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Energy and exergy analysis of a Brayton cycle with an ideal gas is given. The ir-
reversibility of the adiabatic processes in turbine and compressor is taken into
account through their isentropic efficiencies. The net work per cycle, the thermal
efficiency and the two exergy efficiencies are expressed as functions of the four
dimensionless variables: the isentropic efficiencies of turbine and compressor,
the pressure ratio, and the temperature ratio. It is shown that the maximal values
of the net work per cycle, the thermal and the exergy efficiency are achieved
when the isentropic efficiencies and temperature ratio are as high as possible,
while the different values of pressure ratio that maximize the net work per cycle,
the thermal and the exergy efficiencies exist. These pressure ratios increase with
the increase of the temperature ratio and the isentropic efficiency of compressor
and turbine. The increase of the turbine isentropic efficiency has a greater im-
pact on the increase of the net work per cycle and the thermal efficiency of a
Brayton cycle than the same increase of compressor isentropic efficiency. Final-
ly, two goal functions are proposed for thermodynamic optimization of a Brayton
cycle for given values of the temperature ratio and the compressor and turbine
isentropic efficiencies. The first maximizes the sum of the net work per cycle and
thermal efficiency while the second the net work per cycle and exergy efficiency.
In both cases the optimal pressure ratio is closer to the pressure ratio that max-
imizes the net work per cycle.

Key words: Brayton cycle, net work per cycle, thermal efficiency,
exergy efficiency

Introduction

Climate change and air pollution, especialy greenhouse gas emissions, are the envi-
ronmental issues that are considered the biggest problems of our time. Energy production with
the utilization of fossil fuels plays a significant role in the global greenhouse gases emissions.
Many possihilities for the reduction of the emissions are evaluated, from the increase of the
energy efficiency, followed by a significant increase of the use of renewable energy sources
for electricity generation, transportation and other sectors to the low cost solutions such as
the implementation of advanced control concepts, particularly those based on the artificia
intelligence [1]. Since a part of the energy sector in most countries is focused on the burning
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of fossil fuels, the measures to reduce the emissions of CO, include the possibilities of accept-
ing, appropriations, transportation and storage of CO; in the reservoirs in genera [2]. The
ways to improve the energy efficiency are the utilization of combined heat-and-power plants
in the generation of electric energy and the replacement of coal by other fuels, such as natural
gas [3]. A Brayton cycle is often used in the gas power plants and cogeneration plants. Many
papers consider the optimization and exergy analysis of a Brayton cycle [4-10]. In these pa-
pers, a wide range of variables that affect the optimum operation of a Brayton cycle is ana-
lyzed. Among variables the isentropic efficiency of compressor and turbine often appear. In
those papers the influence of the irreversibility of processes through the turbine and compres-
sor on the net work per cycle, or on the thermal efficiency, is not elaborated in detail. Conse-
quently, this paper defines an analytical model of a Brayton cycle with internal irreversibility
(friction) through the compressor and turbine. The given analytical expressions quantify the
effects of the isentropic efficiencies of compressor and turbine on the net work per cycle, on
the thermal efficiency and on the exergy efficiency of a Brayton cycle. Also, two possible
optimization strategies for a Brayton cycle are discussed.

Energy analysis of the process
Expression for the dimensionless net work per cycle

A qualitative image in T-s diagram is shown in fig. 1, where the points 1, 2, 3, and 4
represent the ideal Brayton cycle with reversible adiabatic processes, whereas the points 1, 2,
3 and 4’ show the actual Brayton cycle with irreversible adiabatic processes.

The state points 1 and 3 are the same points in
both cycles and the temperature ratio rp= T3/Ty is 7Tk
assigned while pressure ratio r, = pJlp; is varied. 7|
The net work per unit mass per cycle is given by
the following equation:

w=q — qo= ¢, [(Tly-T3) - (T; - T,)] 1)

The temperatures 7>’ and T’ can be expressed,
using the isentropic efficiency of compressor

(77comp) @nd turbine (77ur,), respectively: /7 —
, T -T.
T2 = 71 1 "2 (2)
ncomp
Figure 1. T-sdiagram of an ideal and actual
Ty =T — (T — 1) ©) Brayton cycle

Equation (1) takes the nondimensional form:

k-1

w 1— 1’7 ﬂ
Ws = + T 1 1_rp k (4)

hS]

Cp 71 Tcomp

It is clear from eq. (4) that the net work per cycle will be maximal for the maximal
values of 7comp, 7 @Nd 7, while the pressure ratio r,, for which the net work per cycle has a
maximum is defined by:
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k

(rp)WB S (UturbﬂcomprT) 2k ©)

and the nondimensional maximum net work per cycle:

_ (1_ 4\ 77turb77comprT )2 (6)

WBmax =

Ncomp

Expression for the thermal efficiency
The following expression defines thermal efficiency:
_w_ w
) )

or in the non-dimensional form:
k-1

1-x
1- " + UcompnturbrT (l_ " k J
n= = ®

ﬂcomp(rr -D+1- rpT

The thermal efficiency takes its maximal value for the following value of the pres-
sure ratio (With 77comp, 7turb, @nd 77 as high as possible):

(r,)

k
_ Thurb?r — \/rTnturb (rT -~ nturb)ncomprT +1- ﬂcomp] - 9
i I (77turb _1)+1

It is obvious from egs. (5) and (9), that the value of pressure ratio which maximizes
the net work per cycleis not the same to the one which maximizes thermal efficiency.

Exergy analysis of the process

Exergy analysisis a practical and useful tool that can be used to improve system ef-
ficiency. Many engineers and scientists suggest that exergy analysisis a highly effective me-
thod for evaluating and enhancing thermodynamic performance, [11].

The source of irreversibility in considered process is the friction in fluid flow
through the compressor and turbine (internal irreversibility) as well as the heat transfer at the
finite temperature difference in the heat exchangers (external irreversibility). The upshot of
thisirreversibility isthe exergy destruction, and it is appropriate to carry out the exergy analy-
sis by introducing the exergy efficiency. For the considered Brayton cycle, it is assumed that
the temperature of the heat source is equal to the highest temperature of gas in the process
Tsource = T3, While the temperature of the heat sink is equal to the lowest temperature of gasin
the process T4k = T1. Here, two forms of the exergy efficiency are defined, [12]:

Ws

77ex1:q[ _le (10)
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The above formulation is preferred in the analysis of power cycles, and its final

nondimensional formis:
EL
k

1-r

1-k
k
p + 7700mp77turbrT [l_ r, j

ﬂexl = 1 k-1 (11)
[1— j[nwmp (r, -1)+1- rka
r

T

According to the second definition of the exergy efficiency, it is the ratio of the net
work per cycleto the exergy increase in the heat exchanger, and has the following form:

W
Nex2 =

& c,(I3-T) = Ti(s3—52) (12)

or in non-dimensional form:

&1 Tx
1_rp x +7700mp77turbrT {1_ ) * ]

77 =

ex2 \ ) 1 (13)
Neomp | 11 -1- In% +1- T
77comp -1+ " *

Equations (11) and (13) give different values of the exergy efficiency.

Graphical representation and interpretation of the results

1

085 09 095 1
Noomp

Figure 2. Values of ry (solid lines) which maximize
wg and corresponding values of Wgmay (dashed
lines) as a function of #7mp and 7y, for re =5

The four criteria specified by egs. (4),
(8), (11), and (13) are functions of the fol-
lowing four nondimensional quantities: r,,
rr, by, @A 77comp. The values of the four
criteria increase with the increse of rr, 7wrb,
and 7comp, and for these three parameters
fixed, there are certain values of r, which
maximize considered criteria. For example,
figs. 2 to 5 show the values of r, which max-
imizewg, 7, 7ea, and 7 for =5, and
for the ranges of 0.7 < nyp < 1and 0.7 <
< 7comp < 1. It is clear from egs. (8) and (11)
that for given r; the same value of r, max-
imizes 77 and 77 1.

It isvisible in figs. 2 to 5 that », which
maximizes the four criteria increases with
the increase of 77comp and 7. SOMe nuUMer-
ical values are listed in tab. 1. For example,
the increase of the turbine isentopic efficien-
cy from 0.9 to 0.95 will increase the net



Zivié, M., et al.: Detailed Analysis of the Effect of the Turbine and ...

THERMAL SCIENCE: Year 2014, Vol. 18, No. 3, pp. 843-852

847

work from 1.07 to 1.20 (for 0.13), while the same increase of compressor isentropic efficiency
(from 0.85 to 0.90) will increase the net work per cycle for 0.07. The increase of pressure
ratio is nearly the same (from 10.5 to 11.5). That means that if one can choose to invest in
improving compressor or turbine efficiency, it is better to invest in improving of turbine effi-
ciency. The same can be concluded from other three criteria.

Murb

0954 ™
09] ™
0854
0.8

0.75+

0.7

07 075 08 085 09

Figure 3. Values of r, (solid lines) which maximize
n7and corresponding values of 7ma (dashed lines)
as afunction of 7emp and e, for rr=5

In reality compressor and turbine operate
with the isentropic efficiencies less than one,
and for given values of 7jcomp and 7 it is
possible to find pressure ratio which max-
imizes either net work per cycle or some of
efficiencies. Our interest would be to have
maximal wg, 7, N1, aNd 7ee @ the same
time. Since this is impossible, a good com-
promise might be to have maxima sum of
WB/WBmax and 77/77max or WB/WBmax and
Next! Nex2, WHEre Wamax, Mmax, aNd 7/ Nexomax
refer to maxima vaues of wg, 7, and e
that can be achieved for the given values of
Teomps Thub, @ 77 The goal function in the
form we/wamax + 17/ 1imax defines r,, for which
the thermal efficiency would be a bit less
than its maximum, but grester than the thermal
efficiency at maximaum net work per cycle,
and the net work per cycle would be a bit less
than its maximum but grester than the net
work at maximum thermal efficiency, [13].

Maximized 1 o4

0.94.

084\

0.751

Figure 4. Values of ry (solid lines) which maximize
7Jex1 @nd corresponding values of 7exmax (dashed
lines) as a function of 7comp and #yp, for rr=5

Maximized n,,»

Thur

005] X

0854 "~

0754

0.95 1
Neo mp

Figure 5. Values of ry (solid lines) which maximize
ez @nd corresponding values of 7eomax (dashed
lines) asa function of 7emp and 7y, for rt=5
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Table 1. Values of the pressure ratio and corresponding maximal values of the four criteria for two
different values of isentropic efficiency of compressor and turbine

¥, A
e T = 0.90 T = 0.95 " Turs = 0.90 T = 0.95
_ r,=105 rp=115 ~ ro=27.1 ro= 383
Teomp = 085 1\ " =107 | weme=120 | Mo =085 6419 Tmex = 0.496
_ ro=115 ro=12.7 ~ ro=327 ro= 479
Tomp=0.90 | =114 | wama=127 | T =001 6447 T = 0531
"p — — Tp _ —
Teximax Thub = 0.90 Thub = 0.95 Nexamax Thurb = 0.90 Thurp = 0.95
~ ro=27.1 r,=38.3 ~ ro=22.8 ro=320
Teamp =085 | e = 0528 | ot =0622 | T =085y 0570 | omac= 0.665
_ rp=32.7 rp=47.9 _ rp=27.1 rp=39.5
Teop =0.90 | 0559 | foima =0.664 | Tomp= 00 | =0607 | feome= 0.708

In the next we analyze two goa functions. wg/wgmax + 7/ fmax @Nd wa/wemax +
+ 7Jexa/ ex2, 1IN the case of 7 = 5 and for the two pairs of isentropic efficiencies. 7y, = 0.90,

Ncomp = 0.85 and 77y = 0.95, Heomp = 0.90.

Figure 6 shows the ratios we/wemax and n/nmax a@nd their sum as functions of the
pressure rétio r,, for the case 7w = 0.90 and 7comp = 0.85 and 7 = 5.0. Figure 7 shows cha-
racteristic points of a Brayton cyclein 7-s diagram, for the cases presented in fig. 6.

1.1 . : 2
wg, 7| /""""""&-\ RN =
: FrPreaEH :
1 ST Mk s T e B 3
0.9 /
0.8- - 8 - ‘ + — , - P .. - r
0.?’ e 2
0.6 e Ly
[
I
0.59 il adl) 0.8
043 10 15 20 25 08

30 r’p

Figure 6. Curves Wa/Wgmax, 7/ fmax and Wa/Wgmax +
+1/ nmax @s functions of r, for rr =5, 7, = 0.90
and 7comp = 0.85

—®%— Maximized wg
—»— Maximized n
Maximized wg + n

0 1 2 3 4 s 5
Figure 7. llustration of the characteristic points of
a T-sdiagram of a Brayton cyclefor thethree
Cases. Wamax, Mmax aNd (Wa/Wamax+ 7/ max)max

It can be seen that the value of presure ratio for which wg/wemax reaches maximum
does not coincide with the pressure ratio in which 7/ 7y reaches maximum. The pressure
ratios and the maximal values of the three functions are presented in tab. 2.
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Table 2. Values of the pressureratios and corensponding maximal values of the three
functions We/Wemax: 77/ fimax @Nd Wa/Wemax + 7/ max, fOr 1+ =5, 7 = 0.90 and #7comp = 0.85

Curve
(symbols) "y Wwg WalWamax n 77 Tmex WalWemaxc 17/ Tmex
Square 10.46 1.075 1.0 0.374 0.892 1.892
Triangle 27.06 0.904 0.841 0.419 1.0 1.841
Solid line 15.44 1.046 0.973 0.402 0.959 1.932

The value of pressure ratio, for which the goal function reaches maximum lies bet-
wen the values of pressure ratio in which the net work per cycle and the thermal efficiency
reach maxima, as expected, but closer to the pressure ratio which maximizes the net work per
cycle. Figure 8 shows the ratios we/Wemax: Hexol Mexzmax @A the sum of we/wemax and
Nex2l Mexamax @S functions of r,. Figure 9 shows a Brayton cycle in the 7-s diagram for the cases
presented in fig. 8.

1.
g P e g T
= 1 LA h“""ﬂ-\ 1_8;:3‘ 7] —%— Maximized wg
@2 | ~ o —»— Maximized n,,
0. \c\—16 54 Maximized wg + fao
\ 1.4 5
e 1.2 4
Wa . L9 31
Nexz
W i 08 2
! 0.6 "
0 25 30, . . . T .
P 1] 1 2 3 4 5 5
Figure 8. Curves Wa/Wamax, Mex2! exomax &nd Figure 9. llustration of the characteristic points of
We/Wamax * Texal exomax 8S functions of r,, for T-sdiagram of a Brayton cycle for the three cases:
rt =5, 7w = 0.90 and Tcomp = 0.85 Wamaxs exal exomax ANA (Wa/Wamax Pexal exzmax)max

The pressure ratios and the maximal values of the three functions are presented in
tab. 3.

The second goal function gives similar results. The optimal pressure ratio, according
the criterium of maximum of the sum of the net work per cycle and the exergy efficiency, lies
between the values of the pressure ratio in which maxima of net work per cycle and exergy
efficiency are reached, but closer to the pressure ratio which maximizes the net work per
cycle.

Table 3. Values of the pressure ratio and corensponding maximal values of the three functions:
Wa/Wamax: Texe! fexemaxs ANA WalWamaxt Hexe! exomax at It =5, 1y = 0.90 and Heomp = 0.85

Curve
(symbols) Tp wB Wa/Wemax Tex2 Nex2! Mexemax We/Wamaxt Texel Tecamax
Square 10.46 | 1.075 1 0.532 0.933 1.933
Triangle 2275 | 0.961 0.894 0.570 1 1.894
Solid line 1412 | 1.058 0.984 0.555 0.974 1.958
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To estimate the effect of the friction in compressor and turbine, we repeated the
same procedure for the higher values of 7 = 0.95 and 7comp = 0.90. Figure 10 shows curves
WalWemaxs 7 max @A welWemax +7/imax for r7 = 5 and fig. 11 shows curves wg/wgmax,
Nex2l Mexomax AN WalWemax + 1exol Texomax fOr =5 as functions of 7,,.

1.1 7 : : 2 1.1 2
3 B W T— 3 3 Fii Tr— 3
= ::..::K @ = /"ﬁ( @
09 / . : \-g\‘tﬁ 09_/ ng"\'is
08 // . ol 14 0.8 / FEEEFERRRAREERE
07 / i f-rrie} 1.2 071 g SSSSEIS2EESatSEEg Y
0.6 oW | 1 P e et S e i
/ S Mex | : i SRR g i
§ / e e / | =T 08
0.4 ! ! 2 | 06 0.4 o B {1 BB B2 T R AL 0.6
5 10 15 20 25 30 1, 5 10 15 20 25 30 r,

Figure 10. Curves Wa/Wgmax, 7/fmax @nd We/Wemax Figure 11. Curves We/Mgmax, fex2/ exomax and
+ 1l imax @sfunctions of rp for r+ =5, 7 =095  Wa/Wemax + 7ec! ffecmax @S functions of ry, for rr =5,
and 77¢omp = 0.90 Turb = 0.95 @and 7comp = 0.90

From figures 6, 8, 10, and 11 for the two pairs of values of isentropic efficiencies, it
can be seen that the increase of the compressor and turbine isentropic efficiency causes the
increase of the net work per cycle, the thermal efficiency and the exergy efficiency. The com-
pressor and turbine isentropic efficiency also has an effect on the values of the pressure ratio
in which the maximum net work per cycle and thermal efficiency are obtained. It is also noted
that the increase of the isentropic efficiencies moves the values of the optimal pressure ratio,
for both quantities wgmax and 7max, 8Nd SO 7exomax t0 higher values.

The optimal values of pressure ratio according to the given goal functions, in the
above presented second case are significantly higher than in the case of the lower values of
isenropic efficiencies. Both goal functions give nearly similar values of the pressure ratio. The
criterium which includes exergy efficiency results in the dightly lower pressure ratio and the
slightly greater net work per cycle.

Table 4. Values of the pressure ratio and corensponding maximal values of the functions wg/Wgmax,
1 Tmax, Mex2l Mexomaxs Wa/Wamax 77 fimax @Nd Wal/Wemaxt fexa! exomax fOF 1 =5, 1 = 0.95 and Mcomp = 0.90

o Wg n Eex2 WalWamax + 17/ Tmex WalWemax+ Texal Texamax
1271 1.266 0.450 0.637 1.847 1.900
47.88 0.932 0.531 0.705 1.736 1.927
39.50 1.023 0.529 0.708 1.804 1.808
20.67 1.222 0.494 0.683 1.896 1.930
18.69 1.239 0.486 0.675 1.894 1.932
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Conclusions

We expressed and analyzed the four nondimensional quantities wg, 7, #ex1, and
nexz Of @ Brayton cycle as a functions of the four nondimensional variables r,, rr, 7w, and
Teomp- TO MaXimize we, 77, Nex1, ANA 7o, it IS shown that 77, 7w and 7comp Should be as
great as possible. For defined values of r7, muw, and 7emp there are three different values
of r, that maximize wg, 17 (77e1), and 7. These values of 7, increase (and consequently
WelWemax, 7/ Tmaxs Next! Mexamax 8N 7exal Nexomax 8lSO rise) with the increase of 77, 7wum and
Neomp- Effect of improving 7w 1S greater than the effect of improving 7comp.

The value of pressure ratio, which maximizes the net work per cycle is always
lower than the values of the pressure ratio which maximize thermal and exergy efficien-
cy. Therefore, different criteria may be used for different purposes, depending on the
requests of the maximal net work per cycle or maximal thermal and/or exergy efficiency.
We performed optimization according two criteria: maximization of the sum of we/Wgmax
+ 1l Nmax @d Maximization of the sum of we/Wemax +7exo/ exemax- The second criterium
results in the slightly lower pressure ratio (closer to the one that maximizes net work) and
abit greater the net work per cycle.

Nomenclature

cy — specific heat at constant pressure, 1 — compressor inlet
[kg'K™Y 2,2 — compressor outlet

h — specific enthalpy, [Jkg] 3 — turbineinlet

k — gpecific heat ratio 4,4  — turbine outlet

, — pressureratio (=pa/p1)

rz; — temperature ratio (=75/T4) Greek symbols

s — specific entropy, [Jkg™* K™ n — thermal efficiency

T — thermodynamic temperature, [K] New — exergy efficiency 1

w — net work per cycle, [Jkg] Nee — exergy efficiency 2

wg — nondimensional net work per cycle Neomp — isentropic efficiency of compressor
[=wl(c,/T1)] mub  — isentropic efficiency of turbine

References

[1] Mikulandric, A., et al., Improvement of Environmental Aspects of Therma Power Operation by Ad-
vanced Control Concepts Thermal science, 16 (2012), 3, pp. 759-772

[2] Gardfulic, E., Klarin B., Acceptable Concept of Carbon Dioxide Storage, Tehnicki vjesnik, 20 (2013), 1,
pp. 161-165

[3] Zaporowski, B., Szczerbowski, R., Energy Analysis of Technological Systems of Natural Gas Fired
Combined Heat-and-Power Plants, Applied Energy, 75 (2003), 1-2, pp. 43-50

[4] Wu, C, et al., Performance of a Regenerative Brayton Heat Engine, Energy, 21 (1996), 2, pp. 71-76

[5] Sanchez - Orguz, S, et al., Thermodynamic Model and Optimization of Multi-Step Irreversible Brayton

Cycle, Energy Conversion and Management, 51 (2010), 11, pp. 2134-2143

[6] Ferdelji, N., et al., Exergy Analysis of a Co-Generation Plant, Thermal science, 12 (2008), 4, pp. 75-88

[7] Hasdli, Y., Optimization of Regenerative Brayton Cycle by Maximization of Newly Defined Second

Law Efficiency, Energy Conversion and Management, 68 (2013), Apr., pp. 133-140

[8] Thong, W., et al., Power and Efficiency Optimization for Combined Brayton and Inverse Brayton
Cycle, Applied Thermal Engineering, 29 (2009), 14-15, pp. 2885-2894

[9] Cheng, C. Y., Chen, C. K., Power Optimization of an Endoreversible Regenerative Brayton Cycle,
Energy, 21 (1996), 4, pp. 241-247

[10] Haseli, Y., et al, Unified Approach to Exergy Efficiency, Environmental Impact and Sustainable De-
velopment for Standard Thermodynamic Cycles, International Journal of Green Energy, 5 (2008), 1-2,
pp.105-119

[11] Ehyaei, M., et al., Exergetic Analysis of an Aircraft Turbojet Engine with an Afterburner, Thermal
science, 17 (2013), 4, pp. 1181-1194



Zivié, M., et al.: Detailed Analysis of the Effect of the Turbine and ...
852 THERMAL SCIENCE: Year 2014, Vol. 18, No. 3, pp. 843-852

[12] M. Kanoglu, Y. A., et al., Efficiency Evaluation of Energy Systems, Springer Briefsin Energy, Springer
Verlag, New York, 2012

[13] Hernandez, A.C., et al., Power and Efficiency in a Regenerative Gas-Turbine Cycle with Multiple Re-
heating and Intercooling Stages, J Phys D Appl Phys, 29 (1996), pp. 1462-1468

Paper submitted: December 2, 2013
Paper revised: April 24, 2014
Paper accepted: April 28, 2014



