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ABSTRACT 
The present paper discusses the performance of an irreversible regenerative 

intercooler–reheat gas turbine cycle under wide ranges of design and operating 
parameters. The study aims to determine the optimum regions of these 
parameters that satisfy the most requirements of the gas turbine cycle. The 
operating parameters are the inlet air temperature to the first stage compressor, 
inlet temperature and pressure of air entering the high pressure turbine and the 
thermal size (the heat transfer coefficient–area product) of the whole heat 
exchangers used in the cycle. A mathematical simulation model is developed to 
calculate the performance parameters of the cycle under different operating 
conditions. The developed model achieves most of the requirements of the gas 
turbine cycle (maximum first and second law efficiencies, minimum back work 
ratio (BWR), maximum ecological coefficient of performance (ECOP), 
maximum work output, minimum exergy losses, and finally minimum heat 
added to the cycle). Achieving some or all of these requirements is based on 
selection of certain small region in the applicable range of operating 
parameters. The optimum region resulted from the given operating parameters 
are: 302 K – 315 K for the minimum temperature, 1340 K – 1360 K for the 
maximum temperature, 1440 kPa – 2830 kPa for the maximum pressure, and 
finally 20.7 kW/K – 29.6 kW/K for the heat exchangers’ thermal size. 
Keywords: Inter-cooled -reheat- gas turbine cycle; Regenerator; Turbine; 
Compressor; Power output; Operating parameters; Performance 
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Nomenclature 

A surface area, m2 

BWR back work ratio 

C&  heat capacity rate, W/K 
*C  heat capacity ratio ( ) ( )hotcoldhotcold CCCCC &&&& ,max,min* = , W/K 

cp specific heat, J/kg.K 
ECOP ecological coefficient of performance 
h enthalpy, J/kg  
m&

     

mass flow rate, kg/s 
NTU number of transfer units 
p pressure, Pa 

Q&   heat rate, W 
q heat flux, MJ/kg 
R gas constant, J/kg.K 
s specific entropy, J/kg.K 
T temperature, K 
U overall heat transfer coefficient, W/m2.K 
UA thermal size, W/K 
v specific volume, (m3/kg) 

W&   power, W 
w work, J/kg 

X&

 

exergy rate, W 
x exergy, MJ/g 

Greek Symbol 

η efficiency 
ε effectiveness 

Subscripts 

0 dead state 
I first law 
II second law 
add high temperature heat addition 
bur burner  
c cold fluid, compressor 
dest destroyed 
cond condenser (low temperature heat rejection) 
int intercooler 
h hot fluid 
max maximum 
r reduced 
reg regenerator 
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reht reheater 
rej rejected  
t turbine 
tot total 
w water 
 

1. Introduction 

Gas turbines have experienced phenomenal growth and progress since their first 
successful development in the 1930’s with their representative simple-cycle 
efficiencies of about 17 percent. The low efficiency was due to low compressor and 
turbine efficiencies and low turbine inlet temperatures due to material limitations 
despite their versatility and ability to burn a variety of fuels. Efforts to improve cycle 
efficiency concentrated on three areas: (1) increasing turbine inlet temperature; (2) 

increasing efficiencies of cycle components; and (3) modifying the basic cycle. 

Recently, developments in material science allow using inlet temperatures up to1500°C 
(i.e. General Electric uses a turbine inlet temperature of 1425°C). Also, computer aided 
design and simulations have enabled designers to reach optimum performance of cycle 
components such as compressor and turbine. Finally, continuous modifications of 
Brayton cycle to include regeneration [1-3], isothermal heat addition [4-7], intercooled 
compression [7, 8], reheat expansion [9], and combination of cycle units [10-14] have 
resulted in practically doubling cycle efficiencies. The cycle back work ratio (BWR = 
ratio of compressor work to turbine work) has improved as a result of intercooling and 
reheating, especially when accompanied by regeneration. This is because intercooling 
decreases the average temperature at which heat is added, and reheating increases the 
average temperature at which heat is rejected.  

Moreover, the Brayton cycle, as a model of gas turbine power plants cycles, 
undergoes an optimization of entropy generation [15, 16], reversible work [17, 18], 
power [18-22] and power density [23-25]. Some of the proposed models account just 
for internal irreversibilities of the compressor and turbine [26, 27], pressure drops in 
the heater, the cooler, and the regenerator [19, 23, 24], external irreversibilities of 
coupling to external heat reservoirs or heat exchangers [20].   
Most of the above mentioned literature have been carried out to improve the 
performance of real complex gas power plants at optimum parameters such as turbine 
outlet temperature, intercooling, reheat, and cycle pressure ratios [12, 28]. However, 
those optimization results are specific to the gas turbines under consideration. 
Therefore, the main objective of the present study is to identify, for irreversible 
regenerative intercooler–reheat gas turbine cycle, the ranges of all operating 
parameters including compressor and turbine inlet temperatures, and intercooling, 
reheat, and cycle pressure ratios, that give optimum operating parameters for the first 
and second laws efficiencies, ecological coefficient of performance (ECOP), and back 
work ratio (BWR). 

 

2. Theoretical Model 

The theoretical model, depicted in Figures 1 and 2 and partially based on [12], has a 
constant mass flow rate working medium, m&  of air as an ideal gas with variable 
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specific heats. The cycle, as characterized below, has the overall heat transfer 
coefficient (U), and the heat transfer surface area (A) in each process.  
a. The air is compressed from its initial state 1 to state 4 by two non-isentropic 

compressors with efficiencies,ηc12 and ηc34, and a non-isobaric intercooler (i.e.: 
counterflow heat exchanger) with effectiveness, εint. Inlet temperature to the second 
compressor is slightly higher than that of the first compressor. The describing 
equations for these processes as in Ref. [29] are: 
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Quantities, 23Q& , WC&  and 23C&  are rates of heat release, heat capacity rate for 

cooling water and heat capacity rate for air (defined as m&  times average air specific 
heat over temperature range) respectively. The intercooler logarithmic mean 
temperature difference (∆TLM)int is defined as: 
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b. After the second compressor, the air is pre-heated from state 4 to state 5 in a 
regenerative counterflow heat exchanger that will be discussed later in heat 
rejection process. The exit air from regenerator (state 5) is heated up to a maximum 
temperature, T6, by counter flow heat exchanger having rate of heat addition, 

effectiveness and logarithmic mean temperature difference of 56Q& ,  εadd and 

( )addLMT∆  defined as: 
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c. Similarly to the compression process, air is expanded from state 6 to final state 9 by 
two non-isentropic turbines with efficiencies,ηt67 and ηt89, and one non-isobaric 

reheater, effectiveness and logarithmic mean temperature difference, 78Q& , εreh and 

(∆TLM)reh. Inlet temperature to the second turbine is slightly lower than that of the 
first turbine. The governing equations for these processes are: 
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d. In the heat rejection process between the exit of the low pressure turbine to the inlet 
of the first compressor (process 9-1), air is firstly cooled in the regenerator (with 

45Q&  , εreg and (∆TLM)reg as the rate of heat added, effectiveness and logarithmic 

mean temperature difference) and finally cooled to state 1 in a counterflow heat 

exchanger (i.e. low temperature heat rejection with its respective parameters as 101Q&  

, εrej and (∆TLM)rej). The governing equations are: 
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( ) ( ) ( )
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ln CC

CC
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−−
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e. The above-mentioned heat exchangers (i.e. intercooler, regenerator, high 
temperature heat addition, reheater, and low temperature heat rejection) are of 
counterflow types and their effectiveness can be alternatively calculated as in [30] 
as: 

 

( )[ ]
( )[ ]**

*

1NTUexp1

1NTUexp1

CC

C
i −−−

−−−=ε  ,   i = int, reg, add, reh, rej,                    (19) 

where: *C  is the specific heat ratio ( ( ) ( )hotcoldhotcold CCCCC &&&& ,max,min* = ) and 

NTU  is the number of transfer unit  ( ( )hotcold CCUA && ,minNTU = ). 

 
Fig. 1. Schematic diagram of a realistic irreversible-regenerative and reheat Brayton 

cycle. 
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Fig. 2. T-s diagram of realistic Brayton cycle 

 
3.  Cycle Performance Parameters 

 

The heat added to the system along processes 5- 6 and 7-8, and heat rejected from 
system through processes 10-1 and 2-3 are given, in terms of enthalpy as: 

 

( ) ( )[ ]7856 hhhhmQadd −+−= &&                                                                 (20)  

( ) ( )[ ]32110 hhhhmQrej −+−= &&                                                      (21)  

where h6 > h8 because T6 > T8 (assuming that ∆T86 = T6 - T8 = 0.05T6) and also h3 > 
h1 because T3 > T1 (assuming that ∆T13= T3 – T1 = 0.05T1). 

The power produced from the turbines (tW& ), runs the compressors (cW& ).  Thus, the 

remaining power netW&  and the back work ratio (BWR) becomes as: 
 

( ) ( )[ ]9876 hhhhmWt −+−= &&                                                                 (22) 

( ) ( )[ ]3412 hhhhmWc −+−= &&                                                      (23) 

ctnet WWW &&& −=                                                                   (24) 
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The first law thermal efficiency (Iη ) and the second law efficiency (IIη ), defined as 

the ratio of actual net work to the reversible net work are given by: 
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where destX&   is the rate of exergy destruction defined, in terms of the dead state 

temperature oT  as: 
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Entropy change for any process (e.g.  process a-b) follows the expression in  [29] as:  
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Final form of Eq. (28), after using Eq. (29), is 
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Recently [31], an ecological performance of the cycle, called ecological coefficient 
of performance (ECOP), is introduced to incorporate the cycle effect on environment. 
ECOP is defined as the power output per unit loss rate of availability as  
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4. Solution Procedure 

The model presented by Eqs. (1-31) is used to calculate the performance parameters 
of the gas-turbine cycle. The operating and performance parameters are: inlet 
temperature and pressure to the first stage compressor T1, p1; maximum temperature 
entering the first stage turbine T6; first and second stages compressor pressure ratios 
,rp12, rp34; first stage turbine pressure ratio, rp67; compressors and turbines efficiencies 
ηc12, ηc34, ηt67, ηt89; effectiveness of intercooler, regenerator, heat addition, reheater, 
and heat rejection εint, εreg, εadd, εreh, εrej. Values of all these parameters are given in 
Table 1 as their commonly used values in the realistic literatures. Based on random 
independent selections of the values of these parameters within their variation ranges, 
5001 complete calculations sets of cycle performance evaluation are recorded. Some 
rejection criteria are used to disregard any calculated cycle with nonrealistic 
performance values (e.g.: violation of the second law of thermodynamics, exergy loss 
is negative, negative efficiency values, negative work net, efficiencies higher than 
unity, … etc). Only 345 cycles were accepted and used in the present study. The 
accepted ranges of values of the controlling parameters are given in Table 1. 

 

5. Results and Discussion 

The effect of the operating parameters on the cycle performance is illustrated in Figs. 
1-6. The performance parameters are the: first and second law efficiencies, back work 
ratio (BWR), the ecological coefficient of performance (ECOP), exergy losses, work 
net and heat added to the cycle. The main operating parameters are the inlet 
temperatures and pressures of air entering the compressor and gas turbine. All 
efficiencies and effectivnesses needed for the study and all pressure and temperature 
drops through heat transfer and fluid flow lines are indicated in Fig. 1 as well as the 
heat transfer coefficient-area products for all heat exchangers used in the cycle. Each of 
the scattered points in these figures represents a complete cycle with controlling 
parameter values within their variation ranges. Optimal operating parameter ranges are 
discussed in the next sections.  

 

5.1. Optimum range of T1  

Figures 3a-g represent the dependency of cycle performance parameters on inlet air 
temperature 1T  at different values of the other cycle controlling parameters covering 

their accepted variation ranges given in Table 1. Values of Iη  , shown in Fig. 3a, has its 

optimum values at 1T  in the range 301–389 K, irrespective of all other values of the 

cycle controlling parameters. This signifies that, as long as 1T  is within this range, Iη  

value will be optimum of about 38% to 48%. The above-mentioned range of 1T  results 

in optimum IIη  within 33% to 66% , optimum ECOP within 1.56 to 1.92, optimum 

lossx  within 0.093 to 0.525 MJ/kg, optimum BWR within 0.473 to 0.6, optimum netw  

within 0.178 to 0.341 MJ/kg and optimum addq  within 0.422 to 0.835 MJ/kg.  
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Figures 3b-g show the ranges of 1T  resulting in optimum values for the other cycle 

performance parameters (i.e. ηII, ECOP, xloss, BWR, wnet, and qadd) regardless of the 
values of the other controlling parameters. In these figures respectively, ranges of 1T   

are 301 to 412 K for  %60II ≥η  and ECOP≥ 1.65, 302 to 417 K for xloss ≤ 0.150 

MJ/kg, 301 to 315K for BWR ≤ 0.525, 301 to 369 K for wnet ≥ 0.300 MJ/kg, and 302 
to 352K for qadd ≤ 0.47 MJ/kg. Effects of these ranges on other performance parameters 
are listed in Table 2.  

 
Table 1: Ranges of operating and design parameters of an irreversible gas turbine 

cycle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cycle controlling parameter Surveyed range Accepted range 
T1 entering 1st compressor, (K)  
p1 entering to 1st compressor, (kPa) 
T6 entering 1st turbine, (K) 
1st compressor pressure ratios rp12 
2nd compressor pressure ratios rp34 
1st turbine pressure ratio rp67 
ηc12  of 1st compressor 
ηc34 of 2nd compressor 
ηt67  of 1st turbine 
ηt89 of 2nd turbine 
εint of intercooler 
εreg of regenerator 
εreh of reheater 
εbur of high temperature heat addition 
εcond of low temperature heat rejection 

300-450 
100-500 
800-1500 
1.2-5.4 
1.2-5.4 
1.2-5.4 
0.7-0.9 
0.7-0.9 
0.7-0.9 
0.7-0.9 
0.7-0.95 
0.7-0.95 
0.7-0.95 
0.7-0.95 
0.7-0.95 

300-448 
100-499 
973-1483 
1.281-5.393 
1.359-5.393 
1.353-5.397 
0.7024-0.8995 
0.7002-0.9000 
0.7000-0.8998 
0.7002-0.8994 
0.7000-0.9500 
0.7012-0.9496 
0.7010-0.9490 
0.7010-0.9496 
0.7003-0.9495 
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Table 2: Ranges of operating, design, and performance parameters of an irreversible 
gas turbine Brayton cycle 

 

Design and 
Performance 
parameters 

ηI ≥ 38% ηII ≥ 60% ECOP 
≥ 1.65 

xloss ≤ 0.150 
[MJ/kg] 

BWR≤ 0.525 wnet ≥ 0.300  
[MJ/kg] 

qadd ≤ 0.470 
[MJ/kg] 

T1 ,K 
T6 ,K 
P4 ,kPa 
UA, k W/K 

301-389 
1220-1480 
750-7570 
13.6-37.0 

301-412 
1200-1480 
750-7570 
16.8-37.0 

301-412 
1220-1480 
864-4490 
20.7-34.7 

302-417 
1000-1420 
750-4490 
14.8-37 

301-315 
1220-1480 
864-4030 
14.2-34.7 

301-369 
1340-1480 
1440-7570 
16.6-29.6 

302-352 
1000-1360 
864-2830 
13.8-34.7 

ηI 
ηII 

ECOP 
xloss, MJ/kg 
BWR 
wnet, MJ/kg 

qadd, MJ/kg 

38-48 
33-66 

1.54-1.92 
0.093-0.525 
0.473-0.600 
0.178-0.341 
0.422-0.835 

32-48 
60-66 

1.56-1.92 
0.093-0.199 
0.473-0.640 
0.178-0.341 
0.422-0.808 

35-48 
63-66 

1.69-1.92 
0.093-0.191 
0.479-0.608 
0.178-0.341 
0.422-0.794 

25-44 
45-66 

1.01-1.91 
0.093-0.150 
0.487-0.708 
0.093-0.246 
0.340-0.674 

35-48 
39-66 

0.79-1.92 
0.093-0.356 
0.473-0.523 
0.178-0.341 
0.422-0.803 

36-48 
48-66 

1.53-1.92 
0.177-0.337 
0.479-0.577 
0.305-0.341 
0.711-0.874 

27-44 
37-66 

0.98-1.91 
0.093-0.248 
0.511-0.690 
0.093-0.197 
0.340-0.469 

 
5.2. Optimum range of T6 

Compared to the almost uniform effect of  T1 discussed above that produces 
optimum performance, the effect of maximum temperature T6 on optimum 
performance parameters is shown in Figs. 4a–g. Optimum values of performance 
parameters ηI, ηII , ECOP, 

lossX&  , BWR , wnet and qadd  as mentioned previously in 

section 5.1 and listed in Table 2 requires T6 to be in the ranges 1220 – 1480 K, 1200 – 
1480 K, 1220 – 1480 K, 1000 – 1420 K, 1220 – 1480 K, 1340 – 1460 K and 1000 – 
1380 K respectively. These values are generally expected, since the higher the 
maximum temperature the better the cycle performance (i.e. ηI, ηII , ECOP, and wnet) 
will be acceptable. The other two performance parameters, i.e. loss of exergy and the 
heat added to the cycle, necessitates that T6 must be low to result in less exergy losses 
and less amount of heat added. This is manifested by the corresponding range of T6 of 
1000 – 1380K for these two performance parameters (Figs. 4d and 4g). The wide 
ranges of values of T6 mentioned above are in favor of the practical application of the 
cycle that will accommodate any minor deterioration of the higher heating supply. 
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5.3. Optimum range of p4 

Another important design parameter for the gas turbine is the maximum pressure p4 . 

Its effects on optimum performance parameters are shown in Figs. 5a–g. Optimum 
values of performance parameters ηI, ηII , ECOP, 

lossX&  , BWR , wnet and qadd  require p4 

to be in the ranges 750 – 7570 kPa, 750 – 7570 kPa, 864 – 4490 kPa, 750 – 4490 kPa, 
864 – 4030 kPa, 1440 - 7570 kPa and 864 – 2830 kPa respectively. Similar to T6, the 
higher the maximum pressure the better the cycle performance. Optimum loss of 
exergy and heat added to the cycle necessitate that p4 must be low to result in less 
losses and less amount of heat added. The corresponding range of p4 of 864 – 2830 kPa 
is required to achieve optimality for these two performance parameters (Figs. 5d and 
5g).  
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5.4. Optimum range of UA 

The heat exchanger thermal size is defined as the product of overall heat transfer 
coefficient and surface area of the heat exchanger (UA=

madd TQ ∆/& ) [30]. The thermal 

size of a heat exchanger may become an object of optimization study based on a first 
law of thermodynamics and cost analysis. Therefore, thermal sizing of a heat 
exchanger is considered as important parameter among operating/design parameters of 
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a heat exchanger and should be highlighted. The selection of an optimum range for UA 
of heat exchangers is illustrated in Figs. 6a-d. Optimum values of performance 
parameters ηI, ηII , ECOP, 

lossX&  , BWR , wnet and qadd  require UA to be in the ranges 

13.6-37 kW/K, 16.8-37 kW/K, 20.7-34.7 kW/K, 14.8-37 kW/K, 14.2-34.7 kW/K, 16.6-
29.6 kW/K, and 13.6-34.7 kW/K , respectively.  
 

5.5. Ranges of operating design parameters for optimum performance 

parameters simultaneously 

Table 3 shows the ranges of the operating design parameters that give the optimum 
performance parameters (maximum ηI, ηII, ECOP, wnet, and minimum xloss, BWR, and 
qadd) simultaneously for the irreversible gas turbine Brayton cycle used in this study. 
Range for each parameter is: air inlet temperature T1 is 302-315 K; maximum cycle 
temperature T6 is 1340-1360 K; maximum cycle pressure is 1440-2840 kPa; and heat 
exchangers thermal size is 20.7-29.6 kW/K. Surprisingly, ranges of  the compressor 
inlet air temperature T1 and maximum cycle temperature T6 are almost constant and 
around 310 K and 1350 K, respectively. 

 

 
Table 3: Optimum operating parameters to achieve optimum performance parameters 

simultaneously of an irreversible gas turbine Brayton cycle 
 

 

 

 

Design parameters Optimum 
Range 

Compressor inlet air temperature, T1 ,K 
Maximum cycle temperature, T6 ,K 
Maximum cycle pressure P4 ,kPa 
Heat exchanger thermal size, UA, kW/K 

302-315 
1340-1360 
1440-2830 
20.7-29.6 
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6. Conclusions 

Gas turbine cycles had received an extensive research focus due to their 
realistic representation of industrial and electrical power generation units. In 
this study, a simulation mathematical model was developed to specify the 
optimum performance of an irreversible gas turbine unit with different design 
and operating parameters. The cycle used in this study incorporated: two-stage 
compressor, two-stage gas turbine, intercooler, combustion chamber, re-
heater, regenerator, and heat exchanger (condenser). The study included wide 
applicable ranges of the design and operating parameters and the 
irreversibilities due to finite rate of heat transfer, pressure drop in different 
lines of the cycle. Present results highlight design and operating ranges that 
can satisfy the optimum value of each performance parameter of the cycle 
separately and all performance parameters simultaneously. The optimization 
results showed that the minimum temperature ranges between 302 K and 315 
K while the maximum temperature ranges between 1320 K–1360 K taking the 
meteorological impacts into consideration. The maximum pressure in the gas 
turbine cycle can be selected in the range of 1449 kPa to 2830 kPa in order to 
satisfy optimality of all performance parameters. Finally, the optimum thermal 
size of the heat exchangers ranges between 20.7 to 29.6 kW/K. 
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نعكاسيةإللاالتوربين الغازي الدورة  متغيرات التشغيل المثلى  

تحـت مـدى  تسخين وإعادةتبريد بينى  اتنعكاسية الاسترجاعية ذإالا الغازيدورة التوربين  أداءالورقة الحالية  تناقش

تحقـق  التـيالمتغيـرات و  لهـذهالحصول على المدى المناسب  إلىتهدف الدراسة . و التصميم الأداءواسع لمتغيرات 

درجــة حــرارة دخــول الهــواء لمرحلــة الانضــغاط : دروســةشــملت المتغيــرات الم .الغــازيمعظــم متطلبــات دورة التــوربين 

حاصــل ( الحــراريالحجـم  إلــى بالإضـافةالتــوربين  فــي الأولـىدرجــة حـرارة وضــغط الهــواء الـداخل للمرحلــة  – الأولـى

 .الدورة فيتخدمة ــلكل المبادلات الحرارية المس) الحراريمعامل الانتقال  فياحة ـضرب المس
  

تحقيــق معظــم ل التصــميم المختلفــةللــدورة عنــد ظــروف  الأداءمتغيــرات لحســاب  اضــيريمحاكــاة  نمــوذجتــم تصــميم 

 أقصــى – خلفــياقــل نســبة شــغل  –للــديناميكا الحراريــة  الثــانيو  الأولكفــاءة للقــانون  أقصــىمتطلبــات الــدورة مثــل 

تــم متطلبــات ال هــذهكــل  أوبعــض  تحقيــقلو . اقــل مفاقيــد للاكســرجى إلــى بالإضــافةقــدرة  أقصــى –بيئــى  أداءمعامــل 

  . المختلفةالتصميم  اختيار مدى للدراسة على متغيرات
  

درجـة حـرارة  لأقـل كلفـن 315 – 302: الغـازيمثـل لـدورة التـوربين أ أداءلتحقيـق المنطقة المثلـى  أنالنتائج  أظهرت

 فـــيضـــغط  لأقصـــى لكيلـــو باســـكا 2830 – 1440 ودرجـــة حـــرارة  لأقصـــىكلفـــن  1360- 1340 –الـــدورة  فـــي

 .كيلووات لكل كلفن 29.6 – 20.7 الدورة هو  فيللمبادلات الحرارية  المثالي الحراريكان الحجم  أخيرا. الدورة


