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INDUSTRIAL GAS TURBINE ENGINE OFF-DESIGN PERFORMANCE IMPROVEMENT
CONTROLLING COOLING AIR FLOW

The modern gas turbine engine has been used in current power generation industry for almost half a century. They are designed to operate
with the best efficiency during normal operating conditions and at specific operating points. However, due to power grid demands, different
ambient temperatures, fuel types, relative humidity and driven equipment speed the gas turbine units have to work today on partial load too,
which can affect the hot gas path condition and life expectancy. At these off-design conditions, gas turbine’s efficiency and life deterioration
rate might significantly deviate from the design specifications. In this paper, a digital twin concept for gas turbine unit off-design perfor-
mance prediction (AXSTREAM® platform) is used. The description of created digital twin is presented. The validation of proposed gas
turbine unit digital twin is carried out by comparison with literature source test data. The GTU performance estimation controlling cooling air
at part load modes using digital twin was performed.

Key words: gas turbine unit digital twin, gas turbine unit, off-design mode, power control, cooling system control, efficiency im-
provement.

JI. H. MOPO3, M. B. BYPJIAKA, B. C. BAPAHHHK
YBEJMYEHUE MTPOU3BOAUTEJBHOCTHU NPOMBIIIJIEHHOI'O 'A3OTYPBUHHOI'O
ABUT'ATEJIA TYTEM PET'YJIMPOBAHUSA PACXOJA OXJIAKJTAIOIIEI'O BO3YXA

CoBpeMeHHBIH Ta30TypOHHHEIN JBHTATENlb HCIIONb3YeTCsl B DHEPIeTHKE YK€ IMOYTH monBeka. OHU NpefHa3HadeHbl OIS paOOThl ¢ MaKCH-
MaJbHOH 3()(EKTHBHOCTBIO IPH HOPMAJBHBIX PaOOYMX YCIOBUSX M B KOHKPETHBIX PabOYMX TOYKAX COBMECTHOH pabOTHI TypOHHBI M KOM-
npeccopa. TeM He MeHee, U3-3a TPEOOBAHUM JIEKTPOCETH, U3MEHEHUS TEMIIEPATYPbl OKPY>KaIOLEeH cpeibl, TUIIA TOIIMBA, OTHOCUTEIBHON
BI)KHOCTH HJIM YaCTOTHI BPaIlleHHsl IPUBOJHOIO yCTPOMCTBA, ra30TypOHHHBIC YCTAHOBKU BBIHYKICHBI CETOAHS PabOTATh NpU YaCTHIHOU
Harpyske, YTo MOXKET IOBJIMATh HA COCTOSIHHE IPOTOYHOW YacTH TypOHMHBI M NPOJOJDKHTEIBHOCTh €€ XKU3HU. IIpH 3THX BHENPOEKTHBIX
ycioBusX 3P(HEKTUBHOCTD Ta30BOH TYpOMHBI U KOI(QOHUIMEHT M3HOCA MOTYT 3HAYMTEIBHO OTIMYATHCA OT MPOCKTHBIX crienupukaimii. B
JaHHOU CTaThe HCIOJb3yeTCs KOHLENIMS NU(PPOBOro ABOHHUKA 00BEKTA I/ MPOrHO3HPOBAHMS IIPOU3BOAUTENBHOCTH Typboarperara Ha
BHETIPOEKTHBIX pexxnmax (miardpopma AXSTREAM®). IIpencraBiieHo omcaHHe CO3MaHHOTO IH(POBOro IBOWHHMKA. Banmmauns npeyiara-
eMoro Lu(ppOBOro ABOWHMKA Ta30TypOMHHOW YCTAHOBKHM OCYILIECTBIISICTCS IyTEM CPABHEHHS C JAHHBIMU HCIIBITAHUH NPHUBEICHHBIMH B
HCTOYHHKAX JIUTepaTyphl. bplia BeimonHeHa oleHka mpousBoauTensHocTu I'TY, mpu ympaBiaeHHU pacXoJoM OXJaKAAIOIIEro BO3AyXa Ha
peXUMax YaCTUYHOW HArpy3KH ¢ UCHOJIb30BaHHEM HU(PPOBOro JBOHHHKA.

KumioueBble ciioBa: nudpoBoii ABOWHUK ra30TypOMHHOTO arperara, ra30TypOHHHBII arperaT, peKMM BHEIPOCKTHON pabGoTEI, yIpas-
JICHHE MOII[HOCTBIO, YIIPaBJICHHE CHCTEMOM OXJIaK/ICHHS, TTOBbILICHHE () (EKTHBHOCTH.

JI. 1. MOPO3, M. B. BYPJIAKA, B. C. BAPAHHIK
3BIJIBIIEHHSA MPOAYKTUBHOCTI IPOMUCJIOBOI'O 'A3OTYPBIHHOI'O JIBUT'YHA
HIJIAXOM PETYJIIOBAHHS BUTPATH OXOJIOIKYIOHOT'O ITOBITPA

CyuacHuil ra30TypOiHHUN JBUI'YH BUKOPHUCTOBYETHCS B €HEPreTHIll BXKE Maibke MiBCTONITTA. BoHM mpu3HayeHi Juisi poOoTH 3 MakcUMaib-
HOK €(DEKTHBHICTIO MPHU HOPMAIBHUX POOOYMX YMOBaX i B KOHKPETHHUX POOOYMX TOYKAX CHiUIBHOI poOoTH TypOinu i kommpecopa. IIpore,
4epe3 BUMOTH €JIEKTPOMEPExKi, 3MIHH TeMIepaTypH HaBKOJNHIIHBOTO CEepeJOBHINA, TUITYy HajJnBa, BIIHOCHOI BOJIOrocTi abo 4acToTH 06ep-
TaHHS IPUBOIHOTO MPUCTPOIO, ra30TypOiIHHI YCTAaHOBKH 3MYILEHI ChOTOJHI MPAIIOBATH IPH YaCTKOBOMY HABAaHTA)XEHHI, 1110 MOXE BIUIMHY-
TH Ha CTaH MPOTOYHOI YaCTHHU TYpOiHM 1 TPUBAIICTS 11 )UTTA. [Ipu 1MX BHENIPOEGKTHUX YMOBaX e(pEeKTHBHICTh Ta30Boi TypOiHH i Koe(ilieHT
3HOCY MOXKYTb 3HAYHO BiJPI3HATHCS Bil NPOEKTHHX crermdikaiii. Y naHiii cTaTTi BUKOPUCTOBYETHCS KOHLEMLis HU(POBOro ABiifHHKA
o0'ekTa Ui MPOTHO3YBAaHHS NPOJYKTHBHOCTI TypOoarperaTy Ha mo3ampoekTHux pexumax (miardpopma AXSTREAM®). IIpexncrasneno
OIMUC CTBOPEHOro IudpoBoro ABiliHKMKa. Baninauis 3anponoHoBaHOro 1u)poBoro ABiHHMKA ra30TypOIiHHOI YCTAaHOBKH 3/iHCHIOETHCS LIS~
XOM HOPIBHSHHS 3 TaHUMHU BHIIPOOYBaHb HAaBEICHUMU B JpKepelax iHpopmauii. byna BukoHaHa oninka npoaykrusHocti I'TY, npu peryiro-
BaHHI BUTPATH OXOJIO/PKYIOUOT0 MOBITPs HA PEKMUMAX YaCTKOBOIO HABAHTAXKCHHS 3 BAKOPUCTAHHAM LU(POBOro JBiitHMKA.

KuarouoBi ciioBa: nndposuii 1BiiiHUK ra30TypOiHHOTO arperary, ra3oTypOiHHHUI arperat, pe)uM BHEMPOEKTHOT poOOTH, yIpaBIiHHS
MOTY>KHICTIO, YIPABIIHHS CHCTEMOIO OXOJIOKCHHSI, T IBUIEHHS e(heKTHBHOCTI.

Introduction

Gas turbines are widely used all over the world.
The same GTU frame could be installed in arctic or
desert regions providing significantly different
environmental conditions. But even little change of
boundary conditions causes a significant influence on
integral characteristics and reliability of the engine. It
is well known, that ambient temperature elevation
leads to unit efficiency and power deterioration and
vice versa when the turbine inlet temperature is fixed
[1,2].

There are two main reasons for GTU off-design
operation:

— Environment-induced off-design.

—Grid demands or driven device induced off-

design.

Environment-induced off-design is not desired in
terms of driven equipment. It is usually a subject to
mitigation utilizing the approaches that help to save
fixed GTU power with ambient temperature rise [3]:

— Chiller application at compressor inlet.

— Water evaporation at compressor inlet.

—Humid air/steam injection to combustor
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chamber.

The off-design induced by grid demands or driven
device can be achieved in several ways [4]. In the cur-
rent paper, the part-load modes were carried out by
turbine inlet temperature reduction. The reduction of
temperature is carried out by the decline of injected
fuel MFR in the combustor. The compressor inlet
MFR, in this case, is almost unaltered and equal to the
MFR at design mode.

One of the crucial aspects in off-design perfor-
mance estimation is a determination of joint operation
point of turbine and compressor to check if GTU
would reliably operate avoiding any excessive tem-
peratures of turbine blades and surge zones of the
compressor and produce a certain amount of power.

The overall approach to search joint operation
point is a utilization of the turbine and compressor
maps (graphical method) [5, 6]. Maps utilization
method is pretty simple and in combination with
thermodynamic simulation allow calculating of GTU
performance in the shortest time. However, the cool-
ing system presence contributes the necessity of de-
termining of additional factors (parameters), which
leads to some simplifications and, as a consequence,
may lead to inaccuracies, when maps are used. Some
of these simplifications are a determination of cooling
air mass flow rate (MFR) as a percent from compres-
sor inlet air MFR and simplified GTU components
geometry consideration.

There are many papers devoted to an accurate off-
design performance calculation without maps utiliza-
tion [7,8]. However, their utilization is time-
consuming.

Therefore the methods that allow accounting for
advantages of iteration maps method (relatively short
time of calculation) with the 1D calculation of com-
pressor, turbine and cooling system are of interest.
The automation of off-design GTU parameters search
process makes possible excluding errors related to
transferring of large amounts of data for multiple vari-
ables.

Simulation of cooled GTU requires a utilization
of various 0D, 1D, 2D and 3D models for calculation
of GTU components (compressor, turbine, combustor,
cooling system etc.), the presence of efficient data
transfer between the models and ability to incorporate
custom models, and use logical operations and per-
form optimizations. The complex of the mentioned
tools, methods, models, scripts connected in a logical
sequence is essentially a digital twin of gas turbine
unit (GTUDT). The development and validation of
such a GTUDT are presented in this paper.

The digital twin capabilities are especially inter-
esting for optimization tasks. By the authors, the per-
formance augmentation of GTU using developed digi-
tal twin by cooling air MFR control is performed.

Nomenclature

Symbols:
GTU - gas turbine unit;
GTUDT - gas turbine unit digital twin;
MFR — mass flow rate;
AEF — air excess factor;
LHV - lower heating value;
G — mass flow rate;
P — pressure;
T — temperature;
eff — efficiency;
N — power.

Indexes:
extr — extraction,;
in — inlet parameters;
out — outlet parameters;
turb — turbine;
comp — compressor;
comb — combustor.

GTU prototype for GTUDT

The 166 MW single shaft power generation sta-
tionary GTU was selected as a prototype, the digital
twin will be developed for.

In the scope of this study, it was decided to limit
the number of components and systems to be included
in digital twin: compressor, combustor, turbine and
cooling system (Figure 1). The thermo-structural
analysis was not considered in this paper. However, it
is planned to include it and expand the number of con-
sidered systems in future studies.

The main parameters of GTU prototype are pre-
sented in Table 1. Shaft rotational speed is constant
for every off-design mode and equals the design
mode.

The compressor is 17 stage machine with IGV
and three extractions to cooling system: after nozzle of
the 11" stage, after rotor of 16" stage and at compres-
sor outlet.

Turbine is a three-stage axial machine with 14
cooling inductions and cooled duct at the turbine inlet.

Cooling system (Figure 2) is presented by three
extractions in compressor part, which then divided on
14 cooling flows inducted to blades leading edges,
trailing edges, tip, hub and shroud of turbine flow
path.

The combustor is calculated by thermodynamic
equations. Based on energy balance equations (1)—(4)
the fuel MFR was received. Methane was used as a
fuel.

[in_turb = f(l)turb_in > T;urb_in 4 AEF) ’ (1)
where u5 in — turbine inlet enthalpy;
Py in — turbine inlet pressure;

Turb_in — turbine inlet temperature;
AEF — air excess factor.
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Table 1 — GTU design characteristics

Parameters Units Values
Compressor
Tin K 288.15
Pin kPa 101.32
Gin kg/s 401.84
Pout kPa 1315.0
Tout K 625.85
Gextr kg/s 26.31
eff — 0.9146
N MW 137.17
Combustor

Gin kg/s 375.53
Gfuel kg/s 9.009

AEF — 2.41

Turbine

Pin kPa 1249.25

Tin K 1550
Gout kg/s 384.51
Tout K 901.62
eff — 0.9459
N MW 303.67

O
s Combustor
{2}
c »?D Turbine
ompressor; - .
M 14

Cooling system (1)

Fig. 1 — Gas turbine unit scheme
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where G — fuel MFR;
Geomb_our — combustor outlet MFR;
Geomp_our — compressor outlet MFR;
Leomp our — compressor outlet enthalpy;
LHYV — lower heating value.

Gcomb Cout — Gcomp _out + Gﬁtel H (3)
Gcomb _out
AEF = —<omb_out | @)
G Sfuel 1 0

where [y — stoichiometric air-fuel ratio.

AEF in the (1) is used for determination of com-
bustor products composition that has a significant in-
fluence on enthalpy value determined for specified
pressure and temperature.

The combustor outlet MFR in the first iteration
was set as

G

comb_out =

G

compr_out > (5)
The initial guess for air excess factor was arbi-

trarily selected. The pressure drop at combustor was
equal 0.05 for all calculations.

Loss models for off-design performance prediction

Craig and Cox loss model was utilized for pre-
diction of profile losses of the turbine nozzles and
blades at the design and off-design modes. The model
is empirical and based on experimental data obtained
on numerous blade profiles. The authors of the loss
model stated that no systematic or major discrepancies
have been found in an analysis of over fifty turbines
and that the most calculated values of overall efficien-
cy being substantially within +1.25 percent of the
measured values [10]. Besides, Ning Wei performed a
study of different empirical loss models and deter-
mined that Craig and Cox loss model is one of the
most accurate empirical loss models for relatively
large axial turbines [11].
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Fig. 2 — Cooling system scheme
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Fig. 3 — Gas turbine digital twin operation flowchart

The profile losses prediction of compressor
blades were determined using the Lieblein’s test data
[12] approximated by Aungier [13]. In [13] author
performed the validation of approximated expressions
with NACA 10-stage compressor. The validation
showed a good approximation of experimental data
for each speed line.

The utilization of well-validated loss models for
turbine and compressor served as a good foundation
for the getting a high accuracy off-design performance
prediction of the entire GTU. Besides, the authors
performed some validation of the entire algorithm by
themselves. The results are presented below in the

paper.
The description of the GTUDT

In this study digital twin is used to simulate the
off-design operation of the considered GTU prototype.
Turbine inlet temperature was kept constant for each
off-design mode.

The scheme of calculation process is presented in
Figure 3.

Green circle block is self-explanatory. Orange
rectangles represent custom scripts. The scripts were
added in order to perform additional calculations not
available among off-the-shelf tools. Yellow blocks
represent some available computational tool. In par-
ticular, for the compressor, it was streamline solver, as
well as for turbine. For cooling system, it was hydrau-
lic network 1D numerical solver. Pink diamonds rep-
resent conditional statements for process control ac-
cording to a predefined condition. These blocks allow
implementation of loops required to converge required
parameter, for example, MFR for each cooling flow.
The conditional block could be also used for imple-
mentation of alternative paths of the calculation pro-
cess. Red octahedron is self-explanatory.

The top diamond on the diagram represents the
condition of equality of cooling flows MFRs. If bal-
ances of the cooling flows mass flow rates extracted
from the compressor and inducted to turbine do not
correspond, the reassignment of cooling flows MFRs
is performed. The equality of turbine inlet MFR and
combustor outlet MFR is done by bottom diamond. In
this case, the difference in mentioned above MFRs
leads to reassigning of turbine inlet pressure.

All described above calculations were performed
automatically. Thus, eventually, the capability to simu-
late off-design performance for any compressor inlet
BCs as in real test facility was achieved.

Validation of GTUDT

The validation of the developed GTUDT was
performed comparing the estimated performance data
with real GTU test data [10]. The comparison was
performed for the off-design caused by variation of
ambient temperature from +5 °C to +30 °C. The ambi-
ent pressure and turbine inlet temperature for each off-
design mode were kept constant and equal to the ones
at design conditions.

The pressure losses in inlet and exhaust ducts
were not taken into account.

The data for power correction factor obtained
utilizing the GTUDT and the GTU test data from [10]
are presented in Figure 4. Power correction factor is a
ratio of power at design mode to power at off-design
mode. It is clearly seen that the power correction fac-
tor obtained on GTUDT is in good agreement with the
power correction factor variation from [10]. This al-
lows concluding that GTUDT performance data re-
sults are plausible and that GTUDT can be used for
GTU off-design performance data gathering.
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Also, the validation of proposed digital twin was
performed by comparison the turbine outlet tempera-
ture for different power level with generalized test
data from [1] (Figure 5). The part loads of GTU are
carried out by compressor inlet MFR decreasing.

The comparison of the curves showed that the
obtained results are in good agreement with the trend
obtained experimentally in [1], demonstrating the
correctness of the results obtained on GTU virtual test
facility.

Comparison of GTUDT results with
heat balance calculation tool results

The estimation of GTU part load performance
was performed utilizing the proposed VTF and utiliz-
ing cycle calculation tool with the embedded map for
the compressor. The compressor map Wwas
preliminarily generated using described above stream-
line solver. The turbine efficiency was found based on
Stodola law.

The comparison of the results is presented in this
section. The dependencies of GTU efficiency deter-
mined by two mentioned approaches are presented in
Figure 8.

Figure 6 shows the GTUDT results in 6 % (in
relative values) difference in efficiency value at 40 %
of unit power in comparison with results obtained with
the conventional thermodynamic solver.

The difference can be explained by that the map
was generated for fixed values of cooling flows ex-
tractions/inductions taken from design mode, but
actually, the cooling flows parameters were varying
for different part load modes. Its own portion of con-
tribution into discrepancy value brought the air mass
flow rate calculation method in case of map approach.
Namely, it was calculated based on the simple pres-
sure drop without taking into account variation of oth-
er thermodynamic and kinematic parameters of cool-
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ing flows at extraction/induction slots of compres-
sor/turbine flow paths. The other factor is that the
cooling flows are injected into turbine stage in two
sections only (upstream and downstream turbine rotor)
in map approach. Besides mentioned above, the mod-
eling of the turbine by Stodola law brought some de-
gree of discrepancy into the results in comparison with
detailed turbine simulation in streamline solver.

All mentioned above factors allows concluding
that the proposed VTF results demonstrate a higher
degree of accuracy in comparison with the utilized
map-based approach. It should be noted that map-
based approaches can be based on real field data and
take into account variation of cooling flows and real
compressor/turbine  performance  and  induc-
tion/extraction slots parameters. In this case, the fi-
delity of the results can be rather high too. However,
the advantage of VTF is that field data is not required.

GTU performance augmentation
by cooling air MFR control

It is well known that GTU part-load control by
turbine inlet temperature envisages a reduction of the
turbine inlet temperature to obtain the part-load mode
of GTU. Authors of this paper performed simulation
of part-load mode of GTUDT (these results are not
presented here, but they will be published in ASME
Turbo Expo 2018 paper) and determined that the tem-
perature of hot gas can become even less than blades
material allowable temperature, but cooling mass flow
rate was almost the same as in the design mode. In
other words, the cooling flow is simply wasted at deep
part load modes. It is obvious to assess the possibility
of cooling mass flow rate control in order to adjust it
according to the temperature of hot gas and improve
the efficiency of GTU at deep off-design modes.

The proposed GTUDT was utilized to perform
the assessment. For this, GTUDT cooling system was
modified by the addition of control valve to the cool-
ing channel going to first nozzle vane. The first vane
required the most significant amount of cooling. Thus
the effect from the reduction of cooling flow to the
first nozzle has to be pretty significant.

Determining the quantity of cooling air MFR

There are dependencies in the literary sources
that allow approximately calculate the required cool-
ing air MFR for given type of cooling and temperature
of the main flow.

In the presented paper the cooling air MFR was
determined from [11] (Figure 7).

G = Gcool/Ggas > (6)
where G — relative cooling air MFR;
G,,,; — cooling air MFR;

)

o 1 2 3 4 5 5%

Fig. 7 — Efficiency of different types of air cooling:
1 —blade with radial channels; 2 — blade with
the semi-closed cooling system; 3 — deflector blade;
4n —nozzle blade film cooling;
4r — rotor blade film cooling

Ggus — MFR of the main flow.

T —T,
L @)
Tgas_Tcool

where T, g*as — total temperature of main flow;

T,; — maximal allowable temperature of blade
without cooling;
oot —

"oo1 — total temperature of cooling flow.
Since the blade cooling type for presented GTU
is film, the necessary cooling MFR was determined by

the "4n" line.
Results of cooling air MFR adjustment

The effect of cooling air MFR control on VGTU
performance for different power levels is presented in
comparison with performance without any cooling
system control.

The dependency of GTUDT performance for dif-
ferent power level is presented in Figure 8.

As we can see from Figure 8 the efficiency of
GTUDT with the controlled cooling system is higher
than one of GTUDT with the uncontrolled cooling
system. The efficiency increment at 40 % of power is
about 3.5% in relative values, at the 70 %, it is about
1 %. It should be noticed that cooling air MFR was
controlled for first nozzle only. It can be assumed that
the cooling air MFR controlling at another flow path
elements allows getting even higher efficiency incre-
ments. The GTUDT efficiency curve bend between
60 % and 50 % part load modes was caused by the full
closure of the first nozzle cooling channel. The rest of
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flow path elements have no control in this study, but
GTUDT allows controlling the other cooling system
branches either.

The distribution of cooling air MFR at different
GTUDT power levels is presented in Figure 9.

It is clearly seen from Figure 9 that the decre-
ment of the cooling air MFR is much more significant
for the case of the controlled cooling system. The tur-
bine inlet temperature is less than the maximal allow-
able temperature of flow path metal in the range of
50 %—60 % of power.

It should be noticed that presented methodology
of cooling system calculation allows defining the flow

directions inside the blade, which is possible at some
deep part-load modes.

This assessment was not performed in this study.
It is planned to include such an analysis and to
perform cooling system control simulation at GTUDT
part-load modes taking into account possible penetra-
tion of hot gas inside the blade and its influence on
blade temperature and adjust cooling flow rate accord-
ingly.

The dependency of relative turbine inlet tempera-
ture from power level is presented on Figure 10.

1.05
G\D 1 --—___'-—'-— - -
= e
g — -
£ 0095 -1
—1 -
% / Pag
© -~
Z 09 |=%
kg
E
D
2 085
©

0.8

40 50 60 70 20 90 100

power level, %

controlled cooling system

— = -uncontrolled cooling system

Fig. 8 — Relative GTU efficiency vs GTU power level
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Fig. 11 — Expansion process of turbine in h-s diagram:
a — uncontrolled extraction; b — controlled extraction;
blue lines are the nozzle expansion process; red lines are the blade expansion process;
green verticals are isetropic expansion process; green inclined lines are isobars;
dark lines are expansion process in duct.

As we can see the difference in turbine outlet
temperature in the range 100—60 % is not significant
for controlled and uncontrolled cooling system types.
The difference in 3 % in relative values is observed
when the main flow temperature is less than maximal
allowable metal temperature and the cooling air MFR
for stationary elements is equal to zero.

The proposed digital twin allows analyzing the
internal aero-thermodynamic parameters at any row of
compressor and turbine flow paths and cooling chan-
nels. This is an advantage of direct performance esti-
mation comparing to map approach. As an example,
Figure 11 represents the working fluid expansion pro-
cess in the turbine taking into account cooling flows
injections for both cases: controlled and uncontrolled
cooling systems.

The explanation of the points and lines for the
first stage of the turbine (Figure 11) is given below.

The 1-2 line represents the expansion process in
the duct before turbine first stage.

Point 3 is the condition of gas after expansion in
the first nozzle vane accounting cooling flows deter-
mined by static pressure, 3°° — the same condition
without cooling accounting. Point 3” shows the total
parameters of working gas after expansion in the first
nozzle.

Point 4 is the total parameters in the absolute
frame after first blade row accounting the cooling
flows, 4" — the same condition without cooling ac-
counting. And the point 4 show the parameters after
first blade row in the relative frame.

The dotted lines show the process without cool-
ing. The solid lines represent a real expansion process.
Blue lines represent expansion processes in stationary

nozzles. Red lines represent expansion processes in
rotating blades.

Approximate economics evaluation

Preliminary economics analysis was performed
assuming that the GTU works at 40 % part-load mode
from 20 % to 50 % of the time in a year. Thus, if the
fuel price is equal to $0.17 per kg of the fuel with
LHV equal 50kJ/kg, the savings may be from
$154,000 to $387,000 per year.

Conclusions

—The developed GTUDT allows simulating the
behavior of real GTU including off-design and part-
load modes, automatically calculating compressor,
turbine and entire cooling system performance, and
their matching.

— The validation of proposed GTUDT with the
test data for the case of different ambient temperature
values was done. The validation showed good agree-
ment of the GTUDT performance data with the real
test data.

—The assessment of the possibility of cooling
mass flow rate control and its influence on turbine
performance was performed. The efficiency increment
at 40 % of power is about 3.5 % in relative values, at
the 70 %, it is about 1 %. It should be noticed that
cooling air MFR was controlled for first nozzle only.
It can be assumed that the cooling air MFR controlling
at another flow path elements allows getting even
higher efficiency increments.
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— Preliminary economics analysis showed the
savings are in the range from $154,000 to $387,000
per year. The final value of savings depends on part
load mode power level and operation time percentage
per year.

Off-the-shelf software tools utilized in the study

AxXSTREAM® turbomachinery design, analysis
and optimization tool [12, 13] was integrated into
VGTU for simulation of compressor and turbine.

AXSTREAM NET™ 1D hydraulic networks
analysis tool [14] was integrated into GTUDT for
cooling system simulation.

AXSTREAM ION™ [15] system engineering in-
frastructure for the design of engineering systems was
utilized for the development of GTUDT, including
operation flowchart design, integration of the off-the-
shelf and custom software tools, and execution.
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