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ABSTRACT

The present paper discusses the performance ofeverisible regenerative
intercooler—reheat gas turbine cycle under widgearof design and operating
parameters. The study aims to determine the optinmagions of these
parameters that satisfy the most requirements efgtes turbine cycle. The
operating parameters are the inlet air temperatutiee first stage compressor,
inlet temperature and pressure of air enteringhtgk pressure turbine and the
thermal size (the heat transfer coefficient—areadyet) of the whole heat
exchangers used in the cycle. A mathematical sitoulanodel is developed to
calculate the performance parameters of the cyotieudifferent operating
conditions. The developed model achieves mosteféluirements of the gas
turbine cycle (maximum first and second law efirdes, minimum back work
ratio (BWR), maximum ecological coefficient of pemhance (ECOP),
maximum work output, minimum exergy losses, andlf§nminimum heat
added to the cycle). Achieving some or all of thesguirements is based on
selection of certain small region in the applicabknge of operating
parameters. The optimum region resulted from thergoperating parameters
are: 302 K — 315 K for the minimum temperature, 84— 1360 K for the
maximum temperature, 1440 kPa — 2830 kPa for th@rmmen pressure, and
finally 20.7 kW/K — 29.6 kW/K for the heat exchangighermal size.
Keywords:. Inter-cooled -reheat- gas turbine cycle; Regeperaturbine;
Compressor; Power output; Operating parameterfpfnce
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Nomenclature

A surface area, m
BWR back work ratio

C heat capacity rate, W/K

*

C heat capacity rati€C’ = min(Ccold C., )/ max(led C., ) WK
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, Wiig

UA thermal size, W/K

v specific volume, (rfikg)

W power, W

w work, J/kg

X exergy rate, W

X exergy, MJ/g

Greek Symbol

n efficiency

£ effectiveness

Subscripts

0 dead state

I first law

Il second law

add high temperature heat addition

bur burner

(o 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 growthpesgtess since their first
successful development in the 1930's with their respntative simple-cycle
efficiencies of about 17 percent. The low efficigrveas due to low compressor and
turbine efficiencies and low turbine inlet tempearas due to material limitations
despite their versatility and ability to burn aiety of fuels. Efforts to improve cycle
efficiency concentrated on three areas: (1) ingngaturbine nlet temperature; (2)
increasing efficiencies of cycle components; and (3) modifying the basic cycle.
Recently, developments in material science allowmguslet temperatures up t01500°C
(i.e. General Electric uses a turbine inlet temppeeaof 1425°C). Also, computer aided
design and simulations have enabled designersth reptimum performance of cycle
components such as compressor and turbine. Finadigtinuous modifications of
Brayton cycle to include regeneratipi3], isothermal heat additigd-7], intercooled
compression7, 8], reheat expansio®], and combination of cycle unif$0-14] have
resulted in practically doubling cycle efficienci@e cycle back work ratio (BWR =
ratio of compressor work to turbine work) has im@ as a result of intercooling and
reheating, especially when accompanied by regeaerathis is because intercooling
decreases the average temperature at which hadtléxl, and reheating increases the
average temperature at which heat is rejected.

Moreover, the Brayton cycle, as a model of gasimertpower plants cycles,
undergoes an optimization of entropy generafith 16], reversible work{17, 18],
power[18-22] and power densitj23-25]. Some of the proposed models account just
for internal irreversibilities of the compressordairbine[26, 27] pressure drops in
the heater, the cooler, and the regenerHter 23, 24] external irreversibilities of
coupling to external heat reservoirs or heat exgbesi20].

Most of the above mentioned literature have beemiech out to improve the
performance of real complex gas power plants dtmyph parameters such as turbine
outlet temperature, intercooling, reheat, and cyekssure ratiogl2, 28]. However,
those optimization results are specific to the d¢adbines under consideration.
Therefore, the main objective of the present stigdyo identify, for irreversible
regenerative intercooler—reheat gas turbine cyth® ranges of all operating
parameters including compressor and turbine irdetperatures, and intercooling,
reheat, and cycle pressure ratios, that give optiroperating parameters for the first
and second laws efficiencies, ecological coefficanperformance (ECOP), and back
work ratio (BWR).

2. Theoretical Model

The theoretical model, depictedfigures land2 and partially based di2], hasa
constant mass flow rate working mediumi of air as an ideal gas with variable
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specific heats. The cycle, as characterized beloag the overall heat transfer

coefficient (J), and the heat transfer surface arSairf each process.

a. The air is compressed from its initial state 1 tates 4 by two non-isentropic
compressors with efficiencieg,, and 7.4, and a non-isobaric intercooler (i.e.:
counterflow heat exchanger) with effectiveness, Inlet temperature to the second
compressor is slightly higher than that of thetficempressor. The describing
equations for these processes as in Réf.are:

— Wchs— hZS ~ hl

17, (1)
” Weo hz - h.l.
_ Wigss _ h4s ~ h3
= 2
s Wesa h4 - hs. @
Pos _ Bro Vas_ ﬁ (3)
P P Vi V4
p4s — pr4 V4s — h (4)
p3 pr3 V3 VI’3
£ = ‘Q'23 — (UA)lnt (ATLM )int = Q23 (5)

" ant max ant max m I n(CW 1 C‘:23) X (TZ - TCZ)

Quantities, Qza, CW and C,, are rates of heat release, heat capacity rate for

cooling water and heat capacity rate for air (d=diasm times average air specific

heat over temperature range) respectively. Thercotder logarithmic mean
temperature differenc@Towv)in is defined as:

( ) _ (Tz _Tcs)_(Ts _Tcz)
LM Jint

" ln((Tz _Tcs)/(Tz _Tc3))

b. After the second compressor, the air is pre-hefimu state 4 to state 5 in a

regenerative counterflow heat exchanger that wdl discussed later in heat

rejection process. The exit air from regenerattat€ss) is heated up to a maximum
temperature,Ts, by counter flow heat exchanger having rate oft teddition,

effectiveness and logarithmic mean temperatureerdiffce of QSG, €244 @nd
(ATLM )add defined as:

(6)

£ = .Q.56 - (UA)aqd (ATLM )add — . .Q56 (7)
add O, Qutimas mi n(CW , C56) X (T5 =Ty 5)
(A LM) dd — (T5_TH6)_(T6 _TH5) (8)

ln((Ts _THG)/(TG THS))
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. Similarly to the compression process, air is expdrfdom state 6 to final state 9 by
two non-isentropic turbines with efficiencigg; and /g, and one non-isobaric
reheater, effectiveness and logarithmic mean teatyer differenceQ78, €en and

(ATim)ren Inlet temperature to the second turbine is dygluwer than that of the
first turbine. The governing equations for thesecpsses are:

W _ h-h
Ny = 167 — ) (9
i \NtG7s h6 - h75
Weo _ 5 —hy
Nigo = 189 — (10)
” Wiges ha - has
p7s_ pr7 V7s— h (11)
p6 pr6 V6 Vr6
p8 pr8 V8 Vr8
£ = Q78 — (UA)reh (ATLM )reh — . QYB (13)
reh n - - n n
Qrehmax Qrehmax mln(CH ’ C:78)>< (TH 7 _T7)
(ATLM) — (TH7 _TS)_(THS _T7) (14)

reh ~
In((TH7 _TS)/(THS _T7))

. In the heat rejection process between the exti@idw pressure turbine to the inlet
of the first compressor (process 9-1), air is ligrgooled in the regenerator (with
Q45 , €eg aNd ATy w)eg @s the rate of heat added, effectiveness anditiogec
mean temperature difference) and finally cooledstite 1 in a counterflow heat
exchanger (i.e. low temperature heat rejection itsthespective parameters @s,;

, €& @and ATov)e). The governing equations are:

greg —_ Q45 - (UA)reg (ATLM )reg - . .Q'45 (15)
Qreg max Qreg max mln(C45, CQlO)x (Tg _T4)
— (TQ _TS)_(TlO _T4)
Tod = 7,7 (7)) ks
grej - ‘Q101 — (UA)re; (ATLM )rej — . i Q101 (17)
Qrej max Qbur max mm(cw J C101) x (T10 _Tc1o)



1700 Maher M. Abou Al-Sood, Kassem. K. Matrawy,
Yousef M. Abdel-Rahim

B ('I'10 _Tc1) - (T1 _Tcm)
MRM@‘mmh;%y@—uﬁ)

e. The above-mentioned heat exchangers (i.e. integcoofegenerator, high
temperature heat addition, reheater, and low temtyer heat rejection) are of

counterflow types and their effectiveness can berradtively calculated as i30]
as:

(18)

_ 1-exd-NTU-C)|
' 1-Cexg-NTUL-C')

i =int, reg, add, reh, rej, (29)

where: C" is the specific heat ratidq = min( Coa hot)/maX(Cw,d,Chot)) and
NTU is the number of transfer unitNTU —UA/mln(Ccold,Chot))
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Fig. 1. Schematic diagram of a realistic irreversible-regative and reheat Brayton
cycle.
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T'| AT, =005T,
AT, = 05T,
Apy; =0.05p,
Ap,s=0.025p,
Ap,s=0.05p,
Ap..=0.05p,
Apy, =0.05 p,
Apgy, = 0.025p,

Fig. 2.T-sdiagram of realistic Brayton cycle
3. Cycle Performance Parameters

The heat added to the system along processes iid 8-8, and heat rejected from
system through processes 10-1 and 2-3 are givéerns of enthalpy as:

Qadd = m[(h6 - hs) + (h8 - h7)] (20)
Qg =m[(hy—h)+(h,—h,)] (21)

wherehg > hg becausdg > Tg (assuming thaaTgs = Tg - Tg = 0.05T) and alsd; >
h, becausf; > T, (assuming thaaTis= T3 — T, = 0.09,).

The power produced from the turbinwto, runs the compresson‘Wg). Thus, the
remaining poweWnet and the back work ratio (BWR) becomes as:

W, =rif(h, =)+ (h, - )] (22)
W, =rm(h, —h)+(h, -h,)] (23)
W =W, -W, (24)
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=

BWR = ¢ (25)

=

The first law thermal efficiency/],) and the second law efficiencyj,(), defined as
the ratio of actual net work to the reversiblewetk are given by:

g = s —q_ Qs (26)
Qadd Qadd

= W“e‘ =— W“e‘. (27)
Wnet,rev anet+xdest

where X .., is the rate of exergy destruction defined, impf the dead state
temperaturel | as:
Xgea = To S = To (080 ) 2 To (A8, + S5, s + DS, + DS 10 + DS s +
AS;; + DS, s + DSy + ASigy cioer)

:To[CpCZCS Inh + C PHS5H6 |nh + CpH?HB |nh + C.:pClOC1 InTCl]
TCZ THS TH7 C10
(28)
Entropy change for any process (e.g. procesdaltb)vs the expression in29] as
(s;’ - s;’) ~RIn P For variablespecific heat
ps,={ - P (29)
c,In T—b -RIn Py Forconstant specific heat
a pa
Final form of Eq. (28), after using Eq. (29), is
. . T . T . T, . T
XIoss :To(CpCZCS In-l-_(c:z +CPH5H6 InTLHz + CpH7H8 lanj + CpCl(I:l Inij (30)

Recently[31], an ecological performance of the cycle, calledl@gical coefficient
of performance (ECOP), is introduced to incorpothtecycle effect on environment.
ECOP is defined as the power output per unit lats of availability as

ECOP= W (31)

loss
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4. Solution Procedure

The model presented by Egs. (1-31) is used to ledécthe performance parameters
of the gas-turbine cycle. The operating and peréorce parameters are: inlet
temperature and pressure to the first stage cosmrég p;; maximum temperature
entering the first stage turbirie; first and second stages compressor pressures ratio
[Ip1a Mp3s first stage turbine pressure ratigs; compressors and turbines efficiencies
Ne12 Ne3s Nis7y Nigo; €ffectiveness of intercooler, regenerator, heliteon, reheater,
and heat rejectioBin, €eq €ads Ereh € Values of all these parameters are given in
Table 1 agheir commonly used values in the realistic literas. Based on random
independent selections of the values of these peamwithin their variation ranges,
5001 complete calculations sets of cycle perforraagwaluation are recorded. Some
rejection criteria are used to disregard any cateal cycle with nonrealistic
performance values (e.g.: violation of the secawd of thermodynamics, exergy loss
is negative, negative efficiency values, negativarkwnet, efficiencies higher than
unity, ... etc). Only 345 cycles were accepted anedu® the present study. The
accepted ranges of values of the controlling parars@re given iffable 1

5. Results and Discussion

The effect of the operating parameters on the gyeféormance is illustrated in Figs.
1-6. The performance parameters are the: firstsadnd law efficiencies, back work
ratio (BWR), the ecological coefficient of perfornta (ECOP), exergy losses, work
net and heat added to the cycle. The main opergtm@gmeters are the inlet
temperatures and pressures of air entering the remsmr and gas turbine. All
efficiencies and effectivhesses needed for theystumdl all pressure and temperature
drops through heat transfer and fluid flow linee ardicated inFig. 1 as well as the
heat transfer coefficient-area products for alltlee@hangers used in the cycle. Each of
the scattered points in these figures representsnaplete cycle with controlling
parameter values within their variation ranges.if@@l operating parameter ranges are
discussed in the next sections.

5.1. Optimum range of T,

Figures 3a-gepresent the dependency of cycle performancanedess on inlet air
temperaturel, at different values of the other cycle controllipgrameters covering
their accepted variation ranges giverTable 1 Values ofy, , shown inFig. 33 has its
optimum values afl; in the range 301-389 K, irrespective of all othalues of the
cycle controlling parameters. This signifies tteet,long asl, is within this range/,
value will be optimum of about 38% to 48%. The aboventioned range of, results
in optimum /7, within 33% to 66% , optimum ECOP within 1.56 t®2, optimum
X,ss Within 0.093 to 0.525 MJ/kg, optimum BWR withind@3 to 0.6, optimumw/
within 0.178 to 0.341 MJ/kg and optimu@f),, within 0.422 to 0.835 MJ/Kkg.
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Figures 3b-gshow the ranges of; resulting in optimum values for the other cycle
performance parameters (ig;, ECOP,Xqss BWR, Wy, andqg.yg) regardless of the
values of the other controlling parameters. In ¢hégures respectively, ranges ©f
are 301 to 412 K for/j, 2 60% and ECOR>1.65, 302 to 417 K fOKss <0.150

MJ/kg, 301 to 315K for BWR 0.525, 301 to 369 K fow,e = 0.300 MJ/kg, and 302
to 352K forg.< 0.47 MJ/kg. Effects of these ranges on other perimice parameters
are listed infable 2

Table 1: Ranges of operating and design parameters oferensible gas turbine

cycle
Cycle controlling parameter Surveyed range | Accepted range
T, entering ¥ compressor, (K) 300-450 300-448
p, entering to 1 compressor, (kPa) | 100-500 100-499
Ts entering ¥ turbine, (K) 800-1500 973-1483
1% compressor pressure ratigs, 1.2-54 1.281-5.393
2" compressor pressure ratigs, 1.2-54 1.359-5.393
1* turbine pressure ratigs; 1.2-5.4 1.353-5.397
Ne1z Of 1% compressor 0.7-0.9 0.7024-0.8995
Neas Of 2 compressor 0.7-0.9 0.7002-0.9000
N7 of I turbine 0.7-0.9 0.7000-0.8998
Nwo Of 2" turbine 0.7-0.9 0.7002-0.8994
&, of intercooler 0.7-0.95 0.7000-0.9500
109 Of regenerator 0.7-0.95 0.7012-0.9496
£..,,of reheater 0.7-0.95 0.7010-0.9490
£, Of high temperature heat addition>", 03> 0.7010-0.9496
bur OF RIGH tEMP aitoNg 7.0.95 0.7003-0.9495
£conc Of lOw temperature heat rejection
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Table 2: Ranges of operating, design, and performance paeasnef an irreversible
gas turbine Brayton cycle

Designand | 5 =238% | 17, 260% | ECOP |x..<0.150BWR< 0.525 Wy = 0.300|0,0q < 0.470
Perfor mance =1.65 [MJ/kg] [MJ/kg] [MJ/kg]
parameters

T, K 301-389 | 301-412 | 301-412 | 302-417 | 301315 301-369 | 302-352
Te K 1220-1480| 1200-1480| 1220-1480| 1000-1420| 1220-1480| 1340-1480 | 10001360
P, .kPa 750-7570 | 750-7570 | 864-4490 | 750-4490 | 864-4030 | 1440-7570 | 8642830
UA kW/K | 13.6-37.0| 16.8-37.0 | 20.7-34.7 | 14.8-37 | 14.2-34.7 | 16.629.6 | 13.8-34.7
m 38-48 32-48 35-48 25-44 35-48 36-48 27-44
i 33-66 60-66 63-66 45-66 39-66 48-66 37-66
ECOP 1.54-1.92| 1.56-1.92| 1.69-1.92| 1.01-1.91| 0.79-1.92 | 1.53-1.92 | 0.98-1.91
Mo MJ/kg | 0.093-0.5250.093-0.1990.093-0.191 0.093-0.15(Q 0.093-0.356| 0.177-0.337|0.093-0.24
BWR 0.473-0.6000.473-0.6400.479-0.608 0.487-0.708 0.473-0.523| 0.479-0.577/0.511-0.69
Woe, MJ/kg | 0.178-0.3410.178-0.3410.178-0.341 0.093-0.246 0.178-0.341| 0.305-0.341/0.093-0.19
ey MI/kg | 0.422-0.8350.422-0.804 0.422-0.794 0.340-0.674 0.422-0.803| 0.711-0.874/0.340-0.46

5.2. Optimum range of Tg

Compared to the almost uniform effect of; discussed above that produces

optimum performance,

the effect of maximum tempestTs on optimum

performance parameters is shown Fiys. 4a—g.Optimum values of performance
, BWR ,w,¢ andgsq as mentioned previously in

section 5.1 and listed ifiable 2requiresTg to be in the ranges 1220 — 1480 K, 1200 —
1480 K, 1220 — 1480 K, 1000 — 1420 K, 1220 — 1480840 — 1460 K and 1000 —
1380 K respectively. These values are generallyeeteol, since the higher the
maximum temperature the better the cycle performdne. 7, 77, , ECOP, andqe)

will be acceptable. The other two performance patars, i.e. loss of exergy and the
heat added to the cycle, necessitatesThatust be low to result in less exergy losses
and less amount of heat added. This is manifestatiebcorresponding range ©f of
1000 — 1380K for these two performance paramefeigs. 4d and 4g)The wide
ranges of values dffs mentioned above are in favor of the practical impgibn of the
cycle that will accommodate any minor deteriorabihe higher heating supply.

parametersy, 7, , ECOP, X

loss
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5.3. Optimum range of p4

Another important design parameter for the gasinierts the maximum pressupg.
Its effects on optimum performance parameters hoavs in Figs. 5a—g Optimum
values of performance parametgrs/, , ECOP, X, ., BWR ,Whg andd.qg requirep,

to be in the ranges 750 — 7570 kPa, 750 — 75708&%h; 4490 kPa, 750 — 4490 kPa,
864 — 4030 kPa, 1440 - 7570 kPa and 864 — 2830ddgpeectively. Similar tds, the
higher the maximum pressure the better the cyclkéommeance. Optimum loss of
exergy and heat added to the cycle necessitatgpthatst be low to result in less
losses and less amount of heat added. The cormisgaiange op, of 864 — 2830 kPa
is required to achieve optimality for these twofpenance parameteligs. 5d and

50).
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Fig. 5. Cycle performance parameters 1y, N, ECOP, Xjoss, BWR, Whet, Gadd VEISUs m
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5.4. Optimum range of UA

The heat exchanger thermal size is defined as tb@upt of overall heat transfer

coefficient and surface area of the heat exchafigir Q

) [30]. The thermal

/AT,

add

size of a heat exchanger may become an objecttwhiaption study based on a first
law of thermodynamics and cost analysis. Therefthermal sizing of a heat

exchanger is considered as important parameter goperating/design parameters of
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a heat exchanger and should be highlighted. Tleeti@h of an optimum range forA
of heat exchangers is illustrated Kigs. 6a-d Optimum values of performance
parametersy, 7, , ECOP, X .., BWR ,Wyq andg.q requireUA to be in the ranges

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

5.5. Ranges of operating design parameters for optimum performance
parameters simultaneously

Table 3shows the ranges of the operating design parasnétat give the optimum
performance parameters (maximum 77, ECOP,w,e, and minimunmx,ss BWR, and
Oadd Simultaneously for the irreversible gas turbin@yBon cycle used in this study.
Range for each parameter is: air inlet temperatyris 302-315 K; maximum cycle
temperaturel; is 1340-1360K; maximum cycle pressure is 1440-2840 kPa; and heat
exchangers thermal size is 20.7-29.6 kW/K. Sumpglyi, ranges of the compressor
inlet air temperaturd; and maximum cycle temperatufe are almost constant and
around 310 K and 1350 K, respectively.

Table 3: Optimum operating parameters to achieve optimurfopeance parameters
simultaneously of an irreversible gas turbine Boaytycle

Design parameters Optimum
Range
Compressor inlet air temperatufig ,K 302-315
Maximum cycle temperaturés ,K 1340-1360
Maximum cycle pressur, ,kPa 1440-2830
Heat exchanger thermal sji¢A, KW/K 20.7-29.6
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6. Conclusions

Gas turbine cycles had received an extensive m&seéocus due to their
realistic representation of industrial and eleefrigppower generation units. In
this study, a simulation mathematical model was etiped to specify the
optimum performance of an irreversible gas turbiumdt with different design
and operating parameters. The cycle used in thigysincorporated: two-stage
compressor, two-stage gas turbine, intercooler, bcmtion chamber, re-
heater, regenerator, and heat exchanger (condentbe) study included wide
applicable ranges of the design and operating petesy and the
irreversibilities due to finite rate of heat tramsf pressure drop in different
lines of the cycle. Present results highlight designd operating ranges that
can satisfy the optimum value of each performanegampeter of the cycle
separately and all performance parameters simulteste The optimization
results showed that the minimum temperature rarggsveen 302 K and 315
K while the maximum temperature ranges between 1R20360 K taking the
meteorological impacts into consideration. The mmaxn pressure in the gas
turbine cycle can be selected in the range of 1K@8 to 2830 kPa in order to
satisfy optimality of all performance parametersnaly, the optimum thermal
size of the heat exchangers ranges between 229 GkW/K.

7. Acknowledgments

This work has been fully supported by Assiut Unditsr and the Mechanical
Engineering Department.

8. References

[1] Ibrahim, O. M, Klein, S. A and Mitchell, J. W., “@mum heat power cycles
for specified boundary conditions”, J. Engrg. Gasrbines Power1991;
113:514-521.

[2] Redcenco, V, Vargas, J. V. C. and Bejan, A., “Tradymamic analysis of a
gas turbine power plant with pressure drop irrabéitses”, J. Energy Res.
Tech.1998; 129:233-240.

[3] Kaushik, S. C. and Tyagi, S. K., “Finite time thedlgnamic analysis of a
nonisentropic regenerative Brayton heat enginetf’, Jn Solar Energyp002;
22:141-151.

[4] Vecchiarelli, J, Kawall, J. G. and Wallace, J. ‘Bnalysis of a concept for
increasing the efficiency of a Brayton cycle viatieermal heat addition”, Int.
J. Energy Resl997; 2:113-127.

[5] Goktun, S and Yavuz, H.,"Thermal efficiency of @e&eerative Brayton cycle
with isothermal heat addition”, Energy Convers. Mgha99; 40: 1259-1266.
[6] Erbay, L. B., Goktun, S. and Yavuz, H., “Optimalsig of the regenerative
gas turbine engine with isothermal heat additiéxppl. Energy2001; 68:249—

269.

[7] Kaushik, S. C., Tyagi, S. K. and Singhal, M. K.,afBmetric study of an
irreversible regenerative Brayton heat engine wstithermal heat addition”,
Energy Convers. Mgm2003; 44:2013-2025.



OPTIMUM OPERATING PARAMETERS ... 1713

[8] Cheng, C. Y. and Chen, C. K., “Maximum power of andoreversible
intercooled Brayton cycle”, Int. J. Energy R2800; 24:485-494.

[9] Negri, di M. G., Gambini, M. and Peretto, A., “Rehe@nd regenerative gas
turbine for feed water repowering of steam powemgl In: ASME Turbo
Expo., Houston, June 5-8, 1995.

[10]Calvo, Hernandez, A., Roco, J. M. M. and MediAa “Power and efficiency
in a regenerative gas-turbine with multiple rehegatnd intercooling stages”,
J Phys D: Appl Phy$996; 29:1462—-1468.

[11] Sogut, O. S., Ust, Y. and Sahin, B., “The effe of intercooling and
regeneration on the thermo-ecological performamegdyais of an irreversible-
closed Brayton heat engine with variable tempeeathermal reservoirs”, J
Phys D: Appl Phy2006; 39:4713-4721.

[12] Tyagi, S. K, Chen, G. M, Wang, Q. and Kausl#k,C., “Thermodynamic
analysis and parametric study of an irreversibieenerative-intercooled-reheat
Brayton cycle”, Int J Therm Sc2006; 40:829—-840.

[13] Wang, W., Chen, L., Sun, F. and Wu, C., “Perfance analysis of an
irreversible variable temperature heat reservaisetl intercooled regenerated
Brayton cycle”, Energy Convers. Mgni03; 44: 2713-2732.

[14] Sanchez-Orgaz, S., Medina, A. and Calvo HedeanA., “Thermodynamic
model and optimization of a multi-step irreversilBeayton cycle”, Int J
Therm Sci2010; 51:2134-2143.

[15] Bejan, A.,Advanced Engineering Thermodynamics, New York: Wiley; 1988.

[16] Herrera, C. A., Sandoval, J. A. and Rosillo, K., “Power and entropy
generation of an extended irreversible Braytoneyoptimal parameters and
performance”, J. Phys. D: Appl. Phg906;39: 3414-3424.

[17] Landsberg, P. T.and Leff, H. S., “Thermodynandycles with nearly
universal maximum-work efficiencies”, J. Phys. Mathematical and General
1989; 22:4019-4026

[18] Aragdon-Gonzalez, G., Canales-Palma, A. andnk@adlicia, A., “Maximum
irreversible work and efficiency in power cyclesl’, Phys. D: Appl. Phys,
2000; 33:1403-14009.

[19] Gordon J.M, Huleihil M., “General performancharacteristics of real heat
engines”, J. Appl. Phyg992; 72: 829-837.

[20] Roco J. M. M., Velasco S., Medina A., andy@aHemandez A., “Optimum
performance of a regenerative Brayton thermal €ycle Apd. Phys. 1997,
82:2735-2741.

[21] Wu, C., Chen, L. and Sun, F., “Performanceaagkegenerative Brayton heat
engine”, Energy996; 21:71-76.

[22] Chen, L., Ni, N., Cheng, G., Sun, F., “FTT f@emance of a closed
regenerated Brayton cycle coupled to variable-teatpes heat reservoirs”, In:
Proceedings of the International Conference on halingineering. Shanghai,
4-8 November, 1996. p. 371-377.

[23] Sahin, B., Kodal, A., Yilmaz, T. and Yavuz,,MiMaximum power density

analysis of an irreversible Joule - Brayton engind’ Phys. D: Appl. Phys.
1996; 29:1162-1167.



1714 Maher M. Abou Al-Sood, Kassem. K. Matrawy,
Yousef M. Abdel-Rahim

[24] Medina, A., Roco, J. M. M. and Calvo Hernandéz, “Regenerative gas
turbines at maximum power density conditions”, by D: Appl Phys
1996; 29:2802-2805.

[25] Chen, L., Zheng, J., Sun, F. and Wu, C., “®enance comparison of an
irreversible closed Brayton cycle under maximum eowdensity and
maximum power conditions”, Exergy, an Internatiodalirnal2002; 2: 345—

351.

[26] Calvo Hernandez, A., Medina, A. and Rocd\lJM., “Power and efficiency
in a regenerative gas turbine”, J Phys D: Appl PI9gs; 28: 2020-2023.

[27] Wu, C., Chen, L. and Sun, F., “Performanceaagkegenerative Brayton heat
engine”, Energy996; 21: 71-76.

[28] Horlock, J. H. Advanced Gas Turbine Cycles, Pergamon; 2003.

[29] Cengel, Y. A. and Boles, M. AThermodynamics-An Engineering
Approach, 6" edition, McGraw Hill, 2008.

[30] Shah, R. K. and Sekulic, D. P. Fundamentadexdt Exchanger Design. John
Wiley & Sons, Inc, 2003.

[31] Ust, Y., Sahin, B., Kodal, A. and Akcay,H., “Ecological coefficient of

performance analysis and optimization of an irreNede regenerative-
Brayton heat engine”, Appl. Energ906; 83: 558-572

Ao (@ gl 5980 S Biall Jitill) e

e Cant i Balely i 3y il el i) LSV () Gyl 850 o1l A 3850 8l
Gaad A 5 lsiall sdel Canlidl) gad) e Jseanll ) dhall g apansill 5 o laY) il wud
Ll ddsjyal elsell Jsia Bha dan tdu paall Ghoriall Ciled L (Hlal) sl 390 Dlllaia plase
dhala) hall aaall U ALaYL sl (3 ) ddasall Jala) slsell Jaimy ha dnpa = (A5
9l A daxdi i) Ayl e alud) JSI (glall JEY) Jalea & dalisall Cija

aixa (Gaia] Aabad) apenaill Cagyd aie Bysall o)V cihrie alual aly) 3LSlas 7 3 5ad apanal a3
ol = AR Jad A J8 - dphal) Kaalall U 5 J6Y) 0l S amdl i 3500 b
o3 llliall 38 JS o (any Guiaily L oy adlia J8 ) A8LaYl5)a8 bl — A elol Jalas
Al )] sl Gyt e dupall sae L)

Hha dap J8Y (il 315 - 302 :giladl sl 8y50 Jial ool 3l Biall dilaiall (o geibial) <oy daf
o i il JISl 518 2830 1440 53)ha iy adY (1S 1360~ 1340 55001
LIS U g€ 29.6- 20,7 s bysall 8 Aphad) cValall B (gyhald) aaal) oIS 1Al sl



