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ABSTRACT

This work centers on the development, validation and
application of a gas turbine performance analysis software.
Design point performance analysis can be carried out and the
target engine is the simple cycle engine with one compressor
and one turbine which is suitable for power applications. The
software is developed based on the ideal Brayton cycle and
the real cycle. The latter incorporates isentropic efficiencies of
the compressor and the turbine, combustion efficiency,
combustor pressure loss and exhaust pressure loss. The
software is tested for accuracy using both engine operation
field data and engine design data from MS5001PA gas turbine
engine. By using well defined engine operation data and
choosing a set of percentage losses and efficiencies
characterizing the real engine cycle, the results from the
developed software closely approximate those of the field data
as well as the engine design data. Ideal cycle simulation
results of the variations of different parameters with pressure
ratio (PR) for fixed value of turbine entry temperature were
obtained; while thermal efficiency increases continuously
with PR and heat input decreases continuously with PR, net
work output on the other hand increases to a maximum at an
optimum PR and decreases with further increase in PR. Both
the optimal PR and the maximum net work output increases
with the turbine entry temperature for fixed value of fuel flow
rate. Although, the simulation results are obtained from the
ideal Brayton cycle, they do serve as preliminary design
results for detailed engine design.
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1. INTRODUCTION

The gas turbine is an internal combustion engine theoretically
operating on the ideal Brayton cycle. The real cycle engine
operates on the Joule cycle [1]. The simple gas turbine engine
cycle consists of three major components- the compressor, the
combustor (combustion chamber), and the turbine. There is an
intake section and an exhaust section after the turbine or a
nozzle depending on the application. The simple three-major
components arrangement has been greatly modified. The
modified cycles include Brayton cycle with regeneration
cycle, intercooling, reheat and any combination of the above
three modifications [1], [2].

Gas turbine performance calculations can be design point and
off-design performance calculations [3]-[6] In practice, the
gas turbine engine operates in several off-design conditions
within a short while. This work centers on developing a
computer program that can carry out performance design
point calculations which can be used as a study tool for
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beginners in the study of this prime mover. There are several
softwares on gas turbine performance analysis. Some are
commercial [7], some in-house [8] and others developed by
individuals [9]. Most of these gas turbine performance
analysis softwares can carry out both design point and off-
design performance analysis, but some of them are very
complex to use; beginners will not find them appealing hence
this work. The present work focusses on ideal and real gas
turbine cycles simulations. Performance simulations of
modified cycles is the subject of a second paper.

The developed software was tested for accuracy using data
from real engine operation. The output from the software
(compressure exit temperature and pressure, net power output,
exhaust gas temperature and thermal efficiency) for the ideal
cycle plant as may be expected do not match the field data
closely. But using the real cycle by exploiying appropriate
compressor and turbine isentropic efficiencies, combustor
pressure loss, exhaust pressure loss and combustion
efficiency, the output from the software closely matched the
field data. Every gas turbine engine is basically defined by the
PR. To create an engine model that can mimic a real engine,
adaptation techniques are used [10], [11], but that is not
within the scope of this work.

2. PERFORMANCE ANALYSIS

The performance analysis of the gas turbine engine involves
carrying out energy balance in each of the major components.
This is done for both the ideal simple cycle and the real cycle
engines respectively in this work.

2.1 ldeal Cycle Performance Analysis

Figure 1 shows a an ideal simple cycle gas turbine engine.
The ideal Brayton cycle engine could be modelled by
replacing the combustion and the exhaust processes with heat
exchangers. In this work, the open cycle plant is employed
with no losses. To carry out the performance calculations of
this plant, the temperature-entropy (T-s) diagram of the
engine is employed and this is shown in Fig 2. Air-standard
assumptions [12]-[14] are applied in analyzing the plant with
the compression and expansion processes assumed to be
isentropic. The exhaust process is represented as process 4-1
in the T-s diagram. The analysis of the plant here involves

determination of the ideal specific compressor work W, ;,

turbine work W,

t i+ Net work output of the cycle W, the

heat input into the cycle (;,, and the thermal efficiency of

the plant 77, ; -
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Fig 2: T-s Diagram of an ideal gas turbine plant

The steady flow energy equation [15] could be applied to each
of the components in the cycle, where the kinetic and
potential energy terms are neglected.. The mass flow rate
through the various components in the cycle is assumed to be
the same.

2.1.1 Thermal Efficiency of the Plant
The thermal efficiency of the Brayton cycle gas turbine
engine, (designated as 77, ; since it is an ideal plant) is given
by Equation (1),
O Wr i = We
Mn,i = — 1)
qin
The specific power absorbed by the compressor is given by
Equation (2) (exploiting the steady flow energy equation),

Wi = hz _hl o)

where hl and h2 are the static enthalpies at the end states of
the compression process. Since the working fluid is assumed
to be ideal, h = CpT . Thus Equation (2) could be put in the

form,
T1
w,, =c,(T,-T)=c,T,|1-2| ©
Tz
In the compression process, with rp as the PR,

-

L (P _ =
L = — = rp y
T, P,

Therefore,
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]'_J
W, ; =cpT2(1—rp 2 j @)
The specific power output of the turbine is given by Equation
®)
T, Iy
w,, =¢,(T,-T,)=c,T, 1—T— =c,T|1-r, | ©
3
The specific net work output of the plant is given by,

Ly
W, =cp(1—rp , j(T3 -T,)  ©

The quantity of heat added to the working fluid per mass flow
rate of the working fluid is,

Qi :Cp(T3 _Tz) )

Wigr =Wy i —

The heat input into the cycle Qin comes from the combustion
of fuel, natural gas in most cases. This can be expressed as,

Qi =m;H, (8)
where mf is the mass flow rate of the fuel and Hf is the

lower calorific value of the fuel in (J/kg). From Equations (7)

and (8), with M as the flow rate of the air, the fuel flow rate
for the ideal cycle is obtained as,

m, =mc, (T, —T,)/H, ©)

The thermal efficiency of the Brayton cycle gas turbine
engine is given as,

1y

cp(l—rp y j(n -T,) .

17 . :WNET = =l—l’ 7}/ (10)
! Qi Cp(T3 _Tz) '

The net work output can also be expressed by Equation (11)

where T, / T, is referred to as the temperature ratio of the
cycle,

by t\(T,
W :cp(l—rp / j(T3—T2):cpT1[1—rp y j[;—rp RGN

1

2.1.2 Optimum Pressure Ratio
The optimum PR is the PR at which the specific net work
output Wy gris maximum. This PR designated here as

r-p,W max
respect to the PR and equating to zero. The optimum PRn, the

is obtained by differentiating Equation (11) with

thermal efficiency at optimum PR 774 \w max » @nd the net

work output at the optimum PR Wy y ax @€ given by
Equations (12) to (14),

T, 2(y-1)
rp,Wmax =| — (12)
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7 :1—(—3 (13)
th,W Tl
1] 1
T.)2 T. )2
W wmm =Cod el 1= = -T2 -1]F @4
NET,W P T1 1 T1

3. REAL GAS TURBINE ENGINE
CYCLE ANALYSIS

In the real cycle, the compression and the expansion processes
are associated with losses hence are not isentropic In the
combustion process, there is pressure loss and this has to be
accounted for in the real cycles. The combustion process in
the real cycles involves the combustion of fuel. The
combustion process also involves combustion efficiency.
Each of these is considered here.

3.1 Isentropic Efficiency of Compression
and Expansion Processes

>

5

Fig 3: Isentropic and actual compression and expansion
processes

Figure 3 shows the T-s diagram of the simple cycle plant
where the isentropic efficiencies of the compression and
expansion processes are included. Process 1-2i is the ideal
compression process (isentropic process) and process 1-2a is
the actual compression process. The isentropic efficiency of

the compression process 7] ; is defined as in Equation (15)

where W, , is the actual compression work,

We, h,—h T,-T
Ne i = C, _ _2i 1 _ 2 1 (15)
Wc,a hza _hl Tza _Tl

Process 3-4a is the actual expansion process while process 3-
4i is the ideal expansion process. The isentropic efficiency of

the expansion process 7};; is defined as in Eq. (16) where

W, is the actual turbine work,

W, h,—h, T,-T
M= Ta _'B 4a _ 3 4a (16)
WT,i hs - h4i T3 _T4i

,a
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3.2 Pressure Losses in Combustion

Chamber and Exhaust Process
In the combustion process, there is some pressure loss hence

P, > P;. There are correlations for pressure loss, but
pressure loss is usually expressed as a percentage of the
compressor exit pressure. For X % loss in pressure, the
pressure at the combustor exit is expressed as,

Py = (1— i) P, (17)
100

There is also pressure loss in the exhaust process, that is
P, > P;. This could be expressed as a percentage of the

compressor inlet pressure ;. If there is a pressure loss of

X % of compressor inlet pressure in the exhaust system,
then,

p, = (1+ LJ P, (18)
100

3.3 Combustion Process

The combustion process involves the burning of fuel. The
quantity of fuel burnt is meant to achieve the required TET
(T3). For complete combustion, T3 is obtained. For incomplete

combustion, T, is obtained where T, <T,. The

combustion efficiency 77.. is given by Equation (19) in terms

of temperatures and by Equation (20) in terms of fuel flow
rate;

(TS' B Tz )
i — (19)
(Ts - Tz )

Mee = (20)

3 ‘ -"_3.

f
where mf.is the fuel flow rate that ought to achieve the

required temperature rise. The simulation cases considered
later are carried out either at fixed fuel flow rate or fixed value
of TET. The fuel flow rate for known TET and the TET for
known fuel flow rate incorporating combustion efficiency are
given by Equations (21) and (22) respectively;

mc (T, —-T
mf _ p( 3 2) 1)
ncch
m, xH. x
-|-3 :T2+ f : f ncc (22)
mc

p

3.4 Thermal Efficiency of the Real Cycle
Gas Turbine Plant

The thermal efficiency of the real cycle gas turbine plant
Mih.a is given as,
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WNET WT,a_WC,a
TMth,a = = (23)
qin qin
But Wy o =7 i XWr and Wc,a:Wc,i/nc,i;
substituting in Eq. (30) and simplifying,

Wy o =1 X Wy and We o =We i /77c i
substituting in Eq. (30) and simplifying,

e il iWr i = We

N2 = (24)
" c,i%in
4, BASIC FEATURES OF DEVELOPED
SOFTWARE

The developed software is for design point performance
analysis. For both the ideal cycle analysis and real cycle
analysis, simulations are be carried out at either fixed value of
TET or fixed fuel flow rate;

e For ideal cycle analysis, for a given fuel flow rate/TET,
PR, ambient temperature and air flow rate, other
parameters such as compressor exit temperature, exhaust
gas temperature, thermal efficiency of the cycle etc. could
be estimated. Also, the variations of each of these
parameters with PR could be investigated.

e It is also feasible to investigate the variations of the
optimal PR and the theoretical maximum net work output
of the cycle against the TET value.

e In the real engine cycle analysis, simulations could be
carried out with compressor and turbine isentropic
efficiencies only implanted in the engine model.
Combustion efficiency as well as pressure losses in both
the combustion chamber and the exhaust process could be
implanted in the engine model for simulation.

e In both the ideal cycle and the real cycle simulation
analysis, it is possible to write simulated results to excel
spreadsheet for further analysis.

5. SOFTWARE VALIDATION,
APPLICATION AND RESULTS

The developed software is validated by comparing its output
with those of a real field data. The design point parameters of
the engine (MS5001PA gas turbine engine) which field data is
used for the validation are presented in Table 1.

From the engine design data, employing a mechanical
efficiency of 97% at the power generation end, the net power
output of the plant will be 27.66MW. Also, from the value of
the heat rate, the thermal efficiency of the plant is 28.38%
while the rate of heat input into the plant is estimated as
97.48MW. Assuming the fuel to be natural gas with lower
calorific value of 47.14MJ/kg, the fuel flow rate and the
specific fuel consumption are 2.07kg/s and 0.0748kg/(MW-s).
The engine design data could also serve as a means for testing
the validity of the software developed; hence both data are
employed for validating the software.
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Table 1: Design Point Parameters of Engine used as Case

Study [16]
NO. Parameter Symbol  Unit Value
1 Power output W MwW 26.83
2 Heat Rate HR kJ/(KW-hr) 12,687
3 PR r - 10.5
p
4 Air flow rate m kg/s 125.2
a

5 Turbine speed N rpm 5100
6 Exhaust T K 756

temperature 4

5.1 Software Validation

The parameters compared are the net power output, the
thermal efficiency and the exhaust gas temperature. The field
data used for comparison are average values recorded over
one year of engine operation. To obtain the simulation results,
certain engine operation data and other assumed data will
serve as input data in the developed software. The input data
used for the simulations for comparison with the field data /
for comparison with the engine design data are presented in
Table 2, under Value | and Value Il respectively. The ambient
temperature, ambient pressure, pressure ratio, and the working
fluid flow rate define part of the engine operation conditions
and are part of the field data. Fuel flow rate is also read, thus
the simulations are carried out at fixed fuel flow rate.

Table 2: Input Data for Performance Simulation

NO. Parameter Symbol Unit  Valuel Valuell
1 Ambient temperature T K 301 288
2 Ambient pressure Py bar 1.012 1.0
3 Pressure ratio r - 105 105
p
4 Air flow rate m kgls 987 125.2
a
5 Fuel flow rate m kg/s 176 2.07
f
6 Compressor  isentropic % 85 85
efficiency UL
7 Turbine isentropic % 90 90
efficiency i
8 Combustion efficiency % 90 90
77CC
9 Combustion  pressure % 5 5
loss APZS
10 Exhaust pressure loss

% 5 5
AP,

Simulation results are obtained using the ideal cycle as well as
the real cycle. In the real cycle, three cases are considered.
The first case considers only isentropic efficiencies of the
compressor and the turbine, the second case included
combustion efficiency while the third case also incorporated
pressure losses in the combustor and exhaust process. Table 3
shows the field data and the results from the software for
comparison while Table 4 shows the engine design data and
the results from the software for comparison.

From Table 3, the field data values for the net work output
and the thermal efficiency are higher than the simulated
values, but the simulated values are closer to the field data in
case Il where isentropic efficiencies of compressor and
turbine, combustion efficiency and pressure losses are
incorporated. The simulated exhaust gas temperature is lower
than that obtained from the field. The same trend is found in
table 4 where simulated data is compared with engine design
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data. The higher field data values means the losses in
components implanted is less than the actual losses in these
components. The exhaust gas temperatures are lower in case
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Il than in case 111 of the simulated results because in case Il
pressure loss in the exhaust process is considered, but this is
not considered in case Il. Thus, the exhaust gas temperature
value of case Il is far from field data/engine design data.

Table 3: Field data and simulated data for comparison and software validation

Simulated Results

NO. Parameter Unit Field Ideal Cycle Real Cycle
Data
CASE | CASE Il CASE Il
1 Net Power Output MW 21.05 38.89 29.32 23.82 22.02
2 Thermal Efficiency % 25.52 48.92 36.88 30.09 26.57
3 Exhaust gas temperature K 783 710.37 806.88 762.02 780.18
Table 4: Engine design data and simulated data for comparison and software validation
Simulated Results
NO. Parameter Unit Engine
] Ideal Cycle Real Cycle
Design
Data CASE | CASE I CASE Il
1 Net Power Output MW 27.66 47.74 36.07 30.43 28.77
2 Thermal Efficiency % 28.38 48.92 32.96 30.17 29.09
3 Exhaust gas temperature K 756 684.11 776.88 733.48 750.95
Tuning engine model to predict field data accurately requires
adaptation of the engine model which is not considered in this "
work. But, the closeness of the simulated results and the 1
field/engine design data validates the developed software. o
80000 —We (kW)
5.2 Simulation Results - —wr )
Results of the variation of different parameters with PR are S —Woet (kW)

presented here. These include the variation of compressor exit
temperature, exhaust gas temperature, compressor work,
turbine work output, the net work output of the cycle, the heat
input, the heat rejected and the thermal efficiency of the cycle
with the PR, all on the ideal cycle basis. These simulations are
carried out at fixed TET value hence the variation of the fuel
flow rate with PR is also obtained. Fixing the fuel flow rate,
the variation of TET with PR is obtained. Also investigated
here are the effects of TET on the optimal PR and on the
maximum net work output respectively. The various results
are shown in Figures 4 to 10.
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Fig 4: Variation of Compressor Exit Temperature and
Exhaust Gas Temperature with PR
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Fig 5: Variation of engine work terms with PR
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Fig 6: Variation of fuel flow rate with PR
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Figure 10: Variation of optimum PR and maximum net
work output with TET

The Variation of compressor exit temperature and exhaust gas
temperature with PR is shown in Figure 4. The compressor
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exit temperature increases continuously with PR because
more work is done on the working fluid with increase in PR.
The exhaust gas temperature on the other hand decreases with
PR for fixed TET value because at higher PR values the TET
value is achieved faster.

Figure 5 shows how compressor work absorbed, turbine work
output and the net work output of the plant varies with PR.
The power absorbed by the compressor increases with the PR.
Also, the turbine work output increases with increase in PR.
The response of the network output to the PR depends on the
rates of increase of the work absorbed by the compressor and
the work output of the turbine. The rate of increase in the
work absorbed by the compressor is greater than that of the
turbine work output. Hence, the net work output increases to a
maximum value and drops with further increase in the PR.
The maximum net work output occurs when the optimum PR
given by Eq. (12) is obtained.

The fuel flow rate drops with increase in PR as shown in
Figure 6. This is because the compressor exit temperature
increases with PR hence less heat is required to achieve the
fixed TET value as PR increases. The variation of fuel flow
rate with PR is modeled with a logarithm function (not linear)
and regression coefficient of 0.9823 is obtained as in Figure 6.
The heat input, like the fuel flow rate decreases with PR in the
same manner as the fuel flow rate. The heat rejected also
decreases with PR because of lower exhaust gas temperatures
obtained at higher PR values as in Figure 7. The thermal
efficiency of the plant depends on the PR and the ratio of
specific heat capacities only; hence it increases continuously
with PR. The thermal efficiency is actually computed as the
ratio of the net work output which increases to a maximum
value before dropping slowly and the heat input which drops
continuously with PR. Thus, the thermal efficiency increases
continuously with PR, with the rate of increase higher at
lower PR values where net work output is increasing and heat
input is decreasing as shown in Figure 8.

The variation of TET with PR for fixed value of mass flow
rate is shown in Figure 9. The TET increases with the PR if
the fuel flow rate is fixed because the temperature at the
compressor exit increases with PR thus burning same fuel at
higher PR values leads to higher TET values. When the fuel
flow rate is fixed in the developed software, it is possible to
investigate the variation of the optimal PR and the maximum
net work output with the TET value. Both the optimal PR and
the maximum net work output increase with the TET in the
same manner as shown in Figure 10. The TET value is limited
by the metallurgical considerations of the blade materials.
Once the TET value is set, the design PR may be very close to
the optimal PR. Although, the simulation results obtained here
are applicable to ideal cycle engines, they do serve as guides
in the real engine design process and the software developed
in this research is a useful tool in obtaining these pre-design
results.

6. CONCLUSIONS

In this work, gas turbine performance software is developed.
The software could carry out ideal gas turbine performance
based on the Brayton cycle and real gas turbine operation
performance. The latter exploits compressor and turbine
isentropic efficiencies, combustion efficiency, combustion
pressure loss and exhaust pressure loss which could be
implanted in the ideal cycle together or separately. The
software is tested using real engine operation data and engine
design data by comparing the power output, the thermal
efficiency and the exhaust gas temperature obtained from the
software for defined set of engine operation conditions with
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those from the field and engine design point. The results from
the software for real cycle calculations closely approximate
those from the field and the design data thus validating the
software. More accurate results can only be obtained through
adaptation.

The developed software was used to produce engine
performance results based on ideal cycle operations- showing
basically how different parameters vary with the PR for fixed
value of TET. While thermal efficiency increases
continuously with PR, the net work output increases to a
maximum at the optimum PR and decreases with further
increase in PR. The design PR for a real engine could be close
to the optimum PR obtained but never exceeding it. Another
set of important results obtainable from the software are the
variations of the optimal PR and the maximum net work
output with the TET for fixed mass flow rate. Both of these
parameters increase with the TET. The TET is fixed in the
design process and limited by the blade materials. But a
higher TET value means higher value of maximum net work
output. Preliminary results necessary for detailed engine
design could be obtained from the developed software.

In this work, gas turbine performance software is developed.
The software could carry out ideal gas turbine performance
based on the Brayton cycle and real gas turbine operation
performance. The latter exploits compressor and turbine
isentropic efficiencies, combustion efficiency, combustion
pressure loss and exhaust pressure loss which could be
implanted in the ideal cycle together or separately. The
software is tested using real engine operation data by
comparing the power output, the thermal efficiency and the
exhaust gas temperature obtained from the software for
defined set of engine operation conditions with those from the
field. The results from the software for real cycle calculations
closely approximate those from the field. More accurate
results can only be obtained through adaptation. The
variations of various engine operation parameters with PR
could be investigated using the developed software. Also,
preliminary results necessary for detailed engine design could
be obtained from the developed software.
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