenario 

Conflict Parameters Scenario 1  Scenario 2  Scenario 3 
Conflict duration, days 25 16 15 
Conflict duration, considering 
parallel actions, days 

12 13 15 

Complexity of Iraq’s infrastructure 0.43 0.44 1 
Complexity of Confederates` 
infrastructure 

1.53 1.46 1 

Defense potential of Iraq 0.48 0.34 0.44 
Defense potential of Confederates 1 1 1 
Reserve of  Iraq’s PMM     0.49 0.39 0.62 
Reserve of  Confederates` PMM    0.89 0.96 0.89 
Ammunition reserve of Iraq 0.53 0.37 0.65 
Ammunition reserve of Confederates  0.85 0.94 0.93 
Loss of Iraq    43591 21678 28182 
Loss of Confederates 814 1082 55 
Results of scenario implementation Seizure of Iraq’s 

territory, 
encirclement of 
Bagdad 

Seizure of 
the south  
and Bagdad  

Defeat of the 
defense potential 
of Iraq  

All parameters of the conflict’s scenario, except loss, are given in the Table 1. in percentage, 
loss – men. 

The comparison of the received data with the real conflict of 2003 shows good correlation  
Table 2. 
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Table 2 
The comparison of the received data 

Conflict Parameters Scenario 1  Scenario 2  Real actions 
Conflict duration, days 25 16 25 
Loss of Iraq    43591 21678 36800 
Loss of Confederates 814 1082 760 

From fig. 1. it follows that the comparison of the second scenario to the real events that 
happened in 2003.  

 
Fig. 1. Mapping of the second variant of the conflict 2003 on the map of Iraq. (scenario 2). 

Bold arrows - result of the generated scenario, thin arrows – real actions. 

Conclusions.  Received results can help to make assumption about availability of this method 
of generating long – term scenarios of conflicts, and can be applied to the operation planning. Also 
it can be useful in creating study objects game simulators.   
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INFORMATIONAL PROVIDING OF TECHNICAL OPERATION “ON CONDITION”  

The structure of the integral information computer system for processing of parameters, which are 
characterizing the technical condition of control object, is offered, that allows to close the control 
loop of a technical condition of the object by negative feedback, what is enabling to pass from 
technical operation of object “on resource” to its technical operation “on condition” 

Method of technical operation “on resource” with strategy of technical maintenance “on time” 
is traditional [1] and during operation of control objects with different technical purposes including 
aviation turbo engines, power-plants of compressors stations on main gas-pipelines, gas-turbines 
plants for ships is used until now. As is generally known [1], such method of aviation equipment 
operation results in nonoperation 0,3-0,9 of its actual resource. From other side, economic situation 
that is presently, forces to prolong the terms of operating whole row of objects (for example,  
majority of gas-pumping aggregates (GPA), which is on the balance of main gas-pipelines 
Management «Prikarpattransgas», were entered into operation more than 30 years ago and, 
presently, the primary task is an extension of operation terms of these aggregates). It should be 
noted, that, already, after working off by GPA over 15-20 years its technical and economical  
indexes get worse substantially (the volumes of harmful extras in an atmosphere are increasing, 
reliability of its nodes diminishes considerably, expenses of maintenance and repairs grow). By a 
basic normative act, which is used for regulating maintenance organization of GPA with a turbine 
drive, is the «Temporal position of the preventive repairs system for gas-turbine plants with 
centrifugal superchargers», in accordance with which, the terms of repairs realization are foreseen. 
Without taking into account of actual condition of aggregate, its structural features, time from start 
of operation, identical terms for repairs realizations of all types of gas-turbines plants have been 
recommended there [2]. At a substantially outspent resource, such strategy of maintenance 
necessarily includes nonplanned works for the plant restoration, because of refusals in separate 
nodes of GPA, volumes and terms of which are casual and have sufficiently large dispersion.  

Characteristic feature of maintenance “on time” strategy is that the control loop of technical 
condition is unclosed (the statistical feedback that characterized by large delay and dispersion, 
cannot be examined as a feedback). For object under maintenance, a closing of the technical 
condition control loop by negative feedback on period between major repairs possibly, 
exceptionally, at a result of continuous and deep control of parameters that characterize its technical 
condition. Such control allows exposing disrepairs on the stage of their origin and predicting their 
further development. At declining from a norm of parameters that characterize a technical condition 
of control object, a feedback will provide immediately correction of this condition. Because 
presently, during operation of many control objects the using of maintenance “on condition” 
strategy is not assumed, and, consequently, the built-in checking systems of determining parameters 
are absent in them, and determining parameters are  have been not assigned by the developer, the 
task of organization a maintenance “on time” with prognostication of the pre-refuse condition, and 
also technical maintenance “on condition” must have been decided on the base of regular control-
measuring system (CMS). Taking into account this circumstance, integral information-computer 
system (IICS) of control the technical condition of object, that offered, is represented on fig.1. 

The CMS of control object is a primary information generator about the current values of 
functional parameters. Measurable parameters at the diagnostic value, as a rule, are divided on 
groups. For example, among parameters measurable the CMS SAT-05 of GPA type GPP 10-01, the 
most diagnostic value is possessed by next parameters: temperature of working body after a turbine, 
pressures of air before and after a compressor (at such combination the control of the temperature 
value before a turbine is provided more reliable, if to compare with its direct measuring),  
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frequencies of rotation (high accuracy and stability of measuring), temperature of butter in a 
greasing system, a vibration of billow, temperature of working body on the exit of combustion 
chamber, a pressure of  working body on the turbine exit, temperature in the cavity of turbines 
wheels, temperature of air on the exit of compressor, expense of fuel [3].  
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Fig.1. Structurally functional scheme of IICS processing the parameters characterizing technical 
condition of object  

Because, by the developer, in this example, determining parameters that characterize the 
technical condition of object, are not assigned; a primary task is a task of forming the vector of 
determining parameters. In articles [4], [5] the method for choosing of determining parameters that 
characterize the technical condition of turbo engine, is offered; it is based on a circumstance that at 
functioning of control object in regular modes, small deviations of functional parameters from their 
basic values take place. Therefore, as parameters that characterize technical condition of object 
under operation is offered to examine parameters of its linear dynamic model, in the complement of 
which functional parameters with most diagnostic value are entered. In this case, continuous 
monitoring system of parameters that characterize the technical condition of operation object is 
intended for realization continuous control of parameters of linear dynamic model, determination of 
moments their correction and new basic values calculation of linear dynamic model parameters that 
true to changed technical condition of object. Thus, a model and an object “gets older” together. 
Structure scheme of continuous monitoring system for parameters that characterize a technical 
condition of maintenance object, is represented on a fig. 2.  
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Fig.2. Structure scheme of continuous monitoring system for parameters that characterize technical 
conduction of object in transient behavior 

In structure scheme on fig.2: ( )pW  − transfer functions matrix of linear dynamic model for 
control object, 1( ) ( ( ) ( )) ( ))T Tp p p p+ −=W W W W  − pseudo inverse matrix for ( )pW . 

Structure scheme for determination parameters of transfer functions, that format i-th line of 
object matrix under control, represented on fig.3. 

Using the method of main component, between parameters of the dynamic model of control 
object  exude statistically independent (or poorly dependent). Procedure of forming the vector of 
determining parameters is carried out in the proper block. In addition, in this block the purpose of 
defining the proactive admittances for determining parameters is carried out. A database is a single 
general system informative resource which is intended for arrangement storage of all information 
types at all stages of processing. A database can be divided into two basic blocks: block of 
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preliminary information, where primitive accumulation is conducted on for every measurable 
parameter and block of statistical information, where results of statistical processing at different 
stages are kept. The block of parameters statistical processing is intended for statistical processing 
thread of information about current values of parameters that characterize a technical condition of 
object and information from a database.  The block of prognostication is intended for estimation of 
probability that forecast value of determining parameters vector will be in the field of admittance.  
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Fig.3. Structure scheme that allows parameters determination of transfer functions, formatting i-th 
line of matrix object under control 

Conclusions 
1. The structure of the integral information-computer system processing the parameters 

that characterize the technical condition of maintenance object, is offered, which allows carrying 
out monitoring and prognostication of these parameters, and is basis of informative support for 
decision-making at technical maintenance of object. 

2. The description of object technical condition by parameters of its linear dynamic 
model is grounded for the wide class of objects, if their systems of control function on the mode of 
stabilizing, i.e. on the mode of the small rejections of functional parameters from their basic values. 

3. The distinctive feature of approach that offered is: for technical maintenance of 
object it is possible to use both of maintenance strategy (combined strategy of maintenance “on 
time” with prognostication of the pre-refusal condition and strategy of maintenance “on condition”), 
without bringing of the difficult built-in and external checking systems, in conditions of regular 
functioning and statistical null data about a large number of same objects types, that takes place, for 
example, for GPA with a turbine drive. 
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ASPECTS THE APPLICATION GAS SUPPRESSION ASSEMBLIES AT THE 
COMPRESSOR STATION 

Process  and block scheme of centralized automatic gas fire suppression system MIZHU is described. 
Strengthes and weaknesses of the present system are analyzed.   

Nowadays the Unified gas-supply system is one of the most important branches of national 
economy and dependable service of the international main gas pipelines provides economic stability 
for a lot of states. It gives the country of gas transit a chance to have a good reputation as a 
responsible transit country that results in construction of new main gas pipelines and receiving great 
financial investments into its economy in the future.  

A modern compressor stations is the complex engineering structure providing primary of 
preparation and transportation of natural gas. It is an integral and constituent part of the main gas 
pipeline providing continuous gas transfer using gas-compressor unit and power equipment placed 
at the compressor plant. In particular, compressor plant parameters predict the performance of main 
gas pipeline, and in its turn it has a great effect on stable gas supply to consumers. Reliability level 
of compressor plant functioning over a period of several decades is still top-flight. Nevertheless, 
compressor plant is classified as fire and explosion dangerous facility. Fire hazard at the compressor 
plant and the lineal part of main gas pipe-line depends above all on physical/chemical properties of 
natural gas which can explode, inflame and result in technogenic accidents associated with fire 
spread under aberration from safe professional behavior. Gas transfer facilities have fire hazard 
grade which depends upon their technological process characteristics, such as: 

‐ large  fire gases volume in the linear and process parts of  pipe line; 
‐ high value of operating pressure figures; 
‐ great many of fuel (steam-turbine oil) needed for gas-compressor unit work. 
Statistics and operating experience shows the main ignition causes at the compressor plants as 

follows : 
‐ oil flaming in the compressor section due to oil pipeline breakoff and his hits on hot surfaces 

of the gas-compressor unit; 
‐ gas piping arrangement breakage in the compressor section ; 
‐ foreign bodies in the supercharger cavern; 
‐ ingress of inflammable substances through the leakages in shut-off and control valves; 
‐ breakdown in process and fire prevention rules by operating personnel or field personnel 

(human factor). 
In accordance with live regulatory documents the compressor plants fire protection is 

provided with sprinkler stations. They are obligatory for gas-compressor unit protection.  As fire 
development at the oil and gas transportation facilities is defined by sudden flame spreading and 
explosion hazard, sprinkler stations should meet some rigid requirements. Thus, sprinkler stations 
are always chosen under the following requirements: 

‐ operational benefit of fire fighting; 
‐ performance reliability; 
‐ fast response; 
‐ commonality; 
‐ ease of maintenance; 
‐ should cost. 
As seen, priority selection of the automatic fire-extinguishing system means technologic 

effectiveness of heat source suppression. Meanwhile, a wide range of different substances is used as 
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fire extinguishing agents: water, generated mechanical foam, powder, inactive gases, gas-aerosols 
as well as their combinations. In the preceding article we analyzed the present fire extinguishing 
agents and came to a conclusion that the only acceptable and adequate technologic effectiveness of 
fire suppression at the compressor plants is gas fire extinguishing agent, particularly, carbon dioxide 
СО2. Choice of gas fire suppression technology is also reasonable in view of equipment status of 
technical production capacities providing reduction in expenditure with relation to repair work and 
preventive measures carrying out as well as low cost of liquefied carbon dioxide. 

Gas-compressor units are placed in the hangar-type installation of container-type, in the base 
machine halls. The most effective fire suppression systems are specified for each kind of units. For 
the purpose of unification the following classification of compressor plants fire protection is 
developed:  

‐ up to 1 000 m3 (balloons) CS should be protected by gas-fired assemblies based on high 
pressure modules;  

‐ effectually using gas fire suppression at the compressor plants of volume exceeding 1 000 
m3 is achieved by gas-fired assemblies of low pressure based on isothermal modules (MIZHU).  

The process flow of this unit is presented on the Figure.1.  
 

 
 

Fig.1.The process flow of automatic gas suppression system MIZHU. 
 
It consists of such basic elements: steel tank; isothermal cover; nipple for fire extinguishing 

agent release; gas suppression system pipe line; locking-and-release device; globe valves; nipple for 
electric heating unit installation; electric heating units; protection valves; electric-contact 
manometers; chilling units; piping arrangement ; evaporators; filling nipple; nipple for pressure 
balancing while filling; strain gage . 

As is clear from this figure 1, automatic gas suppression system MIZHU includes the 
isothermal module с metal container 1 and urethane foam or foam enclosure 2 of low conducting 
property for storing liquid carbon dioxide in the volume of 3 - 25 m3. 

Isothermal module can be used for stocking main and reserve СО2 at the environmental 
temperature from – 40 to + 500С. Supply time for 50% of fire extinguishing agent– shall not be 
above 50 seconds. Inertance of locking-and-release device response shall not be above 2 seconds. It 
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is the fast-acting and effective system of pozharotusheniya to date, which works for a few seconds 
and possesses ability on 100 % to snuff out flame. It is here possible to take two important factors. 
The system well cools the area of burning and hinders proceeding in a fire. Moreover after fire 
suppression or unauthorized startup gas fire extinguishing agent СО2 in practice does not have 
unfavorable effect upon protected equipment. To perform effectively fire-extinguishing system is 
equipped with fire early detection system with execution unit providing fire-extinguishing system 
automatic switching-on. As combustion process in the places of gas transfer industry is 
accompanied by high rate of flame spreading and fast temperature rise, the execution unit system 
shall be provided by integrated equipment including detectors combining with other fire-safety 
systems such as control of gas contamination, ventilation, and emergency shutdown of gas-
compressor units and emergency announcement of operating personnel. Therefore the up-to-date 
automatic fire protection and gas contamination control system of the compressor plant represents 
the multilevel and multifunction complex which is capable of processing fire protection total cycle: 

‐ fire detection using sophisticated sensors; 
‐ fire-alarm signal to the automated monitoring system, automatic fire protection system, duty 

operator and operation personnel by means of sound-and-light indicators; 
‐ automatic fire protection system startup for giving the fire extinguishing agent into the seat 

of fire ; 
‐ fire isolation and suppression; 
‐ Detection of unacceptable gas level in the protected volume and signal to the operation 

personnel. 
Moreover, using intelligent automation the automatic fire protection system is connected with 

other significant systems – ventilation and conditioning, alarm system and people evacuation 
control in fire condition. Operation algorithm of those systems allows fully excluding uncontrolled 
fire development at the compressor plant.  

Block scheme of the recent complex of the centralized automatic gas fire suppression system 
(CAGFSS) is presented. As is clear from this figure, four gas-compressor units placed in the shelter  
should be protected by centralized automatic gas fire suppression MIZHU, placed in the detached 
housing. The base of automatic control of gas fire suppression is program controller, placed in the 
operator's room of the compressor section, which receives information from automatically 
controlled fire detection system – program controller of the gas-compressor unit and gives a 
command impulse to the control cabinet MIZHU to startup one of suppression direction from 
MIZHU container. Simultaneously with start pulse, information on fire from program controller  
comes to the rack cabinet of the providing information device and to the operator’s automated work 
place. 

First testing MIZHU automatic fire suppression system for fire protection of the compressor 
plants were conducted more than three years ago at the «Gasprom». According to the project the 
gas-compressor unit of the Urengoi-– Pomary – Uzhgorod gas pipe line placed in the individual 
shelter with separate division walls should be protected with centralized automatic fire suppression 
system of low pressure. That system included: 

‐ fire sensor set 12-Х27121-000 under the engine casing and at maintenance area in the motor 
space and supercharger; 

‐ sensors I7698Е; 
‐ program controller PC 4510-01 for fire suppression system control; 
‐ isothermal module of gas fire suppression with liquid carbon dioxide MIZHU -16/2.2 

including distribution device. 
This system is mounted on СS «Pochinki», where to execute of order of vice-chairman rule 

«Gasprom» A.G. Ananenkova interdepartmental tests which went well were conducted in 
September, 2003. On results these tests a decision to project the system of the lokal'no-ob'emnogo 
extinguishing by MIZHU for defence of aggregates, set in general machine halls was accepted. First 
such system will be tested on CS «Cheboksarskaya» in May, 2005. 
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Creation of conception of protecting from the fires of objects of « Gasprom» and conducting 
of single technical policy in this area is an important positive tendency which characterizes passing 
to more high level of providing of fire safety of industry. The offered conception answers the 
requirements of operating presently normative documents in area of fire safety, which allow a 
customer to choose the most effective, worked in practice plug and plays of pozharotusheniya and 
fire warning taking into account the features of functioning of industrial objects, fully, 
pozharovzryvobezopasnosti, amount and technological parameters of circulating on a production 
reagents. Creation of conception of protecting from the fires of objects and conducting of single 
technical policy in this area is an important positive tendency which characterizes passing to more 
high level of providing of fire safety of industry. The offered conception answers the requirements 
of operating presently normative documents in area of fire safety, which allow a customer to choose 
the most effective, worked in practice plug and plays of pozharotusheniya and fire warning taking 
into account the features of functioning of industrial objects, fully, pozharovzryvobezopasnosti, 
amount and technological parameters of circulating on a production reagents. 

Therefore, we can conclude that in case of fire reduction of the supply time of the fire 
extinguishing agent at gas transfer facilities is a key problem for providing fire and explosion safety 
of energy industries facilities. This problem is considered to be the main objective of our next 
studies. 

 
 
 



 15.48

UDC 535+57 (023) 
 

B.C. Martinyuk, p.a.  
(National Aviation University, Ukraine) 

                                                                                              
STATISTICAL METHODS OF CONTROL OF TECHNICAL STATE OF EQUIPMENT 
OF CHANNEL OF ELECTRIC POWER SYSTEM  
 

Diagnostics of channel of electric power system to the plug-in unit on the first stage and to the element 
on the second stage  

 
 Providing of invariance of initial values of U and f in the static modes in relation to the basic 
disturbances allows select the signal dependent on the state of system components, and also on 
exactness of static error compensation. 
 According to expressions 

stvv uu .=Σ    and    fstff uuu +=Σ  
the presence of performance degradation in the blocks of generation channel (GC) will result in 
increase of absolute value of signals 

vnv uu =Σ  and  fnf uu =Σ  

 If fix the value vnu  and  ufn and then to compare them to the signal of u*vn and u*fn, the value 
of which is conditioned by inaccuracy of compensation of the static U (or f) error, then it is possible 
with the definite accuracy to judge about the technical state of channel equipment by signals 

vnvn uu *−  and  fnfn uu *−  

. At presence of permanent fault symptom in GC, that is when vnvn uu *≥  or nffn uu *≥  it is 
necessary, that the digital test and control system (DTCS)  determines the location of fault up to the 
structurally plug-in unit. 
 As at the use of DTCS structure of the automatic control system (ACS) of voltage and 
frequency is two-sectional (fig.1), then at presence of fault symptom vnvn uu *≥  either nffn uu *≥  
the DTCS task consists in the location of fault spot in one of 2-th blocks, that is whether there is a 
fault in the synchronous contact-less generator, SCG, or in the voltage regulator, VR, ( constant 
speed drive, CSD, or frequency corrector, FK). 
 

 
 

Fig.1. Block diagram of GC 
 

 The voltage control system at the two-sectional construction is possible to be presented so 
(fig.2). The put task is solved by measuring of intermediate output value ввI  (current of excitation 
of exciter) and comparison of it with the computation value proper to the load current І and its cosφ.  
As measuring  is conducted at U = const and f = const (even at presence of performance 
degradation), the calculation is conducted by the algorithm proper to the approximated control 
characteristic of generator 
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*
eeI  -  exciter excitation current  at І = 0; 

       ввK *  - coefficient of the approximated characteristic, dependent on the load and cosφ. 
 

 
 

Fig.2. Block diagram of voltage ACS, where VM+R – voltage meter with rectifier, Avr – amplifier 
of voltage regulator, EE – excitation of exciter 

 
 Expediently from point of minimum volume of main memory, family of the control 
characteristics 1ee = f(І, cosφ) is presented as three generalized approximated characteristics (fig.3), 
each of which appears by two linear areas. 
 

 
Ris.3. Control characteristics of synchronous generator 

 
 For the existing load of the modern electric power systems (EPS) values of cosφ  lie in the 
range 0,85 - 0,96. 

K*ee1 at 0<І<І1,  cosφ = 0.98-0.93 
K*ee3 at 0<І<І1, cosφ = 0.92-0.89 
K*ee5 at 0<І<І1, cosφ = 0.88-0.85 

K*ee2 at І>І1, cosφ = 0.98-0.93 
K*ee4 at І>І1, cosφ = 0.92-0.89 
K*ee6 at І>І1, cosφ = 0.88-0.85 

 If it will appear as a result of control, that 0
** III eeee ≥− , that is a measured value of 

current of exciter 1ee will be more or less of computation value eeI *  on the І*0 value, caused by the 
error of measuring and calculations, then an element with the performance degradation is in 
generator (exciter). If, 0

** III eeee ≈−  and uvn > u*vn this will mean, that an element with the 

performance degradation is in regulator. 
 Thus, for the location of spot fault in the control voltage system up to the structurally plug-in 
unit it is necessary to measure a current of excitation of exciter 1ee and register the signal value of 
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voltage correction, and also have data in the main memory of DTCS which characterize control 
characteristics of “exciter-generator”. 
 The frequency correction system and even active power distribution at the two-sectional 
construction is possible to be presented in kind (fig.4). 
 

 
Fig.4. Frequency control system of synchronous generator, where Af  - amplifier of frequency 

corrector 
 

 Controlling a signal value  ufn, correction current Іka (intermediate co-ordinate) and 
frequency departure Δf, it is possible to define a fault block caused by the presence of performance 
degradation of channel unit. 
 If it will appear, as a result of control, that |1кa — І*ka| > І*ka0, that is, the measured Іka  value 
more or less of computation value І*ka = f(IA, ΩA) by the І*ka0 value, caused by the methodical error 
and errors of measuring and calculations, then a unit with the performance degradation is placed in 
the block І (in CSD, correction device) (look fig.4). 
 On fig.5 principle relation of І*ka = f(IA, ΩA) is shown for three typical modes of operations 
of aircraft engine: ground idling condition, cruising mode and take-off regime.  
 If  |1кa — І* ka| ≈ І*ka0, and ufA >и*

fn, this will mean, that an element with the performance 
degradation is in amplifier (Af). 

 
Fig. 5. Control characteristics of frequency corrector 

 
 Condition information about one of blocks of the EPS channel, selected by the previous 
diagnostics, it is possible to get in kind, for example, not sinusoidal functions. The analysis of these 
functions is possible to be automatically executed with the help of either electronic frequency 
analyzer or electronic correlation analyzer, or by methods of pattern identification. In the given 
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work the comparative analysis of these methods is executed and is offered block diagram of 
diagnostic and prediction complex. 
 By parallel frequency analyzer it is possible to get composition of harmonics at the non-
stationary processes, but the output about the character of fault can give only autocorrelation 
function:  
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or cross-correlation function:  

dttutu
Т

Ф
Т

)()(1)( 2
0

112 ττ −= ∫  

 Naturally, that the data bank is needed in this case. The cross-correlation function allows to 
explore also influencing of repair measures and facilitjates achievement of the desired reaction of 
device.  
 The block diagram of parallel frequency analyzer is represented on fig. 6, where: A – input 
amplifier; F – filters; D – detectors; MD – memory devices; MP – multiplexer; OD – output device; 
CU – control unit. 
 

 
Fig. 6. Block diagram of parallel frequency analyzer 

 
The block diagram of the electronic correlator for the automatic cross-correlation analysis of 

the measured voltages u1 and u2  is represented on fig. 7, where DB – delay block; M – multiplier; I 
– integrator; CU – control unit; OD – output device.  

 

 
Fig. 7. Electronic correlator 

 
 For acceleration of analysis they use a scheme of parallel action in which the quantity of 
channels equals to a quantity of the simultaneously calculated points of correlation functions. Every 
channel has DB, which detains a signal according to the given point of correlation function. The 
simplified scheme of the multiplexed correlator is represented on fig.8. 
 For the automatic recognition of appearance of not sinusoidal function four characters are 
used – r, r, b, t, each of which corresponds to a definite area of curve (fig. 9)  
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The character of r corresponds to the P wave, r corresponds to RS – transition, b corresponds 
to the flat part which divides S and T extremes, t corresponds to the wave T. If take the P wave as 
beginning of counting out, then in such denotations the normal function is described by the 
sequences of characters: prbtb, prbtbb, prbtbbb and etc 

 
 The syntactic descriptions of such kind are possible to be got with the use of G grammar:    
G = {Vt, Vn,, P, S}, 
where Vt = {p, r, t, b}, Vn = {S, A, B, C, D, E, H}, and the set of P rules of substitutions is such:  

S → pA                          A → rB                          B → bc     
                        C → tD                         D →  b                            D → bE 
                         E→ b                            E →bH                          E → pA        
                         H → b                           H → bS                         H → pA  
 

 
Fig. 8. Multiplexed correlator 

 

 
Fig. 9. Arbitrary not sinusoidal function 

 
 This grammar gives a language to which in accordance it is possible to put the finite 
automation, the chart of which is represented on the fig. 10. 
 In order to expose an anomalous function and distinguish it from normal, use the output «0», 
if the explored function corresponds to a «normal» standard, and output «1» in the opposite case. 
On the fig. 10 this output is connected with the lines of transitions.  
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Fig. 10. Finite automation 
  
 Conclusions 
 Thus, it is possible to identify a EPS channel by the statistical methods within the plug-in 
unit and by the not sinusoidal functions within the element of block. The analysis of these functions 
is possible to be automatically executed with the help of either electronic frequency analyzer or 
electronic correlation analyzer, or by the methods of pattern identification.  
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MODERNIZATION METHODOLOGY OF UKRAINIAN CIVIL AVIATION PARK 

In the article researching the scientific aspects of modernization of Ukrainian civil aviation park and 
forming methodology of modernization. 

Introduction 
Modernization of transport parks, especially aviation, is one of basic directions of technical 

policy for greater part of the world powers in modern terms. It allows improving quantitative and 
high-quality descriptions of transport vehicles, extending their possibilities at charges almost on the 
order of more small, than purchase of new technique [1]. Receipt of maximal effect from 
modernization of park of aviation technique (AT) of civil aviation of Ukraine possibly on the basis 
of decision of two linked complexes of tasks: synthesis of variants of modernization of standards of 
AT and management projects. For their decision it is needed to develop the proper methodology, 
which at ground of the having a special purpose complex programs of update AT park will give 
possibility to develop the scientific aspects of modernization, conduct optimization of variants of 
modernization of standards of AT taking into account necessary resources. 

Problem decision 
By the question of development of methodological bases of modernization of aviation 

technique (AT) and management projects devoted far of works [1...7]. In our time methodological 
approaches in relation to the ground of variants of modernization for the park of air force [1] and 
some methodical developments are developed for the park of civil aviation [2]. However, 
conducting of the program of modernization of aviation park of civil aviation in Ukraine is labored 
in a number of specific features, related to: by insufficiency of resources (above all things, 
financial) which are offered on modernization; by the vagueness of their receipt; by complication 
providing of compatibility of oversea element base with domestic, by the necessity of continuation 
of the appointed resource indexes of objects of AT, by absence of developers and producers after 
AT in Ukraine and other. In this connection question of account of terms of insufficiency of the 
resource providing for programs modernization of aviation park and vagueness of his receipt are 
important, need operative decision and creation of the methodical providing which must enter as 
component part in methodology of modernization.  

A purpose of this article is forming of methodology of modernization park AT on the basis of 
development of new methodical constituents and tying up of existing. Such methodology must 
decide problem tasks on modernization of Aviation Park in modem terms by the complex decision 
of tasks of synthesis of variants of modernization and optimization of allocation of resources taking 
into account their possible insufficiency and vagueness of receipt. 

Modernization of Aviation Park has two opposite tendencies: from one side of necessary to 
develop such variants of modernization of air courts and aviation complexes (AC) on their basis, 
which will satisfy a world level on a long period; from other side - resource possibilities of Customer 
of modernization are limited and need permanent minimization. 

These contradictions generate a scientific problem in relation to creation of methodology of 
modernization of aviation park, which will give possibility of ground necessary variants of 
modernization of AC and to form implementation of the program of modernization of AT phases on 
the basis of optimization of allocation of resources taking into account their possible insufficiency 
and vagueness of receipt. 

With the purpose of decision of the put problem of researches it is suggested to examine 
modernization from positions of approach of the systems at the level of park AT and as an object of 
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researches to select AC, which except for an aircraft, includes facilities of surface service, field-
technical providing, and management. 

Mathematical formalization of problem of researches is conducted for the set aggregate of 
finite sets with their descriptions: tasks, the decisions of which must provide AC after 
modernization, types of AC, which are subject modernization, production capacities of aviation 
enterprises which modernization will be conducted on, possible variants of modernization, after the 
types of AC, volumes of financing and terms of receipt of finances. 

In connection with the presence of vagueness the stochastic raising of scientific task of 
researches, which consists in finding for certain the type of AC of such optimum variant of 
modernization, is considered, that provides maximum mathematical waiting of objective function of 
choice of variants of modernization for indefinite factors taking into account limitations. 

The decision of this problem taking into account vagueness presents substantial complication, 
and the known methods of its decision (expert, adaptive and compromise decision) on the basis of 
methods of the stochastic programming are developed not enough. For its decision offered approach 
on principle of decomposition of problem on the row of separate tasks and research of the most 
unfavorable cases on the basis of pessimistic, optimistic and middle estimations [7]. 

Principle of general decision of task of synthesis of AC, which is modernized, and task of 
allocation of resources, is offered also during conducting of modernization. Thus in the conditions 
of decision-making on realized program of modernization taking into account the selected volumes 
of financing, set amount of AC, that modernized, the task of realized has priority above the task of 
synthesis and can bring in corrective in its decision. 

Unlike the known approaches to the decision of task of synthesis of variants modernizations 
of AC, which are based only on the basis of criterion of economic efficiency, application of triad of 
criteria is offered, where next to the known measure of cost the offered coefficient of potential 
efficiency (CPE) of AC, and also criterion of safety of flights (SF) of airplane, that has priority 
above a cost [3]. 

The basic stages of decision of scientific problem of modernization of aviation park of civil 
aviation is development of methodology of modernization AC on the basis of general decision of 
task of synthesis of variants of modernization of AC and optimizations of plans of conducting of 
modernization. Basic methodical approaches from the based choice of variants of modernization of 
AP on the basis of triad of criteria of CPE, SF and in are based on methodical decomposition and 
include [1]: optimization on one criterion, by which accepted decision on the early stages of 
modernization; optimization to on to many to the criteria at determination of area of effective 
decisions, built in factor space, and following grounds of optimum variants of modernization of AC; 
methods of theory of making a decision at the comparative estimation of variants of modernization 
after the aggregate of indexes which include high-quality indexes. 

With the purpose of forming of variants of modernization of AC utilized structurally is 
functional approach on the basis of theory of the graphs, which allowed to link composition of 
equipment of AC, which is modernized, with the nomenclature of his decided tasks. 

For the comparative estimation of variants of modernization on the basis of to the selected 
triad of criteria the developed methodical approaches of their determination. Thus for the 
comparative estimation of variants of modernization the necessity of application in place of indexes 
of economic efficiency of indexes of technical perfection of AC is grounded, for example, index of 
increase of CPE AC. 

On the basis of methods of theory of volumetric the developed method of increase of CPE AC 
is as a result of his technical improvement, which takes into account the relative increases of 
aggregate of compared his descriptions. A method is given by possibility to take into account more 
large the amount of flying and technical descriptions that is instrumental in objectivity of choice of 
variants of modernization and their ground [4]. 

Index of safety of flights, that is on the second place in the triad of criterion, is probability of 
happy completion of flight of the modernized AC - determined by logic - probabilistic method on 
the basis of the developed count of the state of AC by adding up of probabilities of his eventual 
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states. Method of determination of actual strength of flights securities developed to that end for the 
different variants of modernization of AC. 

Determination of cost of modernization of AC is based on the account of all of component 
charges. The developed methodical approaches after determination of the selected triad of criteria 
allowed for previous suggestions on modernization of AC to conduct their reduction and form the 
great number of possible variants of modernization, that is satisfied the set limitations. On the basis 
of offered approach from the grounded choice of variants of modernization of AC the developed 
method of synthesis of their variants taking into account sufficientness of financing and other 
resources. 

For the terms of the insufficient financing of modernization AC park the developed method of 
synthesis of variants of modernization of AC at the stage-by-stage financing with the use of index 
of specific cost of increase of CPE [3]. Its application is given by possibility to bind the directive 
and actual levels of increase of CPE to the charges on modernization, grounded priority row on the 
basis of index of specific cost and in the total to form the proper variants of modernization of AC. 
At the estimation of realized of conducting of the program of modernization AC the put and decided 
task of maximization of increase of CPE for the park of civil aviation as a result of his 
modernization taking into account insufficiency and vagueness of financing. The model of 
conducting of modernization is developed AC and method parka optimum distributing resources 
AC Park during conducting of modernization. 

Such method includes the row of the stages: determination of necessary resource AC Park on 
modernization; comparison of necessary and present resources; verification of terms of 
modernization on maximal, middle and minimum variants. The optimum mixed plan of 
modernization is determined in the total, which provides the maximal increase of potential 
efficiency park at providing of the set correlation after the types of AC. The task of maximization of 
percent of fulfilling the plan of modernization park AC is taken to the canon type of maximal task. 
For reduction of volume of the analyzed variants there is the offered procedure of "improvement of 
supporting plan"[3]. 

In the conditions of the insufficient financing there are some possibilities in relation to cutting 
of costs AC on conducting of modernization, which are based on the choice of variants of 
modernization with rational (not optimum) parameters, and also on differential approach to 
modernization AC after a model. Such approach from one side can considerably shorten necessary 
charges on the entire program.  

Results of researches on the basis of the developed methodological vehicle show that the 
insufficient providing resources bring implementation over of the program of modernization to 
derangement. For the removal of it in the conditions of the insufficient providing resources it is 
needed to bring in corrective to the program, which require the change of variants modernization 
AC and AC on the whole, reductions amounts of AC, which are modernized, possibilities («depths» 
of modernization), increase of terms of conducting of modernization and other In modern terms at 
Ukraine actual is a task of conducting of modernization in the conditions of vagueness of providing 
resources. For its decision the offered methodological approach in relation to the ground of 
optimum variants of modernization of AC and allocations of resources in the conditions of 
vagueness on the basis of the combined use of algorithms of the artificial immune systems [5]. 

The conceptual raising of tasks of allocation of resources looks like in the conditions of 
vagueness. For a park AC that consists of units and types, it is necessary to define the plan of 
modernization where is a plan of modernization of separate unit of AT. It is thus necessary to find 
the optimum variants of modernization of park AT which will provide the maximal increase of CPE 
at minimum finance charges for the least time in the conditions of vagueness of receipt of resources 
for realization of the program of modernization. 

Thus, AC and its constituents parka on the basis of development of methodology of 
modernization: scientific methods, methods, mathematical models, criteria the decided scientific 
issue of the day of ground of variants of modernization parka AC of civil aviation of Ukraine taking 
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into account the limited providing resources by the complex decision of tasks of synthesis of 
variants of modernization and optimization of allocation of resources. 

Developed scientifically is a methodological vehicle of ground of variants of modernization 
AC parka taking into account the limited and indefinite providing resources allows to define the 
increase of level of technical perfection of AC as a result of modernization, to estimate execution of 
limits on resources and possibilities in relation to providing of necessary strength of flights security 
and as a result to ground the variants of modernization of AC taking into account the real 
possibilities of their realization in Ukraine. He includes: method of estimation of influencing of 
indexes of technical perfection of AC on efficiency of his application; method of estimation of 
increase of CPE AC after modernization on the basis of change of the most meaningful descriptions 
of AC and his functional systems; method of determination of actual strength of flights securities 
for the different variants of modernization of AC; method of synthesis of variants of modernization 
of AC, that is based on distributing after importance to the triad of criteria of potential efficiency, 
safety of flights and price method of synthesis of variants of modernization of AC at stage-by-stage 
providing resources; method of allocation of resources during conducting of modernization AC of 
civil aviation parka in the conditions of the insufficient financing; methodological approach in 
relation to the ground of optimum variants of modernization of AC and allocations of resources in 
the conditions of vagueness on the basis of the combined use of algorithms of the artificial immune 
systems and other. 

Methodology of modernization park AC is the scientific background of subsequent 
development of theory of modernization and can be used at planning of development of aviation 
park of civil aviation on the basis of his modernization, update, and also at accompaniment of the 
Government programs of development of transport parks, ground of requirements in financing and 
terms of conducting of such programs, forming of requirement specifications on modernization of 
AC after types, to the estimation of technical suggestions of modern industry and oversea firms 
relatively update of aviation technique and other. 

Conclusions 
Thus, the formed methodology of modernization AC, which allows conducting the grounds of 

variants of modernization of Aviation Park taking into account the limited providing resources by 
the complex decision of tasks of synthesis of variants of modernization and optimization of 
allocation of resources in the conditions of their possible insufficiency and vagueness of receipt. 

References 
1. Самков О. В., Коваленко А. В. Методологія обґрунтування варіантів модернізаціі парку 

бойових aвіаційних комплексів// Зб. Наук. праць.- К.: Науковий центр ВПС ЗС Украіни. -
Вип.6.,2003.-С. 15-20. 

2. Самков О. В., Климчук В.П. Особливості розробки та реалізації авіаційних цільових 
комплексних програм в Україні//Вісник НАУ- К.: НАУ, 2004.-№4(22).-С.55-60. 

3. Финадорин Г.А., Харченко А.В., Самков А.В. Методологические аспекты формирования 
программы развития военной авиации// Труды научного центра ВВС. - К.: НЦ ВВС- 
Вып.1, 1997.-С.77-87. 

4. Самков О. В., Казак В.М. Методичний підхід щодо обгрунтування оптимальних варіантів 
модернізації складних технічних систем//Системні технології. - Дніпропетровськ: - 
Вип.6 (47), 2006.-С.212-220. 

5. Самков О. В., Литвиненко В.И. Методологічний підхід щодо вирішення завдань розподілу 
pecypciв в умовах невизначеності// Зб. наук, праць ДНДІ aвіації. - К.: ДНДІА.-Вип.21-(9), 
2006. - С. 220 - 225. 

6. Науково-методологічне забезпечення управління складними проектами/За ред. 
М.М.Мітраховича.-К.: Техніка, 2002.-369с. 

7. 3айченко Ю.П. Исследование операций.- К.: Вища шк., 1988.-552с. 



 15.58

J. Cwiklak dr, A. Fellner prof, H. Jafernik dr  
(The State School of Higher Education in Chelm, Poland) 

INITIAL ANALYSIS OF THE ORNITHOLOGY SITUATION CONCERNING AIRFIELD  IN THE 
ASPECT OF BIRD STRIKE TO AIRCRAFT 

The main goal of the project is to work out methods of airships protection in scope of safety threat 
from breeding, non-breeding and migrating birds. As the research area, Deblin airfield has been 
chosen. Authors of the project foresee that researches carried out will bring an algorithm that will 
expand existing airfield prevention system as far as the potential collision threat is concerned and will 
have positive influence on flight safety. 

1. AVIATION ACCIDENTS COUSED BY BIRDS COLLISIONS 
As international statistics show, in the years 1959-1999 in the world’s military aviation  286 

disasters took place as a result of bird collisions. It is worth to mention that 63 of them were fatal. 
About 60 of them took place in Germany, 47 in Great Britain and 46 in the USA. The great number 
of these crashes was on fighters and striking-fighters (not less than 179), 40 on multiengine aircraft 
and 34 trainee aircraft. It turns out, that despite the fact that the number of flights has decreased 
lately, the number of collisions has increased.  Taking into consideration disasters from 1990 the 
number of casualties equals 68.  

As statistics show, most of the collisions occur on low altitude (not more than 50 m.), during 
take-off and landing and in vicinities of airfields on the altitude of 300 m.  
Every year in the US military aviation about 1500 collisions are registered. As a result 15 aircraft 
have been destroyed and 3 pilots lost their lives.  
The US Air Force for years 1985-1996 presents following data: 

General number of bird strike accidents amounts to 30907: 
- In airfield vicinities – 14887 ( 48%) of overall number; 
- During low altitude flights – 6018 ( 20%); 
- Fatal victims – 33; 
- Destroyed airships – 14; 
- Material loss – 457 mln USD; 
- Average number of collisions per year – 2600; 
- Yearly average loss – 38 mln USD.[2] 

One of the most tragic disasters in US Air Force history caused by bird strike was an accident 
of E-3A aircraft which crashed immediately after take-off from the Emendorf airfield (Alaska) in 
1995. The aircraft was completely destroyed and 24 aircrew members lost their lives. The disaster 
was caused by the flock of Canadian Geese. Similar disaster took place in 1996 in Netherlands with 
the were 34 fatal victims, as a result of strike of C-130 tanker aircraft with the flock of 600 sparrows 
and seeders [6]. 

A few disasters caused by the same reason took place in Poland as well. On the 3rd August 
1965 cadet of the Polish Air Force Academy, Andrzej Antkiewicz flying training jet TS-11 “Iskra” 
stroke the flock of pigeons on the altitude of 100 m. It caused engine disorder. During forced 
landing at the altitude of 12m he grappled two energy lines with a wing and a rudder. As a result, he 
went down, hit the ground and was killed. The aircraft was totally destroyed.  

On the 9th April 1972 during reconnaissance flight aircraft called Lim-2 on the altitude of 
400m hit a hawk. The front side of the cockpit was destroyed and the pilot was seriously injured. 
The other accident occurred on Navy Mi-14 helicopter. Mi-14 hit the flock of pigeons. Engines 
were destroyed and the altitude was to small to land in autorotation regime. Three crew members 
were killed in this crash.  

On the17th May1984 while Su-20 performed zone flight at the altitude of 300m and with the 
speed of approximately 700-750 km/h bird collision occurred. As a result, the front hardened glass 
windshield was destroyed. Broken glass and bird fragments got into cockpit injuring pilot’s face [3].  
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On the14th July 1999 jet TS-11 “Iskra” stroke a stork. The right front fuselage and engine 
compartment were damaged (Photo.1). The rudder was also blocked.  

Except accidents described below there were 4 more damages which took place a result of 
bird collisions, including Su-22 aircraft, Mig-21 aircraft engine, and a fuselage of TS-11 aircraft. 
Moreover 37 incidents were recorded without serious consequences. The value of a single collision 
is estimated to approximately 80 thousands PLN.  

 

Photo. 1. The aircraft called TS-11 “Iskra” after a bird strike 

In 2004 in spite of prophylaxis deployed the number of collisions recorded has increased. It 
does not mean that the real number of collisions drastically increased. It depicts the fact that the 
reporting system is more efficient in comparison to the previous timeframe and more incidents not 
causing aircraft damages were reported.  
The number of bird collisions varies and is different on different airfields. It depends on: 

- geographical location of the airfield; 
- natural environment; 
- manners and methods of precaution measures deployed; 
- flights’ intensiveness; 

Summarizing, the flight altitude has also a big impact on the statistics of bird collisions. 
Analyses that were carried out show that taking into account flight altitude criterion the most 
common altitude at which accidents occur is between 200-300m. It is obvious that at the higher 
altitude, the number of birds decreases, so probability of collisions is much smaller. The number of 
accidents is closely related to the stage of flight as well. As statistics show operations such as take-
off, departure, approach and landing are the most dangerous, while operations as taxing or ground 
run are the safest. It is said that operations as taxing or ground run are very short and are 
accompanied by the huge noise. At the same time on many airfields a lot of precaution measures are 
deployed. On the other phases of the flight, where deterrence is not working probability of bird 
collisions is much higher. 
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Fig. 1. The number of bird strike to aircraft at military airfields in Poland 

In general in 1991-2000 in Polish Air Force 355 incidents were recorded (see diagram in 
Fig.1)[1]. It depicts that despite the fact that the number of flight hours in military aviation 
decreases and a lot of precaution methods is deployed, the number of bird collisions increases. The 
coefficient of collisions per 10 thousands of flight hours increased from 31,5 in 1991 to 56,55 in 
2000. 

2. PROJECT CHARACTERISTICS 

The authors of the project have chosen the military airfield in Deblin as the main research 
area. It was chosen due to the fact that the number of bird collisions that happened in Deblin was 
significantly higher than on the other airfields in Poland. The main objective of the project is 
developing methods of aircraft and airfield protection against threats from breeding, non-breeding 
and migrating birds. 
The following research hypotheses were established: 

- the airfield surface in Deblin because the landscape and vegetation structure is very important 
breeding area for birds that constitutes direct threat to airships; 

- biotope environment of the skirting parts of the airfield and its vicinities are very convenient 
for domiciling and breeding grounds establishing using this area as feeding and resting 
grounds during migration; 

- there are few “key points” on the airfield and within its outskirts that “attract” birds increasing 
their number and species; 

The executors of the project decided to perform the following researches: 
1. Breeding preferences in scope of activity of birds at the airfield; 

It will bring information about areas which are the most important for activity of certain species of 
birds. Special attention will be put on species that were identified during collisions. Researches will 
provide information about different forms of birds’ day activity (timing, feeding, rest etc.) on the 
airfield and its vicinities. The results will be analyzed and compared with vegetation map (Task 3.). 

2. Breeding preferences in scope of birds activity in close (direct) vicinities of the airfield; 
The inventory of “hot spots” in the radius of 5km out of airfield surface can be attractive for birds, 
for instance rookeries and other birds, water reservoirs, legal and illegal dumping grounds. The 
analyses described above will bring information on the attractiveness of environment for birds 
active at the airfield. 

3. Development of vegetations map on the airfield and its vicinities area.  
The accomplishment of this task will provide information on nest allocation preferences of birds. 

4.Critical flight phases definition in the context of birds’ activity at the area of airfield, after 
takeoff . 
The main purpose of this task is to define and point out the most dangerous phases of flight and 
analyze within the frame of birds’ activity map to develop the most efficient prevention methods to 
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be deployed by pilots and flight organizers. Moreover, there are ongoing researches on the status of 
knowledge of flight personnel on birds’ behavior and different deterrence methods. There are some 
indications that this type of researches is necessary.  

The authors foresee that the accomplishment of the project will allow to draw conclusions and 
recommendations how to manage the problem of vegetation coverage in the area of the airfield and 
its vicinities to restrict birds’ activity and to develop prevention methods that can be a model for 
other airfields. At the same time this project should allow to develop prevention methodology and 
procedures for pilots and flights’ organizers to minimize risk of bird strike to aircraft. 

3. INITIAL RESEARCHES RESULTS 

On the bases of prepared map and terrain researches, analysis of different elements of the 
airfield was carried out (few kilometers radius), to define spots of birds’ activity and develop 
vegetation inventory in the examined area. After analysis, the airfield has been split into a few 
sectors and characteristics were assigned to each of them. Then one sector has been chosen to 
initiate researches. 

Researches were carried out by two methods. One by transect and the other one by selected 
sector scanning. Different methods of the deployment were justified by the need of analysis of 
quantity dynamics and birds’ distribution at the airfield, on the other hand, there was a need to 
recognize factors that influence birds’ behavior in scope of airships activities in the examined area. 
Due to the fact that, researches initiation was planned for the beginning of the breeding time, in 
2007 all researches were focused on the airfields’ open area. There were no researches in residential 
area, buildings, parks and squares. Transect method consist of counting of birds (the ones that were 
seen or heard) on dislocating path. Besides birds, animals were found and the wisps of their activity 
hovels and molehills. The length of the transect was equal to 9.5-9.8km. 

To meet the needs of the conducted behavioral research, a platform was raised on a birch tree 
in the eastern part of the airfield, near the approach zone in main landing direction. Observation   
sessions consisted of conducting telescopic scanning of a portion of a 120° sector at 6-minute 
intervals (10 scans per one  hour of observation). Photographic documentation of the observation 
sessions was prepared at the same time. 
The following events were noted during the scans:  
− presence and behavior of all the birds in the field of scanning. All sighted birds, which 

behavior was defined, were classified as seen on or off the runway. The sightings were 
recorded regardless of the birds' species.    

− presence and behavior of all the birds of prey and predatory mammals in the field of scanning. 
All sighted carnivorous animals, whose behavior was defined, were classified as seen on or 
off the runway. The sightings were recorded regardless of their species.    
Prior knowledge of animal ecology points out to the fact that the presence of carnivorous 

animals limits the presence and population density of other animals. Therefore, during the scans, 
presence of all animals (birds and mammals) on the runway and the grass area of the airfield was 
recorded. The observations also concerned diurnal birds of prey of the order Falconiformes and 
predatory mammals,  Carnivora, as well as animals such as shrikes,  Lanidaewhich, although not 
regarded taxonomically as flesh-eating, evoke escape reactions in birds and aggressive interactions. 
The observations of diurnal birds of prey of the order Falconiformes, concerned such species as: 
Common buzzard Buteo buteo, Kestrel Falco tinnunculus, Marsh harrier Circus aeruginosus, 
Montagu’s harrier Circus pygarus. The representative of predatory mammals, Carnivores was the 
red fox, Vulpes vulpes. Therefore, using a specially trained dog with the aim  of  the examination of 
escape reactions in birds is also planned as one of the further directions of the presented research. 
As it turns out, this direction is in accordance with the world-wide trends. At some airports and 
airfields in Israel, the USA and Holland, Border Collie dogs are used for deterring birds.  

In the studies conducted using the transect method in 2007 about 57 bird species were 
observed at the airfield in Deblin. The total number of individual birds was 4913 (Fig. 2), including 
(species which have a dominance of more than 5 per cent): European starling (blackbird) - 1496 
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(30.6 per cent), rook -1061 (21.6 per cent), Eurasian jackdaw – 754, (15.3 per cent), Lapwing - 286 
(5.8 per cent ). 
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Fig.2. Bird population at Deblin airfield, found in individual observation sessions conducted using the 

transect method in 2007 
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Fig. 3. Bird population density per 25 ha during the observation sessions in July 2007 
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Fig. 4. Bird population density per 25 ha during the observation sessions in December 2007 
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Fig. 5. Population changes of the European starling (blackbird) Sturnus vulgaris (n=1496), Rook Corvus 

frugilegus (n=1061)  and Jackdaw Corvus Monedula (n=754) – dominant bird species 
In fall-winter sessions, the highest bird concentrations were noted in the western and south-

western portion of the runway, whereas in summer most birds were observed in its south-eastern 
portion (Fig. 3 and 4). The population changes of the most common species, i.e. Blackbird, Rook 
and Jackdaw were dynamic (Fig. 5). 

European starling (blackbird) - The population of the European starling (blackbird) was the 
highest in July when, after the breeding season, large flocks gathered preparing to fly to the 
wintering sites. Then, the population of that species was found to be gradually diminishing and, in 
December, no starlings were sighted in the airfield.  
Rook - With regard to that species, two peaks of population size may be observed. The first of them 
- higher - was reported in October, and the other - lower - in mid-December. The first peak of 
population size may have still included breeding birds, in preparation for the migration to the south 
of Europe, whereas the latter comprised the birds which had arrived for wintering from the east of 
Europe.  
Eurasian jackdaw - The jackdaw population was increasing steadily, and reached its peak in late 
November and early December. It was probably the result of bird migration for wintering  from the 
east of Europe. Every day 500 to 900 birds were present in the airfield all day and frequently on the 
runway or in its vicinity.  

Despite the fact that observations were conducted for a relatively short period of time, 
interesting data were gathered from the scans. In the scanning field, 25 bird species and 4 mammal 
species were found, including individuals of 4 bird species which were found on the runway 
surface. The most numerous species was the kestrel, Falco tinnunculus, reported in almost 46 
sessions. The maximum single sighting of that species in the scanning field comprised 4 
individuals, and on average 1.51 individuals were sighted per session. That species does not seem to 
pose a serious threat, since it nests in the immediate vicinity of the airfield and undergoes  very far-
gone habituation process. What is more, the presence of that species  even  appears favorable, 
because of their attacks on some passerines (e.g. skylarks). 

 The three subsequent species which were observed most frequently were the barn swallow - 
28 per cent, the great grey shrike - 19 per cent and the skylark - 18 per cent. Among the species that 
have already been mentioned, the barn swallow deserves special attention because its aggregations 
reached the maximum of 43 individuals, which could pose a threat to flight safety.  

In the light of the behavioral research, the most serious threat to air traffic at the military 
airfield in Deblin could be posed by lapwings and blackbirds. This results from their high presence 
frequency in the scanning fields, which was 14.0 per cent and 10.5 per cent, respectively,  as well as 
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high rate of their  presence on the runway surface (especially lapwings) and forming large flocks, 
which for those species were observed to consist of the maximum of: 60 and 300 individuals 
respectively. The European white stork also used the airfield for feeding and was sighted on the 
runway surface in two observation sessions. Apart from those already mentioned, the birds 
representing 18 other species were sighted. However, their presence rate was lower than 7 per cent. 
No individual belonging to those species was sighted on the runway surface. 

In the observation sessions, 4 species of mammals were detected, three of which on the runway 
surface. The presence of the red fox is a positive factor, since it evokes escape reactions in birds, 
whereas the presence of the European roe-deer poses as serious threat to flight safety as that of the 
bird flocks. The total of 45 escape reactions of individuals or bird flocks were observed. In 13 cases 
they resulted from the interaction with animals present at the airfield, and in 32 they were the 
reaction to anthropogenic factors (human presence and activity). Aircraft take-offs and landings 
caused 26 of the observed escape reactions in birds. From those escapes, 12 (46.1 per cent) 
concerned European starlings (blackbirds) and 11 (40.7 per cent) concerned lapwing flocks. 
Moreover, behavior observations shown that among 13 escape reactions of birds at the airfield, 46.1 
per cent were evoked by a kestrel and 23 per cent resulted from the presence of a red fox. The 
above information ought to be taken into consideration in preventive activities. Firstly, red foxes, 
their burrows and feeding activities at the airfield should be tolerated. Hunting and frightening 
foxes away should be avoided. It is worth noting that the frequency of interactions involving a red 
fox was relatively high and that in all escape reactions evoked by a red fox, the affected animals did 
not return.  Secondly, that fact proves that predatory animals (specially trained dogs) may be 
effective in frightening  birds away and thus in reducing the bird strike risk.  

CONCLUSIONS 

As a result of the first phase of the research study, numerous conclusions may be drawn, 
concerning the diversity, presence frequency and activity level of the bird population at the Dęblin 
airfield.  

In the conducted observation sessions 4913 birds were sighted, including (species which have 
a dominance of more than 5 per cent): European starling (Blackbird) - 1496 (30.6 per cent), Rook 
1061 (21.6 per cent), Eurasian jackdaw – -754, (15.3 per cent), Lapwing - 286 (5.8 per cent ). In the 
light of the behavioral research, it appears that the most serious threat to air traffic at the military 
airfield in Deblin could be posed by Lapwings and European starlings. This results from their high 
presence frequency in the scanning fields, which was 14.0 per cent and 10.5 per cent, respectively, 
as well as from their high rate of presence frequency on the runway surface (especially lapwings) 
and forming large flocks, which for those species were observed to consist of up to 300 individuals. 
Furthermore,  the frequency of interactions involving a red fox was relatively high and the fact that 
in all escape reactions evoked by a red fox the affected animals did not return proves that predatory 
animals (specially trained dogs) may  be effective in frightening  birds away from the runway area. 

The observations also proved that available means of deterring the birds were not being used 
effectively. The above conclusions will be taken into consideration in subsequent research studies.  
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A PREDICTION OF AIRCRAFT POSITION IN SATELLITE NAVIGATION RECEIVER  FOR 
INSTRUMENT LANDING SYSTEM  

In this paper theoretical grounds on prediction of a position in a satellite navigation receiver have 
been discussed in the circumstances of the inability of having other solutions, caused by various 
reasons. 

INTRODUCTION 

Numerous researches have proved that the main fault in the satellite navigation systems lies in 
having temporary breaks occurrence in a positioning sequence, caused by various reasons 
(interference, lack of reception of an adequate number of satellites by antennas, etc.). This leads to a 
temporary inadequate aircraft positioning and parameter calculations. In order to have GNSS 
system become the primary radio-navigation system used in aircraft for landing approach the 
enumerated restrictions should be eliminated.   

The predictions forecast that one of possible solutions to this problem is to employ the concept 
of defining coordinates of an aircraft position in its approaching maneuver during  temporary loss of 
information of its position by a GPS receiver. In this concept an aircraft is considered as a solid 
object having 6 degrees of latitude. The essence of the presented method is to assign aircraft 
position and its speed in three-dimension airspace.  

 It is predicted that this suggested solution should be used in new models of satellite receivers 
which would share the function of aircraft positioning with the help of satellite systems, and in case 
of information loss from the system, the receiver would calculate aircraft position on the basis of a 
ready-made mathematical model.  
1. NAVIGATION WITH THE HELP OF POSITION POTENTIAL IN AIRSPACE 

We shall use a new navigation filter, which will be mainly based on a segment of an aircraft / 
a vehicle position measurements, its velocity, and error position statistics (error position ellipsoid). 
When the segment is in motion it is assumed that its position and its corresponding error position 
statistics may be read by one or more navigation systems, such as: GPS or LORAN C. A navigation 
filter presently enables to determine the object’s position and is able to detect at once its position in 
a given time in future. 

In fact, the number of observed positions include all vital aircraft kinetic information. In the  
assumption to the program ‘position potential’ has been used aided with the data elaborated by the 
navigation services. According to Newton’s gravitation law a free mass molecule is drawn by 
another mass. The molecule acceleration of a given mass is proportional to G gravitation constant 
and counter proportional to distance cube of the drawn mass. Analogically, we shall consider the 
areas of the most probable position (position error ellipsoid) as the ‘power source’, which should 
‘draw’ a trajectory that passes through the above mentioned area. A potential field of a single 
molecule (of an aircraft) should reflect the observed position and expected pressure on a molecule, 
which should decrease steadily and proportionally to the molecule approach to the designated 
position.  

When a molecule appears exactly in an ellipsoid error position it will be drawn by the force, 
which power is proportional to intensity of the potential. The potential decreases steadily along with 
the diminishing molecule distance from the designated position. Moreover, in order to let the 
molecule move after the designated position has appeared the potential of the drawing source will 
be in time dispersed ex-potentially. When choosing a density position function (position potential), 
which contains the index of dispersion Alpha and the G parameter (the uncertainty of position 
assignment – the equivalent of the gravitation constant in Newton’s  theory of gravitation) we 
assume that the molecule trajectory will present the real route of the vehicle.       
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The attempt of creating a navigation filter based on this idea was firstly introduced by Inzinga 
i Vanicek [Vanicek; 2000]. Seeing, that the molecule motion equation is extremely difficult for an 
analytical solution, the following model of calculation was selected: 

- selection of a position potential function   
- formulating a temporary dispersing potential field 
- description of a motion equation 
- solving the motion equation  
- defining the Alpha and G 
- the navigation problem ultimate solution  

As the first, we select an appropriate potential function. Using the chosen density position 
function we may determine the potential position field in different time for the assigned positions 
sequences. Then, we form a model of a molecule motion and solve the equation of its motion. In 
order to show a changing navigation environment, the potential function contains changing 
parameters. (Alpha and G).  When the parameters Alpha and G and the initial environment are 
unknown, then there are unlimited possibilities of the molecules position. This means that further 
information is needed to determine an appropriate trajectory. Therefore, we establish for the filter 
the ‘self-learning’ procedure in order to determine the parameters and the environment from the 
previous observations. The parameters and the initial environment in the movement model relate to 
the previous observations through the ‘motion equation.’ At this stage we solve the motion equation 
having initial environment data. Next, we start determining the Alpha and G parameters. In order to 
optimize the above mentioned parameters we shall use the the method of the smallest squares. The 
estimation of the molecule position (aircraft) in a specified future (making a prediction) is possible 
due to the motion model with the determined parameters and on the basis of its present position. 
The estimation of error occurrence is possible  in the moment of acquiring new information about 
the molecule position, due to the use of the magnitude of differences and real positions, through 
testing if the new position is found in the ellipsoid error position area.    
1.1. Navigation model 

Let’s assume that the speed function (3) [Kącki 1975] for location of a three-dimensional 
random vector has a form: 
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- the vector situation of the particle at established moment  „t0” 
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Let’s remind that the base of particle situation is potential of the particle Ui  

                           (2)                           
 

( ) ( ) ( ) )tt(
oi

1
i

T
oii ieGtU −α−− −−= rrrr C



 15.67

where:  
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is square shape which defining ellipsoid error site at moment “ti” 
czas t ≥ ti 
time t ≥ ti. 
Ci is a covariance matrix i- tej particular positively define. However, positive parameters α & G 
(they are for determination) mean properly:  
    - parameter of dispersion 
G - uncertainty of site assignment  (equivalent of gravitation constant in Newton’s attracting) 
In accordance with designation of potential (2), potential in changeable time ‘t” fabricated by “n” 
indicated sites of particular adopts form: 
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where: 
t  ≥ tn. 
Let us notice that the filter (the potential) keeps tempi to the kinematics of the particle (the plane). 
The ground of the potential in the variable time is brought to the fore by the new position of the 
small part for the purpose of inclusions as soon as possible the new information. 
For the accepted definite potential with the equalization (3)we  have to unknotting a following 
equation of the movement: 
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the equation of the movement (4) will accept the figure 
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There is this equation of the movement  of the particle (the vehicle) in a field of the potential 
position in the variable time „t”, after the appearance „n” of appointed positions. 
 
The equation of the movement  (7) in coordinates will have a following figure:  
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For the purpose of solution of the system of ordinary differential equations of the second order we 
will use the substitution of the independent variable  (the time-t) 
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We will receive differential equations Bessela whose solution will have a following figure: 
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Bessel' and (with functions cylindrical) the first and second kind about the indicator the zero. First 
elements in contained sums in solutions represent integrals special equation of heterogeneous, while 
elements with constants are general integrals of equation homogeneous. 
To mark constants a1; a2; b1; b2; c1; c2 initial conditions should be used, i.e. to the system of 
equations (8) to add initial conditions (to formulate the problem Cauchyego). 
For the purpose of the more easy delimitation the integration constant a1; a2; b1; b2; c1; c2 
properties of the Besselais function should be used [Smirnow 1967], such as:  
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Calculated constants are defined by the following patterns: 
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Solutions (9) of the differential equation (8) contains unknown parameters 
α [s-1] parameter of dispersion 
G [m2s-2] – uncertainty of site assignment of the particle (the size  of the potential U as in Newton's 
law is directly proportional to G) 
 
1.2. The example of the optimization of ά & G parameters  
 
For the purpose of optimizing of parameters ά and G let us consider the following problem 
consisting in solving of equation of the movement:  
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Lets  consider case when the matrix of the covariance is a diagonal matrix , then: 

( )

( )

( )
zi

n

1i

tt
z

yi
n

1i

tt
y

xi
n

1i

tt
x

pe2A

pe2A

pe2A

ni

ni

ni

∑=

∑=

∑=

=

−α

=

−α

=

−α

       (14) 
and coordinates of the vector B express themselves as follows: 
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at given initial conditions for tn = 0 
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The vector of the position of particles is definite by formulas 
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instead the vector of the speed qualify equations 
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and constants of integration by a relationship 
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Let us consider case, when the parameter ά is large and ti - ti-1 = 1 [s]     and = 1, 2..., n, then we 
have: 
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Leading the analogous reasoning we will receive: 
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Our aim is optimizing by the method of smallest squares parameters�, G so that the function two 
variable 
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 minimum         (22)   
where: 
x0i, y0i, z0i – the position of the particle (the plane) in the moment ti   (data given from the satellite) 
x(ti), y(ti), z(ti)  the position of the particle (the plane) in the moment ti calculated with (16) 
and 

x0n, y0n, z0n ,   z ,y ,x 0n0n0n ��� - given positions and speeds of the particle received from the satellite 
calculated from examples (16) (17), after the earlier calculation of the value of the function Bessela 
(stabilized are). 
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2. INITIAL VERIFICATION OF MATHEMATICAL MODEL 
The proposed algorithm of alternative navigation filter has been implemented due to the lack 

of mathematical solutions and the huge complexity of the problem. The resulting measurement data 
obtained on the basis of numerous experiments, the trajectory profiles, the number of factors 
influencing the degree of precision and the determined level of accuracy probability of the position 
allocation compels to develop a new method of data prediction (positions) in the situation when we 
lack them in the population of experimental data (measurement).  

An elaboration based on the defined position potential function – calls for optimizing of this 
function in view of searching its minima, which, with the character implied, guarantees maximal 
approximation of estimated positions and a minimal error position in the 3D airspace. A special 
computer program elaborated by the author has been prepared to the analysis on searching the 
function minimum, the program based on the evolutionary algorithms theory [Ombach 2004]. Its 
employment became indispensable since the traditional methods of searching the global function 
extremes, such as: 

- elementary method (fragmental derivatives); 
- the linear programming method; 
- the highest probability prediction method or the complex equation schemes solution method 

did not guarantee the satisfactory results. In the connection with that the use of  evolutionary 
logarithm became necessary as the mathematical apparatus applied in it proved to be indispensable 
to achieve the assumed aim. It became possible by implementing the concepts contained in the 
study on the employment of evolutionary algorithms, ‘Theory of Evolutionary Algorithms’, listed in 
this paragraph. 

The presented  model was used for computer analysis of flight data during the test flights to 
show results of used solutions. The optimization was carried out for digital time interval - s, s+1, 
s+2 as following : 

- a potential  s, s+1; 
- a below function was examined for optimization; 
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    (23) 
Conducted analysis of data of test flights show that proposed alternate navigation filter fulfill 
assumptions. The used model of navigation allows to include factors as following: 

− covariance  matrix showed in equation (2) i (3) do not have to be diagonal; 
− potential of position will be used without limit presented in equation (19); 
− optimization (22) of  parameters α i G will be included both a three-dimensional vector and 

a speed vector. 
Elimination of obstructions such as mentioned above (presented in paragraph concerning 
verification of navigation model too) allows to adjust calculated trajectory to real one.  

References 

1. Grzegorzewski M.: Navigating an aircraft by means of a position potential in three dimensional 
space – Annual of Navigation (2005); 

2. Inzinga T. and Vaniček P. (1985). “A Two-Dimensional navigation Algorithm Using a    
3. Probabilistic Force Field.”Presented at Third International Symposium on Intertial Tehnology for 

Surveying and Geodesy, Banff, Canada, 1985. 
4. Kącki E., Siewierski L.: Wybrane działy matematyki wyższej z ćwiczeniami.  

Warszawa 1975. PWN. 
5. Plucińska A., Pluciński E. Probabilistyka. Warszawa 2000. Wydawnictwo Naukowo-Techniczne. 
6. Smirnow W.I, Matematyka Wyższa rozdz. V, I, II cz.2,  W-wa, 1967, PWN. 
7. Ombach J.: Some algorithms of global optimizations.  Materiały pokonferencyjne. Uniwersytet 

Jagielloński. Kraków. 2004. 



 15.72

 
Onder Turan, Asst. Prof. Dr., (Anadolu University, School of Civil Aviation), Turkey 
T.Hikmet Karakoc, Prof. Dr., (Anadolu University, School of Civil Aviation), Turkey 

 

EXPERIMENTAL STUDY OF MICROTURBINE ENGINE FOR MAN AND UNMANNED 
AIRCRAFT  

Abstract 

In this study, experimental testing results of a small turbojet engine presented used initially in manned 
aircraft, remotely piloted vehicles (RPV) and starting systems for aircraft . Testing of microturbine 
engine has been done in engine test-cell. Thrust, specific fuel consumption and exhaust gas 
temperature performance charts versus number of revolution (RPM) of the experimental turbojet 
engine had been presented in this paper .  

 
INTRODUCTION 

Dating from the mid-1970s the microturbine engines is a small turbojet engine intended for 
the propulsion of manned and un-manned aircraft. This unit adopts a similar mechanical layout to 
the Auxilary Power Units (APU). The engine adopts the classic reverse flow layout with the main 
shaft mounted on spring loaded angular contact bearings. This engine is arguably a distant relative 
of the Plessey Solent unit and bears many similarities. A beautifully built and straight forward gas 
turbine engine. Unfortunately a relatively rare engine but ideal for homebuilt aircraft projects and 
ground projects. One of only a few in its thrust class. Figure 1 shows the gas generator of the 
experimental turjet engine [1]. 
 

 
 

Figure 1. Gas generator of the experimental turbojet engine[1] 
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Table 1. Some model of APU engine[2] 

 
 
 
Table 2. Some model of microturbojet engine[2] 
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Experimental turbojet engines has specialized since 1960 in the design and manufacture fof 
small gas turbine used initially in starting systems for aircraft. Further development of these gas 
turbines led to the production of a jet engine in the 100 daN (225 lbf) thrust class. For remotely 
piloted vehicles (RPV), thrust is increased to the engine life required and the utilization 115 daN 
(258lbf) and 150 daN (337 lbf) [3]. It can be shown easliy that APU and turbojet application of 
microturbine engines in Table 1 and Table 2. 

Experimental turbojet engine is a single shaft, through-flow engine of simple design. The 
rotating assembly comprises a single stage centrifugal compressor and single stage axial turbine 
mounted on a single shaft. Figure 2 shows the engine test-cell and Figure 3 shows the component of 
the experimental turbojet engine. 

 

 
 

Figure 2. Experimental turbojet engine test cell [4] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Components of the experimental turbojet engine [5] 
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There is no dilution of engine charge air. Start and governing are entirely automatic. Relight 
can be accomplished in flight by windmilling. Small size and low weight essential features. The 
rotor assembly comprises: a single-stage centrifugal compressor consisting of a cast steel inducer 
wheel aned a light alloy impeller. A single-stage axial turbine cast in high-temperature steel. These 
are mounted on a single shaft carried on two inboard high speed ball bearings [6].  

The core engine comprises: an air intake guard screen, an air intake casing, with integral oil 
reservoir and pump and a starter generator, a turbine casing containing the rotor assembly, an 
annular type combustor, a backplate with integral fuel manifold and ten spill type fuel burners, and 
exhaust cone, engine installed fuel and lubrication system accessories shown in Figure 4 and Figure 
5.  

 

 
Figure 4. Fuel system of the experimental turbojet engine [5] 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Lubrication system of the experimental turbojet engine [5] 
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An electrically driven fuel pump delivers fuel to the burners via a high pressure filter. The 
volume of fuel discharged by the burners into the combustion chamber is metered by a fuel control 
unit in function of ECU (Electronic Control Unit) commands. Fuel surplus to governing 
requirements is spilled back to the fuel tank. 

Lubrication system is entirely contained within the engine. The pump, which is immersed in 
the oil sump through a wire mesh strainer and delivers it to the engine bearings. The return line 
from the bearings lubricates the reduction gears. Air from the emulsified oil is exhausted by a 
centrifugal deaerator.  

 
MEASURED ENGINE PARAMETER IN ENGINE TEST-CELL 
 
 It can measured some data from engine test-cell such as [6]: 

• Manifold outlet pressure (0-20 bar) 
• Manifold inlet pressure (0-25bar) 
• Total compressor outlet pressure (0-6 bar) 
• Oil sump pressure (-1+1 bar) 
• Starting air pressure (0-20 bar) 
• Total air intake pressure (water column) 
• Air intake bellmouth (water column) 
• Total exhaust gaz temperature (8 digital indicators) 
• Oil temperature (digital indicator) 
• Vibration measurement channel 
• Thrust measurement channel 
• Fuel temperature sensor 
• Fuel flowmeter 
• -1+3 bar fuel pressure gage 
• Pressure reducing valve 
• Fuel shutoff valve 
• Fuel inlet filter 
• 0-9 bar pneumatic pressure gage 
• Adjutment valve 
• Filter 

 
Engine leading particulars are as follows:  

• Rated thrust: 150 daN 
• Maximum continuous engine speed: 48250 RPM 
• Idle: 30000 RPM 
• Operating temperature range: 400C to +500C 
• Maximum airspeed: 0.9 Mach 
• Eelctrical power output: 1.5 kW 
• Specific fuel consumption: <1.20 kg/daN.h 
• Power supply for compressed air starting 0.0056 kg/s for 13 s. 
• Power supply from generator at rated RPM: 53 A at 28.5 Vdc. 
• Weight of engine with jet pipe: 42 kg 
• Operating envelope: -500 and 1000m 
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CONCLUSION 
 

In this study, introduction of the experimental turbojet engines and its test-cell in School of 
Civil Aviation in Anadolu University were presented. Propulsion department student can learn 
about starting engine, data acquisiton some engine performance data such as thrust, pressure, 
temperature, specific fuel consumption, engine speed and vibration besides theoretic analysis of the 
turbojet engine in our school.  

This turbojet engine can be converted to turboprop engine type for further study. Compressor 
and turbine map are easily drawn.  
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FUEL CONSUMPTION ESTIMATION OF COMMERCIAL TURBOFANS 

 
Abstract 

Steady state specific fuel consumption estimation of axial flow aircraft gas turbine engines used in 
middle and long-range aircraft has been investigated and parametric curves of the engine were drawn 
these purposes. In this study, nonafterburning and separate flow high bypass turbofan engine was 
selected as example on-design engine type and its ideal and real parametric specific fuel consumption 
was computed in this study. 

INTRODUCTION 

In this paper, on design analysis of high bypass turbofan engines with separate flow and no 
afterburning used in commercial aircraft were analysed and then effects of some design variables 
(e.g. compressor pressure ratio, fan pressure ratio, turbine inlet temperature, bypass ratio, cooling 
air ratio, nozzles pressure losses) and effects of different flight conditions (e.g. flight altitude and 
flight Mach number) on specific fuel consumption of the commercial engine in ideal and real 
cycles. A new software program had been developed for this purpose in visual and excel 
programming language. Values of specific fuel consumption were calculated and then performance 
curves were obtained in this software programs. In Figure 1, a typical turbofan engine component 
can be seen easily. 
 

 

Figure 1. High bypass turbofan engine[1] 
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SPECIFIC FUEL CONSUMPTION CURVES IN IDEAL AND REAL CYCLE ANALYSIS  
 
 
The object of cycle analysis is to obtain estimates of the performance parameters (primarily 

thrust and specific fuel consumption) in terms of design limitations (such as maximum allowable 
turbine temperature and attainable component efficiencies), the flight conditions (the ambient 
pressure, temperature, and Mach number), and design choices (such as compressor pressure ratio, 
fan pressure ratio, bypass ratio, as soon). 

The engine design starts with the on-design (or design point) analysis, which presumes that all 
design choices are still under control, and that the size of the engine has yet to be chosen. In off-
design performance analysis no component performances are available so that the component 
efficiencies as functions of operating conditions must be estimated. Final choice of an engine is 
based on its off-design performance over the entire aircraft mission [2-5]. On-design cycle analysis 
curves are very important for the cycle analysis of objective engine research. Because it is easy to 
see effect of the independent design parameters of the engine such as fan pressure ratio and bypass 
ratio on the dependent parameters such as the specific thrust and specific fuel consumption instead 
of numerical values. Figure 2 shows different engine specific fuel consumption values related to 
certificate date.    

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Specific fuel consumption variation of each engine according to certificate date 

 
In Figure 3 through Figure 7 it is shown specific fuel consumption curves according to bypass 

ratio, compressor pressure ratio, fan pressure ratio and aircraft flight Mach number in ideal cycle 
analysis [6]. 

In Figure 8 through Figure 11 it is shown specific fuel consumption curves according to 
bypass ratio, compressor pressure ratio, fan pressure ratio and aircraft flight Mach number in real 
cycle analysis [7]. 
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Figure 3. Compressor pressure ratio-specific fuel consumption curve for different bypass ratios of a 
high bypass turbofan engine at ideal cycle analysis[6] 
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Figure 4. Compressor pressure ratio-specific fuel consumption curve for different fan pressure ratios 

of a high bypass turbofan engine at ideal cycle analysis[6] 
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Figure 5. Fan pressure ratio-specific fuel consumption curve for different bypass ratios of a high 

bypass turbofan engine at ideal cycle analysis[6] 
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Figure 6. Bypass ratio-specific fuel consumption curve for different fan pressure ratios of a high 

bypass turbofan engine at ideal cycle analysis[6] 
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Figure 7. Flight Mach number-specific fuel consumption curve for different bypass ratios of a high 

bypass turbofan engine at ideal cycle analysis[6] 
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Figure 8. Compressor pressure ratio-specific fuel consumption curve for different bypass ratios of a 

high bypass turbofan engine at real cycle analysis[7] 
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Figure 9. Flight Mach number-specific fuel consumption curve for different bypass ratios of a high 

bypass turbofan engine at real cycle analysis[7] 
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Figure 10. Fan pressure ratio-specific fuel consumption curve for different bypass ratios of a high 
bypass turbofan engine at real cycle analysis[7] 
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Figure 11. Bypass ratio-specific fuel consumption curve for different fan pressure ratios of a high 
bypass turbofan engine at real cycle analysis[7] 

CONCLUSION 
 

Steady state, ideal and real cycle specific fuel consumption estimation of axial flow aircraft gas turbine 
engines can be easily calculated with developing software program. In addition to on-design calculation, off- 
design performance analysis can also be performed using this method. With this programme we can analyse 
many different engine types. It is easy to access performance charts of several types of engine with program.  

Designers can easily use it when they research new improvements and development of aircraft 
propulsion, because it is visual, easy to access and quick to compute. At the same time, more complex 
equations about propulsion technologies for further development can be solved and added to the programme 
in this manner.  
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AERODYNAMIC CHARACTERISTICS OF AN ON THE GROUND MOUNTED 
VERTICAL AIR JET BEHIND THE DIRECTING VANES OF AERODYNAMIC 
PROPELLER 

Annotation: The computer model of aerodynamic stand for the training of free flight in the vertical air 
jet of large diameter is developed. Submerged air jet is created by the rotating aviation screw 
(propeller), which is fixed on the vertical shaft of stationary engine. Propeller with the stator is located 
in the profiled ring. Method makes it possible to calculate the aerodynamic parameters of jet depending 
on the velocity of rotation of propeller, to optimize the geometry of propeller, ring and the form of the 
blades of stator, to analyze the ground effect and limiting walls. Mathematical model is described by 
nonstationary Navier-Stokes equations and numerically is solved by means of an adaptive movable 
mesh taking into account and with visualization of the process of rotation the propeller, and also taking 
in acount the compressibility of medium, flow turbulence, appearance of separation zones and reverse 
flows. Method is proved by the development of the design of aerodynamic stand “Aerodium”, prepared 
and installed in the town Sigulda (Latvia) in 2007. 

 
INTRODUCTION 

Main purpose of an aerodynamic stands of type like this is developing of base for the training 
of free flights, and also sport- entertaining amusement for the wide public in the place of 
organization of the sport shows (fig.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Flight (skydiving) of athlete in the air jet of aerodynamic installation “Aerodium”, Latvia, town 
Sigulda. 
 

Known aerodynamic equipment for training the athletes have the open (fig.1) or closed 
working zone with the maximum velocity of flow in the working zone 50-80 mps at the standard 
atmospheric conditions [1]. 

The main element of aerodynamic equipment with the free vertical submerged jet (fig.2) is the 
aerodynamic propeller of large diameter (approx. 3 – 4,5m), installed on the vertical shaft of 
immovable engine. Above the propeller is located the fixed directing vanes in form of ring with the 
profiled blades of counter vanes swirler, which is intended for eliminating the twist (spiral rotation) 
of jet in the working zone and decreasing of the speed drop near the axis of jet. The construction of 
directing vanes is significantly determined by the geometry of propeller and by its angular velocity 
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of rotation. The absence of directing vanes or the unsuccessful form of blades considerably worsen 
the flight conditions of athlete because of the appearance of a high velocity rotation of jet (twist) in 
respect to longitudinal axis, it decreases the long range of jet (reduction of the dimensions of 
working zone) and expansion (formation) of the zones of small or reverse velocities near the axis of 
jet (appearance of velocity drop). Presence or displacement of athlete in the working part of the jet 
also influences its characteristics and, therefore, conditions for free flight as well.  
    

a)         b) 
 
 
 

    
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: a) - the diagram of flow in the jet behind the propeller and in the surrounding area;  
b) - propeller and directing vanes (bottom view). 
 

Purpose of this work: - to develop the method of the computer simulation of the aerodynamic 
parameters of the submerged vertical air jet, created by system “rotating propeller in the ring - 
directing vanes with the profiled blades”. Method must allow for the possibility of changing of the 
rotation the frequency of propeller, taking in acount of the influence of the geometry of propeller, 
on the form of the blades of directing vanes, and to the influence of the geometry of other elements 
of device, limiting walls and ground on the parameters and the level of non-uniformity of the air 
flow in the working zone of jet as well. Aim of method is the optimization of the designing process 
of the system “ aerodynamic propeller - directing vanes”, the guarantee to defined velocity, twist 
and the uniformity of flow in the working area of jet. 
 
METHOD 

The special feature of this task consists in the necesity of calculating of formation process of 
submerged jet by the around fixed vertical axis rotating aerodynamic propeller. In addition to this it 
is necessary to consider the influence of the closely spaced solid or permeable surfaces, and also the 
formation of zones with the flow, induced by the submerged jet and area of reduced pressures 
before the propeller. (see the diagram of flow in fig.2). In the general case the flow in the jet is 
nonstationary and turbulent, while in the adjacenting to it the zones of the induced flows it can be 
transitional or laminar. 

The mathematical model of the task, which makes it possible to consider a temperature and 
air density change, is described by Navier-Stokes equations and by equation of energy (First Law of 
Thermodynamics). For the turbulent, transitional and laminar flows after averaging by Reynolds 
method and use of (k - ε) or Low Re (k - ε) models of turbulence (k turbulent energy, ε - the speed 
of the dissipation of turbulent energy) the reference system of equations can be represented in the 
following form: 

Residual twist 

Propeller 

Zone of large 
twist of jet 

Ring with 
directing vanes

Working zone

Ground 
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where u, P , ρ, T – fluid’s velocity, pressure, density and temperature, R - gas constant, h - thermal 
enthalpy, t - time,  Fi – mass-distributed external force per unit mass due to a porous media 
resistance, gravity and the coordinate system’s rotation;  QH – heat source on a volume unit, iq  – 

diffusive heat flux,  ijδ  – Croncer symbol, τij –  viscous shear stress tensor,   jiij
R uuρτ −≡  – stress 

tensor in Reynolds model, lμ – dynamic viscosity coefficient, tμ  – turbulent viscosity coefficient, y 

– distance from the wall, ig – components of gravitational acceleration in direction xi ; Pr =μсp/ λ  -  
the Prandtl number, 21,,,,,,, εεμεσσσσ CCCCBkBc  – empirical constants; сP - specific heat at constant 

pressure; λ - fluid thermal conductivity; for laminar flows parameters εμ ,, tk  are equal to zero 
summation is made on subscripts zyxjzyxi ,,;,, == . 

Let us note that Low Re (k - ε) model is fitted for the solution of the problems, which contain 
zones both with the large and with the low velocities [2]. In particular, this model is convenient for 
the calculation of the high-velocity submerged jets, which flow into the large volume. Air jet 
interacts with the ambient air, implicating it into the induced movement, which ensures entering 
into the jet of air mass from the surrounding area. For the induced flows in the outlying zones are 
characteristic low Reynolds numbers Re ~1500… 5000.  

Navier-Stokes equations were solved numerically by the finite elements method with the use 
of an adaptive movable mesh, and also taking into account and visualization of the process of 
rotation of propeller. and compressibility of medium. For the solution of problems was used the 
CAD/CAE complex consisting from the SolidWorks/CFdesign software. 

The designed three-dimensional geometric model of stand and its elements was created by the 
SolidWorks CAD software. Design model of the three-bladed propeller. with a diameter of 4 m 
with the rectangular form of blade is shown on fig. 3. The form of the blade sections profiles and 
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the law of variation of the twist of sections were calculated by the theory of N.E. Zhukovskiy [3,4]. 
For an improvement of the working conditions of propeller near the ground and to prevent the 
contraction of the jet it was installed into the profiled ring with the directing vanes (fig. 2). 

 
Fig. 3. Three - dimensional geometric model of 
three-bladed propeller with the rectangular blades. 

Fig 4. Calculation model of  the directing vanes 
with 24 blades (D=4m). 

  
Directing vanes (counter vanes swirler or honeycomb made from the sheet material) was 

installed on the exit of the ring coaxially with the propeller. The radial profiled blades of counter 
vanes swirler have geometric twist (geometric chords of sections are turned relative to the chord of 
root section, see. fig.4). Sectorial honeycomb is executed without the blade twist in two versions: 
with the radial profiled blades (fig.5 and b) and by the radial unprofiled blades (rectangular plates). 
Honeycomb is installed under the fixed angle of attack for decreasing of the losses on the inlet edge 
of blade (fig.5c). Both types of directing vanes are intended for eliminating the twist of jet, 
destruction of large vortexes and decrease of the nonuniformity of the profile of the longitudinal 
velocities near the axis in the working area of the jet. Calculation and layout of the profiled blades 
of directing vanes were made according to method of B.N. Yurev, based on the vortex theory and 
the considering special features of the velocity distribution in the sections of propeller blade. 

 

 
    а)                     b)                   c) 
 
Fig.5. Modifications of the directing vanes: a) honeycomb with 12 profiled blades;  b) honeycomb with 24 
profiled blades; c) honeycomb with 24 rectangular blades without the twist. 
 

Because of the constancy of the blade curvature the residual twist of flow and the 
nonuniformity of the profile of axial jet velocity in sectorial honeycomb is litle more than curvature 
of counter vanes swirler, what is disadvantage. At the same time the blades of sectorial honeycomb 
are simpler both in the production and in the ring assembling process in comparison with the blades 
of counter vanes swirler. 
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The calculation of the parameters of the jet, created by the model of aerodynamic stand, was 
carried out by means of CAE software CFdesign [2]. For creating of the computational mesh of 
finite elements the electronic geometric model of aerodynamic stand (scale 1:1) was placed into the 
cylindrical computational region (domain). In practice the dimensions of domain is selected 
depending on the accuracy of calculation, possibilities of computer, its operational memory and 
permissible time of computation. For increasing of jet parameters calculation accuracy inside the 
main domain is coaxially placed the internal cylindrical domain of smaller diameter (see fig.6).  

 

 
 

Fig. 6. Three-dimensional geometric model of 
aerodynamic stand with the computational mesh 
and the domains. 

Fig.7. ”Drop” of the longitudinal velocity near of 
the  axis of jet. 

 
The size of computational mesh in the internal domain is less than in the external. This makes 

it possible to significantly reduce the total number of computational cells, the time of computation 
and the required operational memory of computer. On all walls of external domain it is necessary to 
assign the appropriate boundary conditions. Adhesion conditions on the solid walls are assigned 
automatically. Because of the presence of the revolving propeller. all tasks are calculated as 
nonstationary. 

For the calculating model with the full-scale geometric parameters and the cylindrical domain 
being investigated with the size of ~8x8.5 m is required required ~ (105 - 106) calculated mesh 
nodes and initial time step of the order of 4x10-4s. In the case of three-bladed propeller with the 
number of revolutions nm=1200 rpm one revolution of the model of propeller occurs in 0,05s. The 
blades are fixed during the one time step ∆t, and then they are turned to the angle of ∆θ = 6nm∆t. 

For the analysis of the influence of the twist of flow on the level of the velocity profile 
irregularity in the cross-section of jet and the value of velocity drop near the axis also was evaluated 
the  simplified model of propeller in form of rotating disc with the infinite number of blades. 
Diameter, number of revolutions, the volumetric flow rate of air and the average degree “of the 
slippage of blades” relative to the air flow for the disc and propeller are equal. Disk is installed 
either before or inside the directing vanes. Because of the absence of the hub, which normaly exists 
in the propeller, in this model do not appear the reverse flows, induced by flow separation on the 
rear side of the bushing. 

The results of calculations for the propeller. with a diameter of D = 4m are given below. 
Radius of the propeller hub 0.255m, the chord of the rectangular blade bm= 0.3m, the number of 
revolutions of the screw rpsrpmnc 201200 == , the diameter of the ring Dk= 4,1m, height of the ring 
0,9m. Atmospheric conditions for the work of propeller - normal:   

22 /101300,/225,1 mNРmkg нн ==ρ . 
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RESULTS AND DISCUSSION 
Twist significantly influance the level of non uniformity of longitudinal velocity in the 

workng zone of the jet. It is shown that behind the propeller with the infinite number of blades 
which are installed inside the profiled ring without directing vanes, near the axis of jet is formed the 
zone with the intensive reverse flow, caused by the significant twist of flow and by the formation of 
rarefaction zone (fig.7). 

Calculations confirmed the utility of installation  of directing vanes in the form of counter 
vanes swirler or sectorial honeycomb behind the propeller, which it makes it possible to preclude 
not only the twist of jet, but also to significantly decrease the level of non-uniformity of the flow. 

For an increase of velocity in the working part of the jet of the evaluated type of Aerodium of 
most efficient is the system “propeller, inside the profiled ring with the counter vanes swirler” [5], 
but not “the propeller, before the cylindrical ring with the counter vanes swirler”, which was 
previously realized on existing Aerodium (fig.8, curves 1, 5). 

It is shown that the influence of engine block with the streamlined cover and the ground 
surface do not worsen, but in certain cases even improve the conditions for incoming flow into the 
ring (fig.9). In the case if the electromotor of propeller drive is also installed near the inlet into the 
ring, the radius of raised edge r ≥ 0.08Dk ensures the practical absence of separation zones. For the 
defined relative height of ring (Hk/Dk ≈ 0.22… 0.25.) it is useful to locate propeller, inside the ring 
before the cylindrical part at a distance approx. 0.1 Dk from the front edge of the ring. 

 

 
 

Fig.8. Plot of relative longitudinal speed in cross-
section section of a jet z =1m for variants of 
system the propeller -  ring: 
№1 - basic version : propeller before the 
cylindrical ring without the counter vanes swirler. 
№2 - propeller inside the  ring without the counter 
vanes swirler.  
№3 - propeller inside the profiled ring without the 
counter vanes swirler. 
№4 - propeller before the cylindrical ring with the 
counter vanes swirler 
№5 - propeller, inside the profiled ring with the 
counter vanes swirler. 

Fig.9. Improvement of the conditions for 
incoming flow into the ring and to the propeller at 
the installation of cone on the engine and 
consideration of ground effect. 

???????????????? 24 ???????; ???? 4?????.???????????????? 24 ???????; ???? D = 4?.
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It is proposed the construction of counter vanes swirler, which consists of 24 radial blades. 

For decreasing the excessive blocking up the center part by the blades are used two types of the 
blades: 12 long blades with are installed between the outer ring and the small cone, 12 short - 
between the outer ring and the internal cylinder. For decreasing of velocity drop behind the ring and 
increase of the strength of construction it is recomended to install inside the ring with directing 
vanes several coaxial truncated cones of different diameter with the expansion angle 10º to 12º. The 
diameter of the inlet base of the smallest cone, located opposite the propeller hub, must have the 
diameter more than diameter of the nonworking part of the propeller blades and be equal to 0.2D to 
0.3D.  The small truncated cones increases efficiency of velocity drop smoothing in center part of 
jet near to inlet section of the ring. 

 The radial blades of counter vanes swirler should be performed from the sheet material with 
the along the blade variable curvature of the front section of profiles and longitudinaly variable 
angles of blade setting profiles. The level of curvature, setting angles and blade-section chords 
depend on the geometric and aerodynamic characteristics of propeller and can be calculated 
according to the vortex theory of screw propeller. 

The construction of sectorial honeycomb is differed from counter vanes swirler only with the 
fact, that its blades aren’t twisted (angle of setting sections it does not change along the blade). Each 
section of the blade of honeycomb has the identical curvature, which is determined by some average 
geometric and aerodynamic characteristics of propeller blade. The curvature of the profile of the 
blade of the sectorial honeycomb can be approximately determined on the basis the analysis of 
velocity triangle on the outlet edge of the characteristic section of propeller. The width of the blades 
of counter vanes swirler and honeycomb is approximately equal to the length of the generatrix line 
of the cylindrical part of the ring, in which they are installed. 

The nature of the influence of the directing vanes construction on the flow velocity in the 
working part at the identical propeller’s working regime is possible to estimate on the basis of the 
comparisons of the relative longitudinal velocity profile in the fixed transverse  section of jet (fig.8) 
It is evident that the best parameters have a counter vanes swirler with 24 profiled blades with the 
twist. Its main advantages: 

− counter vanes swirler successfully liquidates the twist of the flow already at a 
distance of approximately .0.7 to .1,0.m from the outlet section of ring,  

− satisfactorily smoothens velocity drop near the axis of jet at a distance 
approximately1,0  m from the outlet section of ring, what makes it possible to install 
in this cross-section area of jet the shielding – trampoline. 

In comparison with counter vanes swirler sectorial honeycomb less efficiently removes the 
twist of flow and smoothens velocity drop at the identical distances from the outlet section of ring 
(fig.8). 

The developed method was used for the development of the design of aerodynamic 
installation “Aerodium” with the submerged free vertical air jet, which was prepared and installed 
in the town Sigulda (Latvia). 
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DEVELOPMENT OF NUMERICAL METHODS FOR SOLVING NAVIER-STOKES 
EQUATIONS IN PRIMITIVE VARIABLES FORMULATION  

A new approach for reduction of computational cost of numerical algorithms for the Navier–Stokes 
equations in primitive variables formulation is proposed. The approach uses physical aspects of 
hydrodynamics for fast computation of ``part’’ of pressure. For the given purpose, an auxiliary 
problem based on simplified Navier–Stokes equations and original pressure splitting is suggested. The 
paper represents detailed description of the algorithm and results of numerical experiments with 
benchmark and applied problems.  

We begin with the 2D ( 2N = ) Navier–Stokes equations governing flow of a Newtonian, 
incompressible viscous fluid. Let NΩ∈\ be a bounded, connected domain with a piecewise smooth 
boundary ∂Ω . Given a boundary data, the problem is to find a velocity field and pressure such that  
a) continuity equation 

0u
x y

υ∂ ∂
+ =

∂ ∂
                                                                  (1) 

b) X-momentum 
( ) ( )2 2 2

2 2

1u uu p u u
t x y x Re x y

υ∂ ∂ ⎛ ⎞∂ ∂ ∂ ∂
+ + = − + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠

                                        (2) 

c) Y-momentum 
( ) ( )2 2 2

2 2

1u p
t x y x Re x y

υυυ υ υ∂∂ ⎛ ⎞∂ ∂ ∂ ∂
+ + = − + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠

                                       (3) 

Owing to the presence of the convection terms in the momentum equations, the Navier–Stokes 
system (1)–(3) is nonlinear. Linearization based on Picard’s or Newton iteration and discretization 
of (1)–(3) using finite differences or finite elements result in a generalized saddle point system  

0

T fA B
gB

α
β

⎛ ⎞⎛ ⎞ ⎛ ⎞
=⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎝ ⎠
                                                             (4) 

in which α  and β  represent the discrete velocities and discrete pressure, respectively. Here 
nonsymmetric A  is a block diagonal matrix, where each block corresponds to a discrete 
convection-diffusion operator with appropriate boundary conditions. The rectangular matrix TB  
represents the discrete gradient operator while B  represents its adjoint, the divergence operator. 

It is clear that the system (4) cannot be solved by standard methods of linear algebra. 
Solution algorithms for the generalized saddle point problems can be subdivided into two 
categories, which we will call segregated (decoupled) and coupled methods. Segregated methods 
compute the two unknown vectors α  and β , separately. This approach involves the solution of two 
linear systems of smaller size. Now method SIMPLE is the most popular algorithm for CFD 
problems [1]. Other popular algorithm is an artificial viscosity method [2]. Main advantages of the 
method are simplicity and absence of boundary conditions for pressure.  

Survey of numerical methods for saddle point problems is given in [3]. In recent years there 
has been a surge of interest in saddle point problems, and numerous solution techniques have been 
proposed for this type of system. The methods have mathematical backgrounds. 

In partial cases it is possible to obtain good approximation to solution of the Navier–Stokes 
equations based on physical aspects of hydrodynamics. As an example, we consider 2D flow 
between parallel plates. Assuming that the pressure is not changed across the flow ( 0'

yp = ), we 
obtain the simplified Navier–Stokes equations:  
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a) continuity equation 

0u
x y

υ∂ ∂
+ =

∂ ∂
                                                                  (5) 

b) X-momentum 
( ) ( )2 2 2

2 2

1u uu p u u
t x y x Re x y

υ∂ ∂ ⎛ ⎞∂ ∂ ∂ ∂
+ + = − + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠

                                        (6) 

c) mass conservation equation 
1 1

0 0

0u( x, y )dy u( , y )dy=∫ ∫                                                           (7) 

Since 0'
yp = , very efficient numerical methods for solving the simplified Navier–Stokes equations 

(5)–(7) have been proposed and developed [4, 5]. It should be noted that in this case pressure is 
computed in coupled manner by algebraic methods. Starting from solution of the simplified Navier–
Stokes equations (5)–(7), we expect impressive reduction of computational efforts for solution of 
full Navier–Stokes equations (1)–(3) as compared with other starting guess. In follows, similar 
considerations will be used for convergence acceleration of numerical algorithms for the Navier–
Stokes equations in primitive variables formulation. 

First, consider 2D steady flow in driven cavity. Fig. 1 represents geometry of the problem. 
 

 
Fig. 1  Driven cavity 

 
 

Fig. 2  Control volumes V1 and V2 
 

Integration of the continuity equation (1) over the control volumes V1 and V2 shown on Fig. 2 gives 
two mass conservation equations  

1

0

0u( x, y )dy =∫ ,                                                                                   (8) 

1

0

0( x, y )dxυ =∫ .                                                              (9) 

The mass conservation equations will be used as a priori information about the solution. In general, 
pressure can be splitting as  

x y z xyzp( t ,x, y,z ) p ( t ,x ) p ( t , y ) p ( t ,z ) p ( t ,x, y,z )= + + + ,                              (10) 
where the superscripts x, y, z and xyz show dependence of the pressure “components”’ on spatial 
coordinates. “One-dimensional pressure components” xp ( t ,x ) , yp ( t , y )  and zp ( t ,z )  can be 
computed by the same effective methods proposed for simplified Navier–Stokes equations (5)–(7). 
Domination of gradients of “one-dimensional pressure components”’ results in impressive reduction 
of the computational efforts. In this case amount of computations needed for solution of the full 
Navier–Stokes equations will be comparable with amount of work needed for the simplified 
Navier–Stokes equations. Maximum efficiency of the approach is expected at simulation of directed 
fluid flows. 
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 According to the representation (10), the momentum equations have two pressure gradients. 
For example 

( )
x xyz

x y z xyzp p pp ( t ,x ) p ( t , y ) p ( t ,z ) p ( t ,x, y,z )
x x x x
∂ ∂ ∂ ∂

= + + + = +
∂ ∂ ∂ ∂

. 

Instead of the continuity equation (1), the auxiliary problem uses the mass conservation equations 
for computation of the “one-dimensional pressure components”’. In case of flow in a driven cavity, 
the auxiliary problem is formulated as  
a) X momentum and mass conservation equation (8) 

2 2 2

2 2

1

0

1

0

x xy( u ) ( u ) dp p u u
x y dx x Re x y

u( x, y )dy

υ⎧ ⎡ ⎤ ⎛ ⎞∂ ∂ ∂ ∂ ∂
+ = − − + +⎪ ⎜ ⎟⎢ ⎥∂ ∂ ∂ ∂ ∂⎪ ⎣ ⎦ ⎝ ⎠

⎨
⎪ =⎪⎩

∫
                                (11) 

b) Y momentum and mass conservation equation (9) 
2 2 2

2 2

1

0

1

0

x xy( u ) ( ) dp p
x y dy y Re x y

( x, y )dx

υ υ υ υ

υ

⎧ ⎡ ⎤ ⎛ ⎞∂ ∂ ∂ ∂ ∂
+ = − − + +⎪ ⎜ ⎟⎢ ⎥∂ ∂ ∂ ∂ ∂⎪ ⎣ ⎦ ⎝ ⎠

⎨
⎪ =⎪⎩

∫
                                (12) 

where square brackets mean that the derivatives ( )'xy

x
p and  ( )'xy

y
p  are fixed and braces mean that 

the momentum and mass conservation equations are solved in coupled manner. 
 In follows, the pressure gradients ( )'x

x
p  and ( )'x

x
p  are fixed. Solution of the auxiliary 

problem (11) and (12) is considered to be a starting guess for the full Navier-Stokes equations. 
Taking into account the pressure splitting (10), the momentum equations are written as 

2 2 2

2 2

1x xy( u ) ( u ) dp p u u
x y dx x Re x y

υ ⎡ ⎤ ⎛ ⎞∂ ∂ ∂ ∂ ∂
+ = − − + +⎜ ⎟⎢ ⎥∂ ∂ ∂ ∂ ∂⎣ ⎦ ⎝ ⎠

,                                           (13) 

2 2 2

2 2

1x xy( u ) ( ) dp p
x y dy y Re x y
υ υ υ υ⎡ ⎤ ⎛ ⎞∂ ∂ ∂ ∂ ∂

+ = − − + +⎜ ⎟⎢ ⎥∂ ∂ ∂ ∂ ∂⎣ ⎦ ⎝ ⎠
.                                           (14) 

Note that velocity components and “part”’ of the pressure (i.e. x yp p+ ) are computed in the 
coupled manner.  
 In numerical experiments “multidimensional pressure component”’ is computed in 
decoupled manner by the artificial viscosity method [2]. Convergence on pressure iterations (np) is 
estimated using the residual norm  

1 1i j ij ij ijuv

ij
x y

u u
R max

h h
υ υ+ +− −

= + .                                                  (15) 

Fig. 3 represents the convergence acceleration in proposed algorithm (Re=100, staggered 
grid 101 ×101).  Figs. 4 and 5 represent comparison of the solution of Navier-Stokes equations in 

primitive and ``stream function – vortices’’ variables (Re =1000, staggered grid 301 × 301). Since 
the flow in the cavity has no preferential direction, the proposed algorithm has the least efficiency. 
Numerical experiments show reduction of execution time on ~ 30...50% as compared with 
traditional algorithms for similar problems. 

The next benchmark problem is backward-facing step flow. Consider the flow over a 
backward-facing step, which is another well studied test case. Fig. 06 shows the geometry of the 
flow. The fact that the solution of the incompressible Navier-Stokes equations over a backward-
facing step at Re = 800 is steady and stable has been confirmed in a number of recent works. 
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 Numerical experiments show that 
execution time can be reduced in ~400 times 
for the given problem (staggered grid 101 × 
1401). Fig. 7 explains the impressive 
reduction of the computational efforts. It is 
easy to see that pressure is changed in X-
direction except small subdomain near 
attachment point of bottom eddy (i.e. p ≈ 
p(x)). Therefore the proposed algorithm is 
very efficient for solving problems with 
directed fluid flows. 

 
Fig. 4 X-direction velocity (u) in middle section 

 
Fig. 5 Y-direction velocity (υ ) in middle section 

Fig. 6 Backward-facing step flow: geometry of 
problem 
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Fig. 7 Isobars (Re = 800)} 
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    Fig. 3  Reduction of the residual norm uvR (15) 
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NUMERICAL INVESTIGETIONS OF TRANSSONIC AXIAL COMPRESSOR STAGE 

There are results of numerical investigations of transonic axial compressor cascade with one-tier and 
tandem-blade impeller vane. There is recent numerical gas dynamics investigation methodic of 
compressor stage. The authors carried out some comparison of characteristic between one-tier and 
double vane stage.  

Introduction 

At present-day there is an aviation propulsion tendency to increase working condition (gas 
temperature in front of turbine, compressor pressure rate), weight and overall size decrease of power 
plant. For that it is necessary to develop of small-sized high-pressure compressor.  

This problem may be realized by means decreasing of vane and stage numbers as well as rotor 
diameters. But using some of this way will lead to behavior increasing in every stage. It is possible at 
the expense of rotor operating speed, increasing flow gag in the compressor stage with increasing 
blade curvature and angle of attack.  

The first of way is lead to supersonic streamline compressor vanes and initiation pressure races, 
that lead to flow separation and great efficiency decreasing. The second way is lead to swiftly wall 
boundary layer swelling and flow separation from vane back with great efficiency drop. 

Hence one of the mane problems of modern compressor engineering is axis compressor stage 
effectiveness increasing and aerodynamic loading with usage of operation boundary layer mode. 

As is obvious from investigations by Fikkert К, Chjen P., Bunimovich А., Svaytogorov А., 
Тereshchenko U., Bamert К. [1-7] and other, one of this way is usage tandem  blade row in axis 
compressor stage. 

The in axis compressor rotors is widely usage in compressor guide vane of aviation engines: Д-
36, АИ-25, Д-30КУ, Д-30 КП, Д-30, АЛ-32Ф and other. In this case it was necessary to provide big 
angle flow rotate.  
Statement or problem 

From the point of view of the axis compressor rotor aerodynamic loading rise, the most 
appropriate is using rotors with. Widely known only a few works devoted to such researches. The least 
examined aria is the co-using of double blade row of rotor and guide vane in axis compressor stage. 

The high-head transonic stage of axis compressor ОК-75 was chosen for the research. This stage 
contains of three parts: inlet guide vane, rotor, guide vane. This work contains its experimental 
characteristics and geometrical parameters. It’s necessary to over profile in the ОК-75 stage the one-
tier blade row for getting of axis compressor stage with tandem  blade row. 

 Since the compressor stages characteristics in this work were examined by quantitative methods, 
for the correct comparison stage characteristics and one-tier and tandem blade impeller vane, we need 
to conduct numerous researches of stage ОК-75 characteristics by using viscous compressible flow 
model. 

Thus, the aforesaid determined the conducting of  research in the following sequence. 
At the first stage we need to build the axis compressor stage ОК-75 calculated (rated) model, 

conduct quantitative calculation of its characteristics and compare with V.S. Svechnikov and A.B. 
Kirilov experimental researches results. This will let us to make the conclusion  about the deviation of  
quantitative and experimental data.  

At the next stage need to change the geometrical parameters of rotor and into equivalent double 
according to the existing recommendations [4, 9-11], conduct the quantitative calculation of stage 
characteristics with tandem blade rotor and guide vane blade row and compare with stage 
characteristics with one-tier vane row. 
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Research methodology  
As investigation object it is apply axis compressor (ОК-75) stage. Its blades profile was got by 

means ВС-10 propeller profile scaling. The medial lines of all blade’s profile are circle arcs. This stage 
designed for steady head along rotor blade and it contain inlet duct, rotor and guide vanes. There are 
modern numerical gas dynamics investigation  

In process over profiling of rotor and guide vanes was used path of geometric parameters 
keeping namely: equality of double and one-tire blade row chord total value; equality of inlet and 
outlet structural angle of tandem blade and one-tire blade row; equality bt / . At slot canal profiling 
there are some constant value along blade height (at all area): canal ratio 4.1/ == ba ffF , relative 
blade thickness ccc == 21 , blade front overlap 12.0/ == bll ss  (Figt. 1). 

Relatively to recommendation [11] these parameters are provide maximal compressor grid 
efficacy. Minimum slot height bf  was changed along blade height by law [9, 10] (Fig. 2).  

 

 
Fig. 1. Geometric parameters of tandem blade 

compressor grid. 
Fig. 2. Geometric parameter bff bb /=  distribu-

tion of tandem blade channel along blade 

 

At investigations of axis compressor stages were defined: compressor stage pressure rate (1), 
adiabatic efficiency (2). 
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0mT , *
3mT  - mean value of total temperature at stage inlet and outlet. 
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where )(*

0 rT , )(*
3 rT  - mean value of total temperature at interval compared to inlet duct and 

across beyond guide vane at adjusted radius. 
Also it was defined total and static pressure, total and static temperature along blade height 

across beyond guide vane and rotor. 
As calculation area it was choose periodic part of axis compressor stage. It contained one inlet 

duct, rotor and guide vane blade . 
Since defining of stage characteristics carried out at two-dimensional area as calculation defining 

at two-dimensional area too (Fig. 3). 
 

As mane stage geometry parameters with one-tired and tandem blade row are equal as defined 
areas are equal too. Stage characteristics were calculated at 11 two-dimensional area along height of 
blades. Computational grid was created with help program Gambit. It has unit-type structure and 
consist of structured grid with tetragonal elements of boundary layer at vane surface and non- 
structured grid with triangular elements at other defined area. General elements number for one-tired 
vane row was from 120000 to 140000, for double rotor and guide vane row was from 160000 to 
185000 elements.  

Spacing of vane surface by grid elements carried out 0.5. It was computational grid thickening at 
front and trailing edge of vane by bi-exponent low with thickening coefficient 0.7 [14]. At the bound 
of computational grid spacing was 1. On blade surface in boundary layer area the thickening was: first 
row height 0.01, growth factor 1.2, number of row 15.  

Boundary conditions were defined on all surface calculated area and included inlet and outlet 
condition, periodic condition and condition on mixing frontier. Boundary conditions on hard walls 
(blade surface) were defined as adhesion condition to smooth adiabatic wall. 

 

Fig. 3. Scheme of  two-dimensional calculation area of axial compressor stage. 
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Inlet stage boundary conditions were total Т*=300 К, static pressure р=101325 Pа and adjusted 
flow velocity λ . On this one calculated Mach number, total temperature, total pressure. There are 
turbulent viscosity model ω−k  (Menter’s) used with standard constants 1* =α∞ , 9/10 =α , 31.01 =α , 

52.0=α∞ , 075.01 =β i , 09.0* =β∞ , 0828.02 =β i , 176.11 =σ k , 0.12 =σ k , 0.21 =σω , 8=βR , 

6=kR , 5.1* =ζ , 25.00 =tM  [15]. 
Outlet stage boundary conditions were sated with extrapolation of all flow parameters by inlet 

parameters (free inlet). 
On periodic boundary of calculated area were defined periodic condition of interface between 

cheeks of calculated area. 
In mixing zone aria of rotating and non- rotating used condition “mixing plane”. In this zone 

occurred circular averaging of flow parameters in the line of turning of moving zone [16]. 
The calculations carried out on 4-th mode of compressor stage work, which sated by adjusted 

circular velocity Λ : 1,08; 0,910; 0,807; 0,638. For even calculated area the value of circular velocity 
recalculated according to value of area location radius. 

*/ auR=Λ , 
where Ru  – circular velocity at rotor blade end, *a  – ultimate sonic speed. 

*
0* 3.18 Ta = , 

where *
0T  - total temperature at compressor stage inlet. 

At two-dimensional compressor stage area calculating was applied matrix algorithm «coupled» 
with implicit solution of gas dynamic equation realized in program Fluent [17]. The gas viscosity 
simulated Svizerland’s low [18]. 

Results 
Quantitative calculation of stage characteristics axis compressor ОК-75 with one-tire blade row 

showed that stage has maximum value pressure rate *
stπ ≈1,495 by efficiency equal *

stη ≈0,895 on the 
mode 08.1=Λ , 56.0=λ а  and maximum efficiency *

stη ≈0,94 by *
stπ ≈1,365 on the mode 910.0=Λ , 

44.0=λ а  (Fig.4)   

 
 

a) b) 

Fig. 4. Characteristics of axis compressor stage: а - *
stπ  by  adduced velocity aλ ;                                              

b- efficiency relation by aλ  
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Comparison of other authors’ experimental stage characteristics with quantitative results of 
dissertation researches (of stage characteristics) showed some differences.    

At the determination of *
stπ  general mistake averaged 1,5% and 4,5% at the determination of 

*
stη . This difference between quantitative and experimental researches results can be explained by 

calculation stage characteristics without taking into account three-dimensional gas flow effects.  
By comparison stage characteristics compressor stages and compressor grids were used the follo-

wing values: relative variable - %100*)1( *
.

*
.* −

π
π

=δπ
sti

stm
st ; efficiency relative variable – 

%100*)1( *
.

*
.* −

η
η

=δη
stm

stm
st

; gas dynamic stability relative variable %100*)1/( ..... −ΔΔ=Δδ stiystmysty KKK ; 

where indexes  m.st and  i.st mean modified and initial compressor stage.   
Using tandem-blade row of rotor and guide vane in axis compressor ОК -75 gave an opportunity 

to increase the stage of pressure rise and efficiency at off-design mode (Fig. 5). 
 On the border *

stπ  increases approximately on *
stδπ =4÷7% (near the stall border), and on 

*
stδπ =7÷10% near the blocking border (Fig. 5 а). At simultaneously increasing efficiency stage 

accordingly on *
stδη =20÷40 % and *

stδη =60÷85% (depends on mode of operation) (Fig. 5 b). Also 
should be mentioned that on the modes close to calculated (maximum efficiency) a small increase of 

*
stπ  (approximately *

stδπ =1%) and efficiency decrease (on *
stδη =2,2% ÷ 4,3% ) was noticed (depends 

on mode of operation (Λ )). As well the picture 5 shows that unlike the stage with one-tired blade row, 
stage with tandem-blade rows has more forcing flat curves. It indicates it’s more constant work in all 
the variety of operation modes. It expresses in increase of compressor stage gas dynamic stability 
reserve approximately on styK .Δδ =40÷50% concerning to the stage with one-tired blade row. 

 

 

a) 
 

b) 

 
Fig. 5. Characteristics of axis compressor stage with tandem blade : а - *

stπ  by adduced velocity aλ ;              b

b - *
stη  -   efficiency relation by aλ  
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 Summary  
The comparison of calculating and experimental data of ОК-75 compressor stage is 

demonstrated at defining *
stπ  common measure of inaccuracy 1,5%, at defining *

stη – 4,5%. 
Measure of inaccuracy is not change at any mode of work. Thus, we can consequence that 
numerical calculus results sufficiently correlated with experimental data, program Fluent is useful 
for compressor flow calculation with compound tear-off events. 

The research demonstrated better tolerance of stage on underexpanded modes and better 
parameters of operating process( *

stπ , *
stη ), however at the modes  

Researching of axis compressor stage with rotor tandem-blade row shown necessity of it’s 
development because at mode closed rated in tandem-blade row is distinguished some greater loss 
level (efficiency decreasing). Results of tandem-blade row compressor stage numerical calculus are 
good sort with research results by other authors. 
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THE MODELLING OF ACOUSTIC EMISSION RADIATION AT NORMAL WEAR 

A model of the signal of acoustic emission resulting from the normal wear of friction pairs is 
considered. Its mathematical description is obtained. Modelling of acoustic emission signals at 
varying strained/deformed state and rotation speed of initial friction pairs is done. Experimental 
research of acoustic emission signals is performed and proved to be good when compared to the 
results of theoretical research. 

 
Introduction 

A significant amount of research has been performed on acoustic emission signals 
(AE) resulting from friction between the surface layer of different materials [1 - 6]. 

The results obtained show that, unlike static types of material loading, the processes of 
acoustic emission are registered as a continuous signal having a rather complicated structure. That 
is why the basic tendency of research lies in the search for the empirical dependence of varying 
parameters of AE signals on either loading characteristics or parameters of friction surface wear. At 
the same time, considerable difficulties in the description of signals, especially from the position of 
physical presentation of forming their processes, make it difficult not only to set up the 
experiments, but also to search for the parameters having the information about the processes 
flowing within the surface layers of friction units.  

The approaches applied to static tests are usually used in the description of AE signals during 
dynamic loading. The basic one is the presentation of AE signal as a stochastic [7 - 16]. Not the 
physical process and the reasons for its appearance, but a signal when received by an exit signaller 
are meant. What is also meant is that the signal is the result of a great amount of some events 
occurring within the material and that each of the events occurs during a short period of time. In this 
case, the resulting signal is presented as the sum of the flow of instant impulse signals, which has 
the following appearance:  

)()( iii i ttFAtU −∑=  

or ∑ ++−+−∑=
j jjjiii i ttSttfGttFAtU )()()()()(

*
λ , here u(t) is the sum of instant impulse signals in volts; iA  

is the random amplitude of a single impulse that appears at a random moment of time it ; iF - are 
characteristics of impulse form; jG  are the amplitude of the impulse noise component that appears at 

moment *
jt ; jf  is the characteristic of the impulse noise component; )(tS  and )(tλ  are correspondingly 

sinusoidal and arbitrary constant noise components, )sin()( 0 tStS ω= , 0S  is amplitude; and ω  is 
frequency. It is taken that the value of the signal form )(tFi  is known. What is meant is that it looks like  
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here kf  is the frequency of the resonance signaler; kτ  are time shade characteristics and looks like 
tetF  

0)( βα −= , here 0α  is initial amplitude; and β  is shade coefficient [7, 11]. There are also other 
depictions of the signal shapes, the choice of which is based on the results of experiments [6, 16]. The 
impulse flow is considered to be described with the help of the poisson’s law. 
            While the result signal processing a certain limit is introduced, it provides the transfer from 
the continuous signal to the impulse one. In this case the notion of the following parameters is used: 
density of amplitudes of probability аі, length ( 1−−= iii ttτ ), average values i

2  , , τii AA , and either 
spectral densities or correlation functions. Moreover, AE information is characterized by amplitude 
distribution, entropy, summary number of signals, and other parameters. If one does not use the 
limit, then one may determine the density of the average amplitude values of probability and 
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correlation function of the resulting process. In fact, the stochastic approach supposes the 
determination of a certain amount of statistic parameters, altering the values of which may 
characterize change in the processes flowing within the materials. Approaches like that are attempts 
to determine the AE informative parameters. However, they do not allow one to establish or 
describe the regularity of its change depending on the mechanisms of the flowing processes and the 
conditions of their development.  

The modelling and the basic regularities of parameters change determination of the AE 
signals will be held at the state of the normal wear. 

Theoretical aspect 
While considering the normal wear process of the friction pair surfaces at work [17] the signal 

AE models, emitting at the secondary structures of I and II types destruction, are developed. 
The models were being formed for the tribosystem which has a kinematical scheme of the 

samples looking like the rollers. The surface of frictional contact is bounded by the surface s that 
looks like the thin line. It was considered that the contact surfaces are worked together. The material 
of the samples with the surface of contact interaction s is isotropic, excepting a small area sт, which 
is not familiar and is located within the s area. the area of non-familiarity sт is much less than s, 
sт<<s. Considering the destruction processes at the sтv area, as well as the destruction of the 
secondary structures of the I and II kinds, allowed to obtain mathematical expressions for the 
resulting signals of AE in time in the following look. For the secondary structure of the ii kind 
(fragile distraction) 
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here czkNU 00 = is maximal possible displacement at the destruction without the dispersive surface 
layer of material SТ; k is proportionality coefficient; No is number of simple volumes in the area of 
non-familiarity SТ; c, b are coefficients of distribution of elementary volumes taking strength as the 
parameter (depend on physical and mechanical characteristics of the material); σ0е is initial 
equivalent of strain at the stage of normal wear; t is time; ξEz = ; ξ is viscosity coefficient; Е is 

module of elasticity; ∫=
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da  is average continuity of amplitudes at the elementary volume 

destruction; α(τ) is function that determines the form of a single impulse of amplitudes (it is equal 
for all kinds of elementary volumes). 

The equation is obtained considering the dependence of one-cycle amplitude on the value of 
elementary volume strength in the area  sт. 
For the secondary system of the kind i  (plastic deformation) 
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here d
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0
00 = is displacement amplitude that depends on physical and mechanical 

characteristics of the material; oa  is amplitude of single impulse displacement at the dislocation 
movement(it is constant and doesn’t depend on deformation); o is distance between two acts of 
emission of single dislocation; dυ  is average speed of dislocation movement (is considered to be 

constant); d0ε is relative initial deformation; ∫=
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dad  is average continuity of the implying 

impulse; )(1 τa  is function that determines the implying impulse form (is constant); М, В, r are the 
constants (depend on physical and mechanical characteristics of the materials). 

Modelling of the AE signals according to the points (1) and (2) showed that with the increase 
of the initial level of the equivalent tension (σ0е ) a time decrease of the AE signal occurs as well as 
the increase of its amplitude.  
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The increase of the level of initial deformations ( d0ε ) draws to the time decrease of the ae 
signal without changing its amplitude. The further modelling of the ae signals occurred under 
condition, that destruction of the secondary structures of the I and II orders can follow any way 
consequently with rather small periods of time. The obtained data showed that the resulting signal 
contained the amplitude drops along with consequent increase of its continuity.   

The processes of forming the AE signals  and modelling them occurred under the condition 
that the destruction of the secondary surfaces of the I and II kinds for the selected kinematical 
scheme occurs within one area of frictional contact interaction, which look like the area S as a line 
having some width. In the area it is considered that the secondary structures of the І and ІІ kinds 
may exist together. And their destruction processes may occur either consequently, or with rather 
small (not sufficient) period of time between them. At an end of the given processes a finish AE 
signal occurs, which is shown in [17].  

Under true conditions of the friction pair’s work a consequent change of contact grounds 
occurs along the forming surface of the samples. In this case the destruction of the secondary 
structures of the I and II kinds occurs within consequently changing contact grounds. It is 
completely obvious that in this case at the result AE signal formation, a time of destruction 
processes appearance appears to be sufficient. The time will depend on the speed of change of 
friction pairs grounds, i.e. on the speed of the samples rotation taking into account the final width of 
the contact area. An obedient existence of the secondary structures of the I and II kinds being 
destroyed within the contact area, as well as the presence of dynamic load being replaced along 
with the contact areas in decreased time period, draws to the fact that the impulse AE signals will be 
covered not only within the contact area, but also at passing from a ground to a ground. In other 
words, with the decrease of time of destruction of the secondary structures of the I and II kinds 
appearance (with the increase of the destruction activity), a transfer from the resulting impulse 
process of the AE signals emission to the continuous one will take place. 
           All the considered above allows us represent the AE signal as the sum of signals appearing at 
random moments of time appearing at destruction of the secondary structures of the I and II kinds, 
i.e.  

)()()( j
j

di
i

T ttUttUtU −∑+−∑=′ ,       (3) 

here  it , jt   are random moments of AE signal appearance )(tUТ  and )(tU d  at the destruction of 
the secondary structures of the I and II kinds correspondingly. 

Keeping the (1) and (2) in mind the expression (3) will look like                           

∑
−−−=′

i

i
ei

e

ttzbettzUtU ee
)()(4)( 03

000
σσδ + ∑

−
−−

j

j
dj

dd

ttr
Be

ttr
eU e )()( 0

00
εε .           (4) 

The (4) makes possible to see it under correct initial conditions (the given physical and mechanical 
characteristics of the materials of the friction pair at the constant contact area), that the resulting AE 
signal is determined by the initial strained and deformed state (σ0е , d0ε ) and the time of the start of 
destruction of the secondary structures of the I and II kinds is ( it , jt ). Basing on this, the modelling 
of the AE signals was held; it followed the (4), and had two stages. At the first stage at constant 
meanings of σ0е , d0ε  the change of resulting AE signal depending on the start point of the 
destruction of the secondary structures of the I and II kinds was researched. At the second stage at 
the constant time of the secondary structures of the I and II kinds the change of the resulting AE 
signal depending on change of σ0е, d0ε was researched. The results of such a modelling looking like 
the graphs of change max/)()(~ UtUtU ′= measured in relative values are depicted at fig. 1 and 2. At the 
graphs’ construction the time is established to be enough for the action of the load over the friction 
couple, and it is equal to maxt . The parameters σ0е , d0ε , b and  B are drawn to the non measured 
values. 
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 c  d 
Fig 1. The forms of the AE signals at the stage of normal wear at various initial times of destruction of 
secondary structures of the І and ІІ types: σ0е=17; d0ε =17; b= В=10.U~  is normal meaning for maxU . t~  is the 

normal one for constt =max . The time step of destruction of every following structure of either I or II kinds 
in relative units: а – 0,0007; b – 0,0004; c – 0,0001; d – 0,00001   
 

At the AE signals modelling at the first stage it was accepted that σ0е =17, d0ε =17, b = B , b = 
B = 10. And the resulting signal, according to (4), has been formed at a consequent interchanging of 
the structures of I and II kinds according to a certain scheme, which did not change at the following 
stages of the modelling. A step occupies the time of start of destruction of the every following 
secondary structure of the I and II kinds varied from 0,0007 till 0,00001 relative units. And the time 
between the start of destruction of structures of I and II kinds did not change with the stage 
development. 
 

 а  b 

 c  d 
Fig 2. Forms of the AE signals at the stage of normal wear at the destruction of the secondary structures of 
the I and II kinds for various initial values of strains and deformations: b=В=10. The step of added start time 
of every following structure of either I or II kind is equal to 0,00001 in relative units.U~  ir normal value for 

maxU . t~  is normal value for constt =max . The values of the initial tensions and deformations are the 
following: а – σ0е=11; d0ε =11; b – σ0е=13; d0ε =13; c – σ0е=15; d0ε =15;  d– σ0е=17; d0ε =17   
 

At AE signals modelling at the second stage it has been accepted that b=B=10. The resulting 
signal according to (4), has been formed at the consequent interchange of destruction of the 
structures of the I and II kinds according to the certain specially selected scheme, that did not 
change at the following stages of modelling. The step of start time point of destruction each 
following structure of either I or II type did not change with the any following stage and was equal 
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to 0,00001 relative units. The values σ0е and d0ε changed from 11 to 17 with the additional step 
equal to 2. 

From the obtained results one can see, that at the consequent destruction of the secondary 
structures of the I and II kinds with rather small time intervals the resulting AE signal looks like a 
continuous one (Figs 1, 2). In other words, the impulse AE signals formed under conditions of 
separate destruction of the structures of the І and ІІ kinds, are transformed into a continuous AE 
signal that appears under the condition of consequent destruction of the secondary structures of the I 
and II kinds with arbitrary initial times [17]. Meanwhile, with the decrease of initial time of 
destruction of the secondary structures of the I and II kinds a compression of the signal in time and 
its form transformation occur (Fig 2), and it starts to look like a hilled signal with amplitude drops. 
At the give initial tensions and deformations, according to the research results, the amplitude of the 
impulse AE signal at the destruction of the secondary structure of the ІІ kind exceeds the amplitude 
of the AE signal of the secondary kind of the І kind [17]. This makes obvious the fact that the 
amplitude drops will be determined by the destruction of the secondary structures of the second 
kind.  
            This if proved by the results obtained at the second stage of modelling when the initial 
tension and the deformation were changed (Fig 2). As far as we can see from the figure 2, at 
constant initial start time step of the destruction of the secondary structures of the І and ІІ kinds 
with the given constant scheme, the increase of the initial tensions and deformations draws not only 
to the increase of the average amplitude level of the resulting AE signal, but also increase of 
arbitrary of the position along the amplitude (the difference between the maximal and the minimal 
values of the amplitude drops). Such a result can be explained in the following way. At the 
difference of the AE signals amplitude, the signals being formed in the process of destruction of the 
secondary surfaces of the І and ІІ kinds, the upper layer of the resulting AE signal amplitude will be 
determined by the amplitude of the signal of the secondary structure of the ІІ kind, and the lower 
one – by that of the І kind. At minimal initial tensions and deformations of AE signals amplitudes at 
the destruction of the secondary structures of the І and ІІ kinds do not differ widely (on the order). 
At the result of imposing of an input of the signals at destruction of the secondary structures of the І 
kind into the resulting signal will be commensurable with the input of the signals appearing at the 
destruction of the structures of the ІІ kind. Under the given conditions it is obvious that the 
amplitude dispersion of the resulting signal be minimal, which is observed in the modelling results 
(Fig 2, а). With the increase of the initial tensions and deformations the difference within the 
amplitude of AE signals for the structures of the І и ІІ types increases, which has been shown in 
[17]. Under the conditions mentioned above the input into the resulting AE signal of the signal 
amplitude, and this signal having been appeared at the destruction of the secondary structure of the І 
kind, decreases. This, surely, must draw to the decrease of the lower layer of the resulting signal, 
and, as the result, to the increase of the medium level and the AE signal amplitude dispersion, 
which is observed in the results of the modelling (Fig 2). 
Experimental research 

Experimental research of the AE signals was held at the universal machine of СМТ-1 type at the 
friction of the steel 12Х2Н4А examples. Along, a kinematical scheme “roller-roller” (“disc-disc”) 
has been realized. As for lubricant means the redactor lubricant Б-3В has been applied. The choice 
of the sample materials of the friction couples researched as well as the choice of the lubricating 
means is reasoned by their wide application in the transmissions of aviation gas-turbine engines 
(GTE).  

     In correspondence with the kinematical scheme selected, one of the samples of the friction 
couple has less rotation speed than another one which was rotating at a spindle of the СМТ-1 
machine  (Fig 3, a,b). The regime of rolling friction was realized along, considering the 20 % 
sliding. Dimensions of the samples were the following: diameter D = 25 mm, thickens h = 15 mm. 
Rotation Speed of the friction machine’s shaft was V = 500 rot/min. Its value was selected 
according to the maximum approach to the conditions of exploitation of the dots of friction begin 
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modelled. The working tensions of the contact interaction of the friction couple Pσ  have been 
changed in the diapason of values within 400 MPa and 1000 MPa with the additional value of the 
step of value 200 MPa. The increase of the working tensions occurred at the stage of normal wear, 
i.e. after the finishing of friction pair’s run-in.  

The time of the initial addition of the friction couple was 20-25 minutes. The time of 
secondary addition after the increase of the working tensions was 4-5 minutes. The time of 
work of friction couple at each exploitation load was 5 hours. 
  

а b 

 
c 

Fig 3. AE signals registered at the stage of normal wear at the constant working contact tension Pσ  and at 
varying rotation speed of friction pair: а - V=200 rot/min; b - V=500 rot/min; c - V=800 rot/min. Working 
contact stress Pσ =1000 MPa 

A piesoceramical signaler has been installed on the immovable sample of the frictional couple, 
this signaler being intended for the AE signals registration. The output signaler’s signal was 
enforced the preliminary strengthener and was passed to AE diagnostic complex (АEDC). AEDC is 
the mobile computer with the program software, which allows to control the processor of 
measurements, and to process the AE signals parameters and present the analysis results as a table 
or a graph. AEDC allows processing the following AE signals parameters: averaged amplitude, 
energy, power; summary energy; gathered values of the parameters and the others. Moreover than 
that, graphic presentation of the initial AE signal and analyzing its parameters. The additional 
parameters researched include the friction moment, which was measured with the help of friction 
moment measurer.  

Typical results of the AE signals registering at the change of frictional pair rotation speed and 
at constant value of the working contact tension Pσ  at the stage of normal wear of friction pair are 
shown at the figure 3. The value Pσ  was 1000 MPa.The figure 6 shows typical results of the AE 
signal registering at constant speed of the friction pair rotation and change of values of the working 
contact tensions Pσ  at the stage of normal wear. The value of the rotation speed was equal to the 
500 rpt/min.  
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а б 
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Fig 4. AE signals registered at increase of working contact tensions Pσ  at the stage of 
normal wear of friction couple: а - Pσ =400 MPa; б - Pσ =800 MPA; в - Pσ =1000 MPa. The 
speed of rotation of friction pair V=500 rot/min 

 
Figure 4 shows that the registered AE signals are the constant signals and have the 

complicated cut form. With the increase of the rotation speed of the movable sample of the friction 
couple from 200 rot/min till 800 rot/min and unchanging value of the working contact tension Pσ  
the transformation of the form of AE signal is observed as well as its time compression. Such a 
change AE signal character can be explained from the positions of the modelling held. Really the 
increase of the speed of frictional pair rotation corresponds to the decrease of time between the 
changes of contact grounds, and thus draws to the reduction of time between the consequent acts of 
destruction. According to the modelling held in figure 2, it must draw to the compression of the AE 
signal in time.  

At the same time as it can been seen from the figure 4, when changing of working contact 
tensions Pσ  and constant rotation speed of the movable friction pair couple sample, the AE 
registered signals have the complicated hilled form as well. Along with this, with the increase Pσ  
from 400 MPA to 800 MPA and 1000 MPA increase in not only average value of the AE signal 
amplitude is observed, but also the increase of the maximum and minimum values (dispersion) 
along the amplitude. Such a change of the parameters of the AE signals also accurately corresponds 
to the results of the modelling held (Fig 2). 
  Conclusion 

At the result of the research held, a model of resulting AE signal is been developed, the AE 
signal is being formed at the stage of normal wear of friction pair. A model is built on the basis of 
already existing information of the normal wear process, connected with the destruction of the 
secondary structures of the І and ІІ kinds. It is also shown that AE impulse signals formed under the 
condition of separate destruction of the structures of the І and ІІ kinds are transformed into a 
continuous AE signal.  

The resulting signal has the complicated form, change of view and transformation of which 
are reasoned by the differences in the parameters of the impulse AE signals, formed at the 
destruction of the structures of the І and the ІІ kinds, as well as under the conditions of work of a 
friction pair. In accordance with the modelling held it was established that at constant values of 
initial stresses and deformations at the stage of normal wear, decreasing time between the start of 
distraction of the structures of the І and ІІ kinds (increase of the speed of rotation of the friction 
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pair) draws to the AE signal compression in time and to its transformation into the signal of the 
hilled shape.  

At the same time at constant speed of friction pair rotation the increase of the initial stress and 
deformation at the stage of normal wear draws to the increase of the average level of the resulting 
AE signal, as well as to increase in its amplitude dispersion.  
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ACOUSTO-EMISSION METHOD IN DIAGNOSTICS OF CONSTRUCTIONS' 
CONDITION  

 
         Results of cradle tests of an industrial building with application of acoustic emission method are 
considered. Change of radiation character and parameters of registered signals are shown. Kinetic laws of 
change of the accumulated energy of AE signals are obtained. Processing criteria estimations of the 
construction condition are carried out. Stages of loss of bearing ability of signals of acoustic emission are 
defined.  
  

Introduction 
         Various methods of technical diagnostics among which methods of non-destructive control 
(ultrasonic and magnetic non-destructive testing, eddy current non-destructive testing and others) 
have the greatest distribution and are applied to carry out estimations of construction reliability [1-
3]. The inspection of constructions and their elements with application of the given methods is 
carried out, as a rule, in static conditions. The control is directed to detecting the formed defects, 
defining their sizes and space orientation in material. Actually, by results of the control the static 
information on defects is obtained. Thus decision-making on further operation of the construction 
with detected defects is based on results of studying the destruction of materials by way of defect 
modeling (cuts, fatigue cracks and others) [4, 5]. However, the application of such approach does 
not allow estimating potential danger of the detected defects (their propensity to development), as 
concentrators of pressure, and their influence on bearing ability of constructions.  
         The destruction of construction does not occur instantly, and develops gradually. Thus 
development of processes of destruction is described by the general kinetic law [6] which is caused 
by gradual accumulation of damages prior full destruction of the construction. From the view-point 
of diagnostics of products the account of the given law, i.e. the account of danger of gradual 
accumulation of damages influencing bearing ability of the construction is important. One of the 
methods, allowing to obtain information on the internal processes occurring in materials at their 
loading, is the method of acoustic emission [7 - 10].  
        Many works are devoted to researching AE phenomenon. Basically, they are directed to 
searching laws of change of parameters of registered AE signals and working out criteria of 
estimating the condition. By their working out the approaches of non-destructive control (NDC) are 
accepted in traditional methods, i.e. an establishment of interrelation of the size of formed cracks 
with parameters of registered AE signals [11 - 15] is used. Therefore existing criteria estimations 
are accepted in many countries of the world [16, 17], and are directed to detecting cracks and 
tracking their propagation which is defined on increasing parameters of AE signals. However the 
interrelations applied are empirical and are suitable only for the investigated materials.     
        The theoretical analysis of AE signals [18 - 21] has allowed establishing the basic differences 
and laws of change of AE signal parameters, which emerge in crack formation and course of plastic 
deformations. Distinction of informative parameters of registered signals [22] that has allowed 
developing criterion of detecting AE signals from cracks [23] has been thus shown. At the same 
time, in detecting cracks it is not always possible to define degree of their potential danger, as these 
are the concentrators of the pressure inclined to development, and because interference of defects 
on bearing ability of designs takes place. It’s is necessary to say that the destruction of construction 
can occur at pressure of much less strength of a material.  
          It is known, that AE is the reflection of the internal processes occurring in a material at its 
loading, and its gradual development reflects kinetics of the processes. According to a kinetic 
principle of summation of separate destructions [6] in [24] АE criterion of destruction on the basis 
of similarity of avalanche character kinetics of destruction and kinetics of AE signals radiation is 
defined under the laws of change of parameters of AE signals [18 - 21] at change of the intense-
deformed condition of a material. Thus the work [25] shows, that theoretical dependence of 
accumulation of energy of AE signals Ec from of enclosed pressureσ , taking into account 
dependence of energy on speed and self-acceleration of process of destruction, exponential function 
of the following kind is described:   

                                                       
)(-)( max

Сmax)( σσσ kkeEEC = ,            (1) 
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Where maxcE  - the limiting accumulated energy which corresponds to the moment of full 
destruction; )(σk   - the exponent, not linearly depends on pressure; maxσ  - limiting pressure of 
destruction.           
However, the experimental results obtained in testing various samples of materials and products, 
have shown, that self-acceleration of destruction process results in considerable nonlinearity )(σk . 
As dependence of change )(σk  is a priori unknown (depends on a number of factors), it is difficult 
enough to use expression (1) for the data analysis. Therefore for approximation of experimental 
data the following function is used:  

                                                            
dcНЕС = ,                                         (2) 

where cE   - accumulated energy of AE signals; c, d - constants for applied type of AE equipment, a 
material and conditions for carrying out tests; Н - characteristic parameter for the given conditions 
of carrying out tests (loading - Р, pressure -σ , deformation - ε  or others). 
    Values cE  and Н are normed, i.e. max/ EEE Tc = ; max/ HHH T= where max, EET , max, HHT - 
accordingly, current and maximum values of accumulated energy of AE signals and characteristic 
parameter.  

It should be noted, that dependencies (2) are obtained when applying the joint analysis of data 
in time sections of processes of accumulation of energy of AE signals [25] for each value of 
characteristic parameter of H, for example, at the stage of construction loading on each degree of 
the enclosed loading. The results of tests of a cradle of an industrial building will be considered at 
its step loading in this work. The analysis of process of AE signal radiation will be carried out and 
stages of formation and development of cracks are defined. It will be shown, that dependence of 
accumulation of energy of AE signals on loading is described by sedate function and as loading 
where the beginning of loss of load-carrying capacity of the construction is fixed and defined. 

Research technique 
         AE research is carried out in the tests of a cradle of an industrial building. Definition of load-
carrying capacity of the construction, i.e. maximum loads at which the construction loses the load-
carrying capacity was a main objective of tests. Thus, in the course of tests definition of deviation of 
real moving of the chosen control points in a plane of a cradle from settlement values was carried out.  
         The cradle of an industrial building represents the P-shaped design with length of flight 15m 
(fig.1). The cradle height in its central part made 6 m. It has been made of a steel of type St3.  The 
loading cradles were subjected to the uniform dispersed loading which was placed on four points (Р, fig. 
1). They were placed at an identical distance from vertical cradle support. Cradle test was carried out 
under the program of step increase of loading and its endurance in time within 5 minutes (fig. 2,). 
Limiting value of loading on the cradle made calculation th 30,0 кN. In test the following levels of 
discrete loadings were used: 5,0 кN; 10,0 кN; 15,0 кN; 17,5 кN; 20,0 кN; 22,5 кN; 25,0 кN. The 
construction loading was carried out with use of hydraulic system. In process of the construction loading 
the measurements of pressure and deformations with use of 97 strain gauges were made. They have 
been established in knots of connections of elements of the cradle (the bottom and top parts of a vertical 
support, a joint of horizontal beams), as well as in the central part of horizontal beams (Т, fig. 1). 
Measurements were carried out by means of multichannel digital strain-gauge instrumentation. By the 
results of measurements at each step of loading in control points (1, 2, 3, fig. 1) calculations and 
construction orthographic epures of vertical and horizontal movements were carried out. Typical 
orthographic epures of the construction moving at loading 20 кN are shown on fig. 2. Thus vertical 
movement is under construction in a cradle plane. Values of moving in fig. 2, result in relative units.  

 
Figure 1. Scheme of carrying out tests of an industrial building cradle: Р - points of the appendix of loading; Т - 
locations of strain gauges; 1, 2, 3 - points of calculating movement to cradle planes; SAE - gauge of acoustic 
emission; A - amplifier; МК - mobile computer; S - software 
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                                         a                                                                                        b 
Figure 2. Scheme of loading of the industrial building cradle (a) and orthographic epures of its moving (b): 
Р - loading; t - time; τ  - endurance time under loading; I, II - accordingly, orthographic epures vertical and 
horizontal moving; 1, 2, 3 - points, according to fig. 1; A, B - accordingly, settlement and experimental 
curves. Values of moving are resulted in relative units 
 
Measurements of pressure, deformations and calculations of moving were carried out by employees of 
the Test center of construction designs of the National University of construction and architecture. For 
research of AE signals a diagnostic complex “AKEM” was used. The АE complex consists of gauge 
AE, the mobile computer with program software (fig. 1). It is intended for registering pulse streams of 
AE signals, their processing, forming data files, conclusions and analysis results on the monitor screen. 
Processing of AE parameters is carried out on each registered signal (amplitude, duration, energy) and 
to their processes (accumulation of quantity of signals and energy). Processing of criteria estimations is 
held according [16, 17], as well as criterion of crack detection [23] and kinetic criterion of estimating 
danger of processes (2), which leads to loss of bearing ability of the construction [25]. To register AE 
signals a broadband piezoelectric transducer, installed on the top beam of a cradle of an industrial 
construction, was used (fig. 1).  
          Cradle tests were carried out as follows. Loading increase on a cradle with the controlled enclosed 
value on the indicator of the hydraulic pump was carried out. Achieving the level of loading the 
endurance of the construction was made for a number of steps under loading within 5 minutes. In the 
course of endurance registration and processing of AE signals was carried out. Upon termination of 
endurance strain-gauge measurements were made. By results of AE processing dependencies of 
parameter changes of registered signals within a certain period of time were under construction, the 
criterion of signal detection from cracks and parameters of kinetic dependence were analyzed, according 
to (2) were processed. By results strain-gauge measurement calculations were carried out and 
orthographic epures of moving of the top beams of a cradle to cradle planes, and their horizontal 
moving were under construction (fig. 2).     
 

 
Experimental results 

        The analysis and processing of the AE information in the process of loading of an industrial 
construction cradle has shown, that process of AE signals radiation has a discrete character. 
Radiation of AE signals is registered, since loading on a cradle makes 15,0 кN. Intensity of 
radiation is low. The total of registered AE signals does not exceed 100. Thus amplitudes of AE 
signals have low level (fig.3a,). From fig. 3, a it is visible, that amplitudes of AE signals do not 
exceed size 0,22 V. This character of radiation and value of parameters of registered signals remain 
till loading on a cradle is 20,0 кN - intensity of radiation is low, amplitudes of signals do not exceed 
0,27 V (fig. 3,b).  
        To further increase in level of the enclosed loading there is a change of character of radiation 
and parameters of registered signals of АE. So at loading 22,5 кN the sharp increase of intensity of 
radiation is observed. The total registered signals of АE exceed 1000. The increase in amplitude of 
signals (fig. 3,c) is thus observed. Increase of radiation intensity of AE signals and their parameters 
is fixed with the further increase of loading to 25,0 кN (fig. 3,d).  
         The analysis of process of radiation and parameters of АE registered signals at increase within 
time period of endurance of the cradle of the industrial building under loading has shown, that 
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gradual decrease of radiation intensity and parameters of registered signals of AE (fig. 4) eventually 
are observed. Similar change of character of radiation and parameters of AE signals, certainly, is 
connected with gradual redistribution and stabilization of the intense-deformed condition of the 
industrial building cradle, which is under loading.  
       Processing of criterion of detection of AE signals from cracks [23] which characterizes speed 
of energy change of AE registered signal, has shown, that formation and development of cracks is 
observed, since loading makes 20, 0 кN (fig. 5). When loading on the cradle of the industrial 
building makes 22,5 кN and 25,0 кN (fig. 5), AE signals from cracks are fixed. In fig. 5 each point 
corresponds to registered АE signal. Excess of numerical value criteria estimations of the size noted 
in fig. 5, shaped line corresponding to occurrence of AE signal from a crack.  
         The analysis of AE signals with processing criteria estimations of signals from cracks at 
endurance of a cradle under loading has shown the following. Since loading makes 22,5 кN and 
above in the course of endurance of the cradle of the industrial building under loading within time 
period development of cracks (fig.6) is also observed. Actually process of redistribution and gradual 
stabilization of pressure is accompanied by crack formation. Thus with loading increase the given 
process  
 

  
a                                                                               b 

  
c                                                                                       d 

Figure 3. Dependencies of change of average amplitude of AE signals within time period. Loading on the 
cradle of the industrial building: a - 15,0 кN; b - 20,0 кН; c-22,5 кН; d -25,0 кН proceeds more 
intensively. For some time the number of AE signals from cracks is not considerable. From the 
view-point of power АE fixed signals have low energy, their maximum value does not exceed 
3,4.103 мV

2
с. It testifies to development of processes of crack formation on micro level [9].  

         The joint analysis of the experimental data in time section of processes of accumulation of 
energy of signals on each degree of loading has shown, that from loading 15,0 кN and above, the  
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a                                                                               b 

  
c                                                                                       d 

Figure 3. Dependencies of change of average amplitude of AE signals within time period. Loading on the 
cradle of the industrial building: a - 15,0 кN; b - 20,0 кН; c-22,5 кН; d -25,0 кН 
 
 

 
a 

 
b

 
c 
 

Figure 4. Dependencies of change of average 
amplitude of AE signals within time period. Loading 
on a cradle of an industrial building 25,0 кN: a – the 
beginning of endurance; b - in 3 minutes of 
endurance; c - in 6 minutes of endurance  
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a                                                                                b 

  
c                                                                             d 

Figure 5. Dependencies of change of numerical value of criteria estimations of detection of AE signals from 
cracks within time period. Loading on a cradle of an industrial building: a - 15,0 кН; b-17,5 кН; c - 22,5 кН; 

d-25,0 кН 
 

 
a 

 
b

 
c 

Figure 6. Dependencies of change of numerical value 
of criteria estimations of detection of AE signals 
from cracks within time period. Loading on a cradle 
of an industrial building 22,5 кN: a -endurance 
beginning; b - in 3 minutes of endurance; c - in 6 
minutes of endurance  

 

 
steady kinetic dependence (fig. 7) which is described by expression (2) is also observed. 
Characteristic parameter value of the loading enclosed into the cradle of the industrial building is 
used. Steady dependencies are observed during accumulation of energy of AE signals makes ≥ 6 s. 
         The dependencies obtained in fig. 7 are constructed in absolute values of energy in мV2s, 
loading – in kN. Processing of the results obtained in relative units, according to (2), allows 
defining 
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a                                                                                           b 

Figure 7. Dependencies of change of the saved up AE signal energy on loading in a cycle: a - at loading to 
20,0 кN; b - at loading up to 22,5 кN. Time of energy accumulation for AE signals is 6 s  

 
an exponent of the approximating expression characterizing stages of danger of processes which 
influence the bearing ability of the industrial building cradle. The values obtained are summed up in 
tab. 1. Criterion of approximating dependence choice is the minimum of a standard deviation ( 2s ). 
           АE data processing at each step of loading has allowed defining the development of 
dangerous and critical processes of stability loss [9]. It is observed, accordingly, at loading 17,5 кN 
and 20,0 кN, when value of an exponent makes d ≥  10 (tab. 1). At a step 25,0 кN at endurance of a 
cradle under loading within time period the continuous increase in deformations (moving) in a 
vertical plane of a cradle, continuous (critical loss) its stability is fixed. To prevent destruction of 
cradle test the emergency dump of loading is stopped and made. Results of calculating theoretical 
and actual vertical moving to cradle planes (by strain measurement data ) for points 1, 2, 3 (fig. 1), 
executed by employees of the Test center of construction designs of the National university of 
construction and architecture, are summed up in tab. 2. 

Table 1 
Values of factors of approximating expression in the test of an industrial building cradle  

Loading, кN c d 2s  
15,0 0,95 3,5 0,00752 
17,5 0,93 8,26 0,022 
20,0 1,1 10,2 0,00303 
22,5 0,993 12,3 0,00136 
25,0 0,999 13,4 0,00059 

 
Table 2 

Results of calculating vertical movement toward cradle planes 
  

Loading, кN 
Diversion of actual and the theoretical moving  

% 
 Point 1 Point 2 Point 3 

10,0 -12,26 -0,25 -13,89 
15,0 -18,34 6,48 6,69 
17,5 -3,65 6,26 -6,10 
20,0 -2,84 23,53 -4,94 
22,5 39,40 72,41 42,64 

 
      The obtained data (tab. 1, tab. 2) show, that at a stage of the beginning of critical loss of stability 
(20,0 кN) numerical value of an exponent b becomes more than 10, i.e. b> 10. Thus actual 
maximum vertical moving of a cradle exceeds theoretical by ~ 24 %. In subsequent increase of 
loading (22,5 кN) value of an exponent b increases (b> 12), and actual maximum vertical moving of 
a cradle exceeds the theoretical one already by ~ 73 %.   

 
Conclusions 

        Thus, results of the researches have shown that АE method is an effective method of 
diagnostics and monitoring construction condition. Thus it is possible to estimate and define stages 
of danger of the processes influencing bearing ability of the construction. The given estimations are 
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carried out under kinetic law of processes of energy accumulation by AE signals at each loading 
stage. Thus formalized processing of the law allows defining an exponent of approximating law and 
change of its numerical value with increase in level of the enclosed loading. The application of the 
analysis of an exponent of approximating expression has allowed defining the beginning of loss of 
stability of the industrial building cradle and transition to a critical stage of stability loss. The results 
obtained have been confirmed by data of strain-gauge researches.    
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VERACITY OF MEASUREMENTS IN HETEROGENEOUS AIR & SPACE COMPLEXES 
 

The method and engineering technique of veracity definition of non equal on accuracy of measurement 
results in heterogeneous air and space complexes are offered. Index parameters of increase of 
veracity from intagration information and measuring systems are entered. The estimation efficiency of 
the various intagration systems is executed according to "CNS/ATM conception". Numerical examples 
and results of experimental researches of air & space complexes of different structure are given. 
Non equal on accuracy of measurement, space complexes, efficiency of intagrating, optimum control 
of measurements, " CNS/ATM conception " 

 
Introduction. Measurement as operation of a finding of value of physical value by practical 

consideration with the help of special means, provides direct connection between the theory and 
experiment, high veracity of scientific researches, optimum control of quality of manufacture and 
efficiency of the goods and services use [1,2]. Methods of metrology as sciences about 
measurements, methods and means of maintenance of their unity, ways of achievement of required 
accuracy and veracity, include methods of measuring transformations, direct and indirect 
measurements, the control and management of measurements, planning of experiment, maintenance 
of measurements unity, processing of measurements results, an estimation of accuracy and veracity 
of measurement, increase of measurements efficiency, decrease of expenses of resources on 
measurements and others. 

Actual directions of metrology and adjacent sciences are creation of modern measuring systems 
and complexes for efficient control technological processes, improvement of the goods and services 
quality, the further increase of accuracy, veracity, speed, sensitivity, a degree of automation and 
convenience of use, expansion of a range and opportunities of measurements means, development 
of new methods and measurement techniques and others.  

The problem of optimum control of non equal on accuracy of measurements naturally arises 
then when there unite in the measuring complexes of system constructed on various physical 
principles and in this connection having various on value errors of measurements. For example, 
according to "CNS/ATM conception" in system of global management of flying devices (planes, 
helicopters, rockets, satellites, space stations etc.) use ground, onboard and satellite systems of 
communication, navigation and supervision which use various principles in the physical essence. 
Therefore air & space complexes are diverse (heterogeneous) and on the agenda problems of the 
analysis, synthesis and optimization of accuracy and veracity of such complexes leave. 

In our papers [3 - 6] the theoretical substantiation of optimum control by processing of signals 
in the integrated space navigating systems is given, parameters of efficiency of complexes non 
equal on accuracy of measurements are considered, problems of comparison of complexes among 
themselves and definitions of a degree of their affinity to complexes is equal exact measurements, 
numerical algorithms of the decision of a task in view with the help of introduction of characteristic 
number m0 for heterogeneous complexes are given, the estimation of heterogeneous complexes 
errors by a method errors ranking of the systems forming complexes is executed. At the same time, 
problems of the veracity estimation non equal on accuracy of measurements remain are 
insufficiently investigated. And these problems are actual not only for the analysis and optimum 
synthesis of heterogeneous complexes, but also at a choice of measurements standards, at a 
substantiation of methods and techniques of complexes checking, at processing the non-uniform 
statistical data and in a number of other practically important cases [7,9]. 

The purpose of this paper is to create a method and an engineering technique of definition of 
results veracity of non equal on accuracy of measurements in heterogeneous air & space complexes.  

For achievement of the purpose the following problems are put and solved: a substantiation of 
statement of primary goal, definition of the necessary initial data, a choice of a method of the 
decision of the problem adequate to its contents, forecasting of expected results, planning of 
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imitating experiment, processing of experiment results and their comparison with theoretical results, 
development of an engineering technique of definition of results veracity non equal on accuracy of 
measurements in heterogeneous air & space complexes. 

Statement of a problem. Known initial given a decided problem serve probability 
characteristics of measuring physical values and accuracy of the systems forming a heterogeneous 
air & space complex. For manufacture of indirect measurements and optimum control of processing 
of results the method of results summation of indirect measurements with the optimum weight 
factors, offered by us in papers [3-5] is chosen. For realization of imitating experiment and data 
processing about veracity non equal on accuracy of measurements the system of scientific 
researches automation “Mathcad 14” is used. Veracity of measurements is estimated at a level of 
the given probabilities appropriate to fields of the admission, the value two, four, six of average 
square values for a measuring random variable.  

Statement of the basic material. We shall solve a problem with use of the typical circuit of the 
heterogeneous optimum air & space complex [3,4] submitted on fig. 1. The circuit includes ground, 
onboard and space segments of indirect measurements, each of which contains two parts. One part 
carries out functions of processing of the initial data about measuring values, results of indirect 
measurements of object parameters of management and updating of errors. She is shown in the top 
part of figure. Other part carries out functions of transformation of physical values in electric 
signals, scaling of signals, calculation of minimal average square values measuring values, storing 
and display of results of measurement: estimations of measurement result, minimal average square 
values measuring values, values of a variation factor.  

According to a method of summation of indirect measurements results with optimum weight 
factors the result of measurement represents optimum on a maximum of accuracy an estimation 
measuring values as: 

∑
=

= ×
m

1k
kkX ,Yg                         (1) 

where optimum value of weight factor gi for i - th result Yi of indirect measurements defines under 
the formula 

,D1Dg
m

1k
kk1k ∑

=
=                        (2) 

where Di is a dispersion of an additive error i-th systems of a complex, 
       m is the common number of systems in a complex. 

The minimal value of a dispersion of an optimum estimation defines under the formula 

,
m

1k
k1)X(min D1D ∑

=
=                       (3) 

  Hence, dispersions Dk , k=1,m, serve in the offered method in a role of the initial data, on 
them optimum weight factors gk and the minimal value of a dispersion (3) expect. Optimum values 
of weight factors gk use in the formula (1) for optimum processing results of indirect measurements 
Yi. 
  Veracity of measurement is considered, as property of means of measurement to state a 
correct estimation of measuring values in the given conditions of measurement. As well as for 
systems of diagnosing in a role of the basic parameter of measurement veracity it is convenient to 
choose full probability of correct measurement, that is full probability of that measuring value will 
be in the given interval of values. As well as at diagnosing [10], in measurements it is convenient to 
use conditional and full probabilities of mistakes of the first and second kinds, and at additional 
distinction of correct and wrong measurements, also conditional and full probabilities of mistakes of 
the third and fourth kinds. 
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  We use traditional parities for calculation of parameters of measurement veracity [10]. Full 
probability of a mistake of diagnosing is 
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where a, b are the given borders of the tolerance band for measuring values, 

f1 (X), f2 (ξ) are densities of distribution measuring values and errors of measurement of its 
values, 

χ - the factor of optimum expansion of the tolerance band, which choice minimizes a dispersion 
of an measuring value estimation according to the offered method and full probability of a mistake,  

h1hh)( +=χ
,                          

(5) 
where 
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                (6) 

the ratio of the signal / noise in measurements. 
Measuring value Yi at the moment of diagnosing ti is received as value  

( ) ( ) ( ) iiii YttXtY =+= ξ .                       (7) 
Then it is defined, whether value has got ( )itY  in a field of the tolerance[a, b]. If [ ]baYi ,∈ , it is 
made a decision that measurement value  is in the given interval [a, b]. 

Let's designate through ( )xf1 , ( )ξ2f , accordingly, distribution density of measurement  signal 
and an additive error at the moment strobing it . Probability P of measurable signal staying in a 
field of the tolerancein this method is set to equal probability of performance of inequality 
P(ti)=Pi(a ≤ X ≤в, ti moment strobing  

( ) PP idxxf
b

a
1 == ∫

.             (8) 
Parameters of veracity of the offered method non equal on accuracy optimum measurement is 

defined on known parities subject to features of a choice of a tolerance band and optimum 
estimation measurable values on strobe at the measurement moment.  

Full probability of first sort measurement mistake (measurable value which is in the chosen field 
of the toleranceto recognize taking place outside the admission) 
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Full probability second sort mistake (measurable value which is not in the given field of the 
toleranceto recognize taking place in a field of the admission) 
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Full minimal probability of measurement mistake  
βα +=Qmin

            (11) 

Full probability of correct measurement 
β−α−=−= 1Q1D            (12) 
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Conditional probability of  first sort mistake measurements 
РP α=α             (13) 
Conditional probability of second sort mistake measurements 
( )P1P −β=β .            (14) 
Probability parameters of measurement veracity are convenient for calculating, carrying out 

necessary linear transformations and using normalized dimensionless variables [10] 
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which for any moment of time have a zero mathematical expectation and unit dispersion. Having 
executed replacement of variables, we shall receive 
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Where the absolute and normalized admissions is defined by parities 
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Earlier it was shown, that in diagnosing unitary strobing the normalized toleranceη, the absolute 

toleranceδ, mean-square value of a handicap ξσ , The attitude signal/noise ξPPH x=Δ And 
dynamic range ΔD of measurements are connected by parities: 
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From parities (20) follows that to operate measurement veracity with unitary strobing of 
measuring value under fixed ξσ  is possible three ways: changing δ, DΔ  or simultaneously δ and 

DΔ . Under the fixed value ξσ  efficiency of diagnosing is defined with parities: 

ξσ
δη =ΔDe , DeΔ= δησξ .          (21) 

Parities (21) evidently show, how lack of a measurement dynamic range can "exchanges" for 
a width of tolerance band. Under the big signal dynamic range it is possible without fear to narrow a 
set tolerance band. The condition (20) is a condition of equivalence on mistake probability of three 
ways of control in volume of the measuring information under unitary strobing. 

Efficiency of measurement unitary strobing can be connected with all parameters of volume 
of a measuring signal if to impose an additional condition that duration strobe should be multiple to 
an interval of digitization of a measuring signal according to Kotelnikov. Then capacity of a 
measuring signal in strobing time will define a parity 
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Density of distribution measuring value and measurement errors are assumed normal and 

have a standard kind: 
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Where mx and mξ - accordingly, population means measuring value and a regular error of 
measurement. 
  Basic feature of measurements estimation veracity in heterogeneous space complexes is 
useing of the dispersion minimal value of measurements (3) in the attitude signal/noise (6) in 
measurements. 
  Let’s consider a numerical example estimation veracity of measurements in heterogeneous 
space complexes. The initial data of an example have hypothetical character and this is intended to 
characterize a technique estimation veracity of measurements and the possible order of values. 
  The Example. We shall assume, that veracity of unitary measurement of a heterogeneous 
space complex "INS/GPS" (inertial navigation system/global position system) [8] in conditions of 
the established mode of flight at the altitude of circle H = 1200 m is estimated. We shall assume, 
that because of turbulence and other external factors the dispersion of altitude is equal σ2= (60 m)2. 
We shall assume, that the inertial system has a dispersion of an additive error of measurement σ12 = 
(30 m) 2, and satellite system - a dispersion of an additive error of measurement σ22 = (1.5 m)2.  

It is required to estimate measurements veracity of inertial and satellite systems, and also the 
integrated heterogeneous complex formed from these two systems [8]. Except for it, it is necessary 
to calculate index parameters of efficiency of application of the integrated heterogeneous complex 
from the point of view of increase of measurements veracity at the given tolerance bands (2, 4, 6) at 
at probabilities of altitude presence in fields of the tolerance with probabilities, accordingly, P1 = 
0.6827, P2 = 0.9545, P3 = 0.9973. 
  All imitating experiments and calculations are executed in system Mathcad 14. Results of 
calculations are submitted in tab. 1-3. For manufacture of calculations attitudes signal / noise in 
measurements, accordingly, for inertial and satellite systems, and also for a complex of a 
heterogeneous space complex "INS/GPS" were determined: 
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where error mean square value of measurement for the complex was calculated by formula (3). As a 
result of calculations under the formula (23) the following values of attitudes signal / noise are 
received: h1=4, h2=1600, h3=1604. 
  For calculation of veracity parameters of measurement in heterogeneous space complexes 
the engineering technique of calculations which includes the following basic stages was developed: 

1.   Selection of the initial data: prospective value measuring a random variable m, its mean 
square value σ, mathematical expectation values mi and dispersions Di of measurements errors of 
systems which form a heterogeneous complex. 

2. Calculate the dispersion minimal value of complex Dmin under the formula (3) and the 
attitude signal / noise under the formula (23). 

3. Calculate of optimum factor of a field of the toleranceunder the formula (5). 
  The Note 1. The given accuracy of calculations under this formula and other formulas of 
indirect measurements provide with use of a command float Mathcad 14 systems. 

4.   Set probability of a presence of result of measurements in the tolerance band, and by it  
an tolerance band  which is convenient for choosing on value σ for measuring values. 

5.  Define limits of changes for the measurements error for what use the minimal value 
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            (25) 
errors of measurement of a heterogeneous complex.  
  The Note 2. Thus it is necessary to provide implementation with the given accuracy of a 
condition of normalization for distribution of an error. 

6. For implementation of integration in the chosen tolerance bands of set a sequence of 
change measuring values and measurement errors with required step for calculations accuracy 
providing. 

7.  Under formulas (4), (8) - (14) or (15) - (21) carry out calculations of parameters of 
veracity of measurement. 

8.  In case of insufficient measurements veracity take the measures to provide of the given 
veracity with use of the condition (21), and also take known ways of introduction of redundancy 
[3]. 

9.  Make out results of calculations as the tables similar to tab. 1-3. 
10.   Formulate conclusions and practical recommendations by results of calculation. 

  In conformity with this technique calculations in an example are executed and tab. 1-3 are 
received. 
  Index parameters of veracity increase define under the following formulas: 

,,,, IIII DDQQ ikDkiQkiki
==== ββαα βα      (26) 

  For example, in the considered example increase of full probability of correct measurement 
at use GPS instead of INS at P = 0,9545 estimate so: ID (0.9545) = 0.997584/0.04 = 24.94. It speaks 
that application GPS in comparison with INS gives at 24.94 time higher veracity on full probability 
of correct measurement.  
  Application of a heterogeneous complex "INS/GPS" in comparison with use of one GPS provides 
IQ (0.9545) = 2.4151x10-3/2.41193x10-3 = 1.00133. From here follows, that high veracity of measurement 
in a heterogeneous complex "INS/GPS" is provided at the expense of application GPS. 
  By results of work and the carried out calculations it is possible to make the following 
conclusions. 

1.   At formation of structures of heterogeneous space complexes it is necessary to carry 
out calculations of measurements veracity of separate systems and a complex as a whole. Results of 
calculations allow to define " a weak part " complex and to take necessary measures for 
maintenance of required measurements veracity.  

2.   In the considered example a weak part is INS, veracity increase of a complex can be 
achieved as more often correction of measurements of this system by results of measurements GPS, 
and introduction in a complex of results of measurements of initial and secondary radars, increase 
of samples volume and others. 

3.   In considered example GPS can to play a part of the standard, therefore the method 
of replacement is quite acceptable. However, it is not always possible because of scope features of 
geographical regions satellite measurements.  

4.  The engineering technique offered in work of calculations veracity parameters of 
measurements of heterogeneous complexes can be applied as at early stages of creation of 
complexes according to " CNS/ATM conception " (outline, technical and design engineering), and 
in conditions of pilot experiment and use of complexes to destination. Thus the available aprioristic 
data on conditions of measurements regularly should be specified on апостериорным to results.  
 
Table1 parameters of measurements veracity INS: h1=4 σ1=30 
 P α Pt β Pm Q D 
1 0,6827 0,6827 1,0 3,981×10-4 1,255×10-3 0,683087 0,316913 
2 0,9545 0,95091 0,996 9,087×10-3 0,199721 0,959999 0,040001 
3 0,9973 0,866874 0,8692 1,3498×10-3 0,499925 0,868223 0,131777 
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Table 2 parameters of measurements veracity GPS: h2=1600 σ2=1,5 
 P α Pt β Pm Q D 
1 0,6827 5,359×10-3 7,8467×10-3 5,472×10-3 1,7241×10-2 1,0831×10-2 0,9891687
2 0,9545 1,18213×10-3 1,23848×10-3 1,23295×10-3 2,70972×10-

2 
2,4151×10-3 0,997584 

3 0,9973 7,914×10-5 9,592×10-5 1,062 ×10-4 0,0393 1,854×10-4 0,9998814
 
Table 3 parameters of measurements veracity INS/GPS: h3=1604 σ3=1,49813 
 P α Pt β Pm Q D 
1 0,6827 5,351×10-3 7,834×10-3 5,472×10-3 1,72247×10-2 1,0815×10-2 0,9891851
2 0,9545 1,18065×10-3 1,23693×10-3 1,23295×10-3 2,70605×10-2 2,41193×10-

3 
0,997582 

3 0,9973 7,901×10-5 9,577×10-5 1,061 ×10-4 0,03928 1,851×10-4 0,9998021
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COMPARATIVE ANALYSIS OF MODELING ADEQUACY OF THE NONSTATIONARY 
TRAFFIC IN TELECOMMUNICATION NETWORKS 

 
In paper results of the comparative analysis of modeling adequacy of the nonstationary traffic in 
telecommunication networks are given. For optimum modeling dynamics of the traffic metrics of 
spaces Euclid and Hilbert are used. The algorithm and a technique of verification of optimum models 
are developed. It is shown, that modeling of the nonstationary traffic in space Hilbert is preferable as 
gives more exact models. Theoretical positions are illustrated by numerical examples and diagrams 
with use of system MathCAD. 
Telecommunication networks, the nonstationary traffic, optimum modeling of the traffic, modeling 
adequacy of the traffic, the comparative analysis of models 

 
Introduction. Problems of modeling, the analysis, synthesis of methods of optimum service 

of the traffic in telecommunication and computer networks become more and more actual in process 
of development of these networks, complication of their architecture, increase of number of levels 
in hierarchical structure of networks, transition to principles of construction of open information 
systems on the basis of seven levels reference model of standards OSI ISO, growth of a supply and 
demand in the market of methods of optimum synthesis of models of optimum service of the traffic 
at a transport level [1-3]. The hobby of some researchers models of the self-similar traffic [4] has 
resulted to that many real kinds of the periodic and nonstationary traffic remain outside of a field of 
vision, and, hence, behind frameworks of modeling and research. One of the main reasons of such 
state of affairs is complexity of the problems decision of modeling for nonstationary and nonlinear 
cases. In the known literature there are no results of the comparative analysis of models of the 
nonstationary traffic that in many respects is caused by weak development of mathematical methods 
of stochastic approximation of random nonstationary processes. The given work is directed on 
partial overcoming of the specified difficulties in the field of modeling and optimum service of the 
nonstationary traffic. 

The purpose of work. The purpose of work is the comparative analysis of models of the 
nonstationary traffic in telecommunication and computer networks. 

For achievement of the purpose the following tasks are put and solved: development of 
algorithm and a technique of the comparative analysis of adequacy of models of the non-stationary 
traffic in telecommunication and computer networks, a choice of the metrics of spaces of 
comparison of models and criteria of their optimality, a substantiation of reference models of the 
casual non-stationary traffic which the substantiation and a choice of criteria of an optimality of 
models of the non-stationary traffic, a substantiation of statement of a problem and construction of 
optimum models of the non-stationary traffic, the comparative analysis of adequacy of optimum 
models of the non-stationary traffic serve as base models of the comparative analysis of offered 
models of the real traffic, on the basis of the chosen parameters of adequacy, the decision of 
numerical examples, the formulation of conclusions by results of the comparative analysis of 
optimum models of the non-stationary traffic. 

General statement of problems. In a role of the initial data are chosen initial polynomial 
representation of the reference non-stationary traffic with known Gaussian m dimension 
independent factors of decomposition. The basic methods of construction of the approached 
optimum models of the non-stationary traffic chooses a method of quantization of the traffic and 
Markovian approximations of casual process of change of conditions of the traffic, method Ритца 
and a method of the maximal plausibility. As results of the decision of a problem results of the 
comparative analysis of adequacy of models of the non-stationary traffic constructed on the basis of 
metrics of spaces Euclid and Hilbert, and also conclusions on results of the analysis serve. 

The decision of a problem. We shall start with development of algorithm and a technique of 
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the comparative analysis of adequacy of models of the nonstationary traffic in telecommunication 
and computer networks. The logic analysis of a problem has shown that the operational basis of 
algorithm of the comparative analysis of adequacy of models of the nonstationary traffic should 
consist of 16 operations. Procedure of the comparative analysis of adequacy of models of the 
nonstationary traffic, as a matter of fact, is procedure of verification of models of the nonstationary 
traffic.  

The general technique of verification of models of the nonstationary traffic offered by us is 
based on the following base algorithm of verification: 

1. Normalization and reduction a dimensionless kind of a range of change of realizations the 
traffic envelope and its interval of the nonstationary. This operation allows to model "normalized 
dynamics of the traffic” in "a single square" with coordinates of tops: (0, 0), (0, 1), (1, 0), (1, 1). 

2. A choice of the model dimension of n that is numbers of discrete conditions of the 
nonstationary traffic. This number shows, on how much quantums the individual square for step 
approximation of the nonstationary traffic shares and generally is the essential characteristic of the 
model dimension, and also its accuracy. 

3. Definition of the dimensionless normalized intensities of changes of the traffic conditions. 
These of intensities are defined as intensities of crossing by the traffic of the given levels of 
quantization. 

4. Construction of logical-mathematical model of dynamics of the traffic as the column as 
which tops conditions of the traffic serve, and the directed edges - arrows with the instruction of the 
directions changes of conditions the traffic. 

5. Drawing up of differential equations Kolmogorov-Chepmen concerning the probabilities of 
the traffic conditions describing dynamics of the traffic, on logical-mathematical model of the 
traffic dynamics. B.V.Vasil'eva's known rule for drawing up of the differential equations on column 
[ 1 ] is used. 

6. A choice of entry conditions system for the decision of problem Cauchy with the help of 
the made differential equations of dynamics of the traffic. 

7. Direct transformation Laplace system of the differential equations in system of the 
algebraic equations concerning images of the conditions probabilities of the traffic at entry 
conditions of item 6. 

8. The decision of the received system of the linear algebraic equations concerning images of 
the conditions probabilities of the traffic method Gauss or a method of a matrix system to a 
triangular kind in view of a normalization condition for unknown images. 

9. Transformation by a method of uncertain factors of images to a kind of the sums of the 
simple rational fractions convenient for search of originals in return transformation Laplace. 

10. Return transformation Laplace for the received images of probabilities. 
11. Use of probabilities of conditions and quantized values of the traffic for definition of a 

population mean and a dispersion bending around nonstationary Gaussian the traffic. 
By this technique with a required level of detailed elaboration of steps 1-16 algorithms in the 

further are solved the problems of the comparative analysis of models designated above and the 
reference traffic. For check of adequacy of models to the reference traffic dependences of 
parameters accuracy of modeling on parameters of models are used. 

The basic features of a technique and base algorithm of a choice optimum quantized values 
we shall show for parallel consideration of two cases of modeling: discrete and continuous. These 
cases are different, as it was already marked, a choice of the metrics space comparison of reference 
and modeling characteristics (see item 12). In a discrete case the metrics space Euclid is used, in a 
continuous case the metrics space Hilbert is used.  

Let's apply consistently base algorithm of the decision of problems of verification models at 
use of two conditions of the nonstationary traffic, we shall receive the following results. 

1. Normalization and reduction a dimensionless kind of a range of change of realizations 
bending around the traffic and its interval nonstationary.  

On fig. 1 " the individual square " for research of adequacy of modeling the first order 
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moments- population means nonstationary, growing on an interval nonstationary, Gaussian traffic is 
shown. The continuous line represents the normalized dimensionless population mean m(tk) the 
reference traffic submitted as normalized on normalized interval nonstationary [0,1] parabola with 
casual independent Gaussian in factors:  

)2()( kkk tttm −⋅= ,                                       
(1) 

Where tk – k-th  moment of time from the dimensionless normalized interval [0,1] times 
nonstationary. Stroke - dotted represent normalized dimensionless population means M(tk) the 
modeling traffic with optimized in space of Euclid quantized values of the traffic (fig. 1a) and with 
optimized in space of Hilbert quantized values of the traffic submitted in same normalized Hilbert 
space: 

kt
k ePZZZtM ⋅−⋅⋅−−= 1

10122 )()( η ,                                     
(2) 

Where Z1, Z2 - quantized values of the traffic, P10 - initial value of the first condition 
probability of the traffic, η1 - intensity of change of the traffic for the first condition. Deeper sense 
of all parameters of expression (2) will be opened later at construction of model dynamics of the 
traffic.  

2. A choice of dimension of model n, in other words, numbers of discrete conditions of the 
nonstationary traffic. For an illustration of a technique and the general algorithm the minimal 
dimension of model is chosen: n = 2. At n = 2 there are only two conditions of the traffic. They are 
defined by two quantums of traffic Δ1, Δ2 and three levels of quantization of the traffic: z0 = 0, z1 = 
0,5, z2 = 1. These values participate in definition of intensity of the traffic and optimum quantized 
values of traffic Z1, Z2 for two conditions. The elementary model is the least exact, reflects the worst 
case of modeling and gives pessimistic estimations. 

When quantization of the traffic carry out the following nonlinear transformations of the 
traffic. All values of the traffic, which get in the first interval of quantization  

Δ1 = z1 - z0,                              
(3) 

replace with one quantized value Z1. All values of the traffic, which get in the second interval 
of quantization  

Δ2 = z2 – z1,                              
(4) 

replace with one quantized value Z2.  
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а. A discrete case   
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б. A continuous case 
 

Fig. 1. An illustration of normalization values of the traffic and an interval of time nonstationary 
 

Thus, in the space quantization of continual changes of the traffic is replaced with discrete 
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space with final accounting number of conditions. In result continuous monotonous change of the 
nonstationary traffic is replaced with a step line which consists from quantized constant values of 
the traffic on intervals of quantization. In the further, quantized values of the traffic are considered 
as realization of the discrete traffic which take place with probabilities of discrete conditions of the 
traffic. 

3. Definition dimensionless normalized intensities changes of conditions by the traffic.  
At n = 2 there is only one change of the traffic intensity - intensity η1 transition of the traffic 

from the first condition to the second. By definition η1 there is a size, return to average time before 
crossing by a population mean of the reference traffic of the first level of quantization. More 
precisely the physical sense η1 can be defined as: intensity η1 changes of the traffic on the first 
interval is normalized on length of first interval Δ1 speed v1 changes of the traffic:  

η1 = v1/ Δ1 = 1/t1               
(5) 

For definition η1 it is necessary to solve be relative t the equation 

t 2 t−( )⋅ z1

solve t,

float 4,

.2929

1.707
⎛
⎜
⎝

⎞
⎟
⎠

→
.              

(6) 
The decision of the equation (6), " with an accuracy of fourth mark after a point ", is shown in 

system MathCAD for a case, when the first level of quantization z1 = 0.5. As the second root of a 
parabola does not belong to the normalized interval, as the decision the first root t1 = 0.2929 serves.  

Hence, required dimensionless intensity for a case z1 = 0.5, t1 = 0.2929 is equal  
η1 = 1/ t1 = 1/0.2929 = 3.414. 

4. Construction of logical-mathematical model of dynamics of the traffic as the column as 
which tops conditions of the traffic serve, and the directed edges - arrows with the instruction of 
directions of change of conditions traffic. At n =2  the most simple kind has form:  

 
 
 
 

 
Fig. 2. Graf as logical-mathematical model of dynamics of the traffic 

On fig. 2 the following designations are accepted: S1, S2 - the first and second conditions of the 
traffic, η1 - intensity transition of the traffic from the first condition to the second. Probabilities of a 
presence of the traffic at the moment of time t in conditions S1, S2 are designated through P1(t), P2(t). 
After quantization of value of the traffic for these two conditions are equal, accordingly, to two 
quantized values Z1, Z2 which appear with probabilities P1(t), P2(t). As events, which consist in hit of 
value of the traffic in this or that interval of quantization, form full group of events, for probabilities 
of conditions of the traffic fairly a condition normalization: 

P1(t) + P2(t) =1.                            
(7) 

5. Drawing up of differential equations Kolmogorov-Chepmen concerning the probabilities of 
conditions of the traffic describing dynamics of the traffic, on logical-mathematical model of 
dynamics of the traffic. 

We use Vasil'eva B.V.'s rule for drawing up of the differential equations on the column fig. 2. 
We shall receive: 
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1 tPdt
tdP η−=
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(9) 
As probabilities of conditions are connected by conditions normalizations (7), it is necessary 

to solve system from two equations: the differential equation (8) and the algebraic equation (7): 

)(
)(

11

1 tPdt
tdP η−=

,           (10) 
P1(t) + P2(t) =1.  
6. A choice of system of entry conditions for the decision of problem Cauchy with the help of 

the made differential equations of dynamics of the traffic. 
The assumption that at the initial moment of time t0 value of the traffic can be in any interval 

is natural. General view entry conditions therefore are fair: 
P1(t0) =P10 ,  P2(t0) = P20.                          

(11) 
7. Direct transformation Laplace system of the differential equations in the system of the 

algebraic equations concerning images of probabilities of conditions traffic at entry conditions (11). 
Applying to system (10) direct transformation Laplace by known rules [2], we shall receive  

)(1)( 1101 sPPsPs η−=−                             

(12) 
 

8. The decision of the received system of the algebraic equations concerning images of 
probabilities of conditions traffic method Gauss, a method of data of a matrix system to a triangular 
kind or a method of substitution in view of a condition normalization for unknown images. 

Solving a system from two algebraic equations (12) concerning unknown images P1(s), P2(s)  
probabilities of conditions S1, S2 a method of substitution in the second equation of the image of 
probability of the first condition, we shall find 
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9. Transformation by a method of uncertain factors of images to a kind of the sums of the 

rational fractions convenient for search of originals in return transformation Laplace. 
Images (13), (14) in a considered simple case already represent the sums of simple rational 

fractions, therefore intermediate transformations it is not required. 
10. Return transformation Laplace for the received images of probabilities. 
Applying return transformation Laplace to images (13), (14) [ 2 ], we shall receive 

ePtP tη1
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,                           
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ePtP tη1101)(2
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(16) 
11. Use of probabilities conditions and quantized values of the traffic for definition of a 

population mean and a dispersion bending around nonstationary Gaussian the traffic. 
Let's use known formulas for a population mean and a dispersion of a discrete random variable 

and we shall take into account also that probabilities of conditions because of nonstationary the 
traffic depend on time. We shall receive 
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The formula (17) evidently shows, how quantization and Markov approximation result in 

models of a population mean of the nonstationary traffic as a linear combination an exhibitor. From 
the formula (17) follows, that in maintenance of adequacy of the modeling traffic to the reference 
traffic essential value has a correct choice quantized values. Further for optimization of a choice 
quantized values the method of maximal plausibility (ММP) which at normal multivariate 
distribution of the traffic results in use of a method of least squares (МLS) is used. Comparison (17) 
and (2) the reasons of modeling representation of the first initial moment of the nonstationary traffic 
as a linear combination the exhibitor completely opens. 

 
Conclusions 

1. Application of quantization and Markov approximations allows to build an adequate models 
of the nonstationary traffic submitted initial polynomial by decomposition with casual factors. 

2. Use even the elementary model with two conditions of the traffic allows to approximate a 
population mean of the nonstationary traffic submitted as a normalized parabola with two casual 
parameters.  

3. Offered the system of parameters and a technique of verification of models nonstationary 
traffic with various number of conditions of the traffic allow to carry out verification of models and 
to use quantitative estimations of a degree of adequacy of models to the real non-stationary traffic. 
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MULTICRITERION ROUTING IN COMPUTER NETWORKS 

The method of the multicriterion routing is offered in computer networks, which provides the set level 
of quality of service on a carrying capacity and reliability of passing information, and also takes into 
account the external affecting channels of information transfer. 

Introduction 
Presently computer networks find wide application in communication, navigation, supervision 

and organization of air motion networks. On the base of computer networks the intellectual air 
traffic control systems are developed. Continuous growth of complication of computer networks 
which are used for a supervision and organization of air motion is marked in this connection. 
Growth of complication of computer networks, the increase of volumes of the passed information is 
substantially increace requirement to the level of protected information from an unauthorized 
division to it. The task of increase of level of protected computer networks must be decided 
complexly jointly with the tasks of increase of efficiency of their functioning. Actuality of task of 
providing informative safety of users of computer networks is related also to the wide use  in state 
and  financial organizations, in industrial air enterprises and in organizations of defensive complex 
[1]. One of the directions of increase level of protected computer networks is related to perfection 
of methods routing of passing information in networks taking into account the risks of loss of 
information, its modification, and also influences of external factors on the channels of information 
transfer. The analysis of the last researches and publications [1-2] allows to draw conclusion that 
problem of estimation and increase of level of protected of computer networks is not enough full 
explored. 

Perfection of methods routing in computer networks presently develops in the direction of 
providing the assured quality maintenance of users of computer networks on such criteria of quality 
as a carrying capacity, delay of communication of data, reliability of passing to information, load of 
knots of network and row other, which the quantitative estimations of level of protected of 
computer networks do not enter in the complement. 

General statement of problem  
The problem of development the method of the multicriterion routing  in computer networks, 

which allows to take into account quality of service and informative safety of users of computer 
networks is set up. 

The decision of a problem  
The mathematical model of computer network will present a count the tops which are 

designed by knots-sources and knots-receivers of information. To the directed branches (to the ribs) 
of count we will confront the channels of passing to information between a knot-source and knot-
receiver. Weight which characterizes quality of service and level of protected designed channel of 
passing information is appropriated the branches of count. With the purpose of quantitative 
estimation of scales of branches of count will make the system of private criteria of quality for the 
estimation of informative safety and quality of service. Under informative safety we  will 
understand ability of technologies of informations to resist the threats of opponent.  The threats of 
opponent will estimate by amount of attacks 1I  on the channel of information transfer, which is 
designed the branch of count. The risks of loss of information or its modification will take into 
account by the private criterion of quality 2I . The next private criterion of quality 3I   will take into 
account the external affecting   channel of information transfer. Under external influences 
atmospheric influences are understood (rain, floods and other). The transferred private criteria of 
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quality take into account affecting of opponent channels of information transfer, and also 
influencing on them of external indignations. We will enter in the system of criteria of quality of 
description of quality services, which are set as a set of parameters, providing the required level of 
service of service. In the system of criteria of quality of service we will enter the private criterion of 
quality 4I , which characterizes speed of passing to information on a communication channel. Other 
important description of quality of service is reliability of passing to information on a 
communication channel. This description has connection with the level of protected channels of 
passing information from the different type of indignations and hindrances. Therefore in the system 

of criteria of quality of service we will enter the criterion of quality *
5I , which takes into account 

reliability of passing to information on communication channels. Thus, the system of private criteria 
of quality  is made, which takes into account threats and risks, caused an unauthorized division to 
information, external affecting quality of the past information, and also basic descriptions of quality 
of service. Further increase of amount of private criteria of quality beside the purpose, because in 
the case of far of criteria of quality substantially influence of every separate criterion of quality goes 
down on the choice of routes of passing to information. We will formulate the task of the 
multicriterion routing on a count model. For this reason we will bring all private criteria over of 
quality to the case of their minimization. We will enter the overhead estimation of maximally-
legitimate value of reliability mI5  which is set technical descriptions of channel of passing 
information. In place of private criterion of quality *

5I  will enter the minimized criterion of quality 
*
555 ImII −= . Now we have the system of five minimized private criteria of quality 

5,4,3,2,1 IIIII  . Disposing the estimations of resources of methods and facilities of unauthorized 
division to the channels of passing information we will enter the maximum-legitimate values of 
amount of attacks of opponent  mI1  and maximum-possible risk  mI2  of loss of information or its 
modification. On the basis of statistical information we will enter the maximum-legitimate value  

mI3  of estimation of the external affecting channel of information transfer, and on the basis of its 
technical descriptions we will set the maximum-legitimate value  mI4   of speed of passing 
information on this channel. We will take advantage of overhead estimation of maximally-
legitimate value of reliability mI5   of channel of passing information as a maximum-legitimate 
value of private criterion of quality 5I . Taking into account that all included in the system of 
private criteria of size take on positive values or zero, the range of change of private criteria of 
quality can be set the system of limitations 

imIiI ≤≤0 ,  5,4,3,2,1=i .                                              (1) 
For problem of the multicriterion routing definition on a count model it is necessary to carry 

out multicriterion optimization of scales of branches of count taking into account the system of 
limitations (1). It is suggested to set weight (length) of j branch a count on the basis of scalar 
packages of private criteria of quality on the nonlinear chart of compromises [3]: 

∑
= −

=
5

11

1

i
ijmI
ijIjJ , ijmIijI ≤≤0 ,                                            (2) 

where ijI  – i the private criterion of quality of j column, ijmI  is a maximum-legitimate value 

of private criterion of quality ijI . 
Thus, appropriation the branches of count, designing a computer network, scales in obedience 

to expression (2) ground to set the problem of the multicriterion routing from a source to the 
receiver of information as a task about a short cut between a knot by a source and knot-receiver, if 
length vetvi a count proportional its weight. Case of unauthorized division, when attacks are on a 
computer network and the risks of loss of information or its modification increase in the process of 
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passing to information ensues from expression (2). The routes of passing information appear under 
influencing of methods and facilities of unauthorized division and multiply the length as compared 
to the routes of communication of data in which the attacks of opponent are absent. In the process 
of decision of task of routing accordant (2) routes, unsubject to the unauthorized division and 
attacks of opponent, will have less length, what routes of passing information under the action of 
attacks of opponent. Consequently, routes are not subject to the methods and facilities of 
unauthorized division will get out for passing to information in a computer network. Routes which 
are subject to the attacks of opponent, in the process of the multicriterion routing (2) will be 
eliminated from the routes of passing information. Thus, the multicriterion routing (2) reacts on the 
attacks of opponent and promotes the level of protected of users of computer network. 

Conclusions 
The offered method of the multicriterion routing allows taking into account the threats of 

opponent, risks of losing information or its modification, related to the unauthorized division to the 
channels of passing information. Informative safety of computer network rises without bringing in 
of additional programmatic and vehicles facilities of defense of information. Except for it, the 
multicriterion routing provides the set level of quality of service on a carrying capacity and 
reliability of passing information, and also takes into account the external affecting channels of 
information transfer. 

Dignity of the offered method of the multicriterion routing is adaptation to the change of 
situations in which computer network functions. 
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WORKING OUT OF THE TECHNIQUE OF DEFINITION OF THE LAPSE OF 
PARAMETERS OF VIBRATIONAL DIAGNOSTIC OF GAS-TURBINE PLANTS 

The new technique of definition of a lapse in the course of measurement, machining and spectral 
transformation of a vibrational signal is offered. The analysis of lapses of an estimation of spectra 
vibration velocities is carried out. It is displayed, that spectra are distorted in low-frequency area by 
stray components of a signal of the acceleration, the called low-frequency parasitic oscillations, noise 
of the amplifier and a transformation section.  

Introduction. Magnification of the assigned resource of aviation gas-turbine engines, passage 
to maintenance of propellers on availability index of product cannot be realised without safe 
methods and the diagnostic aids allowing in time to determine originating imperfections, to size up 
extent of their danger to prolongation of maintenance GTE. Among such methods and means the 
important place is occupied by the vibrational diagnostic allowing by measurement and the analysis 
of broadband vibrational signals, to carry on a state estimation of the basic intense nodes and 
assemblies GTЕ. 

Modern aviation GTE as installation of vibrational diagnostic, are complicated enough. Thin-
walled constructions with a great many of resonance zones, nonlinear effects, impossibility to 
approach sensing transducers to troubleshot nodes, for example bearings, lead often to impossibility 
of application of well proved techniques of vibrational diagnostic on aviation gas-turbine engines.  

For made now aviation GTE, monitoring of a common level of vibrations in a strip of rotor 
frequencies, as is regularly provided at conducting of trials at a factory the manufacturer, and in 
maintenance. It is explicitly not enough used monitoring of vibrations, as cost of repair of propellers 
after their maintenance at heightened vibrations is very high. 
        At the same time, development of gauges and the analysis of vibrations, development of 
computer production engineering of machining of vibrational signals, support of databases allow to 
build the developed system of vibrational diagnostic embracing full life cycle of the propeller, from 
its manufacture and trials, in maintenance, after repair. The most effective hardware components of 
diagnostic, both stationary, and portable, are under construction on the basis of computer technics 
and production engineering. These means allow to use all possibilities of such perspectiv methods 
of deriving of the information, as emission analysis, the analysis enveloping and statistical 
discernment of statuses.  
          The analysis of last publications and researches. Modern production engineering of digital 
machining of signals allows to develop on the basis of the analysis of vibrational signals methods of 
a discernment of imperfections of various nodes and assemblies of propellers at an early stage of 
their development.  
    There are two groups of methods of measurement of parametres of vibrations: contact, implying 
mechanical link of the sensing transducer with a prototype system, and noncontact, i.e. not linked 
with installation mechanical link. 
    The system approach is necessary for implementation of advantage of use of modern methods of 
vibrational diagnostic with reference to GTE to the analysis of lapses of an estimation of spectra of 
signals of acceleration, velocities and migrations on which foundation sampling of devices 
organising system  vibration diagnostics is made. How the sensing transducers, which provided in a 
propeller construction, have the restricted frequency range containing components only with a 
rotational speed of curls GTE. Hence, the most informative high-frequency range containing 
components with frequencies of vanes of compressors and turbines and frequencies of remating of 
teeths of sprockets of steps of the drive of assemblies is not used.  
    Problem solutions on detection of imperfections GTE at an early stage of their evolution the land 
control are carried on in following directions:  
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- In application of a noncontact method of measurement of vibration of the working propeller with 
use of the laser converter of the vibration allowing for a short time to remove from the big number 
of points a trustworthy information about a status of the basic nodes of the propeller and other 
assemblies. For the first time about perspectivity of use of this method for diagnostic GTE it was 
noted in V.I.Ljulko's dissertational operation. [1];  
- In sampling of the optimal from the point of view of a problem of a discernment of status GTE of 
regimes of start [3];   
- In application of advanced processing methods of the signals which are not demanding knowledge 
of standard levels of vibrations suitable GTE and allowing to determine originating imperfections 
on a modification of such relative parametres, as depth peak and an index angular modulations of 
spectral characteristics [2,3].  
- In raise of an exactitude of measurements at vibration diagnostic and the systems analysis of 
lapses of an estimation of a spectrum at each stage of transformation of a signal vibration 
accelerations and derivings of a primary estimation of a spectrum [4].  
           Statement of problem. To carry out the analysis of lapses of an estimation of spectra of 
acceleration, a velocity and the migration, gained by means of sweeping Fourier transforms (FFT), 
for a justification of sampling of metrology performances of devices organising system vibration 
diagnostics. 
           The problem solution. We will consider, that the acceleration analogue signal in a time 
domain admits representation in the form of a reconversion of the Fourier  
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Where ( )A t   - an acceleration signal, ( )S ω - a spectrum of a signal of acceleration.  
Primary estimations of a spectrum of acceleration, velocity and migration after, numbering and 
discrete Fourier transform (ДПФ)    
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 Where ( )nV t  - a velocity, ( )nX t - migration, tn = nΔt - a discrete time, Δt - a pitch of a digitization 

of a signal on a time, i iω ω= Δ - a grid of frequencies, 2 /Tω πΔ =  - the permission on frequency, 
T - duration of implementation of a signal of acceleration.                 

For the analysis of spectra of accelerations, velocities and the migrations gained by a FFT, 
we use integral representation of discrete expressions (2) 
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- Function of the basic spectral window at a FFT, a defining exactitude of a primary estimation of a 
spectrum by means of a FFT and its limiting properties, N - a sample size, equal to extent of number 
two, , ( )V XS ω - spectra of analogue signals of velocities and migrations at ideal integration of a 
signal of acceleration.  

Lapses of an estimation of velocity spectra and migrations at integration of acceleration by 
the analogue integrator with private performance ( )H ω  
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 Where , , ( )H V XS ω  - estimations of spectra of signals of velocities and the migrations, gained 

according to (3), but thus in (3) 2( ) ( ) ( ),   ( ) ( ) ( )V XS H S S H Sω ω ω ω ω ω= = ,  
( ) (1 exp( ) /K j T jω ω ω= − - the basic spectral window.                 

Using an inequality Cauchy-Bunyakovsky and (5), estimations of relative errors of 
definition of velocity spectra and migrations are gained, at integration of acceleration by the 
analogue integrator,  
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Where parametre Р=1,2,3,4. It is defined by number of side lobes of function KN (ω) which are 
necessary for considering at an estimation of reference of a spectrum, ( )oH ω  - АЧХ the analogue 
integrator about null. 

On the basis of the analysis of expressions for a lapse it is gained following two demands for 
correct definition of spectra of acceleration, a velocity and migration  
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Where 0 0 A Iω ω≤  - the lower frequency of shearing АЧХ of the amplifier of a charge, нω - the 
least frequency of a spectrum of a signal of acceleration, 0Iω - the lower frequency of shearing 
АЧХ of the integrator.    

      The velocity and the migration gained by single-valued and repeated digital integration of 
acceleration, admit discrete and integral representation 
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Where gk - the weight numbers defined by algorithm of integration ∀ k ∈ [0, N].  
Let's observe lapses of an estimation of spectra at analogue both digital integration and 

numbering of a signal of an analogue-digital converter with a transformation nonlinear response. 
Let signal numbering is carried out with an analogue-digital converter having an integral nonlinear 
response of transformation which is approximated by aspect expression  
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Where INL - the integral nonlinearity of an analogue-digital converter measured in units of a low 
significant digit, um - the maximum arrival signal of an analogue-digital converter, u (tn) ≤ um - a 
signal on an analogue-digital converter entry. Expression for an estimation of a spectrum of a signal 
of acceleration at numbering of an analogue-digital converter with a nonlinear response of 
transformation (10). 
           Spectrum of a complex sinusoidal test signal 
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Let the arrival signal is a complex sinusoidal signal with an exact binding of a phase of start 
of an analogue-digital converter. The spectrum of such signal is defined by 
expressionS( ) A ( )ω π δ ω = 2 − Ω , where A  - amplitude, Ω  - the circular frequency varying over the 
range m mω ω− ≤ Ω ≤ . For analysis simplification we will observe further a spectrum of a complex 
sinusoidal test signal which according to (11) is equal  
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Distortions of harmonics in a spectrum gained by means of a FFT after numbering of a signal of an 
analogue-digital converter with nonlinearity equally 
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Where M - digit capacity of an analogue-digital converter, INL* - the integral nonlinearity of an 
analogue-digital converter measured in quanta. For an analogue-digital converter with М=12, INL * 
= 2, an analogue-digital converter with М=14, INL * = 3 and analogue-digital converter М=16, INL 
* = 2 maximum lapse is equal 0,1 %, 0.036 % and 0,003 % accordingly. Hence, for signal 
numbering at вибродиагностике it is necessary to use an analogue-digital converter with digit 
capacity not less than 12 and INL* no more than 2. 

Let's carry out the analysis of agency of differential nonlinearity of an analogue-digital 
converter on an exactitude of an estimation of spectra of acceleration, a velocity and migration. Let 
signal numbering is carried out to the real analogue-digital converters having final piecewise linear 
performance of transformation of an aspect   
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Where qi - differential nonlinearity (DNL) an analogue-digital converter, measured in shares of a 
low significant digit, Δ - an average quantum of an arrival signal on amplitude, M - number of 
levels of quantization, um - the maximum arrival signal of an analogue-digital converter, u (t) - a 
signal on an analogue-digital converter entry, δ (u) - a delta function of the Dirac, U (tn) - an 
analogue-digital converter starting signal in discrete instants. Expression for a lapse of an estimation 
of a spectrum of a sinusoidal signal of acceleration  

       
1/ 22

2 2
2[ 1 ( ) 1 ( ) ]

2

A A

A A

Q Q
m m

A
i P i P

i u i uA T qП
A A AA

π
π ω

−

Ω

= =Ω Ω ΩΩ

⎡ ⎤Δ − Δ −Δ Δ
≤ − − + −⎢ ⎥Δ Δ⎣ ⎦

∑ ∑  .                 (15) 

At magnification of digit capacity and number of levels of quantization of analogue-digital 
converters recut by a signal, the first item in (15) disappears, and the augend has the order of 
magnitude8 / / 3q A ωΩΔ Δ , where q - magnitude DNL passported for the given analogue-digital 
converter. It is visible, that a lapse of an estimation of the spectrum, called DNL, it will be 
maximum for small high-frequency components of a signal, for example, for higher harmonics, and 
will increase at permission magnification on frequency at a FFT. 

Exactitude of definition of amplitude of a complex sinusoidal signal with an exact binding 
of a phase of start of an analogue-digital converter by means of algorithm of a FFT at conducting of 
metrology certification of system vibration diagnostics. Expression for a spectrum and an amplitude 
spectrum maxima   
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ω ω
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= Δ Ω −

= Δ − Δ =
,                     (16) 

Where α - a fractional part of a ratio of frequency of a sinusoidal signal to magnitude of quantum of 
the permission on frequency Δω. At α =0 max ( )A iS ATω =  and the amplitude of an initial signal 

is sized up precisely, and at α =0,5 lapse of definition of amplitude is maximum and equal (1-2 / π) 
100 % ≈ 36,3 %. Knowing the permission on frequency and parametre α it is possible to eliminate a 
lapse of definition of amplitude of a sinusoidal signal by means of a FFT. 
Leading-outs: 
   - The analysis of lapses of an estimation of velocity spectra and migrations has displayed, that 
spectra are distorted in low-frequency area by stray components of a signal of the acceleration, the 
called low-frequency parasitic oscillations and noise of the amplifier which frequencies lay below 
frequency ωН.   
    - For elimination of distortion of spectra of a velocity and migration to realise a digital filtering of 
an initial signal of acceleration by the order filter not below the fourth shearing with frequency 
equal 0,5ωН and to integrate the centered magnitudes of acceleration and a velocity. 
    - It is necessary to size up spectra of a velocity and migration on a FFT from the centered rates of 
speed and migration.   
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DESIGNING LOCAL AREA NETWORKS THAT HAS A VOICE-VIDEO-TEXT TRAFFIC 

Is described the algorithm of designing and calculating local network (LAN) with the multimedia 
traffic. The concrete example of calculation is given. Is in detail examined the construction of the 
information-geometric model of network, the construction of the model of ideal switch, the realization 
of ideal switch in the assigning class of industrial switches, the setup of the parameters of industrial 
switch 

The principal stages of projection and calculation LAN.  М Possible it 
recommended several good sources [1-3] for the acquaintance with the principles of the design of 
local networks on the basis of switches. However, the algorithm of designing and an example of 
calculation you here will not find.  

 The analysis of technologies of designing of separate firms shows, that the algorithm of 
designing  LAN can be broken on three consecutive parts: 

- designing and the calculation of active equipment, i.e., the apparatus configuration of the 
transport and final nodes of the of the network;  

- designing and the calculation of passive equipment, including the calculation of topology 
and characteristics of communication channels; 

- the determination of the setups of the nodes of network (switches, computers, operating 
systems, applications). 

The formal description of information and computer networks in the form 
graphs and matrices. Topology of networks. In the general case the projected network 
possible it represented by the set of graphs and matrices. The apexes of graphs indicate the nodes of 
network (sources, the users of information), and the connections between the apexes indicate the 
information or physical connections between the nodes. The configuration of graph is called 
topology. Figure 1 shows two types of the configurations: full-connected and star. 

 
 
Apexes of the graph: n=1, 2, … N                           
Sides of the graph: A = || a i,j  ||,  где  i,j = 1,2,…, N.                                     (1)     

 
   

Figure 1. Representation of network by the graph 
Initial data for the designing networks. Applications.  In the first  

approximation, the model of network possible was considered the following set of 
graphs and matrices: 

A0, A1…, Am …, AM,  m=0, 1, 2 …, M      (2) 
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где: A0 - geometric line pattern (matrix of the distances between the nodes of network),  

       A1…, AM   - the configuration of applications. 

The configuration of applications is the functional-informational model of network. This 
model it is reflected the distribution of applications over the nodes of network, and also the intensity 
of the individual flows between servers and clients of the applications of network. By examples of 
applications they can it served: WWW, FTP, VoIP, NC (server for administration of network) and 
others. 

Intensities of applications - function of time. However, in the majority of the cases for 
calculating the network possible it limited to the average values of the intensities of traffic for the 
specific time intervals. 

Let for the certainty the network consist of N=34 nodes, among which there are the servers: 
VoIP (n=1), Video (n=2), WWW (n=3), FTP (n=4), and also working stations (RS) with the client 
parts of applications (n=5...,34). 

As a result the model of network wakes represented by the matrix of the distances between the 
nodes of network A0 and by the matrices of the intensities of the traffic: VoIP (A1), Video (A2), 
WWW (A3), FTP (A4). 

Transformation of the model of a network of the type "full-connected"into 
the model of a network of the type "star"  by the help of ideal switch. In the 
network of the type "full-connected" for connection N of nodes it is required N(N-1)/2 physical 
duplex communications, i.e., quadratic dependence on the number of nodes occurs. Furthermore, 
each computer in the network must it had the large quantity of communication ports, sufficient for 
the connection with each of the remaining computers in the network. Both these factors neutralize 
the key advantage of these networks - their logical simplicity. 

In practice they minimize a quantity of physical connections of network. It is reached this via 
the binding of the nodes through the switch. As a result the type of network "full-connected" will 
change into the type" star "(Fig.1). 

It easily saw that a quantity of ports in the switch coincides with the number of nodes of 
network, and the traffic, passing through each port of switch and respectively through connected 
with this port node of network, coincide. 

In other words, the intensities of the traffic through the ports of switch are also described by 
the set of the matrices: A1…, AM 

Importantly and necessarily it noted that the ideal switch must it was for the network 
transparent, i.e., by no means it did not influence the passing through the switch information bit 
flows.  

The calculated distribution of traffic of applications according to the ports 
of the ideal switch.  If it summed up the intensities of traffic (am

i,j ) of any concrete application 
m (m=1,2...,.M), which take place through each (i) port of switch, then it was received the total 
intensity of traffic of this concrete application for this (i) port of switch, i.e.: 

                              j=N 

bi
m  =   Σ  am

i,j                                                                                                    (3) 
                              j=1 

       

In our example by the values of matrices A1,  A2, A3,  A4 it is determined the total intensities 
of traffic of applications in the ports of switch - this:  

B1 (traffic VoIP),  B2(traffic Video),  B3(www- traffic),   B4(ftp- traffic).    
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The short-cut calculation of the distribution of traffic of applications 
according to the ports of ideal switch . The distribution of traffic of the applications (Bm) on 
ports of the ideal switch can be established by more simple way. Let's consider an example. 

On a first step we shall construct the table || a1
ij || by dimension 34х34, which each element of 

a matrix will be equal 0 or 1:: 

|| a1
ij || = 1,  if connection on the IP-telephone is possible between the nodes (i,j) of switch, 

|| a1
ij || = 0,  otherwise. 

B1
0 

  (смотреть табл.1). 

For the second step we shall calculate quantity of possible sessions of negotiation on the IP-
telephone for all ports of the switch - matrix B1

0 
 ( To look the table 1). 

At the third step let us determine a quantity of simultaneous negotiations according to IP- 
telephone (simultaneous sessions of application VoIP)  through each port of switch. It is obvious, 
that in ports of the switchboard connected to workstations, the number of simultaneous sessions will 
be equal 1, and through port–1 30 sessions simultaneously can be established. In result we shall 
receive one more line - matrix B1

1. 

On the fourth step we shall specify for each session quantity of duplex connections and bit 
speed of transfer of a vote (in view of the chosen standard of coding).  In our case one session will 
need two duplex communication lines with bit speed 64 Кbit/s (at election of the standard of coding 
PCM). In result we shall receive the next matrix - line B1.  

Similarly for the video- application we shall calculate a matrix - line B2. Here unique 
difference will be in speed of the video-traffic. For definiteness let it will be the compressed video 
signal with bit speed 1,024 Мbit/s.  

For definiteness also we shall set any meanings of intensity of WWW-traffic (B3) and 
intensity of FTP-traffic (B4). 

 
 

The table 1. An example of account of productivity of ports of the switch 
 

 1 2 3 4 5 6 7-33 34 Sum 
 VoIP - 

gate 
Video - 

gate 
www- 
server  

ftp- 
server  

PC-1 PC-2 PC  
(3-29) 

PC-30  

B1
0 30    30 30 30 30  

B1
1 30    1 1 1 1  

B1 3,840    0,128 0,128 3,46 0,128 8 
B2  61,440   2,048 2,048 55,296 2,048 123 
B3   570,00  19,00 19,00 513,00 19,00 1140 
B4    750,00 25,00 25,00 675,00 25,00 1500 
T0   570,00 750,00 44,00 44,00 1188,00 44,00 2640 

HVo 3,84 61,44 0,00 0,00 2,18 2,18 58,75 2,18 131 
HBe 0,00 0,00 570,00 750,00 44,00 44,00 1188,00 44,00 2640 
V 19 307 633 833 51 51 1385 51 3332 

 
 

Accounting of distribution of classes of traffic on ports of the ideal switch .  
One of overall objectives of designing of a local network, in which the traffic consists of a mix of a 
vote, images and text, is to prevent damage of each of these traffic.  

For the decision of this task according to the recommendations of the standard 802.1D-1998 
all traffic of local networks is divided into eight classes (table 2). It allows to transform matrixes of 
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distribution of traffic of the application on ports of the switch Bm to eight matrixes of classes of 
traffic: 

{B1, …,Bm, …, BM }  =>   { T7, …, T0 }.        (4) 

The table 2. Types of the traffic in a local network 
 

Priority   A designation   A type of the traffic  

1 ВК The background traffic 

2 — The economical traffic 

0 (by default) BE The traffic transmitted with the maximal efforts 

3 ЕЕ The priority traffic 

4 CL The controllable traffic 

5 VI Video (delay and the jitter less than 100 мs) 

6 VO Vote (delay and the jitter less than 10 мs) 

7 NC The control of a network 
 

In our example: 

T6 = B1 (The traffic VoIP is referred to a class VO), 

T5 = B2 (Traffic of the Video-application is referred to a class VI), 

T0 = B3 + B4       

As it is visible, WWW- and the FTP-traffic are referred to one class (matrix - line T0 in the 
table 1). 

Simplification of model of the ideal switch by merge of classes of the traffic. 
The switch, which supports function QoS, can use  several queues for various processing of classes 
of the traffic. The switch usually supports some maximum quantity of queues, which can appear 
less, than required number of classes of the traffic. In this situation some classes will be served by 
one queue, that is actually will merge in one class. The standard 802.1D-1998 recommends what 
classes of the traffic it is necessary to realize in a network in conditions of the limited quantity of 
queues in switch.  

With the existence only of one queue in the network there is only one class of the traffic — 
BE (Best Effort).  

Two queues give possibility it divided traffic into two classes — BE и VO (Voice). In this case to 
class VO wakes it related any sensitive to delay traffic, i.e., not only voice, but also video, or traffic of 
control of network.  

Further increase in the quantity of queues allows it more differently attended traffic, up to the 
recommended eight classes.  

For definition of two basic classes of traffic in the ideal  switch (VO and BE) possible it used 
the formula:  

HVO  = T7 + T6  +  T5,          (5) 

HBE   = T4 + T3 + T2 + T1 + T0. 

In a considered example: T7 = T4 = T3  = T2  = T1 = 0, 
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HVO  = T6 + T5  = B1 + B2  (traffic VoIP and Video are poured into one class), 
HBE   = T4 + T3 + T2 + T1 + T0 = B3 + B4  (in one class the traffic WWW, FTP). 

  Reservation of throughput of ports of the ideal switch.  It is known, that the basic 
idea underlying all methods of maintenance of the characteristics QoS, consists in the following: the 
common productivity of each resource should be shared between different classes of the traffic non-
uniformly. In that specific case productivity of ports of the switch also should be shared between 
different classes of the traffic non-uniformly.  

It is known, that a primary factor influencing size of delays of packages in the switch, so, and 
on quality of service, is operating ratio of a resource. Therefore for maintenance of the certain 
quality of service it is important, that operating ratio of port of the switch did not exceed the certain 
size.  

So, for simplification of a task all flows are shared into two classes - sensitive to delays (traffic 
of real time, for example voice) and elastic, admitting the large delay, but sensitive to losses of the 
data.  

Agrees [2] dependence of delays of packages on operating ratio of a resource the function 
W=W (ρ) in a fig. 2. Here Ws - delay of the traffic, sensitive to delays, and We - delay of the 
elastic traffic. 

 

 
Figure 2.  

 
As it is visible, the limiting loading of port of the switch by the sensitive traffic should not 

exceed 0.2, and the limiting common loading of port by the sensitive and elastic traffic should not 
exceed 0.9.  

In view of the accepted designations and named restrictions it is possible to define 
throughput of ports of the switch (vi=1,…,N)  for two classes of the traffic HVO and HBE by the 
following formula:  

vi = max ((hVO
i + hBE

i) / 0.9, hVO
i / 0.2 )         (6) 

The result of account of throughput of all ports of the switch (matrix-line V) is given in table 
1.  

The reservation of throughput of ports of the switch under the formula (6) is based on two 
classes of service. But this formula is easy for modifying for more than two classes of service, and 
so that each class worked on the part of a curve of delays. 

Calculation of parameters of a configuration of the ideal switch. On the basis 
of table 1 it is possible to determine parameters of a configuration of the ideal switch (tab. 3). Here 
common productivity of the switch is equal to the double sum productivity of all ports of the 
switch.    
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The table 3. A configuration of the ideal switch 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Algorithm of realization of the ideal switch. Definition of criteria of a 

choice.   The elementary algorithm of realization of the ideal switch can be shown to search of 
such industrial model of the switch, which configuration covers and is closest to a configuration of 
the ideal switch is, first. And, secondly, it is necessary, that the parameters of industrial model could  
change by the manager of a network so that after the appropriate adjustment the industrial switch 
was identical to the ideal switch. 

Let's determine a sequence of parameters of industrial model, which should be taken into 
account. Certainly, first of all, industrial model should have parameters not worse what are 
displayed in the table 3. In the second turn it is necessary to take into account in the priority order 
the following parameters: the number of levels of management, opportunity  of aggregation of 
ports, opportunity of the shaping of ports, opportunity of maintenance of parameters of quality of 
service of the traffic (QoS, CoS), is desirable presence of the Web-interface for adjustment, firm - 
manufacturer, price.  

Having chosen parameter “L3” (number of levels of management), we narrow search of 
required industrial model in a class of switches of 3-rd level, which are intended for division of 
large local networks on sub-networks.  

The step-by-step comparison of parameters of a configuration of the ideal switch (tab. 3) with 
parameters of a configuration of firm switch of a class “L3” of firm “D-link” shows, that the 
parameters of model DES-3852 (tab. 4) coincide or not worse than parameters of the ideal switch. 

  
Setup of the parameters of industrial switch and nodes of the network.  The 

model of the switch DES-3852 has a powerful set of functions (protocols) and teams of adjustment, 
which allow:  

- Port and link Aggregation,  
- Support 802.1p priority queuing Quality of Service, 
- To create virtual networks. 

Port and link Aggregation.  Port trunk groups are used to combine a number of ports 
together to make a single high-bandwidth data pipeline. The Switch treats all ports in a trunk group 
as a single port. Data transmitted to a specific host (destination address) will always be transmitted 
over the same port in a trunk group. This allows packets in a data stream to arrive in the same order 

№ The name of parameter Meaning 

1 Common productivity of the switch  6,7 Gbit/s 

2 Quantity of ports   34 

3 Productivity of ports:    

 Productivity of port - 1   19 Мbit/s 

 Productivity of port - 2   307  Мbit/s 

 …   

 Productivity of port - 34   51  Мbit/s 

4 Quantity of priority queues in ports  2 
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they were sent. Link aggregation allows several ports to be grouped together and to act as a single 
link. This gives a bandwidth that is a multiple of a single link's bandwidth. 

Link aggregation is most commonly used to link a bandwidth intensive network device or 
devices, such as a server, to the backbone of a network. The Switch allows the creation of up to 32 
link aggregation groups, each group consisting of 2 to 8 links (ports). All of the ports in the group 
must be members of the same VLAN, and their STP status, static multicast, traffic control, traffic 
segmentation and 802.1p default priority configurations must be identical. Port locking, port 
mirroring and 802.1X must not be enabled on the trunk group. Further, the aggregated links must all 
be of the same speed and should be configured as full-duplex. 

The Master Port of the group is to be configured by the user, and all configuration options, 
including the VLAN configuration that can be applied to the Master Port, are applied to the entire 
link aggregation group. Load balancing is automatically applied to the ports in the aggregated 
group, and a link failure within the group causes the network traffic to be directed to the remaining 
links in the group. 
 The Spanning Tree Protocol will treat a link aggregation group as a single link, on the 
switch level. On the port level, the STP will use the port parameters of the Master Port in the 
calculation of port cost and in determining the state of the link aggregation group. If two redundant 
link aggregation groups are configured on the Switch, STP will block one entire group, in the same 
way STP will block a single port that has a redundant link. 
 

The table 4. Structure of parameters of model of the switch DES-3852 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Support 802.1p priority queuing Quality of Service .  QoS is an implementation of 
the IEEE 802.1p standard that allows network administrators a method of reserving bandwidth for 
important functions that require a large bandwidth or have a high priority, such as VoIP (voice-over 
Internet Protocol), web browsing applications, file server applications or video conferencing. Not 
only can a larger bandwidth be created, but other less critical traffic can be limited, so excessive 
bandwidth can be saved. The Switch has separate hardware queues on every physical port to which 
packets from various applications can be mapped to, and, in turn prioritized. 

№ Name of the parameter  The value 

1 Productivity   15,7 Gbit/s 

2 Quantity of ports 10/100/1000/STP   2 

3 Quantity of ports 10/100/1000   2 

4 Quantity of ports 10/100   48 

5 Quantity of priority turns   8 

6 Number of levels of management   L3 

7 802.3ad Link Aggregation: 32 groups, 8 ports per group  + 

8 Management of a passband: a step for each port 64 Kb/s  + 

9 QoS/CoS   + 

10 The price ($)   1030 
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The Switch has eight priority classes of service and the bandwidth control settings are used to 
place a ceiling on the transmitting and receiving data rates for any selected port. 
  For strict priority-based scheduling, any packets residing in the higher priority classes of 
service are transmitted first. Multiple strict priority classes of service are emptied based on their 
priority tags. Only when these classes are empty, are packets of lower priority transmitted. 

For weighted round-robin queuing, the number of packets sent from each priority queue 
depends upon the assigned weight. 

For weighted round-robin queuing, if each CoS queue has the same weight value, then each 
CoS queue has an equal opportunity to send packets just like round-robin queuing. 

For weighted round-robin queuing, if the weight for a CoS is set to 0, then it will continue 
processing the packets from this CoS until there are no more packets for this CoS. The other CoS 
queues that have been given a nonzero value, and depending upon the weight, will follow a 
common weighted round-robin scheme. 
 QoS can be customized by changing the output scheduling used for the hardware classes of 
service in the Switch. As with any changes to QoS implementation, careful consideration should be 
given to how network traffic in lower priority classes of service is affected. Changes in scheduling 
may result in unacceptable levels of packet loss or significant transmission delay. If choosing to 
customize this setting, it is important to monitor network performance, especially during peak 
demand, as bottlenecks can quickly develop if the QoS settings are not suitable 

Utilizing the QoS Output Scheduling Configuration window (for  xStack DGS/DXS-3300 
Series) can implement a combination queue for forwarding packets. This combination queue allows 
for a combination of strict and weight-fair (weighted round-robin “WRR”) scheduling for emptying 
given classes of service. 
   

Conclusion. Is described the algorithm of designing and calculating local network (LAN) 
with the multimedia traffic. The concrete example of calculation is given. 

Is in detail examined the construction of the information-geometric model of network, the 
construction of the model of ideal switch, the realization of ideal switch in the assigning class of 
industrial switches, the setup of the parameters of industrial switch. 

The author hopes, that the concept, stated in work, of designing of local networks with the 
multimedia traffic will be useful to the students, post-graduate students and technical experts in the 
field of telecommunications. 

The algorithm, developed and described by the author, is used in 2008 by the students – 
graduates (Малиновский С.В., Лахно А.Н.,  Матвиюк М.Н.)   in their degree works.  
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THE INFORMATION-MEASURING MONITORING SYSTEM OF WATER-BLACK OIL 
EMULSIONS BURNING PROCESS 

 
The opportunity of creation is appreciated and the block diagram of the information measuring 
monitoring system of burning water-fuel oil emulsion process of through definition of optimum 
dispersity is offered, is considered concrete means on the basis of which the given system can be 
constructed.. 

 
Statement of a problem 
Necessary conditions for reliable work of boiler units and furnaces are stability of torches and 

conformity their physical parameters to optimum conditions of heat exchange in fire-chamber 
device. Completeness of combustion of fuel appreciably depends on average shallowness and 
uniformity of dispersion by atomizers. Except for constructive characteristics of atomizers, on 
shallowness dispersions viscosity and density of liquid fuel influences. Proceeding from this, in 
technological processes of burning high-viscosity fuel (black oil) it is accepted to warm up the last 
before direct its submission on an atomizer [1, 2].  

Any fluctuation of humidity in fuel which moves in fire-chamber, attracts corresponding 
simultaneous change of the combustible weight charge and factor of air surplus which inevitably 
influences fire-chamber work through sharp deterioration of burning process stabilization 
conditions, down to full failure of a flame. Even at burning black oil with conditioned contents of 
water (5 %) the average factor of surplus of air appears the supreme of optimum on 5,5 % and 
average efficiency thermal device (the boiler, the furnace) falls on 0, 5-1,1 %.  

The analysis of researches 
One of directions of an effective utilization achievement of watered liquid black oil is their 

burning under condition of uniform distribution of water on all volume, i.e. as water-black oil 
emulsion (WBOE) [1, 3]. The given technology known it is enough for a long time and it is used 
presently rather widely in various combinations and applications (fuel - water, fuel - gas, fuel - 
water-gas emulsion-suspension structures) in engines of internal combustion, turbine engines, 
furnace units of the various enterprises. Except for substantial increase of ecological effect, use 
water-fuel emulsions justifies itself from the economic point of view: the increase in efficiency of 
the boiler at some percent, owing to more full combustion of fuel and reduction of air surplus factor   
(due to effect of "microexplosion" fine-dyspersated drops of water in sprayed drops of black oil), 
also occurs economy of fuel up to 12 % [1]. 

As well as any another, technology of burning water-fuel emulsions in thermal devices the 
industrial enterprises is not deprived the characteristic problems. One of the major is definitions of 
viscosity emulsion as key parameter which influences efficiency of dispersion and, accordingly, 
combustions of fuel. As well as in technology of burning "dry" dehydrated black oil, necessary 
which value of viscosity is provided of heating before submission on atomizers, by preparation 
emulsion it too warm up to the necessary temperature. But in this case viscosity of the emulsion 
influences also a volumetric part of a phase of water.  

According to [1], viscosity WBOE submits to the equation which is received by research way: 
 

( )1ем п вaW bWν ν= + + ,     (1) 
 

where емν  and пν  - kinematic viscosity accordingly emulsion and fuel; вW  - concentration of a 
disperse phase (water); a , b  - empirical factors which depend on mark of black oil and a way of 
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preparation WBOE. In turn, from dispersiveness and uniformity of distribution of a disperse phase 
depends on mark and a kind of liquid fuel and a way of preparation emulsion. I.e. factors a  also b  
should take into account these rather important factors. 

Reduction of the disperse phase particle size at its identical concentration results in increase in 
viscosity of system, but to the certain level (0,1 - 0,8 microns [1]); nonlinearity of this connection 
proves to be true also its indulgence in process of increase in the particle size [4]. Here [4] it is 
established, that at diameters of particles than 100 microns influence of their size on viscosity of 
system it there are more becomes so small, that they can disdain, and at the sizes about 10 microns - 
influence rather essential. Precise analytical dependences of an estimation of this influence it is not 
found. 

Homogenized in cavity mixer with the big specific cavitation energy water-black oil emulsion 
has appreciablly smaller viscosity than pure black oil [5], but, in this case, extremely small particles 
of water will not provide the necessary effect of "microexplosion" due to which additional crushing 
drops of fuel after their dispersion in a zone of burning, and as consequence, achievement of the 
most effective combustion of fuel is carried out. The maximal effect from "microexplosions" for 
water-black oil emulsion is reached at average value of diameter disperse  water particles about 5-
15 microns (about 0,1 from diameter of an emulsion drop, sprayed by an atomizer in fire-chamber) 
[1]. And generally the size disperse particles waters for effective "microexplosions" is determined 
by a complex   of a thermalphysic parameters of the disperse environment such, as viscosity, a 
superficial tension, etc. 

So, from the point of view of the phenomenon of "microexplosion" (and, accordingly, 
increase of efficiency of combustion of fuel) for everyone water-fuel emulsion is such optimum 
value of dispersiveness at which the maximal effect of process its burning and which rather 
essentially influences viscosity emulsion is reached.  

The purpose of work  
The task of the given research is studying an opportunity of creation of information-measuring 

system (IMS) for definition of optimum dispersiveness water-black oil emulsion with the purpose 
of maintenance of its most effective burning. 

To physicomechanical parameters WBOE, which actual for specified IMS, concern:  
-   Temperature WBOE, as key parameter which influences its viscosity; 
-   Kinematic viscosity WBOE that influences on shallowness dispersions and the form of 

a torch; 
-   Humidity WBOE, i.e. a volumetric ratio of water and fuel in emulsion;  
-   Dispersiveness WBOE on which depends efficiency of burning process. 

Viscosity WBOE as one of key parameters which influence an overall performance of boiler 
units and furnaces, can characterize not only macroscopical parameters of a stream of substance, but 
also microscopic features of molecular structure emulsions on the basis of mineral oil. In works [6, 
7] revealing of internal structure emulsion through use of the majority of structural - sensitive 
methods is shown, that, it is possible only in liquids which are in a rest condition. Measurement 
rheological parameters represents an opportunity of an estimation of internal structure emulsions 
directly in streams. Thus, viscosimeter can be used for the analysis not only viscosity, but also 
emulsions dispersiveness.  

Results of researches 
For the decision of a task of the emulsion physicomechanical parameters automatic control in 

a stream there can be used bridge throttle converter (BTC) as the measuring converter of kinematic 
viscosity. The principle of action BTC is rather thoroughly described in works [8-12]. As an 
emulsion viscosity will considerably depend on its temperature, in a zone of measurement it is 
necessary to lead heatset to exclude influence of the given parameter. 

Block diagram IMS which carries out a complex estimation of physicomechanical parameters 
WBOE and carries out regulation of its dispersiveness for increase of efficiency burning is 
represented on fig. 1. 
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Fig. 1. The block diagram of information-measuring system of physicomechanical parameters WBOE: 

1, 2 - laminar a throttle, 3, 4 - turbulent a throttle, 5 - fuel pipe, 6 - an atomizer, 7 - gear pump, 8 - a heater, 9 
- the gauge of temperature, 10 - the main gauge of black oil humidity, 11 - the regulating valve, 12 - 

pressure-gauge, 13 - the electric drive, 14 - cavity mixer, 15 - a personal computer. 
 

Given IMS it is created on the basis of the bridge throttle converter constructed on two 
laminar 1 and 2 (long capillaries) and two turbulent (diaphragms) throttles 3 and 4, connected in the 
bridge hydraulic measuring circuit. From a fuel pipe 5, that submits WBOE on atomizers 6, selection 
emulsion to the converter for the express train - analysis of its physicomechanical properties is 
carried out. At known constant value of a volumetric expense through BTC, that is created by the 
pump 7 at the moment of balance of the bridge it is possible to define kinematic viscosity of a 
liquid.  

For heating and heatset of an emulsion the heater 8 and the gauge of temperature 9 is used. 
Constant value of a ratio of components WBOE is provided with a contour of regulation of water 
delivery which structure includes the gauge of humidity of black oil 10 and the regulating valve 11. 

At such configuration of system the initial signal pressure-gauge 12 will enable to judge 
dispersiveness WBOE. Leaning on these data, it is possible to supervise over frequency of rotation 
of the electric motor 13, that actuates a cavity mixer rotor 14 and by that to change dispersiveness of 
water fraction of emulsion.   

The experimental research of efficiency of burning will enable to find optimum value of 
dispersiveness for process of burning on concrete object and by that to raise its economic 
parameters. According to researches of burning water-black oil emulsion in fire-chamber device at 
heat-electric power station described in [13, 14], efficiency without optimization on dispersiveness 
of a water phase emulsion is shown in increase of efficiency on 1,6-1,7 % and economy of 5-10 % 
of fuel.   

Processing of the measuring information in given IMS is carried out by a personal computer 
15 with the special software. Signals about the current condition of system from sensitive elements 
act on the specialized payment of an input / conclusion of a personal computer. According to 
programm realized algorithm and an operating mode, there is a processing of entrance signals and 
definition of basic physicomechanical parameters WBOE. Formation of the certain signal of 
management on change of viscosity and dispersiveness for optimization of process of burning 
occurs automatically, according to the received information and an operating mode of system. 

At a choice of means IMS it is necessary to take advantage, basically, the standard 
normalized devices. The bridge throttle converter which is a non-standard element of system, works 



 

 2.49

at rather small expenses, therefore for submission of a liquid in a diagonal of a power it is possible 
to use gear pump which has the linear static characteristic which is solving at a choice of the pump. 
Calculation of the geometrical sizes of laminar and turbulent throttles of BTC for the chosen range 
of measurement of kinematic viscosity and density of mineral oil is carried out in view of technical 
opportunities of regulation of size of a volumetric expense through the converter.   

Conclusions 
The analysis of references and publications of results of experimental researches on a theme 

is carried out.  
The opportunity of creation an IMS for definition of optimum dispersiveness water-black oil 

emulsion is appreciated with the purpose of maintenance the most effective its burning.  
Block diagram IMS of the burning water-black oil emulsion process control which allows 

by stabilization of percentage contents of water in black oil is offered, and also due to change of 
cavity mixer transfer energy, to create water-black oil emulsion with the set dispersiveness and to 
reach high technical and economic parameters of burning process. 
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MANAGEMENT OF DATA FLOWS AND CONTROL OF OVERLOAD IN AERONAUTICAL 
TELECOMMUNICATION NETWORKS 
 

The problems of quality of service in the aeronautical telecommunication networks are researched. 
The method of control of networks based on partitioned estimation and control as unified framework 
for adaptive real-time systems is developed. Considering of delays of control data and compensating 
of delays due to prediction of traffic parameters in advance we decrease negative impact of these 
delays. The results of calculations of improvement of network performance are represented. 

Aeronautical telecommunication network (ATN) has such specific features. Firstly, it is the 
system of critical application, which is characterized by great spread in values of necessary 
calculating resources for optimum and extreme cases. All telecommunication services must be 
represented in real time-scale under any conditions of implementation. Secondly, it is 
heterogeneous system having huge number of network and terminal equipment with large range of 
technical parameters, application interfaces and protocols. It’s clear that capacity, quality of service 
(QoS), reliability and other characteristics of network in general are limited by corresponding 
characteristics of the most poor chain link. Thirdly, the requirements to QoS, especially to 
reliability of data transfer, have to be very high since aviation safety depends from unbreakable 
work of communications directly. 

Besides, ATN as any complex and distributed system is system with delayed response. The 
sources of delays are fundamental limitations on speed of propagation of signals through any 
physical media and communication and processing nodes, such as switches, routers etc. We may 
consider these limitations on the stages of projecting and technical exploitation of networks.  

Another serious sources of delays, losses and forced retransmissions of data are overloads and 
congestions of critical parts of network. The most efficient way of loss control is continuous 
analysis and optimal control of network functioning including routing and redirection of data flows.  

A number of different control mechanisms have been proposed to solve these problems. 
Algorithms of traffic policing  and shaping such as leaky and token buckets are ones of the methods 
widely used in the network access control field and they can dynamically allocate bandwidth and 
efficiently minimize packet losses. Additionally, different control strategies were proposed to 
manage traffic flow into the backbone network. The results showed that the feedback control laws 
can improve network performance by improving throughput, reducing packet losses, and relaxing 
congestion. On the other hand, in [1], it was observed that the system performance was highly 
degraded in the presence of feedback delay (arising from communications). Due to the time delay, 
what we capture in real time is the lagged or delayed traffic information. Control based on delayed 
information leads to excessive degradation of network performance. Thus, in practice, its impact 
cannot be ignored and must be taken into consideration and compensated for. 

Traffic prediction methods have been widely used in network management. By use of 
prediction techniques, that is, forecasting the future behavior of the traffic, one can effectively 
prevent traffic jams, traffic congestion, and network crashes. Inspired by these ideas, we have 
applied prediction techniques [2,3] to solve the problems encountered in [1]. 
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For this purpose, we propose a real-time feedback control mechanism based on the predicted 
state and traffic. The traffic and state information are predicted for different values of prediction 
times based on their past history (the traffic history measured online). An accurate prediction for the 
future traffic and state (short-term prediction) is able to provide better control compensating for 
time delay. Thus the impact of time delay can be minimized and the system performance improved. 

In this work an online predictor based on the principle of the least mean square error (LMSE) 
is developed. It is one of the simplest methods. It was noted in [4], that LMSE can achieve better 
accuracy compared to those complex long-memory predictors for online measurements. Without the 
requirement of complex computation, it can be implemented at a high speed. As a result of traffic 
prediction, the system performance degradation due to delay is reduced by use of proper control 
actions. According to our results, it is possible to optimize the system performance and minimize 
the cost function by implementing the new method. 

In order to understand and solve the performance-related problems in computer commu-
nication network, it is critical to build a dynamic model of the information flow through the system 
(Fig.1). Further, the basic statistical properties of measured trace data must be known. 

     

Ps 

n
 

Fig. 1. General model of network traffic. Ps – packet size (bytes). 

Traditional characterization of the Internet traffic is based on the Poisson process (which 
exhibits short-range dependence), Bernoulli process, or more generally doubly stochastic Poisson 
process (DSPP). 

A recent study [5] shows that network traffic has self-similarity characteristics and long-range 
dependence. Self-similarity means that a certain property of traffic behavior is preserved over space 
and/or time scales, and long-range dependence is said to exhibit long-term correlations which decay 
at rates slower than exponential ones. On the other hand, the correlation functions of traditional 
traffic models decay exponentially or faster. In this paper, a general model is constructed to 
simulate the incoming traffic illustrated in Fig. 2.1, which is similar to those in [6]. 

To simulate a network, we construct a mathematical model comprised of N individual users 
(traffic streams), served by N corresponding, all of which are coupled to a multiplexor connected to 
an outgoing link having (bandwidth) capacity C. 

Each token bucket implements its algorithm to police the arriving packet. The nonconforming 
traffic streams are dropped while all the conforming traffic are multiplexed and queued up for 
entering the multiplexor. As a matter of fact, not all conforming traffic from token buckets will be 
accepted because of the size limitation of the multiplexor (buffer size Q) and the link capacity 
(speed) of the accessing node. If the sum of these traffics exceeds the multiplexor size, some part of 
the conforming traffic maybe dropped. The discarded traffic is defined as the traffic loss at the 
multiplexor L(tk). 
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In general, the traffic loss at the token buckets during the kth time interval is given by 
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where V(tk) – packet size of the arriving traffic; r(tk) – conforming traffic; g(tk) – non-conforming 
traffic, while the multiplexor loss during the same time interval is given by 
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In addition to these losses, it is also important to include a penalty for the waiting time or time 
spent on the queue before being served. For simplicity we assume that it is unambiguous function 
of queue length. 

Adding all these, we obtain the cost functional. Since the incoming source (or user demand) is 
a random process, we must compute the average cost as being the expected value of the sum of all 
the costs described above. This is given by 
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where u is the control law which determines the state of the system and hence the individual losses 
and finally the total cost. The functions α, β, γ represent the weights or relative importance given to 
each of the three distinct losses. 

Since the exact stochastic characterization of our traffic is not available or is unknown, the Monte 
Carlo method is employed to compute the expected values of the performance measures. For 
applying the Monte Carlo technique [7], we let Ns denote the number of samples used and let Ω = 
{wj, j = 1,2,3,...,Ns} denote the elementary events or sample paths with finite cardinality Ns. The 
objective functional (1) is then given by 
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The first term of the expression gives the average weighted loss at the multiplexor, the second 
gives that for token buckets, and the last one is the penalty assigned to the average waiting time in 
the multiplexor. 
 

To illustrate the dependence of estimation error on the observation window size Ws and the 
prediction time Td, we use the statistical modeling technique to compute the expected value of the 
(estimation) error given by where wj denotes the j-th sample path and Ns denotes the number of 
sample paths used. The inverse of the signal-to-noise ratio (ESNR) is used as another measure to 
evaluate the quality of prediction results: 
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For any fixed window size, ESNR increases with the increase of prediction time and appears to 
reach a plateau. As expected, ESNR is smaller for larger Hurst parameters due to increasing of long-
range dependence of parameters of random process. This is further illustrated in Fig. 2. 
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Fig. 2. Prediction errors versus Hurst parameter under constant delay time Td: 

 
 
Conclusion 

It is possible to compensate the impact of communication delay causing performance 
degradation using the method of prediction of traffic variations and expected network overload. 
The method of LMSE presented in this paper improves the overall system performance and 
prevents network losses. The numerical simulation results presented have shown the effectiveness 
of the proposed predictive feedback control law. It was found that processes with larger Hurst 
parameter have better prediction performance. This result is expectable in considering long-range 
dependence of self-similar traffic characteristics. The results of this work also lead to a better 
understanding of the impact of Hurst parameters on network performance. In summary, this work 
provides a useful tool for design and optimization of future networks using predictive feedback 
control law thereby avoiding transfer instability. 
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PILOT’S SKILLS PREDICTING SYSTEMS FOR FLIGHT SAFETY 

The objective of a given paper is to proposed mathematical model of psycho physiological operator’s 
parameters identification, described by ordinary differential equations with unknown coefficients. 
Developed method allows, after solving the system of equations, to obtain unknown parameters with 
any given accuracy. Results will be useful in predicting of pilot’s skills and abilities for Flight Safety  

Introduction 
Characteristic property of scientific and technological advance is not only the increasing rate 

of development and use of new technologies and systems but also the increasing rate of dominant 
role of a person as the main unit of a man-machine symbiosis. As a consequence of this an 
individual discharges more and more leading functions. At the same time psychological impact on a 
person’s mind has risen sharply; a person has to estimate and forecast operating efficiency of 
equipment and other people. Accordingly one of the major aims is the search of methods of 
impartial evaluation and prediction of a human-operator’s functional condition as an object of 
ergotic system. 

Functional effectiveness of ergotic system is greatly caused by the level of personnel training. 
It is known that one of the main culprits of accidents is not engineering but a person (1). According 
to the statistics the main part of accidents for example in aviation is connected with human element 
(60-70% and in Ukraine and countries of Commonwealth of Independent States about 90%). At the 
same time in most cases deviation in activities of aviation personnel is the main cause of accidents 
in aviation. And combinations of pilot’s, flying control officer’s and other flying operators’ errors 
are repeated. According to the observational data of Intergovernmental aircraft committee the 
reason of the majority of incidents is insufficient level of vocational training of crewmen and flying 
control officers. Nearly all events were the result of combinations of flight crews’ and flying control 
officers errors. In that way improving training of flight crews and quality control of level of 
knowledge is a top-priority aim. Since at the modern stage of aviation development the information 
technologies participate more and more in vocational training of crewmen and flying control 
officers, namely flight mathematic models, it is necessary to work out new analysis techniques and 
prediction of standard of education. 

Analysis of articles 
Last time the problems of modeling of perception and preservation processes of knowledge by 

the ergotic systems operators are very popular. The best known are the studies devoted to the 
processes of preservation of didactic material in short-term memory (2). But the basic information 
is preserved in long-term memory so the process of diagnostics and forecast of level of knowledge 
stimulates scientific interest with time. 

The investigations of processes of memory by H. Ebbingaus, P. Radossalievich, A. Pieron are 
the best known. But the results of these researches characterize the process of forgetting of ultimate 
discrete  informational body, and the elements of this informational body have no logic connection. 
So they cannot show the common law of preservation and forgetting any information. 

Target setting 
There is an absolute necessity of prediction the capacity for work of ergotic systems’ 

operators because of increasing concentration of guided power in hand of a person. For integrated 
diagnostics of an operator’s condition they need quantitative and qualitative evaluation of human 
resources for a performance of every task that an operator fulfils. They use for that mathematical 
description of the processes of informational retrieval, information processing and decision making. 
These processes are basic functions of memory. Therefore the task of quantitative evaluation of 
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these functions is the receiving of mathematical values which determine the dependence of the 
entrance information’s characteristic (its volume, speed of receiving) and the accuracy of its 
reproduction, time of preservation and so forth. 

Hence the researches of mathematic model of ergotic system operator’s memory (by the 
example of an aircraft operator) for the determination of capacity for work and namely the 
prediction of levels of knowledge is of interest. 

Mathematic model 
The process of training of a flight crew is the process of compound object’s control, where the 

operator of the aircraft is the control object and the training system is the control item. So 
methodology of control is transferred to the process of training that allows to use the methods of 
management theory for adaptive system of personnel training. (Fig.1) 

 
Fig.1 General arrangement of training system’s control 

The influence of environment on a person and other factors in general can be described by the 
function ),,...,( 1 Ω= mwwWW  where mww ,...,1 - factors of environment (temperature and and the 
like) Ω  - psychological condition of a person. Y ′  – the results  of evaluation of operator’s 
condition, which are received at the regulator of  control influence. It generates executive 
instructions U ′ . The regulator of control influence works them over to change the condition of 
input signal U . 

The process of vocational training of any person and particularly operators of aircrafts 
consists of periods of accumulation and preservation of knowledge. Timing data of the system 
determine speed and duration of accumulation and forgetting information in long-term memory.  

Prediction of level of knowledge of ergotic systems’ operator is only possible by input data 
and output data, which were received as a result of an experiment so the process of preservation of 
information in memory is poorly formalized area as long as a priori information about the system’s 
operation factors and its physical environment is not given or incomplete. 

Let’s examine the time T][ 0,  of experimental observations of an operator’s condition. They 
put into practice the testing for determination of the degree of learning in different time: 0t  - before 
learning, 1t  - at the moment of training effect ending, 2t  - after some period of time. The 
mathematic model of the law of preservation of knowledge in operator’s memory looks like: 
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where 1 ( )f t  - law of conservation in the range ],0[ 1t ; 2 ( )f t  - the law of preservation of information 
for 1tt >  . 

It was proved that the process of identification of operation factors of an ergotic system’s 
operator and the prediction of his condition eventually looks like differential equation of the second 
order: 
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where y(t)  – measurand output quantity (level of operators’ knowledge); 
dt

tdututuвх
)()()( +=  - 

incoming informational flow at that u(t)  – given entrance value (test signal), that is element of 

knowledge; 
dt

tdu )(  - speed of presenting information; ki (i = 0,1 ... n) operation factors of an 

operator’s condition, which are caused by psychophysiological characteristics; k  – coefficient 
characterizing the complication of informational flow. 

Let incoming informational flow )(tuвх  which can be determined by the function (3) look like 
(Fig.2), 
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Let’s form the algebraic linear systems equations (ALSE) for identification of the operation 
factors. It  characterizes the parametric model of an operator in mathematical form based on 
experimental researches in boundary points of  subruns )( 0ty , )( 1ty , )( 2ty :: 

)( UUkKY ′+=∗    (4) 
where Y  – matrix of operator’s condition; U  - input stream of information; U ′ - velocity vector of 
information presenting in boundary points of subruns. 

It is known that roots of ALSE (4) discharge the next functions: 2k  characterizes the response 
time of thinking, 1k  is a generalized parameter of the process of adoption of information, 0k  
determines the ability of prolonged preservation of information in the long-term memory of an 
operator. 

Let’s form the law of adoption and preservation of information (1) at the interval ],0[ T . Let’s 
find a solution of the linear equation (2) with constant coefficient for the intervals ],0[ 1t  and ],[ 1 Tt  
using operational calculus, and namely Laplas’ transformation (4). 
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Examine by the example the processes of adoption and preservation of information in 
operator’s memory. For the calculation of the system’s operation factors let’s fix the value of 
function )(ty  and its derivatives in limit points 00 =t , 101 =t , 1002 =t . Let’s form entrance 
information flow )( nвх tu  for the complexity 7,0=k , which was determined by means of expert 
evaluation. As a result of experimental dimensions in the points of subruns 0,30 =)y(t , 

0,651 =)y(t , 0,452 =)y(t . 
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Form ALSE (4), where
01

01
0 tt

)y(t)y(t
=)(ty'

−
− , 

12

01
0 tt

)(ty)(ty=)(ty
''

''

−
− . 

As far as the point 1t  is the extreme point then 01 =)(ty' , and )(ty=)(ty ''''
01 − . Similarly to 0t  

find )(ty'
2  , )(ty''

2  . So ALSE looks like: 
 

(6) 
 
 
 

Solving (6) we can find the value of vector ]k,k,[k 210 . Using the roots of ALSE let’s make 
the mathematic model in the form of equation (5), which allows to define the duration of 
preservation and the level of total knowledge with time (Pic.3) 
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Fig. 2 Triangular insert training pulse Fig.3Graph of adoption and preservation of I

 nformation in operator’s memory 
Resume 

So diagnostics of the condition of a human-operator permits to  provide operating efficiency 
of ergotic systems. It includes not only monitoring, evaluation of knowledge and skills but also data 
systematization for processing, analysis and for possibility of reliable prognosis of the level of 
knowledge and skills with time. It gives the possibility of appropriate simulation of the process of 
retraining and raising the level of air crew's skills.  

Elaborated model of the system of prediction of aircraft operators’ skills according to the 
form of  conception of entrance information flow permits to find mathematical dependence 
between the characteristics of entrance information (form, size) and the characteristics of an 
operator. 

Simulation of the process of preservation of information in the memory of an operator permits 
to perfect the coordination of control system and an operator in the process of training, to forecast 
the level of training and keeping operator’s skills with time and to fulfill individual approach to 
everybody, what means for its turn the raising of  level of flights safety.  
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METHOD OF MANAGEMENT OF PRODUCTIVITY OF THE EQUIPMENT FOR THE 
AUTOMATED SYSTEMS OF INDUSTRIAL PURPOSE 

The method of management is offered by productivity of the equipment of the automated systems at 
an estimation and start in manufacture of the concrete order 

Introduction 
Efficiency of use of industrial resources in conditions of modern competitive market attitudes 

is one of key conditions of development of the domestic enterprises. Process of decision-making on 
terms of performance, costs and the main thing of efficiency of industrial orders is still intuitive and 
based on experience, knowledge and the given concrete experts of the enterprise. Unfortunately, 
this process is far from optimum and practically is not automated by modern information systems of 
type ERP used at the enterprise, CRM, PDM, etc [1].  

Statement of a problem 
Development of a subsystem is preceded with problems of formalization and algorithmization 

of the industrial and design-technological information which are considered in the material 
presented by the author.  

Results of researches 
At an estimation of orders traditionally use concept of capacity of the enterprise (shop, a site). 

In a general view capacity is defined, how the greatest possible output during the corresponding 
period of time under concrete conditions of use of the equipment and industrial resources (the areas, 
energy, raw material of a manpower). The leading factor influencing capacity and defining its 
name, the equipment, that is means of change of a material component of production is. Ability of 
manufacture to let out the set quantity of production is defined by excess of size of free capacity 
over quantity of production under the given contract [2]. 

At an estimation of the resources corresponding parameters of a product, it is necessary to 
estimate an opportunity of release of the set quantity of production. Specificity of this problem 
consists in necessity of adjustment not all parameters of technological process, but only in an 
estimation of security of manufacture of products of the set quantity and the nomenclature, 
incorporated in projects and resources available on manufacture (time, the personnel, park of 
machine tools, materials, the tool). Thus, the problem of an estimation of industrial resources in 
their effective utilization in concrete conditions consists of three components: 

1.   The estimation of conformity of parameters of a product to resources available at the 
enterprise; 

2.   The estimation of an opportunity of release of the set quantity of production (i.e. an 
estimation of productivity and loading of the equipment); 

3.   The estimation of variable costs (cost of raw material and materials, labour 
expenses, power consumption). 

 The parameters of technological process necessary for an estimation of loading of the 
equipment (an expense of materials, norm of time), depend on mark of the equipment. The model of 
structure of technological process is necessary for an estimation of presence of resources on 
manufacturing the given product and its conformity to the resources necessary for performance of 
each operation. 

For an estimation of a technical opportunity it is offered to define total capacity of all kinds of 
the equipment, for performance of the given operation. 
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Productivity of the equipment is characterized by a maximum quantity of products jC  which 
can be made with use of various variants of the equipment (on separate operation):                   

∑
=

=
n

i

i
jj CC

1
                                                          (1) 

where n - quantity of variants of the equipment. 
The quantity of products which can is made on the chosen equipment defined as follows: 

                                                                           i
j

iii
j Nt

TzRfC −
=                                              

(2) 
where iRf – regime fund of time; 

iTz – loading of the equipment (time necessary for production, included in the plan of 
manufacture for the set period); 

lNt –  norm of time. 
As, designing and planning of manufacture of new products is carried out in conditions of the 

existing volume of orders at the certain capacities it is necessary to consider planned loading of the 
equipment according to the production program: 

                                             llli KlPpNtTz ××= ∑ ,                               (3) 

where lPp – the production program on the given technological operation; 

lKl – the factor considering waste and losses. 
For an estimation of an opportunity of release of the set quantity of products it is necessary to 

define quantity (weight, volume) production, a work in progress, on each operation of technological 
process. Thus according to a design procedure of normative cards the quantity of production on an 
output is set and quantitative characteristics by a work in progress of production at each stage of 
technological process in view of waste and losses are defined. 

                                                             },...,{ 21 knpnpnpNP =                                   (4) 

where knp – settlement quantity a work in progress of production on each technological 
operation;  

к – quantity of technological operations. 
Hence, in view of (2-4) technical opportunity DP of release of the set quantity of products can 

be certain under the formula: 
                      )...()()( 2211 kk npcnpcnpcDP ≥∧≥∧≥= ,  (5) 

The author develops a subsystem of information support of decision-making according to 
acting orders, updating operatively-planned schedules in view of optimum loading the industrial 
equipment and structures of routing technological processes. The subsystem is realized by tool 
means of PDM-system ENOVIA-SmarTeam V5R18, and can be used by means of the APT-
interface ERP and CRM by systems, and also the automated systems of technical training of 
manufacture. In a basis of a subsystem the method of automated management is put by productivity 
of the equipment of the industrial enterprise at an estimation and start in manufacture of the 
concrete order. 

The method allows to solve following problems: 
1. Parametrical adjustment of routing technological process at a level of operations and 

transitions; 
2. Formation of variants of the applied equipment for each industrial order; 
3. Calculation of material specifications according to a method of calculation of normative 

cards; 
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4. Definition of total quantity of production which can be let out in view of optimum loading 
the equipment; 

5. In case of excess of regime fund above settlement for manufacturing the set quantity of 
production granting of an opportunity to experts of the enterprise a choice of variants of the process 
equipment with a necessary quantitative estimation of their realization and maintenance of 
necessary information support. Otherwise - granting to the technologist of the information on 
absence of release of the set quantity of production and the reasons of absence those (absence of the 
equipment with the set characteristics, congestion of the equipment, shortage of regime fund of 
time, etc.). 

6. Definition of quantitative characteristics of need for raw material and materials, and also 
needs for a manpower according to the chosen variants of performance of industrial orders. 

7. Automated management by productivity of the equipment by preparation and start of 
concrete orders. 

Advantage of the given method consists in information integration of process of designing 
and manufacture that allows to define more precisely a technical opportunity of production, and 
also to make design decisions in view of economic consequences. In case of absence of such 
technical opportunity the method allows to define the reasons and possible variants of the decision. 

Conclusions 
The offered method provides following advantages: 
1. Gives a practical opportunity to operate productivity of the equipment proceeding from 

requirements of the customer to characteristics planned to output; 
2. Provides information support on decision-making on a choice of the concrete equipment 

according to size of variable costs, cost of industrial equipment and a level of complexity of 
adjustment of the equipment. 
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The synthesis of the measuring systems of deviations from cylinderstics 
 

Theoretical researches of measuring cylinderstics enable to carry out the choice of chart and 
planning of measuring device. That provides the possibility of improvement charts of measuring 
and the increase of the control productivity in production terms. The influence of sensor’s motion 
trajectory on the exactness and control productivity is determined. The use of 3-d design is 
necessary at determination and estimation of spatial form errors. 

 
Introduction 
The modern tendencies of industry development require the increase of labour productivity 

and the control of let-out production. The specified problems depend on metrological maintenance 
of manufacture. The introduction of the automated manufacture equipped with robotechnical 
complexes, flexible readjusted modules and co-ordinate measuring machines demands another 
methodological approach and new scientific generalisations to define and estimate the parametres of 
product quality.  

The considerable attention is paid to the definition of the criteria which estimate technical, 
organizational and economic levels of informative -measuring systems. The analysis of literary and 
patent data has shown that the synthesis and estimation of informative measuring systems efficiency 
can’t be easily decided. It has induced to the choice of the criteria and the definition of their 
importance. At the same time the statistical estimation of measuring results allows to define an 
absolute and relative error of the chosen methods without economic indicators. These indicators are 
not always determining as the basic criterion is the exactness and time of measuring . The 
estimation of measuring exactness includes such constituents as repetition and reproduction. The 
decision of a problem of manufacture metrological maintenance is directed to the quality 
improvement and the decrease of the let-out production cost price. To maintain the  quality of let-
out products in machine-building manufacture the question of improvement device quality its 
accuracy, durability and universality is urgent. 

 
Tasks and working hypothesis 
It is not possible to carry out the synthesis of the measuring systems of deviations from 

cylinderstics without efficiency criterion. The attempts to decide the estimation problem of 
informative processes and systems efficiency by mechanical transference of computer and network 
technologies have no result. Because the reliability of the initial data is substantially defined by the 
chosen scheme of measurement and its physical realisation taking into account a considerable 
quantity of operating factors [1-3]. The objective of the research is to work out the synthesis of the 
measuring systems of deviations from cylinderstics as a complex indicator of the form errors. It 
should be done by taking into account the efficiency of information processes of measurement and 
influence of sensor’s motion trajectory on the basis of the system approach.   

The tasks of the research are as following: 
- to choose the factors which influence the efficiency of the informative -measuring systems; 
- to investigate the informative systems hierarchical structure, comparison of structures and their 
classification; 
- to minimize the amount of the criteria of the measuring systems efficiency; 
- to develop the formalized method of choice of the sensor’s motion trajectory taking into account 
the authenticity of information and 3d model  adequacy of the  measuring object.  
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Research methods 
Methodological basis of the research is the system approach to the study of kinematics of 

motions taking into account the limits on the exactness and authenticity of finding extreme points of 
the subject measuring surface. The basic scientific positions of theoretical mechanics, the basing 
theory, theory of probability and the mathematical statistics give the grounds for a theoretical 
substantiation. Also they provide the possibility of practical use of the formalized indicators of  
informative-measuring systems efficiency.  

The object of the research is the informative-measuring system under conditions of its use to 
all the spectrum of cylinder surfaces geometrical parametres. Using the method of the system 
analysis the area of existence of optimum indicators of a management efficiency is defined by the 
production. To get rid of any errors and raise the accuracy of measuring the transference of the 
control functions to computer is necessary. The target data will be visualised by means of the 
computer interface and the work of the operator (editing, construction of schedules and tables) will 
be convenient and simple. Such schemes of the control cylinderstics are considered: 

On forming  
On a spiral 
On sections  
Multisensor  method 
It is possible to use the scheme of the forward motion  of the circle on a straight line at the 

measuring the deviations from cylinderstics [2]. The sensor will circle measuring the surface and 
carry out the movement in a step along an axis.  

The quality monitoring cylinderstics on the forming means that the sensor measures the 
parametres only with one section in parallel to the axis of a detail (drawing 1). 
 
     
 

 
 
 
 
 
 
 

Drawing 1 - the scheme cylinderstics control on forming. 
 

The advantage of the scheme: simplicity of realisation.  
The  disadvantage: rather low accuracy as the surface only in one section is supervised. 
 At the cylinderstics control under the second considered scheme the sensor moves along a 

spiral trajectory on the controllable surface (drawing 2). 
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Drawing 2 - the control Scheme of cylinderstics on spiral. 
The scheme provides high accuracy, but technically it is difficult to be realized as a 

rectilinear and rotary motion should be provided. The cylinderstics control on sections consists in 
the measuring the roundness in group of cross-section of a detail. Having made a circle the  sensor 
displaces along the axis of a detail on a step and repeats actions again (drawing 3). 

 The scheme of sensor circular motions is used in the cases of exemplary rotation of details 
in different kinds of roundness measuring and in co-ordinate - measuring machines when the 
contact sensor is motionless or moves on a circular trajectory. In this case sufficiency of the 
measuring information will depend on an h step between measurements. The less it is the more 
measurements at length L will be made and the accuracy of deviations estimation from cylinderstics 
will be higher. The variant when step h between measurements of the sensor is the least provides 
the full picture of a surface condition. 

 
   Drawing 3 - the control scheme of cylinderstics on sections 

 
The scheme provides high accuracy, technically it is easily to be realized. The realization of 

the scheme is possible by the modifying of existing devices for the roundness control or by the 
designing of a new one on its basis. 

The most perspective method is multisensor  method. It is realised through the group of   
sensors (drawing 4). 

 
 
 
 
 
 
    

 
 
 
 
     

 
Drawing 4 - the control scheme of cylinderstics by multisensor  method 

 
The scheme provides high accuracy and speed. Technically it is easily realised but demands 

the considerable quantity of expensive compact  sensors . The result of each schemes measurement 
is the file of values. Compiling this file is possible to judge the deviations from cylinderstics. 
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Conclusions 
The results of computer modelling prove the accepted hypotheses and practical data. That 

provides the possibility of improvement charts of measuring and the increase of the control 
productivity in production terms. Form deviations should be regulated by complex indicators. And 
also they should be characterized by gamma factors thet describe the complex deviations which are 
controlled during the production.  The factors allow to set the demands of the accuracy taking into 
account the operation demands to the detail (the differentiated and complex factors of form 
deviations). 

The theoretical importance of the research is as following: the investigated theoretical 
positions give the grounds for the judgement of complex system of efficiency factors of informative 
measuring systems. These factors are the necessary components for the further improvement of 
metrological systems,  increase of measurements accuracy, decisions of modernisation tasks, 
successful new technologies introduction. The methodology and mathematical formalisation of 
kinematic control transition calculations allow to define the ways of increasing the productivity of 
cylinderstics measurements. And it promotes the achievement of the necessary accuracy, 
sufficiency and reliability of the measuring information as a whole. 
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METHODS OF DATA PROCESSING BY SENSORS OF TRAFFIC MONITORING 
VIDEOSYSTEM 

The methods of data processing developed by the author are considered by sensor controls of traffic monitoring 
videosystem that allow to improve functionality of such sensor controls and to lower requirements to 
computational capability of hardware realising these methods. The considered methods of processing of the 
video data can be applied in the automated systems of video safety and robot sight. 

 
Introduction 
For vehicles detecting and their subsequent support it is necessary to spend difficult, behind quantity of 

calculations, operation of video deformation an image that allows to compensate optical and perspective 
distortions of road. On the deformed video image the road looks like not a trapeze, and a rectangle. Further, 
knowing road borders, algorithms of detecting and support of mobile objects considerably become simpler. 

Task setting 
It is necessary to develop methods of video stream processing that will allow to reduce quantity of 

computing operations in the course of the map preparation a frame for the subsequent revealing and 
classification of sliding images. 

Decision of the task  
The Brezenhem method is used in the computer drawing for a straight line conclusion. Use of a 

Brezenhem method for achievement of the return purpose is offered. Scanning in a piece of an image allows 
to exclude completely operations of deformation of a shot and to receive the same result at processing, as 
with them. As at adjustment of a sensor control of system video capture borders are established, the system 
has the information on co-ordinates of a road image trapeze. It gives the chance to define trapeze-filter co-
ordinates. The gauge onetime performs operation of point calculation of a straight lines intersection of the 
drawn through lateral sides of a road trapeze. In the subsequent scanning of a video image is spent from a 
point of an image on road to the calculated point of intersection. 

On Fig. 1 the example of image scanning along road is 
resulted. In the course of scanning there are arrays D1 (t), 
D2 (t) containing quantity of the pixels belonging to the 
vehicles on lines of scanning along allowed band of 
scanning (road) upwards and downwards in each cell to 
an appropriate point of road through which there is a 
scanning. Array K (t) contains in each cell quantity 
nonseparable (the small error is admitted) pixels on 
scanning lines are lengthways expensive, to belonging 
roofs of vehicles.   

 
 
 

Fig. 1. Sliding objects scanning  
 
PASSING VEHICLES QUANTITY CALCULATION 
The sum of appropriate units of arrays D1, D2 specifies length of the HARDWARE the given point of 

road in the area of scanning. At vehicles capture/loss occurs sum races d1i+d2i. On Fig. 2 the schedule 
showing change of D1, D2 arrays cells values is resulted at vehicles passing through a scanning line. 
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Fig. 2. Changing of arrays cells values at vehicles passing 
 

Apparently about Fig. 2, at crossing by image of a vehicle of a scanning line, there is its capture and 
support. Intensity of reduction or d1i, d2i values increase it is proportional to speed of the vehicle movement. 
Smooth reduction of values d1i testifies to movement of the vehicles from the top part of a shot to bottom, 
increase – on the contrary. Values d2i similar to d1i also are a little increased in connection with perspective 
distortions. 

On Fig. 3 the schedule of the sum change of all D1, D2 arrays cells in a current of time of journey 
through a line of vehicles scanning is resulted. 

 
 
 
 

 
Fig. 3. the sum D1, D2 arrays changing during passing of vehicles through a scanning line 
 
On Fig. 3, n – dimension of D1, D2 arrays. The situation, when is considered: 2 vehicles serially 

enters into a zone of detecting and leave simultaneously; 2 vehicles simultaneously enter and leave by turns; 
one vehicle enters, the second vehicle enters, then the first, then the second. The formula is more low 
resulted, allowing to calculate in connection with this law quantity of the passing vehicles. 
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where id1 (t), id2 (t) - values of cells of arrays D1, D2 in an instant t; k – a threshold of detecting of 

an input (output) of the vehicle in scanning allowed band; m (t) – quantity of the vehicles that have entered 
into detecting allowed band; u (t) – quantity of the vehicles that have quitted detecting allowed band; c (t) – 
quantity of the last vehicles. Formulas (1) and (2) make count entering and exiting of allowed band of 
scanning of the vehicles. At the moment of absence of sliding (3 objects in scanning allowed band there is a 
choice of maximum value from m (t) and u (t). This value is resulting. 

 
DEFINITION OF VEHICLES MOVEMENT SPEED 
Speed of sliding objects is defined in each point of allowed band of scanning. At the moment of object 

occurrence in scanning allowed band value d1i is fixed – is long the vehicle (4) on projections cameras 
photomatrixes in pixels. As occurrence time in allowed band of scanning (6) is fixed. At an output of the 
vehicle from scanning allowed band return operations (5, 7) are made.  

For a difference of time of passing of allowed band of scanning of the vehicle passes the distance equal to 
length. The sum d1i and d2i is equal double vehicle length (before and after scanning allowed band). The 
formulas describing process of calculation of vehicle speed in each point of allowed band of scanning are 
more low resulted. 
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where λ1i(t), λ2i(t) – is object length in the pixels, fixed at the moment of occurrence and its exit from a 

scanning zone in a point i scanning zones; τ1i(t), τ2i(t) – fixed time of occurrence and object output; νi(t) – 
the object speed which has passed a point of a zone of scanning i, fixed at the moment of its exit from a 
scanning zone. 

At the moment when in a point of a line of scanning there are no sliding objects, there is a count of speed 
of movement of the object which has passed through this point (8). 

On Fig. 4 the change example values νi (t) is resulted at vehicle passage. 
 

 
Fig. 4 Measurement of objects speed in points of allowed band of scanning eventually 

THE LARGE-SIZED VEHICLE DETECTING 
As a result of passing of the large-sized vehicle to D1, D2 arrays there are big numerical values. Because 

of complexity of the form and big are long, the large-sized vehicles can provoke malfunctionings at count of 
quantity of vehicles by the resulted formulas (1-3). In this connection to detect the large-sized vehicle it is 
necessary irrespective of vehicles quantity count procedure for this purpose what more precisely to detect the 
large-sized vehicles and to adjust result of accounting of the last vehicle. For detecting of the large-sized 
vehicles there is array F. 
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where fi (t)– array cells F; l – the long vehicle detecting threshold. 
Further calculation of the vehicle large-sized occurs similarly to formulas (1-3) and operations of vehicles 

quantity calculation are made in parallel. 

t,1/25c

νi(t) 

i



 

 2.68

 

⎪
⎪
⎩

⎪⎪
⎨

⎧

<−−−

≥−−+−
=

∑∑

∑∑

==

==

jtftftq

jtftftq
tq n

i
i

n

i
i

n

i
i

n

i
i

))1()((),1(

))1()((,1)1(
)(

11

11 ,  (10) 

 

⎪
⎪
⎩

⎪⎪
⎨

⎧

<−−−

≥−−+−
=

∑∑

∑∑

==

==

jtftftw

jtftftw
tw n

i
i

n

i
i

n

i
i

n

i
i

))()1((),1(

))()1((,1)1(
)(

11

11 ,  (11) 

⎪
⎪
⎩

⎪⎪
⎨

⎧

=

≠−
=

∑

∑

=

=

0)()},(),(max{

0)(),1(
)(

1

1
n

i
i

n

i
i

tftwtq

tftm
tm ,    (12) 

 
where if (t) - current video frame cell value  of array F; j – operation threshold; q(t) – quantity of the 

large-sized vehicles that have entered into detecting allowed band; w(t) – quantity of the large-sized vehicles 
that left a detecting zone; m(t) – quantity of the passed large-sized vehicles. 

CONCLUSION 
Use of the resulted methods of video stream processing a in traffic monitoring systems gives 

possibility considerably to reduce quantity of the calculations spent by the intellectual gauge. The spent 
experimental researches have shown reduction of time of calculations and references to memory by 26 %. It 
gives possibility to lower power consumption and requirements to the processor of the gauge or to increase 
functionality of system. 
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