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ABSTRACT

Owing to their numerous advantages, gas turbine (GT) power plants have become an
important technology for power generation. This paper presents a parametric analysis
for different configurations of GT plants, considering the effects of isentropic
compressor and turbine efficiency, which allows the selection of the optimum GT
configuration for the optimum performance of a GT power plant. The computational
model was developed utilizing MATLAB software. The simulated results show that the
reheat GT configuration has higher power output, whereas the regenerative GT
configuration has higher thermal efficiency, when considering the effects of isentropic
compressor and turbine efficiency. The maximum thermal efficiency of 52.4% and the
maximum power output of 268 MW are obtained with isentropic turbine efficiency. The
result reveals that isentropic compressor and turbine efficiency influence significantly
the performance of GTs.
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INTRODUCTION

Many industrial power plants are dependent on industrial gas turbines (GTs) as their
means of power generation. These are referred to as GT power plants. The industries
need electricity for powering their equipment, such as compressors and pumps
(Basrawi, Yamada, Nakanishi, & Naing, 2011; lbrahim & Rahman, 2012a; Ibrahim,
Rahman, & Abdalla, 2011a). Aircraft also use GTs, but in this case, these are then
referred to as the GT cycle. It is important to understand the operating conditions fully
(Milstein &Tishler, 2011), because GT plants are often required to operate under
conditions that do not fulfill their ideal operating environment, especially in the
deregulated market (Woudstra, Woudstra, Pirone, & Stelt, 2010). The global market
values the relationship between energy and economic growth. Various disciplines and
technical abilities need to be accumulated to create an operationally competitive GT
power plant with improved performance (Bertini, Felice, Pannicelli, & Pizzuti, 2011;
Ibrahim & Rahman, 2012b,c). Compressors, combustors, and turbines are the main
components of a GT plant and consequently, they are an important part of its design and
performance (Walsh & Fletcher 2004). The GT is the key to industrial power production
because of its distinct operational logic (Basrawi et al., 2011). A GT analysis
component will analyze the thermodynamic processes, such as compression,
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combustion, and expansion. The organized thermodynamic analysis of these
components is encompassed within the calculation of the performance parameters of a
GT plant, such as thermal efficiency, power output, and specific fuel consumption. The
Brayton cycle is used to apply these calculations (Saravanamuttoo, Rogers, Cohen, &
Straznicky, 2009). The entire GT cycle is based on the compression of air by the
compressor, which is then transferred to the combustion chamber. This compressed air
is then mixed with fuel to produce high-temperature flue gas (Kim & Hwang, 2006).
The power turbine, which is connected to the shaft of the generator for producing the
electricity, receives this high-temperature flue gas.

There are only two methods of examining the performance of a GT plant and its
elements at the beginning of the developmental stage: assess the prototypes of the entire
GT energy plant, or consider its primary components. However, these techniques are
very expensive to execute (Al-Hamadan & Ebaid, 2006). Furthermore, a GT plant
works on full load for a significant part of its life. Therefore, it is suggested that the
pattern of its performance should be analyzed in detail prior to making it operational
(Kim & Hwang, 2006). A mathematical model is used together with computational
methodology to obtain the most effective solution for increasing the performance of the
plant (Tiwari, Islam, Hasan, & Khan, 2010). Further research work is required to
increase the performance of a power plant through the improvement of energy
productivity and the reduction in fuel consumption. This is the root cause for the
primary failure of this entire system, which needs to be addressed as efficiently as
possible (Poullikkas, 2004). Those gadgets are very effective to use and have the
potential for performance enhancement, improving the plant’s design and energy
analysis that may help in the future (Ahmadi, Dincer, & Rosen, 2011). For this purpose,
computerized mathematical modeling of a GT plant is very effective. The output of the
GT plant, which comprises energy/fuel intake, thermal efficiency, and power output, are
dependent upon the inlet and exit conditions of the energy plant (Farshi, Mahmoudi, &
Mosafa, 2008). The ambient conditions and changes of the pressure losses during the
installation of the system are very important considerations when determining the
parameters of turbine inlet temperature and compression (Mahmood & Mahdi, 2009).
There are two different methods for improving the pattern of cycle efficiency of the
research and development, which are as follows:

i. Improve those factors that affect the performance and output of the GT in
operational and normal conditions.
a) Work output of the gas turbine within the limit of International Standards

Organization.

b) Increase the temperature of the turbine inlet.
c) Increase the compression ratio of the compressor.
d) Increase the isentropic efficiency of turbo-machinery elements.

ii. Perform modifications that are more effective in the cycle of the GT, which are
two-shaft, reheated, intercooler, and regeneration.

The performances of a simple GT cycle and those of a number of advanced GT
cycles and equivalent combined cycle GT cycles are extracted from the optimum
efficiencies and work outputs, which were used in the thermodynamic analysis by llett
and Lawn (2010). However, it is found that the performance of advanced combined
cycle cycles is comparatively better than the performance of a simple GT cycle.
Consequently, a parametric study on the effect of the isentropic compressor and turbine
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efficiency requires the management of the temperatures of the system. Thus, the aim of
the present work is to develop a strategy to determine the performance of a GT power
plant by utilizing the effects of isentropic compressor and turbine efficiency.

MODELING OF A SIMPLE GAS TURBINE CYCLE

GT power plants consist of four components: the compressor, the combustion chamber,
the turbine, and the generator. A schematic diagram of a simple GT is shown in
Figure 1(a). Air is drawn in by the compressor and delivered to the combustion
chamber. The fuel is used to increase the temperature of the compressed air via a
combustion process. Hot gases leaving the combustion chamber expand in the turbine,
producing work and then finally, they are discharged to the atmosphere (state 1, 2, 3,
and 4). The net work of the GT (Wenet) is calculated by Eq. (1) (Rahman, lbrahim,
Kadirgama, Mamat, & Bakar, 2011a):

Va—1
1 rp7a
WGnet =Cpg XTITXnt 1- ] _CanTl (1)
o Ml
r 9

p

where T3=TIT = turbine inlet temperature, r, is the compression ratio, y, =14,
7, =133, C,,is the specific heat of air, and 7,is the mechanical efficiency of the
compressor and turbine (Naradasu, Konijeti, & Alluru, 2007).

The output power from the turbine (P) is expressed as Eq. (2):
P = i1, xWg (2)

where m is the mass flow rate of the exhaust gases through the GT, which is expressed
as Eq. (3):

My =m, +m, (3)

The specific fuel consumption (SFC) is determined by Eq. (4):

SEC - 3600 f @)
net
The heat supplied is also expressed as Eqg. (5) (Rahman et al., 2011a):
a1
r,* -1
Qagg =C oy x| TIT =T, x| 1+ (5)
R
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The GT efficiency (77,,) can be determined by Eq. (6) (Rahman, Ibrahim & Abdalla,
2011b):

WG t
Mo =— (6)
! Qadd

CONFIGURATION OF GAS TURBINE CYCLE

The simple GT (SGT) cycle efficiency is low compared with that of diesel and steam
turbines. Many modifications have been carried out to improve GT performance and the
most common are discussed in the following section.
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Figure 1. Schematic diagram of different GT cycles
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Two-Shaft Gas Turbine

The basic two-shaft GT configuration (TGT) consists of a compressor. The air is
compressed adiabatically and directed to the combustion chamber where the fuel is
burned with the air. The maximum cycle temperature occurs at state 3. The exhaust
gases produced by the combustion process expand adiabatically in the high-pressure
turbine. Part of the developed work in the high-pressure turbine is used to drive the
compressor and the remainder is delivered to drive the GT generator, as shown in
Figure 1(b). The additional turbine is used to drive the GT generator (power turbine)
(Cengel & Michael, 2008). The temperature of the exhaust gases from the low pressure

GT is given by Eq. (7).
T S
Ts :T4|:1_77t[ - .|.54 ]} (7

where TIT =Tz and T, = adiabatic temperature at the exit of the low-pressure turbine.
The net work is expressed as Eq. (8):

W, =C (T, -T;) (8)
The heat supplied is also expressed as Eq. (9):

Qusa = Cpg (TIT - T,) 9)
Intercooled Gas Turbine

Intercooling is a method to reduce the power consumption used for the compression of
air. As a result, the inlet temperature of the second compressor stage can be kept low.
For a given compression ratio, the power consumed in a compressor is directly
proportional to the inlet temperature. Figure 1(c) shows a block diagram of a single-
shaft GT plant with an intercooler (IGT). In this cycle, the air compressed in the first
stage of the compressor enters an intercooler where it is cooled. The cooled air enters
the second stage of the compressor, where it is compressed to the required pressure and
transmitted to the combustion chamber after being heated to the maximum permissible
temperature of the combustion chamber (Ibrahim, Rahman, & Abdalla, 2010; Ibrahim,
Rahman, & Abdalla, 2011b; Rahman, Ibrahim, Taib, Noor, Kadirgama, & Bakar, 2010).
Thus, the net work output of the cycle is proportional to the temperature drop in the
turbine (Ibrahim et al., 2010). The net work is expressed as Eq. (10) (Ibrahim et al.,
2010):

7a—1 Va1
r Va _1 r Va _1
Weo =C,TiT| 21—t Jlc 1|D 2+(1-x) 2 (10)
M 2\ Ml e
(rp)yg

In the combustion chamber, the heat supplied by the fuel is equal to the heat
absorbed by the air. Hence, the heat supplied is calculated as by Eq. (11) (lbrahim et al.,
2010).
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r’= -1 r’= -1
Quag =C | TIT =T, +T,| - , (2-x)+(@-x) -2 ,

(11)

Regenerative Gas Turbine

The purpose of the single-shaft GT is to produce and supply the necessary power
required to run the compressor for producing the net work output. In the regenerative
GT (RGT) cycle, once compressed, the air enters a regenerator where it is heated by the
exhaust gases from turbine, as shown in Figure 1(d). The preheated air then enters the
combustion chamber, after being heated to the maximum permissible temperature of the
combustion chamber (lbrahim et al., 2011a). The net work is expressed as Eq. (12)
(Rahman et al., 2010):

7a-l
C. xTITx r’»
Gnet — = 4 1- ylfl _CpaTl £ (12)
M ; Nl
r ]

p

In the combustion chamber, the heat supplied by the fuel is equal to the heat
absorbed by the air, which is expressed as Eq. (13):

a1l

r’ —1
Quga =C oo x| TIT-T,(1—&)x|1+ -2 —exTITx[1-n,|1- 1 (13)

c

9
Vg
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Reheat Gas Turbine

The performance of the turbine operation of the SGT cycle may be improved by
reheating the gases back to the maximum cycle temperature at some intermediate point
(Razak, 2007). Figure 1(e) shows a schematic diagram of a reheat GT (HGT) cycle. For
the isentropic process, the work of the GT can be expressed as Eq. (14):

WGnet = Cpg (TIT _TG) (14)
where the turbine inlet temperature (TIT) = T3 = Ts, and T4 is the high-pressure turbine
outlet temperature.

The temperature of the exhaust gases from the low-pressure GT can be obtained by
Eq. (15):

rg7t

Te =TIT| 1=, | 1-TIT/| r,/" xT, (15)
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The heat supplied for the HGT is also expressed as Eq. (16):
Quas = Cp [(TIT =T, )+ (TIT - T, )] (16)
RESULTS AND DISCUSSION

The variation of the GT exhaust temperature with isentropic compressor efficiency for
different configurations is demonstrated in Figure 2. In all configurations other than
RGT, at a constant turbine inlet temperature, there is no evident effect of the exhaust
temperature on the isentropic compressor efficiency. This is because exhaust
temperature is a function of the turbine inlet temperature (Bassily, 2012). The rise in the
isentropic compressor efficiency leads to a decrease in the exhaust temperature from
780 to 631 K for the RGT.
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Figure 2. Effect of isentropic compressor efficiency on exhaust temperature of the GT
plants.

The effect of isentropic compressor efficiencies on the thermal efficiency for
different configurations of GT plants is shown in Figure 3. The increase in isentropic
compressor efficiency leads to an increase in thermal efficiency. An increase in the
power output is obtained because of reduced thermal losses in the compressor, which
results in the increase of thermal efficiency (Godoy, Scenna, & Benz, 2010). It is for the
HGT that the lower thermal efficiency of 36.8% occurs, whereas the higher thermal
efficiency of 52.3% occurs for the RGT. A noticeable deviation in thermal efficiency at
higher isentropic compressor efficiency is obtained, whereas an insignificant deviation
in thermal efficiency is obtained with lower isentropic compressor efficiency. The
variations of the SFC and isentropic compressor efficiency for various configurations
are shown in Figure 4. For all configurations, the SFC decreases with an increase of the
isentropic compressor efficiency owing to decreased compressor losses (Basha,
Shaahid, & Al-Hadhrami, 2012). Therefore, there is a decrease in the fuel consumption
of the GT plant. For the RGT, the lower SFC of 0.14 kg/kWh is obtained, whereas for
the HGT, a higher SFC of 0.2 kg/kWh is obtained. The effect of isentropic compressor
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efficiency on the power output for different configurations is shown in Figure 5. In all
configurations, the rise in isentropic compressor efficiency leads to an increase in the
power output. This is due to the reduction in the energy losses in the compressor of the
GT (Mahmood & Mahdi, 2009). Although the lower power output (200 MW) occurs for
the RGT, the higher power output of about 253 MW occurs for the HGT.
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Figure 3. Effect of isentropic compressor efficiency on thermal efficiency of the GT
plants.
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Figure 4. Effect of isentropic compressor efficiency on SFC of GT plants.
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The effect of isentropic turbine efficiency on the exhaust temperature for the
different configurations is shown in Figure 6. For all configurations, the increase in
isentropic turbine efficiency leads to a decrease in the exhaust temperature. This is
because of the conversion of the extra heat from the exhaust gases necessary to create
more useful power with the increase of the isentropic turbine efficiency (Chandraa,
Aroraa, Kaushik, Tripathi, & Rai, 2011).The two-shaft GT has the highest exhaust
temperature of 1251 K, whereas the lowest exhaust temperature of 665 K is obtained in
the regenerative shaft. The variation of thermal efficiency against isentropic turbine
efficiency of the different configurations is shown in Figure 7. There is an apparent
increase in the thermal efficiency for all configurations when there is an increase in the
isentropic turbine efficiency. The increased work done by the turbine of the GT plant is
the reason behind this (Ameri, Ahmadi, & Khanmohammadi, 2008). The RGT has the
higher thermal efficiency of 50.8%. Similar trends are observed in the thermal
efficiency for other configurations of GT, but the low energy losses with the exhaust
gases resulted in a higher thermal efficiency for the regenerative model. The HGT had a
39.5% low thermal efficiency. The thermal efficiency is incredibly significant at higher
isentropic turbine efficiency of the GT plants.
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Figure 5. Effect of isentropic compressor efficiency on power output of GT plants.

The effect of isentropic turbine efficiency on SFC for different configurations is
shown in Figure 8. As the isentropic turbine efficiency increases, the SFC decreases. At
a constant turbine inlet temperature, the power output increases with the increase in the
isentropic turbine efficiency (Godoy, Benz, & Scenna, 2011). Therefore, under the
effect of these parameters, the SFC was reduced. As more heat energy is recovered from
the exhaust gases, the RGT has a lower SFC of 0.145 kg/kWh (Kopac & Hilalci, 2007).
This leads to a reduction in the SFC of the RGT configuration. Similar behavior is
observed for the other GT configurations. It was at the higher isentropic turbine
efficiency that the higher SFC of 0.184 kg/kWh was obtained in the RGT. Figure 9
shows the variation of power output in terms of isentropic turbine efficiency for the
different configurations of GT. However, it is at the higher isentropic turbine efficiency
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that the power output increases linearly. The variations in power output are significant
at higher isentropic turbine efficiency. As less fuel is burned in the combustion chamber
of the regenerative model, a lower power output of 208 MW is obtained in the RGT
configuration. As shown in Figure 8, there is more fuel burned in the additional
combustion chamber, although the higher power output (268 MW) is obtained in the
HGT configuration. In the case of greater isentropic turbine efficiency of the GT plants,
there is a significant power output. According to the trends of previous studies (Da
Cunha Alves, De Franca Mendes Carneiro, Barbosa, Travieso, Pilidis, & Ramsden,
2001; Kumar, 2010; Boyce, 2012), the validity of the model is emphasized through the
current results.
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Figure 6. Effect of isentropic turbine efficiency on exhaust temperature of GT plants
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CONCLUSION

Several configurations of GT cycle have been assessed regarding the influence of
isentropic compressor and turbine efficiency. The computational performance codes
were developed. A parametric study of the effect of the parameters on the performance
of five configurations (layouts) of the GT cycle was analyzed. The isentropic
compressor and turbine efficiency have significant influence on the thermal efficiency,
SFC, and power output for different configurations of GTs. The maximum power output
occurred for the HGT, whereas the highest thermal efficiency was achieved by the RGT.
The maximum power output and thermal efficiency occurred with the effect of
isentropic turbine efficiency and the isentropic compressor efficiency. The higher power
outputs are obtained in the HGT with an increase in the SFC.
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