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Abstract 
 
The industrial gas turbines which are in service for power generation and mechanical drive are operated in different environmental 

conditions. The changes in environmental conditions could affect the performance of different main subsystems and also overall 
performance of the engine. It is very crucial to have a good insight regarding the behavior of the engine under different inlet air 
conditions. This paper presents the SGT-600 twin-shaft gas turbine design and off-design model for mechanical drive applications. Also 
the integration of components and component matching of the gas turbine at base and part loads are studied. The characteristic curves of 
each component derived from three-dimensional numerical simulations, were validated with experimental data in a separate study. The 
results of simulation are presented at the part load and different ambient conditions are validated with test measurement data. The results 
show good agreement between the experimental data and analytic model.  
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1. Introduction 

The gas turbines have an important role in different indus-
trial fields such as gas compression stations, power generation 
and combined steam and power plants. Their usage has been 
increased specially in recent years because of considerable 
improvements which have been achieved in their operation 
and efficiency. The “heavy duty” gas turbines operate at the 
off-design conditions in the most of their operation time. It is 
possible to gain more details information about a gas turbine 
operation by developing steady state mathematical models. 
These models are usually used as a fast and dependable tool 
for different studies such as parametric and sensitivity analysis, 
improving the control philosophy of the system. This paper 
presents a part of results produced by a developed steady state 
model which has been conducted for the SGT-600 gas turbine. 
The developed model in this paper has the capability of ana-
lyzing the gas turbine behavior in both design and off-design 
conditions based on continuity and energy equations for dif-
ferent parts of the system. In this study, detailed and exact 
results of the effects of the different parameters on the gas 
turbine performance have been presented. These results have 
been generated in the steady state condition with considering 

the control philosophy of the gas turbine operation. The con-
trol philosophy of the SGT-600 gas turbine based on the real 
control logic correlations is considered in this paper. It is pos-
sible to change the control philosophy of the gas turbine such 
as TIT constant, TET constant and IGV constant, … which is 
applicable for the simple or combined cycle based on de-
signer’s point of view. 

The steady state modeling of a gas turbine is focused on the 
engine operation on different loads as well as the diverse con-
trol philosophies. These types of mathematical models enable 
the designer to calculate the required heat flow, Inlet guide 
vane (IGV) position and the mass flow rates of the bleed 
valves at different fuel compositions and environmental condi-
tions. Moreover, the overall operation status of the main com-
ponents such as intake, air compressor, combustion chamber, 
turbines and exhaust could be derived. The analysis of the 
main components conditions provide a good insight for deriv-
ing the best control philosophy for a specific condition in order 
to have an optimized operation for all components. Most of the 
previous researches were focused only on the design point 
operation models. There are also some off-design models 
reported by the researchers. On 1975, NASA developed a 
model “DYNGEN” for analyzing the operation of turbofan 
and turbojet engines on both the design and off-design condi-
tions [1]. Waters and his colleagues developed a model 
“EPRI-GATE” for performance analysis of power cycle 
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[2], which was later improved by Giglio via considering the 
effect of cooling process in the previous models [3]. El-Masri 
and his colleagues developed a more detailed model consider-
ing the blade cooling [4, 5]. El-Masri also developed some 
models based on the second thermodynamic law and cycle 
performance analysis with cooling which finally resulted in 
the GASCAN computer code [6-9]. Other zero dimensional 
models were developed for thermal analysis by Isamil and 
Bhinder in 1991 [10] as well as Zhu and Saravanamutto in 
1992 [11].  

Kim presented a mathematical model for both single and 
twin-shaft gas turbines with turbo-generator application [12]. 
Al-Hadman and Ebaid proposed a model for gas turbine en-
gines under power generation application on 2005 [13]. More 
recently an off-design model for a Solar Centaur-40 gas tur-
bine was suggested by Gobran [14]. 

 
2. Analytical modeling 

This research is focused on SGT-600 gas turbine whose 
schematic view with mechanical drive application is shown in 
Fig. 1. As shown in this figure, the considered gas turbine is 
composed of a 10-stage air compressor with IGV at the inlet 
for higher performance at off-design conditions; meanwhile 
they also provide the required safe margin from the surge line 
of the compressor at speeds lower than the design speed. The 
bleed valves which are located after 2nd and 5th stages have an 
important role for controlling the safe margin of the air 
compressor. The positions of these valves are usually 
determined based on the shaft speed. Also the flow 
coefficients of these valves have a vital role in the simulation. 
These coefficients have been derived for different positions 
considering the different pressure on both sides of the valves 
as well as the risk of the choking in flow. 

The outlet air from the compressor is introduced to an 
annular combustion chamber and mixes with the fuel which is 
directed to the burner from another path. The mixture is 
ignited and the temperature of the outlet gas is increased. The 
hot gas mixture is introduced to the first-vanes row of the 
turbine and then revolves the first-blades row of turbine. 
These rows are cooled with milder temperature air in order to 
prevent the blades from the risk of firing because of the high 
temperature. The SGT-600 gas turbine is a twin-shaft which 

consist a high pressure turbine for driving the air compressor 
and a low pressure one for driving a gas compressor working 
in a gas transmission line. A fraction of the compressor outlet 
stream is used to cool the vanes and blades of high pressure 
turbine. Also the first row vanes of the power turbine are 
cooled by the air which is extracted from the 5th stage of the 
air compressor. The rest of the rows do not require to be 
cooled because of the lower gas temperature in this region. 

The agent air and flue gases are considered as ideal gases 
through all gas turbine components. The correlation used for 
calculating the thermodynamic properties of the mixtures are 
based on the Van Wylen [15]. Thermodynamic properties of 
the transmission natural gas were calculated using correlations 
provided in Refs. [16, 17]. 

A complete adiabatic combustion chamber process was 
considered for the combustion of the natural gas inside the 
engine combustor. The different selected parts and 
components of the engine were considered as separated 
control volumes which were related by the thermodynamic 
properties of the working fluid at their inlets and outlets. The 
mass and energy conservation equations were applied for all 
these control volumes and the overall model were constructed 
by integration of separate parts using matching roles between 
different components. 

 
2.1 Design point modeling 

An environment with 15°C temperature, 1atm absolute 
pressure and 60% relative humidity considered as the design 
point condition. The isentropic efficiency of the air 
compressor and turbine stages, the pressure loss of the 
combustion chamber and intake and exhaust, turbine inlet 
temperature, the inlet station gas temperature and pressure as 
well as the fuel, combustion efficiency, gas generator and 
power turbine speeds were considered as known input data for 
design point calculations. On the other hand, the coolant mass 
flow rates, power required for compressor and power 
generated from the high and low pressure turbines, fuel and air 
mass flow rates, air compressor pressure ratio and gas flow 
rate from the gas compressor are the main unknowns which 
can be calculated using the thermodynamic model. The 
cooling model is based on the El-Masri which is proposed for 
design point cooling of the turbine blades [9]. 

A computer code in FORTRAN language has been 
developed which was capable of calculating the thermody-
namic properties at all sections of the gas turbine engine. The 
proposed model was used for studying the effects of any 
change in input parameters on the engine performance. The 
power and efficiency of overall engine were determined from 
Eqs. (1) and (2).   
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Fig. 1. Selected gas turbine schematic for mechanical drive application. 
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where Wcomp and Wturb are compressor and turbine power 
respictively, fm& denotes fuel mass flow rate, LHV is the 
lower heating value of fuel, and ηcc is combustion efficiency.  

The different parameters such as mass flow rate, pressure 
ratio, polytropic efficiency were calculated from design point 
results and used for producing dimensionless characteristic 
curves of the air compressor, turbines and calculating pressure 
loss of air intake and exhaust and also as first initial guesses at 
off-design conditions. 

 
2.2 Off- design modeling 

2.2.1 Air intake and exhaust 
The only needed parameters of the air intake and exhaust 

are the pressure loss of working fluid when passing these two 
components. These amounts were calculated by Eq. (3) for 
off-design conditions using the calculated values for design 
point condition [18]. 
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where T0, P0 and m& are stagnation temperature, stagnation 
pressure and air mass flow rate respectively, and Δ P denotes 
the pressure loss. Subscript D denoted the design point.  

 
2.2.2 Air compressor 

In the off-design model, the compressor was divided into 
four different groups as indicated in Fig. 2. The performance 
maps of these groups were produced using full three-
dimensional (3-D) numerical simulations and the necessary 
figures for different conditions were selected from these 
curves and were feed into the off-design model of the 
compressor group 3 maps are shown at Fig. 2. 

The 3D modeling of the compressor has been done accu-
rately. Great efforts have been done for considering the details 
of the geometries of the compressor. The numerical simula-

tions were conducted using CFX-Ansys software and the SST 
K-ω turbulence model. Fig. 3 indicates a brief procedure of 
the simulation. For validation of the generated curves, the 
available data for the compressor inlet and outlet and rota-
tional speed is used from the experiment data of the Test Rig. 

Fig. 4 presents the temperature, pressure and relative Mach 
number contours at 50% span at 100% GG (Gas generator) 
speed for all rows of compressor. It is observed that the 
temperature and pressure are increasing at the final rows of the 
compressor. However, the relative Mach number of the first 
stage is high because of the transonic flow field. 

 
2.2.3 Combustion chamber 

The simple and robust Dry low emission (DLE) combustor 
is based on an aero-derivative film-cooled concept. The 
selective combustor chamber is an annular type with 18 
burners. Effective parameters on combustion chamber 
performance are pressure loss and combustion efficiency. 
Combustion efficiency is defined as the ratio of the actual 
fuel-air ratio for given temperature difference between 
combustor inlet and exit to theoretical fuel-air ratio [18]. The 
combustion efficiency acts as an input. This amount has been 
considered equal to 0.99 in our study and the necessary 
amounts in the off-design conditions came from combustor 
characteristic curve which is produced by a full 3-D numerical 
simulation.   

 
 
Fig. 2. Air compressor groups and compressor group 3 maps. 

 

 
 
Fig. 3. Compressor 3D numerical simulation process. 

 

 
Fig. 4. Distribution of temperature, pressure and relative Mach number 
at 50% span at 100% GG speed. 
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Fig. 5 presents the combustion efficiency as a function of 
loading parameter which is defined by the following 
expression: 
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The combustor pressure loss is calculated by the 3-D nu-

merical simulation for on and off-design conditions using: 
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A geometric model (consisting of 30 million elements) is 

generated for 3D stream flow from the compressor outlet to 
the combustion chamber outlet. The model is included the 
diffuser, annulus, burner, burner metal and coating. The gov-
erning equations for fluid flow, heat transfer and combustion 
are fully solved using a conjugate technique in order to con-
sider the most important physics involved in the problem. The 
standard and realizable K-ε turbulence model was used in the 
simulations. The boundary conditions for the combustion 
chamber are as the inlet total pressure and temperature as well 
as the outlet static pressure. Meanwhile, the existing experi-
mental correlations are used for combustion efficiency calcu-
lation [19]. Finally, the existing correlation of the Refs. [20, 
21] are used for the pressure loss validation.  

The Velocity and pressure contours of combustion chamber 
are shown in the Figs. 6 and 7. The maximum velocity occurs 
at the first of the diffuser and is about 210 m/s. So, regarding 
to the role of the diffuser in increasing the static pressure by 
decreasing the velocity, the velocity decreases from 210 m/s to 
105 m/s at the inlet section of the burner. The pressure at the 
downstream of the inner annulus is lower than the outer annu-
lus, so the outlet mass flow rate and stream velocity are higher 
at the inner annulus compared to the outer one. For instance, 
the maximum velocity at the inner and outer annulus is about 
80 m/s and 30 m/s, respectively. 

 
2.2.4 High pressure and low pressure turbine 

In order to gain the most appropriate information for the gas 
path, full 3-D simulations (the same as compressor method) 

have been conducted and the individual maps for all the stages 
are derived. The Contour of rotor blade temperature for first 
stage of GG at 100%, 90% load is shown in Fig. 8. It can be 
seen that at the root of the blade, the metal temperature is 
close to the coolant temperature and maximum temperature 
occurs at the leading edge. 

Fig. 9 presents the stage 1 map for the uncooled situation. 
Also in order to consider the effects of swirl through the flow 
path between GG and Power turbine (PT), the speed of GG 
was fixed for different PT rotating speeds. This procedure was 
conducted for producing the maps of 3 and 4 stages. 

 
2.2.5 Cooling model 

In the presented study the blade cooling model of El-Masri 
was used, in which the blade temperature is considered as an 
input and the actual stage by stage expansion replaced by a 
continuous expansion process. The cooling process in each 

 
 
Fig. 5. Characteristic curve of combustion efficiency versus loading 
parameter. 

 

 
 
Fig. 6. Velocity distribution contour of combustion chamber. 
 

 
 
Fig. 7. Pressure distribution contour of combustion chamber. 

 

 
              100% load                   90% load 
 
Fig. 8. The rotor blade temperature distribution at 100% and 90% load. 
 

 
Fig. 9. Turbine stage 1 map. 
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stage is divided into 5 different steps. In the first step, a 
constant pressure cooling is considered (A-B’ in Fig. 10) 
which presents the mixing of coolant with main flow inside 
the stator. The second step is considered as an isothermal 
pressure loss process which is due to mixing of coolant and 
main flow (B’-B in Fig. 10). The third step is an adiabatic 
expansion process inside the rotor. An isothermal pressure 
loss and a constant-pressure temperature drop inside the rotor 
are the two last steps; respectively [9]. 

 
2.2.6 Gas compressor 

A seven stage centrifugal gas compressor is derived by the 
power turbine. The performance of this compressor has been 
considered as a part of proposed model. 3-D numerical 
simulations have been conducted in order to produce the 
compressor maps. 

 
2.2.7 Control philosophy 

As the control philosophy has a very crucial effect on the 
engine performance. There are different control philosophies 
for controlling the off-design engine performance for instance 
the constant turbine inlet temperature, constant turbine exhaust 
temperature and etc. The governor which is the main 
component and controls the engine operation determines the 
actuator position of the fuel valves, IGV and bleed valves.  

In this study, the real logic control of the SGT-600 has been 
applied to the model. Thus, for predicting the fuel mass flow 
rate at the base load, turbine exhaust temperature set point 
(T7sp) is calculated from the following equations. T7sp is lim-
ited between [450, 580]. 
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where T2av is average temperature at compressor inlet, P3av is 
average pressure at compressor exit, P7av is average pressure at 
turbine exit, and NPT denotes the power turbine shaft speed.  

Meanwhile, the logic control of the inlet guide vane and 
bleed valves are applied to the model (Fig. 11). 

In order to consider the effect of geometry on the perform-
ance analysis, the characteristics curves of the compressor, 
combustion chamber and turbine stages have been produced 
using 3D CFD simulations. As the IGV and BV positions and 
T7sp are considered in the presented model it would be possible 
to analyze the gas turbine performance by changing the SGT-
600 gas turbine control logic. 

 
2.2.8 Gas turbine component matching 

The operation point of any component is determined using 
off-design performance via component matching procedure. 
This try and error procedure starts from a couple of initial 
guesses for 17 parameters including 4 pressure ratios of 4 
compressor groups, 4 pressure ratios of 4 turbine stages, 5 
cooling mass flow rates, two rotational speeds of gas generator 
and power turbine, fuel mass flow rate and intake pressure 
loss and ends up to the best operation point determination. The 
matching equations include mass balance between the 
components, energy balance between the high pressure turbine 
and compressor as well as between the power turbine and gas 
compressor and finally reaching to a constant temperature 
equal to what the control philosophy dictates.  

All the components of gas turbine modeled separately and 
the appropriate equations for these components are solved 
together in order to develop a complete off-design model. The 
unknown parameters such as coolant and bleed valves mass 
flow rates, turbine and compressor pressure ratios, two 
rotational speeds and fuel mass flow rate are determined using 
the Newton Raphson solver. The schematic view of the 
component matching is shown in Fig. 12. As shown in the 
figure, the characteristic curves are applied to the model as 
known input data. As mentioned previously, these charac-
teristics curves are derived from a 3-D numerical simulation. 

Fig. 13 depicts the solution algorithm used to determine the 
off-design conditions for the SGT-600 gas turbine with 
mechanical drive applications. 

 
 
Fig. 10. Thermodynamic states of the stage model [9].  

  
 
Fig. 11. IGV and bleed valves position versus gas generator speed. 
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3. Simulation results 

Fig. 14 depicts the variation of some important SGT-600 
gas turbine performance parameters as a function of gas tur-
bine load and also the operating points on compressor map 
during loading process. In all performed simulations the pure 
methane with 50037 kJ/kg lower heating value was consid-
ered as the fuel. An increase in load demand from the trans-
portation line causes GG and PT speed up which will cause an 
increase in compressor air mass flow rate and compressor 
pressure ratio will occur. The power turbine will need more 
fuel in order to compensate the higher load demand which will 
produce higher TIT and TET. As the power change rate will 

be greater than the heat release rate therefore an increase in 
heat rate and a decrease in thermal efficiency will happen 
when load decreases. 

Fig. 15 present the compressor groups and turbine stages 
temperatures and pressures against the load; respectively. It is 
observed that all temperatures and pressures increase with 
increasing the load. 

The effects of ambient air temperature and pressure on the 
output power and engine efficiency are presented as a function 
of load in Fig. 16. Increases in inlet air temperature or height 
from see level causes a lower air density and lower mass flow 
rate through compressor. This will decrease the gas turbine 
output power. 

The fuel characteristic affects the gas turbine performance, 
majorly. Fig. 17 depicts the effects of the gasoil fuel (42680 
kJ/kg LHV) and methane fuel (50037 kJ/kg LHV) on the 
SGT-600 output power and thermal efficiency. The higher 
fuel LHV causes lower fuel mass flow rate. This will increase 
the gas turbine thermal efficiency and output power. 

 
4. The validation of developed steady state model 

The model validation has been performed for design and 

 
 
Fig. 12. Schematic view of component matching. 

 

 
Fig. 13. Off-Design solution flowchart for the SGT-600 gas turbi-ne 
with mechanical drive application. 

 

 
Fig. 14. Operational parameters variation against load at ISO condi-
tions1 (non dimensional). 
 

 
Fig. 15. Compressor and turbine temperatures and pressures vs load. 
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some off-design points. The available experimental data for 
power generation applications which has been run using gas 
oil with 42680 KJ/kg lower heating value during the test in 
two steady state operation point were used in the validation 
procedure. 

A pseudo infinity power distribution grid was assumed in 
order to justify a constant frequency behavior in the generator 
model. This allows the considering constant power turbine 
speed at 7700 rpm for all environmental regions and load con-
ditions. The main difference between the results of MD and 
PG applications are mainly due to GG and PT speeds and fuel 
mass flow rate .The results of GG and PT speeds are presented 
as a function of load in Fig. 18. 

The validation procedure was done in two steps. In the first 
step, the model results were compared with available experi-
ment data, in base load (100% load) and 75% part load which 
were performed for the gas turbine with electric generator in 
the test hall. In the second step, the model simulation results 
were validated by some correlations which have been pre-
sented by the engine manufacturer reported in Ref. [22]. 

 
4.1 First step validation 

The gas turbine power generation system has been tested in 
different ambient temperatures at 1060 meters above sea level. 
The available test results for ambient temperature equal to 
11°C were used for validation of our proposed model. The 

experimental data are depicted in Fig. 19 for time dependent 
engine operation up to the final steady state operation points at 
75% and 100% loads. 

The model simulation results are compared with aforemen-
tioned data in Tables 1 and 2. The results show a very good 
agreement between the model and test data’s. The maximum 

 
    (a) Output power variation    (b) Gas turbine efficiency variation 
 
Fig. 16. The variation versus load change at different ambient tempera-
tures and pressures. 

 

 
Fig. 17. Comparison between effects of methane fuel and gas oil on the 
SGT-600 performance at ISO condition. 

 

Table 1. Comparison between gas turbine operational parameters with 
test stand results at 100% load. 
 

Error (%) Simulation 
results 

Test  
results Gas turbine parameters 

0.85 20158 20330 Output power (KW) 
0.07 9801 9808 Gas generator speed (rpm) 
0.00 7726 7726 Power turbine speed (rpm) 

0.95 12.58 12.70 Air compressor exit 
pressure (bar) 

1.16 540.5 546.8 TET (K) 
1.21 61.01 61.75 Heat flow (MJ/sec) 

 
Table 2. Comparison between gas turbine operational parameters with 
test stand results at 100% load. 
 

Error (%) Simulation 
results 

Test  
results Gas turbine parameters 

0.97 14865 15010 Output power (KW) 
1.36 9499 9370 Gas generator speed (rpm) 
0.00 7722 7722 Power turbine speed (rpm) 

1.47 10.84 11.00 Air compressor exit 
pressure (bar) 

1.64 490.25 482.2 TET (K) 
1.93 49.72 48.76 Heat flow (MJ/sec) 

 

 
 
Fig. 18. Comparison between GG and PT speeds against the load for 
MD and PG applications of SGT-600. 

 

 
 
Fig. 19. Experiment data for selective gas turbine. 
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error happens in predicting TET and heat flow which can be 
due to the difference between fuel composition in test and 
what has been used in the simulation. 

 
4.2 Second step validation 

In this step, the developed model has been run for some off-
design points and the results were compared with what have 
been reported in the available documents provided by the 
engine manufacturer. The effect of some important opera-
tional parameters such as ambient pressure on net output 
power were studied and compared with calculated figures 
using the following correlation (Fig. 20) [22]. 
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where KP-T0, KP-RH, KP-dpin, KP-dpout, KP-TIT and KP-f are power 
output correction factor for inlet temperature, relative humid-
ity, inlet pressure loss, outlet pressure loss, turbine inlet tem-
perature and fuel, respectively. Psh-c denotes the corrected shaft 
power, Psh-meas is power output measured at generator, Ploss-gear 

and Ploss-gen are gear loss and generator loss respectively. P0ref 
and P0meas denote reference and measured ambient air pres-
sures. 

Again a very good agreement exists which shows the high 
accuracy of the proposed model in this study. The results 
show a maximum error equal to 1.01% in predicted net output 
power. 

 
5. Conclusions 

A mathematical model based on thermodynamic relations 
for the SGT-600 industrial gas turbine presented in this paper. 
The model was used to simulate the steady state behavior of 
gas turbine for mechanical drive application to study the ef-
fects of different parameters such as ambient conditions and 
loads. The three-dimensional flow effects were introduced in 
the model by application of characteristic curves of main sub-
systems such as air compressor, combustion chamber, HP 
(High pressure) turbine, LP (Low pressure) turbine and gas 

compressor. These curves were produced using 3-D CFD 
techniques in a separate study. The code is completely capable 
of predicting the gas turbine performance both in design and 
off-design conditions. The effects of inlet air conditions on the 
engine behavior were studied. The flow properties and gas 
turbine efficiency and output power at different loads were 
reported. The model results were compared with some avail-
able experimental data and correlation provided by the gas 
turbine manufacturer in order to show the high accuracy of the 
presented model. The model can be adapted for any single and 
twin-shaft industrial gas turbine using appropriate characteris-
tic curves for each separate engine. One of the main advan-
tages of the proposed model is its ability to consider the ef-
fects of geometrical and control parameters on the engine 
performance. 
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Nomenclature------------------------------------------------------------------------ 

CFD   : Computational fluid dynamic  
IGV   : Inlet guide vane 
mair  : Air mass flow rate (kg/sec) 
mfuel : Fuel mass flow rate (kg/sec) 
MD : Mechanical drive 
MW : Mega watt 
N : Speed (rpm) 
NGG : Gas generator speed (rpm) 
NPT  : Power turbine speed (rpm) 
PG   : Power Generation 
PR   : Pressure ratio 
T0    : Ambient temperature (ºC) 
T  : Temperature (K) 
TIT : Turbine inlet temperature (K), T6 
TET   : Turbine exit temperature (K), T10 

 
Subscripts 

2   : Compressor group 1 exit 
3   : Compressor group 2 exit 
4   : Compressor group 3 exit 
5   : Compressor group 4 exit 
6   : Turbine stage 1 inlet 
7   : Turbine stage 2 inlet 
8   : Turbine stage 3 inlet 
9   : Turbine stage 4 inlet 
10   : Turbine stage 4 exit 
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