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DEFINITION OF MODELS TO DETERMINE THE GAS TEMTERATURE
AT THE INLET OF THE TURBINE’S ROTOR
IN A LIFE-TIME MONITORING SYSTEM

A life-time monitoring system is developed to predict the life-time of engines used in a gas pumping station.
Four different models are presented to calculate the gas temperature at the inlet of the turbine’s rotor, all the
models are based on well known thermodynamic process taking place in the engine. Coefficients that include
the not measured engine parameters are calculated by regression. The engine working cycle was simulated to
generate data for model development and verification. Additional engine working cycle simulations were made
taking into account three different defects for additional verification of the models. The model that describes
the best the behavior of the gas temperature has been separated.
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Introduction

The use of gas turbine engines to pump natural gas
is widely used in present days. As any turbine engine is
necessary to monitor the main engine parameters in order
to ensure the proper running and durability of its main
components. Contrary to gas turbine engines used in the
aerospace industry, where exist typical working cycles
(idle, take-off, cruise and landing), the gas turbines used
in gas pumping stations have not a typical working cycle.
The working cycle depends on the demand of the pipe
line, making difficult to identify a general tendency, all
the engines even at the same pumping station will run at
different working conditions.

An efficient method for engine life-time monitor-
ing has been developed at the Kharkov Aerospace Uni-
versity “KhAI” [1]. It is based on the use of models
which give the possibility to determine the critical com-
ponents of the thermal and stress state knowing engine
parameters and the ambient conditions during flight. So,
real maintenance conditions are taken into account and
the life-time monitoring precision is increased.

Significant disadvantage of [1] and other existing
approaches for engine components life-time monitoring
is that they do not take into account individual proper-
ties of the engine caused by the components and unit
variation and by the gas path deterioration in mainte-
nance. This paper represents some effort to overcome
this problem.

The main idea is to obtain a simple model which
includes engine parameters that are easily measured in
order to calculate the gas temperature at the inlet of the
turbine’s rotor (Ty). The proposed models are based on
the thermodynamic working process of the engine [2].

In further an analogical model is to be formed for the
cooling air temperature and for the blade thermal and
stress state determination. The object of analysis is the
engine GTU-12P, witch is a modification of the aero-
engine PS-90 used in several gas pumping stations.

Nomenclature

C,e — gas heat capacity, J/KgK;

C,, —air heat capacity, J/KgK;

Ty — atmospheric temperature, K;

T¢ — compressor discharge temperature, K;

T, — gas temperature at inlet of turbine rotor, K;

Tupr —high pressure turbine discharge temperature, K;

Ty —free turbine discharge temperature, K;

Lypr — work of high pressure turbine, J/Kg;

Typr — pressure ratio of high pressure turbine;

Nupr — efficiency of high pressure turbine;

Q; —heat added in the combustion chamber;

Pc — compressor discharge pressure, Pa;

P, — pressure at the inlet of turbine rotor, Pa;

Pypr —high pressure turbine discharge pressure, Pa;

F,, Fupr — cross section area in front of turbine ro-
tor and after high pressure turbine, m?;

q(Ay), q(Aupr) — gas dynamic function in front of
the turbine rotor and after the high pressure turbine;

m — numeric flow coefficient;

Nepr— power of free turbine, W;

H, — natural gas heat capacity, KJ/Kg;

C; — coefficient that include unknown parameters;

Nm — high pressure rotor mechanical efficiency;

Neomb — cOmbustion efficiency;

Occ — combustion chamber pressure factor;

V=G /Ggas — air to gas flow ratio.
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1. Data acquisition

The first step is to obtain the data that represent the
general behavior of the engine, for such purpose was
used the model that the chair 203 of the Kharkov Aero-
space University made for such engine.

The engine cycle was simulated over the following
combination of conditions:

atmospheric pressure — 80, 90 and 101,325 KPa;

atmospheric temperature — 243, 253, 268, 278,
288, 298, 303,308 and 318 K.

Free turbine power — 20, 40, 60, 80 and 100% of
its full load. Figure 1 shows the main behavior of T,.
The data of faultless engine is then divided into group
“a” and group “b”. Group “a” is used for model devel-
oping and group “b” is used for model verification.

2. Model development

From thermodynamics four different models are
proposed:

1) from high pressure rotor energy balance equa-
tion: check the formula

Cpg (Tg — Typr )T]m.HP =Lc-vs (1

2) from turbine’s work:

1
Litpr = Cpg *(Te ~Tiapr) = Cpe T [l _Tck——l/kJnHPT @)
HPT

3) from combustion chamber’s energy equation:
4) from conservation of gas consumption at the
inlet of turbine’s rotor and after high pressure turbine:

Fg'q(kg)Pg B 4
m \/i m m .@

In the four previous models, a lot of parameters are
included in the engines measuring system; however
there are some others that are unknown, those unknown
parameters we propose to include them in coefficients
C;, the value of these coefficients are calculated using
data from group “a” and a trend line is found. So, un-
measured factors are represented as functions of the
engine operation mode. Compressor discharge tempera-
ture corrected to standard ambient conditions is used as
mode representing parameter.

After some mathematical simplifications and cor-
rection to standard ambient conditions, the final models
for corrected T, are:

From high pressure rotor energy balance equation:

Fypr -q (k HPT )PHPT

Cp-v

Cpg ‘Nm-HP
From HPT work:

_( Tupr _ 1
Ty —(1_1(]2}, &) —(1_TWJT]HPT- (6)

THPT
From combustion chamber’s energy equation:
Ty =C31-Tc+C3,

Hu CP
Cio= C Meomb (l_v)' G = C V. (7)
pg pg
From conservation of gas consumption at the inlet

of turbine’s rotor and after high pressure turbine:

2
F A

e T q( g) Cq | Cyp=0cc. (8)
Fer Pupr a(Anpr)

From equation 8, all parameters are known, except
for q(A,) which is supposed to be 1 and q(Aypr) which
was calculated as follows: the power of the free turbine
is known, since the free turbine is not cooled, it’s as-
sumed that the gas consumption at the exit of the HPT is
the same that at the inlet of the free turbine. Thus, we
can calculate the gas consumption after HPT using the
formula for power of free turbine and formula of Cris-

tianovich to obtain q(Agpr):
Ggnpry Ther
) > q(}\‘I'IPT) = -

Cpg (Trpr —Trr m-Fypr - Ppr

Coefficients C; are dimensionless and composed of
the unmeasured parameters of the engine working fluid.
Mainly, they cannot be supposed as constants independ-
ent on the engine operational mode. So we represent
them as polynomial functions of some parameter of op-
erational mode. Corrected compressor discharge tem-
perature Tc . was used as this parameter. Polynomials
that describe these functions were obtained using the
mentioned above group “a” of initial data:

Cp =-7,029-107" Té oo + 1,328-107 - T o + 0,5203 ;

Tg=Tygpr

Ne.FT
Gg.HPT =

Cy =—1,951-108 T, —1,748-107 - T oo +0,2788;
C31=7109-10"-T2 ,,, =1,395-107% - Tg ooy +1,093 ;
Csp=331-107 -T2, +1,848-Tc oo —726,7
Cy=-1,982-107" T ., +3.372-107% - Te oo +0,1718..

Precision of this approximation is represented in
chart 1.

Chart 1
Precision of polynomial approximation

Coefficients
Parameters

of precision

C C,

Mean square error | 0,012 | 0,003
Max “+” deviation| 0,020 | 0,008
0,026 | 0,006

Csa
0,001
0,002
0,002

G| G4

50,52(0,005
140,960,008
110,770,010

Max “-” deviation
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Figure 1. T, of faultless engine

3. Model verification

There are two stages in model verification. In the
first stage, the models are verified against a faultless
engine. The results are presented in figure 2.

In the second stage, models are verified against an
engine with faults, for such purpose the engine working
cycle is again simulated using the same combination of
initial conditions used in the faultless engine, but this
time adding the following faults:

0Gc cor 0,03, 6nc -0,03 and &Fyprng +0,03.

As an example is presented in figure 3 the value of
prediction of T, for an engine with fault dnc -0,03.
Similar graphics were obtained for the other models.

The chart 2 shows the maximum and minimum
difference in the prediction of gas temperature.

The model 1 depends only from Tc.cor, making a
very simple and easy model that might be used in a
life-time monitoring system.
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Chart 2
Difference in the prediction
Maximum difference, K
Equation | Faultless | 8nc | 8Gceor | OFmpram

-0,03 -0,03 0,03
1 -5/8 -6/8 -5/8 -7/5
2 -13/14 | -13/13 | -13/14 -23/2
3 -10/17 917 | -9/17 13/38
4 -55/146 | -84/76 | -87/75 | -1/153

4. Conclusions

From chart 2 is seen that the model 1 is the one
that describes the best the faultless engine, the models
2 and 3 have a middle performance in describing the
gas temperature, model 4 is the one that describes the
worst.

When verifying the models against engine with
faults, the same results were found, being the model
one performing the best.
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Figure 2. Model verification for

faultless engine
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PenensenT: n-p TexH. Hayk, npod., mpodeccop kadenpbl aBUanMOHHBIX neurateneii B.B. ITanun, HarwoHatsHBIN
aBUAIIMOHHBIN YHUBepcUTeET, Kues.

®OPMYBAHHS MOJEJII I BUSHAYEHHSA TEMIIEPATYPHU I'A3Y HA BXO/I
J0 POBOYO0TI'O KOJIECA TYPBIHU B CUCTEMI MOHITOPHUHI'Y PECYPCY

K. Mapaginaa, C.B. €nighanos

Po3pobnsieThest cucreMa MOHITOPUHTY pecypcy NMPUBIAHUX Ta30TypOIHHHMX JBHUTYHIB ra3orepeKadyBajbHUX
arperatiB. Po3risiHyTo Mozieni A1l BU3HAYSHHs TeMIIepaTypy ra3y Ha BXOJi 0 poOodoro kKoieca TypOiHU 3a Bijo-
MHUMH 3HaUCHHSIMH BHMIpPIOBaHUX mapamerpiB. Bei 1i Mozaeni 60a3yloThesi HA BUKOPUCTAHHI TEPMOra30AHHAMIYHHX
PiBHSIHB poOOUOro mporecy. 3HaueHHs! KOeili€HTIB IUX PIBHSHB, SKi 00’ €JHYIOTh HE BHMIPIOBAaHI NapaMeTpH;
TOIaH1 perpeciiHUMU 3aJIeKHOCTSIME BiJl pexkuMy. J[isi BU3HaueHHS IUX 3aJIeKHOCTEH 1 aHalli3y pe3yJabTaTiB BUKO-
pHUCTaHO HENiHIHHY MO BY3JIOBY MOJENb ABHUTYHA. /l07aTKOBI pO3paxyHKH JO3BOJMIM NPOAHANI3YBaTH BUIIMB Ha
TOYHICTh BU3HAYEHHS TEMIIEPATYypy ra3y TpboxX Ae(EeKTiB IPOTOYHOI YaCTUHHU. Y pe3ynbTaTi BU3HAUCHO HAaWKpaily 3
PO3TIISIHYTUX MOJIENEH.

KunrouoBi ci1oBa: ra3oTypOiHHHIA IBUTYH, [TIarHOCTYBaHHS, IIPOTHO3YBaHHS TEMIIEpaTypH razy

®OPMUPOBAHUE MOJIEJIM AJIs1 ONTPEAEJEHUSA TEMIIEPATYPBI I'A3A HA BXO/IE
B PABOYEE KOJIECO TYPBUHBI B CUCTEME MOHUTOPUHI' A PECYPCA

K. Mapasunna, C.B. Enuganos

PaspabatbiBacTcsi CHCTEMa MOHHTOPHHIA pecypca MPUBOJHBIX Ta30TypOMHHBIX IBHTraTeNel ra3onepeKadu-
BAIOLIMX arperaToB. PaccMOTpEHBI YeThIpe MOJENH ULl ONpeeICHUs TEMIIEpaTyphl ra3a Ha BXOfie B pabouee Koie-
€O TYpOHMHBI IO W3BECTHBIC 3HAYCHUAM H3MEPSIEMbIX MapaMeTpoB. Bce 3TH MOjend OCHOBAaHbI Ha HCIOIB30BAHHH
TepMOTa30IHHAMHUYECKHUX ypaBHEHHI pabodero mporecca. 3HaueHus KOAQOUIMEHTOB 3THX ypaBHEHHH, 00beau-
HSFOIINX HE M3MepsieMble MapaMeTpOB, MPEACTABICHBI PErPECCHOHHBIMU 3aBUCUMOCTSAMHE OT pexxuma. Jliist ompeje-
JIHUsI 3THX 3aBHCHUMOCTEH U aHAJIM3a Pe3ylIbTaTOB MCIIONB30BaHA HENMMHEHHAs MOy3/0Bast Moaens asurareis. Jlo-
MOJTHUTEIIbHBIE PACUETHI TIO3BOMIIH MPOAHATU3UPOBATh BIUSHUE HA TOYHOCTH ONPEIeTICHHS TeMIIEpaTyphl ra3a It
Tpex Ie(eKToB MPOTOYHOH yacTu. B pe3ynbpraTe onpe/enena Jydiias U3 pacCMOTPEHHBIX MOJIETIEH.

KunroueBble ci10Ba: ra30TypOUHHBIN ABHTaTENb, THATHOCTUPOBAHHE, MPOrHO3UPOBAHUE TEMITEPATYpHI ra3a.
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