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The processes of designing and developing gas turbine engines (GTE) are based on using
mathematical models (MM), reflecting the physical picture of engine operation processes. One
of the ways of improving the MM validity is its identification on engine bench test results. Iden-
tifying MM of modern energy GTEs is a very demanding task due to the necessity to identify
the main controllable engine parameters determined in the course of experimental studies,
depending on a large number of the parameters that are not controlled during the experiment.
In this regard, the actual direction of reducing the complexity of the process of identifying
MMs is using identification software systems. Developed by the A. N. Podgorny Institute of
Mechanical Engineering Problems of NASU, the methodology and means of identifying the
parameters and characteristics of power plants, using experimental data (Otpimum software
package), allows one to conduct a directed search for an optimal solution based on modern
mathematical methods. This, in turn, leads to a reduction in identification execution time, in-
creases the MM adequacy and allows one to more reliably determine the characteristics of
engine components. The article proposes an approach to identifying a non-linear unit MM,
with a detailed calculation of a turbine flow path to the level of blade rows on the D045 engine
bench test results. It describes the choice of variable and controllable parameters as well as
the ranges of their changes. The results of solving the identification problem showed the possi-
bility of using the Optimum software for optimizing and identifying parameters and character-
istics of power plants when identifying D045 GTE MMs. The use of the developed methodol-
ogy for identifying GTE MMs that is based on bench test results, allows one to take into ac-
count the maximum number of variable variables and significantly reduce the complexity and
time of this process. The analysis of the results shows that with significant deviations of GTE
characteristics from design values, a large amount of a priori information is needed to solve
the identification problem. On the basis of the information, ranges of changes of variable and
controllable parameters are assigned, as well as their values in the first approximation.

Keywords: mathematical model, identification, gas turbine engine, variable parameters, con-
trollable parameters, objective function.
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Introduction

To date, IT technologies have been introduced into all life cycle phases of gas turbine engines. One of
the examples is GTE MMs, which accompany the engine from the moment of design to its modernization in
future. Thus, one of the phases of a GTE life cycle is GTE engineering development. The engineering devel-
opment phase is rather long and expensive. The use of MMs makes it possible to reduce the number of field
tests by replacing them with theoretically-calculated experiments, but such calculations require that adequate
MMs be used. One way to increase the MM validity is to identify it on the engine bench test results.

The identification of MMs of modern power-generating GTEs presents a very demanding task due to the
necessity to identify the key controllable parameters determined in the process of experimental studies and de-
pendent on a great number of parameters (30...50 values) that are not controlled during the experiment and whose
values may vary in the process of identification. In view of this, the use of a bench test results-based identification
software complex (SC), which enables to reduce the labor intensity of the above works, is a rather pressing task.

When SE SPGTCE "Zorya"-"Mashproekt" performed the engineering development works on D045
GTE:s, the necessity arose to identify its MMs on the test results.

Throughout the world, there are widely used CAE-technologies for modeling GTE characteristics.
These technologies can be divided into two main groups.

The first group includes MMs implemented in such programs as SIMULINK / MATLAB and EcosimPro,
which are not software complexes but they make it possible to solve systems of nonlinear equations, including GTE
MMs. The following ones can be mentioned among them: Dymola (based on the Modelica programming lan-
guage) [1], Simulink (integrated into the MATLAB environment) [2], TRANSEO (based on the MATLAB envi-
ronment) [3], PROOSIS (based on EcosimPro system) [4] etc. allowing a wide range of problems to be solved.

The second group includes the specialized modeling systems, or software packages (SP). In particu-
lar, in the process of GTE designing and engineering development, the GASTURB, GECAT, JCTS, GSP,
GRAD, and ASTRA software packages are used [5-9]. These are characterized by great functionality and
are ready to develop static and dynamic MMs for different GTE configurations investigate throttle, climatic
and external characteristics, and identify MMs on bench test results.

In the second group, separately worth noting are the programs developed by branch design bureaus
(BDB) and intended to be used within the objectives of the tasks of these enterprises. These include those devel-
oped and used in ZMBDB "Progress”, JSC "UEC-Saturn", JSC "UEC-Aviadvigatel', JSC "Kuznetsov", SE
GTRPC "Zorya"-"Mashproekt". These programs are intended, in general, for calculating one fixed GTE configu-
ration and take into account the operational peculiarities of the units included into the scheme under consideration
as well as the methodological and experimental experience of the DBs in this sphere to the fullest extent possible.

In SE GTRPC "Zorya"-"Mashproekt" in the calculation of GTE static characteristics and during its
engineering development, extensively used is a non-liner MM with a detailed turbine flow path calculation to
the level of blade rows. [10]. This MM has proved to be effective in the process of designing and engineering
development of the M70, M80, and M90 engines. This MM has been developed as a multipurpose program
capable of modeling the GTE schemes each having up to 5 compressor spools and up to 11 turbine stages.
Originally, the model was developed for calculating the characteristics of multi-shaft GTEs with free power
turbines. In the process of the enterprise developing single-shaft power-generating GTEs, MM was adapted
to be capable of calculating such engine parameters.

Additionally, the following were included in MM:

— hydraulic losses in the combustion chamber due to heat supply [11], which is particularly relevant
for single-shaft GTEs, where, at a practically constant air flow, the degree of heating in the combustion
chamber changes significantly from idle to nominal mode;

— consideration of the reduced clearance that allows to consider the deviation of the actual installa-
tion clearances from the design ones and their influence on turbo-machine efficiency.

— the value of the turbine gas outlet flow angle effect on the value of hydraulic losses in the GTE gas
outlet duct, which is due to the substantial change of the gas outlet flow angle during the operation mode
change from idle to nominal mode with the GTE rotor speed being constant, exerting a significant impact on
the value of losses in the engine outlet duct.

A detailed model structure is given in paper [12].
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A distinguishing feature of the above-mentioned specialized SPs is working with particular MMs im-
plemented and functioning only as parts of the above SPs. This makes it impossible to identify MMs developed
by third parties with the aid of other software based on the practical experience of a particular research engi-
neer. With that in mind, a decision has been taken to identify GPP-60 MM, developed and used by SE GTRPC
"Zorya"-"Mashproekt", with the aid of the "Optimum" multi-purpose and multi-level optimization model-
software complex developed by the A. Podgorny Institute of Mechanical Engineering Problems of NASU[13].

Research Objective

The object of this research is the thermo-technical characteristics of the power-generating D045 GTE.
The D045 GTE tests were carried when it was part of the GPP-60 gas power plant with electric power supplied
to the power network.

The problem of identification on bench test results can be solved for a non-linear unit D045 GTE MM
with a detailed turbine flow path calculation to the level of blade rows [10]. In order to solve the problem in MM,
it is necessary to identify the variable and controllable engine parameters as well as determine objective functions.

The above controlled parameters are the most important engine design characteristics measured during
the experiment. In this particular case they are the following parameters: electrical power, engine inlet airflow,
fuel gas consumption, total inlet pressure losses, total compressor outlet pressure, total air compressor outlet tem-
perature, total turbine exhaust gas pressure, and total turbine exhaust gas temperature (total 8 parameters). When
solving the identification problem, non-symmetrical ranges of controllable parameters variation were specified
based on the a-priori information within the measuring equipment accuracy limits (measurements etror).

The above variable parameters are the following: compressor map modeling coefficients, throat dimen-
sions of turbine nozzle assemblies and rotors, proportionality factors of total pressure losses in the air inlet and
gas exhaust ducts as well as in the combustion chamber, relative quantity of cooling air in the turbine blade
rings and blade rims, as well as energy loss factors in them. After the test problem had been solved, the variable
parameters were supplemented by those of air temperature and pressure, which were measured during the test-
ing process and affected the calculation results. Consequently, the number of variable parameters increased to
48. The variable parameters were assigned non-symmetrical measurement ranges depending on their type
(geometrical and thermo-gas-dynamical) and the available a-priori information.

The objective functions (identification criteria) are represented by the values of the above-listed con-
trollable parameters determined on MMs whose variation range is determined based on the results of the di-
rect measurements of flow parameters along the engine flow path and received during bench tests.

The problem of identification, in this case, is that of minimizing a set of objective functions (identi-
fication criteria). In the process of solving it for each controllable parameter under study, the variation in the
values received based on the engine test and MM calculation results in the specified variation range is mini-
mized. This means, in fact, the problem of multi-criteria conditional optimization is solved.

Below is the description of the identification procedure.

The identification was performed in two stages. At first, the problem was solved for the maximum
power mode with 8 controllable and 48 variable parameters.

Then, taking into account that in this MM the amount of the total inlet and outlet pressure losses, hy-
draulic losses in the combustion chamber as well as values of cooling air bleeding/return are the functions of
the engine parameters (depend on the mode of its operation), after the parameters had been balanced in the
maximum power mode, it was decided to "freeze" their modeling coefficients after solving the identification
problem in lower modes. In addition, the following geometric parameters, which did not vary depending on the
GTE operation mode, were "frozen": the throat dimensions of turbine nozzle assemblies and rotors (the area
difference resulted from the thermal expansion of blade material was ignored). At that, number of variable pa-
rameters was reduced to 19.

In the maximum power mode (the first stage), the identification problem at the initial point was solved:

— with zero deviations of the variable parameters;

— with deviations of the variable parameters in the middle of the range;

— with maximum deviations of the variable parameters.

With a satisfactory solution having been chosen in the maximum reached mode, a set of problems was
solved along the operating line with a number of the "frozen" variable parameters described above.
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The decision on the identification results being satisfactory, in addition to that on the convergence of
the problem with the required accuracy, was taken based on the comparison of the obtained results with MM
manually identified by "Zorya"-"Mashproekt" specialists taking into account the additional data received in

the testing process.

MM Identification Results

The paper presents MM identification results based on the data per one testing day.
The result of solving the identification problem for the maximum power mode is given in Table.

Identification problem solution result in the maximum power mode

Controllable parameter Set deviation, % | Received deviation,%
Electrical power at the electric generator terminals +1 -0.008
Actual air flow rate through the engine -0.5..1 % -0.336
Fuel gas consumption +1.4 1.481
Total inlet pressure losses -0.4..0 % -0.064
Total compressor outlet air pressure 0..0.4 0.186
Total air compressor outlet temperature -0.5.2 % -0.008
Total turbine exhaust gas pressure 0..0.4 0.104
Total turbine exhaust gas temperature in the GTE diffuser -1.+2 % -1.008
Figures 1-3 show the identification results for o
some parameters in comparison with those of the bench 1.0 el
tests in relative values. 0.9 ﬁé——
It should be noted that the identification was per- 0.8 =
formed for each experimental point, where the corre- 0.7 P
sponding sets of modeling coefficients then determined. 05 g
ponding g 05

That resulted in a number of adequate MMs being ob-
tained for particular points of the throttle curve. Conse-
quently, the next step is the above MM correction with
consideration of change in the modeling coefficients de-
pending on the mode parameters that will allow obtaining
an adequate mathematic model making it possible to re-
ceive the information over the entire range of engine op-
erating modes.

Conclusions

The use of the developed method of the GTE MM
identification based on the bench test results enables to take
into account the maximum number of variable parameters
and considerably save the labor intensity and time required
for this process.

The result analysis shows that large amounts of a-
priori information are required for solving the identification
problem with the significant deviations of GTP characteris-
tics from design values.

The next stage is to input the change dependences
of the received modeling coefficients in the MM structure
in order to receive an adequate model making it possible to
determine installation parameters over the entire range of
engine operating modes.
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OcobmBocTi ineHTHdiKanii MAaTeMaTHYHOI MO/IeJIi OTHOBAILHOI'0 eHePreTHYHOr0 ra30TypOiHHOI0 ABUTYHA
JIrrikos O. JI.
JIT HBKT «3opsi»-«MammnpoekT», 54018, Yxkpaina, M. Mukonais, np. Borossrnencokuii, 42-A

Ipoyecu npoexmysanns i dosedenns I T/ 6azyromvcs na sukopucmanii mamemamuunux mooeneti (MM), wo 6ido-
opasicaioms Gizuuny xapmumy npoyecie Qyuxkyionysanis ogucyna. OOHuM i3 uiisaxie nioguwenns docmosipnocmi MM ¢ ixus
ioenmudbiayis 3a pesyromamamu CMeHO08UX 8unpodysans osucyna. loenmudgpivayis MM cyyacnux enepeemuunux I'T/ €
Oyaice mpyodomicmkoio 3a0auero. Lle nog’si3ano 3 HeoOXiOHicmio i0eHmuiKysamu 0CHOBHI KOHMPOIbOBAHT napamempu O8u-
2YHa, WO BUBHAYAIOMBCS 8 X0 eKCNePUMEHMATTbHUX 00CTIONCEHb T 3AN1eAHCAmMb Gi0 BeNUKOT KITbKOCI ApAMempis, HeKOHN-
POobosaHux 8 x00i exchepumenmy. Uepes ye axmyarbHuM HANPAMOM 3HUICEHHS. mpydomicmKocmi npoyecy ioenmugbixayii
MM ¢ 3acmocysanms npoepamuux Komniexcie idenmugixayii. Pozpobaena Incmumymom npodiem mawurno6yoyeanns im. A.
M. ITioecoprozo memooono2is ma 3acobu ioenmughixayii napamempia i XapaKxmepucmux eHepeemudHux YCmaHo80K 3a eKche-
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pumeHmanbHuMu OaHuMu (npoepammuil komnaexce Otpimum) 003605€ 8eCmu CHPAMOBAHULL NOULYK ONMUMATIBHOZ0 PO36 A3KY
HA OCHOBI CYNACHUX MameMamuynux memoois. Lle, 6 c6oio uepey, npusoouns 00 CKOPOYEHHs 4acy BUKOHAHHS I0eHmugixka-
yii, niosuwye adexeamuicmo MM i 0036015€ Oinbil DOCMOGIPHO BUBHAYAMU XAPAKMEPUCIUKY 8Y3TI6 08UeYHA. Y cmammi
3anponoHOBaHo nioxio 00 i0eHmu@ikayii HeniniiHoi nosysnosoi MM, 3 demanizayicro po3paxyHKy mypOiHHO20 Mpakmy 00
DIBHSL IONAMKOBO20 GiHYsL, 3a Pe3yIbmamami CmeHoo8ux sunpobysars osucyna /[045. Onucyemocs sudip 6apitiosanux i Ko-
HMPOLOBAHUX NAPAMEMPIE, A MAKOJC Olana3onu ix 3miH. Pesynbmamu pose’szanns 3a0aui i0enmughikayii nokazam mMoxc-
JIUGICIb 3ACMOCYBAHHS NPOSPAMHO20 KOMIIEKCY ONMUMI3ayii ma ioeHmu@ikayii napamempie i Xapaxmepucmux eHepeemu-
yHux yemarogok Optimum nio uac ioenmugixayii MM I'T/] J]045. 3acmocysarnms po3pobaenoi memooonoeii ons ioenmugi-
kayii MM I'T]], wo tpynmyemucsi Ha pe3yibmamax cmeHoo8ux 6Unpooyeans, 00360J5E BPAX08YEaAMU MAKCUMATILHE YUCTO
6apILOBAHUX IMIHHUX [ 3HAYHO 3HUZUMU MPYOOMICMKICIb 1 Yac Yboeo npoyecy. Ananiz pe3yibmamie noKasye, wo 3a 3HAYHUX
sioxunenv xapaxmepucmux 1T/ 6i0 npoexmHux 3HaueHb 015 PO36'a3anHs 3a0aui i0eHmu@ikayii HeOOXIOHO Mamu GelUKULL
06csie anpiopHol inghopmayil, Ha nidcmasi AKOT NPUSHAYAIOMbCS JIANA30HU 3MIHU 8aAPIIOBAHUX | KOHMPOIbOSAHUX NAPAMEN-
Pi6, a MaKooic ix 3HAUEeHHs 8 NEPUIOMY HAOTUNCCHHI.

Knwouogi cnosa: mamemamuuna modenv, idenmudpixayis, I'T/, eapitiosani napamempu, KOHMpPOIbOBAHT nApamem-
pu, hyHryis memu.
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