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Abstract: The task of choosing the modes and duration of life tests of complex technical objects, such
as aircraft engines, is a complex and difficult-to-formalize task. Experimental optimization of the
parameters of life tests of complex technical objects is costly in terms of material and time resources,
which makes such an approach to the choice of test parameters practically difficult. The problem
of life test optimization for gas turbine engines on the basis of the engine life cycle information
support and statistical modeling is discussed. Within the framework of the research, the features of
the optimization of life tests based on simulation modeling of the life cycle of gas turbine engines
were studied. The criterion of the efficiency of the life tests was introduced, and this characterized
the predicted effect (technical and economic) of the operation of a batch of engines, the reliability of
which was confirmed by life tests; a method of complex optimization of resource tests in the life cycle
system was developed. An objective function was formed for the complex optimization of life tests
based on life cycle simulation. The principles of formation and refinement of the simulation model
of the life cycle for the optimization of life tests were determined. A simulation model of the main
stages of the life cycle of an auxiliary gas turbine engine was developed. A study was performed
on the influence of the quality of the production of “critical” engine elements, the system of engine
acceptance and shipment, as well as the effect of a range of parameters of the engine loading mode on
the efficiency of the life tests of an auxiliary gas turbine engine. The optimal parameters of periodic
life tests of an auxiliary gas turbine engine were determined by simulation modeling in the life cycle
system, which made it possible to increase the equivalence of tests by several times and reduce their
duration in comparison with the program of serial tests.

Keywords: gas turbine engine; life test; damageability; life cycle; efficiency; modeling; economic
factors; data acquisition

1. Introduction

Life tests are carried out to determine or confirm the reliability and durability (service
life) of a complex technical object and, in some cases, to analyze the reliability of the
object [1,2].

Life tests within the paradigm of the life cycle (LC) of a technical object are mandatory
and regulated by various standards [3,4]. Life tests are divided into accelerated and long
tests [5]. It is obvious that the reliability of the assessment of engine reliability parameters
and, as a result, the effect (technical and economic) of their operation depends on the
volume, modes, and duration of the tests [6,7].

The criterion for the effectiveness of serial life tests of gas turbine engines is the
equality of the accumulated damage of critical elements of an aircraft engine in the cycles
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of operation and life tests [8,9]. The choice of life test parameters is determined on the basis
of one generalized or several main operating cycles [10,11]. The nomenclature of cycles is
set by the stakeholders [12,13].

The choice and justification of the program of life testing of aircraft products belong
to the class of complex and difficult-to-formalize tasks [14,15]. A variety of factors affect
the efficiency of the results of the life tests and the time- and cost-optimization of testing
programs; the combinatorial nature of this problem makes it difficult to find the optimal
solution [16,17]. This is due to the multi-mode nature of the operation of gas turbine
engines, the long life cycle, resource limitations depending on the class of tasks being
solved, and stringent requirements for the reliability of aviation gas turbine engines [18,19].
The effectiveness of the results of life tests is determined by their reliability in checking
the quality of the tested products, the fulfillment of equivalence conditions, the optimal
duration of tests, and the optimization of economic efficiency during operation [20,21].

Experimental optimization of life testing programs requires enormous material and
time costs, which makes such an approach to justifying tests practically unacceptable [22,23].
Existing methods for constructing test programs are not always effective in terms of
ensuring the adequacy of the bench and operating conditions [24]. Therefore, it is important
to search for effective methods for selecting the parameters of life tests, which make it
possible to increase the reliability of the assessment of the operational reliability and service
life of gas turbine engines with minimal time and material costs [25,26].

In this case, due to the complex structure of tests in the life cycle system and the
complexity of a complete formalization of this structure, the only possible tool is simulation
modeling, which combines the advantages of analytical and statistical methods [27,28].

The justification of the parameters of the life tests of gas turbine engines using life
cycle simulation is the actual task. Simulation modeling is a contemporary tool for the
research on and optimization of technical systems and has been successfully used in various
industries, including aviation and engine building [29,30].

In this regard, it seems relevant to study the features of the use of simulation modeling
when choosing the optimal parameters of life tests.

Simulating the life cycle (LC) of a gas turbine engine (GTE) is a modern trend. For
instance, it is urgent for assessing the efficiency criterion of a fatigue test in the framework
of the GTE LC. A GTE is a clear example of a complex technical system consisting of
several thousands of different parts and complicated components. The GTE conditions
during a test are a given set of operation modes characterized by the various working
parameters, measured at given time intervals with a duration of several seconds to several
minutes [31,32].

In the framework of modern information technologies, different information on the
economic factors at various stages of the GTE LC can be collected. The possible volume
of data collected at all stages of the GTE LC is measured by terabytes or, in some cases,
petabytes. Therefore, an actual task is to process these data to design the predictive models
at the stage of GTE testing [33,34].

There are many limiting factors in the creation of an effective simulation model of the
GTE LC applied for the selection of optimal life test parameters. One of these factors is
the difficulty of assessing the efficiency criterion of the life test in the framework of the
GTE LC. The source of this problem is the necessity of preprocessing the large volumes of
heterogeneous data that are collected at different stages of the GTE LC (see Figure 1) [35,36].

The different data and knowledge flow in the data acquisition system are presented in
Figure 1, where DB1 and DB2 are the integrated databases; KB2 is the knowledge base; D1
is the preliminary GTE characteristics description; D2, D3, D4, and D5 are necessary data
for the GTE design process, production process, testing, and operation stages; K1 is the
GTE knowledge obtained during operation; K2 is the verification of GTE test parameters;
K3 is the verification of GTE parameters; K4 is the reclamation requirements control. Thus,
the application of BigData technologies is a suitable modern solution for storing processes
and analytics of the GTE LC characteristics performance [36,37].
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Figure 1. GTE Life cycle and the data acquisition system.

2. Problem Definition

Under the complex efficiency of life tests of gas turbine engines, we will understand
their equivalence to loading in operation in conjunction with obtaining an indirect eco-
nomic effect of reducing the duration of tests and optimizing engine loading modes in
tests. It is supposed that this will increase the efficiency of GTE life tests by applying the
modeling results of the GTE LC when choosing test parameters. A complex criterion of the
effectiveness of the capital basic investments, the different annual operating costs, the profit
from the GTE during the operation modes, the cost of GTE operation and reclamation, GTE
durability, and other factors can serve as complex criteria for estimating the efficiency of
GTE life tests (see Figure 2).

The total GTE life test efficiency Ery is the function of the costs in all stages of the
LC from the results of the requirement analysis to the possible reclamation stage (Z'pgs,
Z'pev, Z' o1, Z'PR, Z'PT1, Z'PT2, Z 0P, Z'REP, and Z'ggc) (see Figure 2). Additional costs
caused by the risks of incorrect life test parameters can be also taken into account (Zg pgy,
Zrpr, and Zg op). The LC model training and its enhancements can reduce the possible
risk levels and associated additional costs. The LC model training’s success depends on the
implementation of data collected at different LC stages of the given GTE together with the
data from similar GTEs’ statistical data.

In general, the total cost spectrum (see Figure 2) is the cost that has reflected the
consumption of different kinds of used resources, from the starting stage of the research
and the development of the GTE until the completion stage or reclamation. The usability
of the applied criterion of life test efficiency becomes more valuable step by step as the
GTE goes through the LC stages and the obtained information on the engine becomes
more detailed.

To define the optimal characteristics of the life test of the GTE in order to provide the
efficiency of the engine LC, several main steps are required:

1.  To define the efficiency criteria of the GTE life tests.

2. To choose the main parameters of the GTE LC that will be applied in the GTE model.

3. To choose simulation software and design a GTE model of the LC.

4.  To implement the series of computer-based simulations within the defined plan
of experiments.

5. To find the optimal values of the life test parameters based on the LC simulation.

The key point of the study is that simulation modeling was used to evaluate the
integrated efficiency criterion of the LC of a gas turbine engine, which allowed the choice
of the optimal parameters of the life tests. The integral economic efficiency of the life cycle
of the GTE includes the component Ey, which depends on a set of parameters: reliability,
durability, maintainability, etc.
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Figure 2. The conceptual diagram of the GTE LC model for optimizing parameters of life test.

The solution to a given task requires acquiring data at all stages of the LC, preprocess-
ing heterogeneous data flows, and storing large volumes of these data. The key applied
data, knowledge bases, and data flows are presented in Figure 2. Here, DB; and DB; are
integrated databases storing large amounts of data on the GTE LC, i.e., damageability,
life spending, maintenance, and economic parameters; KB, is the knowledge base storing
extracted knowledge on the LC stages and control flow data; D; is the preliminary GTE
characteristics description; D, D3, Dy, and Ds are data applied for the GTE requirement
analysis, design process, developmental and periodic testing processes, production, and
operation procedures; K; and K5 represent the rules of the GTE operation; Kj is the vali-
dation of the test parameters; K3 is the validation of the maintenance parameters; and K4
represents the reclamation requirements control data.

3. Building Statistical Model of GTE Life Cycle

The developed statistical model of the engine life cycle can have different levels
of complexity; for example, for a mass-produced engine, the model can be presented
in the form “production—periodic life tests—operation”, and for a newly developed
product, it can be presented as “design—development tests—production—periodic life
tests—operation—disposal”. The flow chart of the process of selecting the parameters of
life tests based on the simulation model of the engine life cycle is shown in Figure 3.
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engine life cycle.

The initial data for the model building were statistics collected during numerous exist-
ing engines’ life cycle stages (i.e., data on airplanes’ flight schedules, weather information,
production quality control, etc.)

The production stage model allows the evaluation of the quality of GTE production,

defined by a set of given parameters py; (i = 1,—1/>) As is known, technological operations,
assembly procedures, and GTE quality control are the key characteristics that provide
quality with a given productivity level and cost. Furthermore, the technological process
is characterized by a certain set of initial characteristics Py = [po1, - .., Poo]': durability,
fatigue, geometric parameters, etc.

Since the components and parts of the gas turbine engine are manufactured with an
acceptable error, statistical laws determine the quality indicators of the entire gas turbine
engine. Quality parameters are random variables with known distribution laws. This is
why the performance indicators during the operation of gas turbine engines also obey static
laws. Thus, the higher the accuracy of the manufacturing GTE elements and assemblies,
the higher the reliability of the GTE and the lower the probability of damage to its elements,
assemblies, and subsystems, i.e., a longer gas turbine engine lifetime in serial operation.

The GTE life test model usually takes account of characteristics such as the number of
tested engines Nyt, Ryt (1), Operation modes, and the time of their loading tr1. (6 =1,
Nrr). Different characteristics that define the efficiency of the life test can be also taken
into account:

e  Some parameters of GTE batch selection and preparation of chosen GTE for testing

Csp = [csp1, -+, cspul™;
e  Characteristics of acceptance and shipment of engine processes based on testing results

Ccas =lccast, - -+, ccase]t);
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o  Performance of special test equipment Cg = [cgy, ..., CE H]T and others.

Because of the modeling at this stage, the resources and durability of the tested GTE
sample are estimated. On the basis of the assessment obtained, the engineer makes a
decision on the shipment or rejection of the GTE batch, on the selected copy of which the
tests were carried out.

The model of the operation stage takes into account the influence of environmental
factors and their characteristics, the number of engines in operation Nop, the operating
modes Ropk(Top), and the time Topy of their operation (k = 1, Nop). A given operation
strategy is also modeled, i.e., terms are taken into account (for a fixed term, conditional
work, and combined strategy). For all models of the operation stage, the input param-
eters are the number of gas turbine engines in operation and the quality of gas turbine
engine manufacturing.

The simulation outputs are the characteristics of the integral efficiency of the operation
of the engines Ert: the costs and income from the operation process, the probability of GTE
performing its functions, etc.

While optimizing the integral efficiency of GTE operation, the following factors
are used:

Err =f(Nrt, Rer(t), Csp, Ccas, Cg), 1)

where:
Nyt is the number of tested engines;
Rrrc(TiT) are operation modes;
TLT is time of operation loading (¢ =1, Ny7);
Csp are parameters of GTE batch selecting and preparing chosen GTE for testing;
Ccas are characteristics of GTE acceptance and shipment based on life tests results;
Cg are performances of the special test equipment.

4. GTE Life Test Optimization

The solution to the problem of determining the maximum efficiency Ejr is achieved
by choosing the required number of GTEs to be tested N, their test modes Ry(tr), and the
duration of the tests tr:

Err = max f [Nir, Rer(tor), tor, Gl )
Rir(tir) € Gr, Tir € Gr,

where:

Cs is a function including LC characteristics that are constant in the test optimiza-
tion procedures;

Ggr and G- are the sets of the test modes and their duration.

To find a solution to Equation (2), we need to define the function f(.). For this, it must
be taken into account that the main requirement for the accelerated testing of gas turbine
engines is to minimize the test time, for which the specified accuracy of matching the
damage characteristics of engine elements and damage characteristics during the operation
of the gas turbine engine is ensured:

Err = max(Kp = Top/TrT); ®)

Drr[Po, Rer(tir) /tir] = Dop [Po, Rop (Top), Top);

. 4
Py =idem; Rit (TLT)/ Rop (Top) € Gg,

where:

K is the test acceleration factor;

Dyr[Po, Rr(7r), T7] is GTE damageability in LT depending on the initial condition
vector Py, modes Ry(tr), and test duration t;
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Dop[Po, Rop(Top), Top] is engine damageability in operation depending on the initial
condition vector Py, modes Rop(Top), and operation duration Tep;

Gr is the set of working modes in which the damageability of the GTE elements and
units remains.

Since it is difficult to ensure the fulfillment of Condition (3) in real-life tests, the
optimization of the test program is carried out by considering the following:

maxKpy;
oD = |DLT[P0/ Ryr(tor), Tur) — Dop[POr Rop(Top)/Top]
Py = idem ; RT(TT), Rop (Top) S GR,

; ®)

or by combining K and 4D.
The choice of the test parameters can be made under condition Fy-:

2
L Dop.i.v: [Po,Rop (Top ), Top] N2
Fs = maxy /o + oP Y] b op~ P o ( °P) ;
x 1”1‘;1 Dri[Po,Rur (Tir),tur)—Dop.iv; [Po,Rop (Top ), Top] Toalzr) s

(6)

op.i.vj

D=1y [M} <D
i=1
RLT(TLT),ROP(TOP) € Gg; TLT, Top € G, vi€|l. ..Nop],

where:

Dryi and Dp j.v1 are the damageability of the i-th part of the GTE in test mode and
operation mode;

Trr and Top are the loading time in test mode and operation mode;

Nop is the number of engines in operation;

o and o are weight factors (1 + xp = 1);

dD" is the maximum acceptable relative average difference of operational and testing
damageability of the GTE (Figure 4).

Production Modeling Development Modeling

Initial GTE condition g lVa rlantts f‘)f ) Integrated
evelopment formin,
Operation&Production || Po=[pot, ..., Pot]” P J Data
Data Warehouse Warehouse
Counter of Zgg, Ter Counter of Zogy, Toev
GTE alignment or LT Modeling Cer
Operation modeling ~ rejection Development need
. . Modeling GTE
ReglmRes modeling shipping Cip
or{tor) Selection Decision making on possibility of E¢r increasing based on Regimes modeling
Modeling GTE operation Gl intelligent control technologies Rur(Twr)
damageability
Do Nop l Nu-¢ T Modeling GTE life tests
- — T damageability Dy
Counter of Z, Top, D, Cur 0p | —e= Life test efficiency estimation:
= Ewr=f{ Po, [Nur, Rurftir), Tir ], [Cur, Cotip, Cea] } Counter Ziy, 7, Cur_op
Modeling GTE damageability (life spending)

Dj=f{Po, [R(t),t]}i=1n;j=1,m

Nz, Nir— number of produced and tested GTE; No, — number of GTE prepared for operation; Zer, Zo, Zir, Zop - cOst of production,
development, LT and operation; Teg, Toev, Tir — duration of production, development and LT; to,— total GTE operation time; Cir oe -
cost of operation and test hour; Py — initial GTE condition; D;; — damageability of it" engine element for j" engine;

Figure 4. Generalized scheme of choosing life test parameters for the GTE on the basis of the life
cycle model.
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When accounting for the economic factor (the value of operation and test hour) Crr op,
function Fy, can be presented as a convolution of factors 8D, Ka, and Crr_op:

2
n Dop.iv: [Po,Rop (Top ), Top] Top \ 2
Fs = max 1 opi-vi p\Top),Top ( Op) 2 )
Z %1 ”El Dri[Po,Rur (Tir), Tir]—Dop.i.v; [PoRop (Top ), Top] T o2 TLT + OQCLT_OP’

= 1 [ le] <5,
= opiv
RLT(TLT)/ Rop(Top) € Gr; TLI, Top € G, Vi€ [1 cee Nop]/
@)
where:

«q, otp, and oz are weight factors (o1 + o + o3 = 1).

While finding the optimal solution, we need to consider Dgp i vi in Equation (7) to
have a different value (see Figure 4) caused by the operation strategy and GTE production
quality As an optimization method, we used the choice of a set of Pareto-optimal solutions,
which is a selection of promising alternatives, from which one (best) alternative was then
selected [38,39].

5. Case Study

Consider the case study of life test optimization based on life cycle simulation for an
auxiliary power unit (APU). An APU is an additional source of power that is not aimed to
propel the aircraft. Its functions are to start the propulsion engine as well as provide the
power supply to the aircraft. These features cause the particularities of the engine working
modes and the life cycle as a whole. A simplified diagram of the APU is shown in Figure 5.

Figure 5. A principal scheme of an auxiliary power unit: 1 is an electrical generator, 2 is inlet air, 3 is
compressed air, 4 is a centrifugal compressor, 5 is a combustor, 6 is a turbine, and 7 is exhaust.

The consideration in this example APU is intended for [40]:

Air starting of aircraft propulsion engines at airfields;
The supply of compressed air to air-driven devices in flight during emergency use in
the case of failure of the main energy sources;

e  The power supply of the aircraft onboard network with AC and DC power on the
ground and in flight in case of failure of the main power sources.

The following engine parts were considered life-limiting for this APU: radial thrust
bearing; turbine rotor blade; auxiliary fan bearing; drive gear of the reducer; AC generator;
and DC generator. The following parameters were used as engine loading factors:

e Relative rotational speed of the rotor n, %;
e  Engine inlet temperature t4, °C;
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Air consumption taken from the compressor Gext, kg/s;
Fan air consumption Gg,n, kg/s;
AC and DC generators’ useful power Ng; and Ngp, kw.

In this example, the life cycle model assumes the operation of the engine for a fixed

life limit. The operation modeling method was applied, in which, within the framework of
the simulation model of the testing and operation stages, an array of damage accumulation
of the “critical” engine parts was obtained. The performance of simulation-based tests
was compared to conventional engine life tests previously developed by the manufacturer
using traditional methodologies. Periodic tests are carried out to control the stability of the
technological process of manufacturing GTE assembly units and confirm the possibility of
continuing their manufacture. Periodic tests should be carried out at least once a year on
assembly units from any batch accepted for control and selective testing during a given

year.

In this example, a periodic test program is provided to verify the service life of 2000 h

and 3000 engine starts. In this case, one APU was selected for periodical testing. The serial
test program has its own set of characteristics (Table 1) and GTE duty cycle (Figure 6).

Table 1. Parameters of the periodic serial life testing.

Parameter (Description) Given Value
Cycles of loading 3000 cycles
Stage of testing duration 50h
Cycle time 40 min
Number of testing stages 40 stages
The number of cycles per stage 30 cycles
Total testing time 2000 h
n,
100 10
90
0 20 40 7, min 0 20 40 7, min
tH, Nez,
°C kw
25 50
20 40 in 0 -
T, min 20 40 T, min
Gtan,
kals
) _
0
20 40 ¢ min 20 40 T, min

Figure 6. APU duty cycles in serial periodic life tests (Ny = 1).

The effectiveness of the experimental test program was compared for two opposite variants:

The duration of the experimental tests was compared. Herewith, the maximum
allowable difference in the damageability of the engine components in serial and
experimental tests was set to the same value: (8D*j)exp = (8D%;)ser = 20%;

The difference between the accumulation of damage by engine components was
compared with the same test time (T_T.exp = TLT.ser)-

Two cases were proposed in the framework of the research in order to evaluate the

life test efficiency via two different strategies, i.e., achieving maximal accelerating (losing
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damageability equivalence) and increasing equivalence within the serial life test duration.
This approach allowed research on the GTE life cycle simulation model.

The study was carried out taking into account the “critical” elements of the engine,
i.e., the elements with the lowest bearing capacity in terms of the main factor of destruction
(long-term strength, low-cycle strength, contact strength, and thermal aging) [9,11]. The
simulation of life spending (damageability) was carried out by simulating the accumula-
tion of damage by engine elements depending on the quality of their production (initial
conditions) and loading conditions in tests or operation [15].

In the case study, a certain set of initial data was implied:

e  Damageability model of the radial thrust bearing:
t
1
Dg = ——dt, (8)
o T[(n, T3, Py), (e, Cp, X)]

where:
n is the relative rotational speed of the rotor, %;
T*, is the engine inlet temperature, K;
P*; is the engine inlet pressure, kg/ cm?;
e is the bearing radial clearance as a function of the quality of production, m;
Cp is bearing dynamic durability is a function of e and other factors denoted X;

e  Damageability model of the turbine’s first stage rotor blade:

m — Oyp

= 702105 1, 2% M= f(Tw K)E Gmi ©)

t
D,, = /dl’_aldt, ay
0

O = ag + ayn® + axPF + asnPr /TH; Ty = [(bo T bln«/288/T;) (T;/ZSS)}, (10)

where:

ag...as, by, and by are immutable parameters;

m is the durability parameter as a function of blade body temperature T,;, and the
material parameter k;

n, T*;, and P*; are parameters of engine loading;

e  Damageability models of auxiliary fan bearing, drive gear of the reducer, DC generator,
and AC generator:

D; = /7" [Po, Ri(T), T],‘ i =1.5; Py € Gg, (11)
where:
i is an element number, i.e., i = 1 corresponds to the rotor blade;
i = 2 corresponds to the angular contact rotor bearing, etc.

e  The limits of the values of the parameters of the loading mode:

80 <n <110%; 245 < T; <620K; 0.72 < Py <12 kg/cmz; (12)

n=95% (T < 340K); n = 105% (T > 340 K);
e  Test and operational hour cost:
_ TLroP  ,\2 TLT OP .
Cirop = 12.063( o0 3) 15.755( o0 3) 1183.53 c.u; (13)
e  Possible number of presenting for test engines (Ny1€1 ... 3).

The following test methodology was applied. The engine set was rejected if one of
the tested engines Ny failed the test. If one of the engines failed in operation, this engine
was repaired, and the remaining engines were operated without additional measures to
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ensure reliability. Life test optimization was conducted with provision for the objective
Function (7).

6. Results and Discussion

The operation of 200 engines for a fixed life was modeled on the basis of collected
statistical data. The level of the engine elements’ damageability equivalence in testing and
operation is presented in Table 2.

Table 2. Level of the engine elements’ damageability equivalence in testing and operation.

Level of the Engine Elements Damageability
Equivalence 6Dj, %

Engine Part = - T = - T
. . . xperimental Test xperimental Test
Serial Periodical Test
(8Dy)rt = (8Dj)op (TLT.exp = TLT.ser)
Turbine rotor blade 47 95 100
Radial thrust bearing 45 13 100
Auxiliary fan bearing 171 142 100
Drive gear of the reducer 29 18 46
DC generator 110 110 48
AC generator 105 112 50

The comparative efficiency of serial and experimental periodic life tests is shown in
Table 3. The optimal engine loading cycles in experimental tests are presented in Figure 7.

Table 3. Comparative efficiency of serial and experimental periodic life tests.

Periodic Tests 8D;, % T, Hours Crt_op, C.u.
Serial 29.8 2000 380.1
Experimental (6D;)rr = (8D;)op 29.5 608 159.7
Experimental (TrTexp = TLTser) 1.1 2000 377.9

In the course of the optimization of life tests according to the proposed Pareto-optimal
method, the recommended number of GTEs presented for life tests Ny = 1. At the same
time, it was possible to increase the level of equivalence of damage in tests and operation
by 27 times, reduce the duration of tests by 3.3 times, and reduce the cost of an hour of
testing (operation) by 2.4 times.

To simulate operational damageability during the optimization of life tests, an opera-
tion simulation method was recommended in which the damageability vector of “critical”
engine elements formed in the simulation model corresponded to the maximum operational
values. At the same time, a guaranteed check of the engine resource in tests was provided.

It was found that the influence of the deviation from the technical specifications
of the dispersion of the manufacturing quality parameters of the “critical” elements of
the auxiliary engine on the test efficiency was more significant than the influence of the
deviation of the mathematical expectations. Therefore, in order to decrease the cost of
operation, it is necessary to reduce the dispersion of the manufacturing quality parameters
at the manufacturing stage first.

The threshold value of the mathematical expectations and the dispersion of the param-
eters of the quality of the manufacture of “critical” engine elements were determined, above
which life tests are mandatory (since they should reveal the low quality of the products
and prevent them from entering into operation). If the quality parameters do not exceed
the threshold value (i.e., with guaranteed product quality), it is recommended to conduct
only short-term tests (delivery, control, etc.). Obviously, refusal to conduct periodic tests is
possible only with guaranteed quality of product manufacturing, a reliable control system,
and high-performance indicators of product reliability. At the same time, as is sometimes
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Figure 7. Optimal engine loading cycles in experimental periodic life tests (N*.1 = 1): curve 1 is the
loading cycle at (0Dj)exp = (6Dj)ser; curve 2 is the loading cycle at Ttestexp = Ttest.ser-

It is recommended to use a rejection value of damage in tests equal to the operational
values. In this case, the highest test efficiency is ensured in terms of equivalence and
duration criteria, as well as the maximum economic effect from the operation of a batch
of engines.

It was established that the greatest influence on the level of equivalence was exerted
by the control error in testing the air temperature at the engine inlet: with an increase in the
relative error by 5.0 times, the level of test equivalence decreased by 2.25 times. The next
most important influence was the rotor speed (a decrease of two times). The values of the
control errors of these parameters were determined, the excess of which could lead either
to unreasonable rejection of a standard engine in tests or the acceptance of substandard
engines. In both cases, there were losses associated with errors in setting the values of
the engine loading parameters in the tests. Thus, it is recommended first to monitor the
accuracy of control of the temperature at the inlet to the engine and the rotor speed. It
was also established that from the point of view of the efficiency of the life tests of the
considered engine, the accuracy of measuring the loading parameters corresponding to
tests in mass production is optimal.

7. Conclusions

Life testing plays a key role in ensuring the failure-free operation of complex technical
objects, such as gas turbine engines. Within the framework of the study, a theoretical
substantiation of the integrated optimization of life tests of aircraft gas turbine engines
based on simulation modeling of the life cycle was carried out. This allowed the choice of
the parameters of the life tests, taking into account the ultimate goal of the created engine,
namely the technical and economic effect of its operation.

The problem of comprehensive optimization of life tests was solved using both internal
indicators (a measure of the equivalence of damageability of the main elements of engine
assemblies in testing and operation, the duration of tests, and the number of tested engines)
and an external (economic) indicator of the efficiency of life tests. Thus, it was possible to
increase the level of validity of the life tests.



Energies 2022, 15, 6874

13 of 15

An objective function of an additive type was proposed for the complex optimization
of life tests according to the function, which is the sum of normalized criteria, taking into
account the weight coefficients. At the same time, the area of compromise solutions was
formed by multiple optimizations of the function. This gives the developer of the test
program the opportunity to choose the final solution from the Pareto set.

The main principles of the formation of a statistic model of the life cycle of a gas
turbine engine in relation to solving the problem of optimizing life tests were substantiated:
the principle of information sufficiency, the principle of parameterization, the principle of
aggregation, and the principle of constant refinement of the model.

It was established that the developed simulation model of the life cycle can be used to
optimize the life test parameters in terms of the average damageability of critical engine
elements, the duration of tests, and the economic effect of operating a batch of engines.
The model provides an increase in the efficiency of tests for the listed indicators and is also
suitable for studying the influence of various factors on the effectiveness of the tests.

On the basis of the considered principles, a simulation model of the life cycle of an
auxiliary gas turbine engine (“production—testing—operation”) was built. Optimization
of the life tests for the auxiliary GTE led to an increase in the level of equivalence of
damageability in tests and operation by 27 times, reducing the duration of tests by 3.3 times
and reducing the cost of an hour of testing (operation) by 2.4 times.

In future research work, the authors plan to detail the simulation model on the basis
of GTE life cycle statistics and continue researching the model parameters as well as apply
the proposed methodology to other types of GTEs.
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Nomenclature

Err Integral efficiency of the engine life tests

Z'DES Design stage costs

Z'DEV Development stage costs

Z'pr Development testing costs

Z'PR Production stage costs

Z'p11 Life testing costs

Z'op Operation stage costs

Z'p12 Optimized life testing costs

Z'REP Repair stage costs

Z'REC Reclamation stage costs

ZRDEV Additional development costs related to risks of incorrect life tests

ZR PR Additional production costs related to risks of incorrect life tests

ZR.OP Additional operation costs related to risks of incorrect life tests

Py Vector of initial state parameters related to production (strength, wear resistance,
geometry, etc.)

Nyt Number of tested engines

Rere Modes of life test loading, ¢ =1, Nr 1

TLTC Duration of life test loading, ¢ =1, Ni1

Nop Number of operating engines

Ropk Modes of the operation loading, k =1, Nop

TOP Loading time during operation, k =1, Nop

Csp Parameters of GTE batch selection and preparation of chosen GTE for testing

Ccas Characteristics of GTE acceptance and shipment based on test results

Cg Quality parameters of the test equipment used
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Dit Engine damageability during life tests
Dop Engine damageability during operation
Ka Life test acceleration factor
Abbreviations

GTE Gas turbine engine

LC Life cycle

LT Life test

APU Auxiliary power unit (R4)
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