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Abstract

An irreversible cycle model of a Braysson heat engine operating between two heat reservoirs is used to investigate the pe
of the cycle affected by the finite-rate heat transfer between the working fluid and the heat reservoirs, heat leak loss betwee
reservoirs and irreversibility inside the cycle. The specific power output is maximized with respect to the cycle temperatures along
isobaric temperature ratio. The specific power output is found to be a decreasing function of the internal irreversibility parameter and isobar
temperature ratio while there exist the optimal values of the state point temperatures at which the specific power output attains its
value for a typical set of operating parameters. Moreover, the maximumspecific power output and other cycle parameters are calculate
different sets of operating conditions. The optimally operating regions of the important parameters in the cycle are determined. T
obtained here may provide some useful criteria for the optimal design and performance improvement of a realistic Braysson heat
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

The Braysson cycle is a hybrid power cycle based o
conventional Brayton cycle for the high temperature h
addition while adopting theEricsson cycle for the low
temperature heat rejection as proposed and investigate
Frost et al. [1] using the first law of thermodynamics. Ve
recently, some workers have investigated the performanc
of an endoreversible Braysson cycle [2–4] and a mi
cycle [5] based on the analysis of Brayton [6–23] a
Ericsson [24–28] cycles by using the concept of fin
time thermodynamics [29–38] for a typical set of operat
conditions and obtained some significant results.

In real thermodynamic cycles, there often exist ot
irreversibilities besides finite-rate heat transfer between
working fluid and the heat reservoirs. For example,
heat leak loss between the heat reservoirs and inte
dissipation of the working fluid are also two main sourc
of irreversibility. In the present paper, we will study t
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influence of multi-irreversibilities on the performance o
Braysson heat engine cycle.

2. An irreversible Braysson cycle

An irreversible Braysson cycle working between a sou
and a sink of infinite heat capacities is shown on theT –S

diagram of Fig. 1. The external irreversibilities are due
the finite temperature difference between the heat engine a
the external reservoirs and the direct heat leak loss from th
source to the sink while the internal irreversibilities are d
to nonisentropic processes in the expander and compr
devices as well as due to other entropy generations w
the cycle. The working fluid enters the compressor at s
point 4 and is compressed up to state point 1S/1 in an
ideal/real compressor, and then it comes into contact with
the heat source and is heated up to state point 2 at con
pressure. After that the working fluid enters the turbine
state point 2 and expands up to state point 3S/3 in an
ideal/real expander/turbine, it rejects the heat to the
sink at constant temperature and enters the compress
state point 4, thereby, completing the cycle. Thus we st
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Nomenclature

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

cP specific heat . . . . . . . . . . . . . . . . . . . kJ·kg−1·K−1

k0 heat leak coefficient . . . . . . . . . . . . . . . . kW·K−1

ṁ mass flow rate of the working fluid. . . . . kg·s−1

P specific power output . . . . . . . . . . . . . . . kW·m−2

P ∗ dimensionless specific power output
Q heat transfer rate . . . . . . . . . . . . . . . . . . . . . . . . kW
Q0 heat leak loss . . . . . . . . . . . . . . . . . . . . . . . . . . . kW
R internal irreversibility parameter
S entropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kJ·K−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
U overall heat transfer coefficient . . kW·m−2·K−1

x isobaric temperature ratio
1,2,3,4 state points

Greeks symbol

η efficiency

Subscripts

H heat source/hot-side
L sink/cold-side
max maximum
m optimum
η at maximum thermal efficiency
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the 4–1–2–3–4 closed cycle of an irreversible Brays
heat engine coupled with the heat reservoirs of infinite h
capacities at temperatureTH andTL, respectively.

Assuming the working fluid as an ideal/prefect gas a
the heat exchangers as counter flow configurations, the
transfer to and from the heat engine following Newton’s L
of heat transfer will be

QH = UHAH(T2 − T1)

ln((TH − T1)/(TH − T2))
= ṁcP (T2 − T1) (1)

and

QL = ULAL(T3 − TL) (2)

whereUJ andAJ (J = H,L) are the overall heat transfe
coefficients and areas on their respective heat exchangeTi

(i = 1,2,3) are the temperatures of the working fluid at st
points 1,2 and 3, andṁ andcP are, respectively, the mas
flow rate and specific heat of the working fluid.

According to Fig. 1, it is reasonable to consider some h
leak loss directly from the source to the sink, which may
expressed as [26,27,30]

Q0 = k0(TH − TL) (3)

Fig. 1. TheT –S diagram of an irreversible Braysson heat engine cycl
t

wherek0 is the heat leak coefficient. In addition, it is ve
significant to further consider the influence of irreversi
adiabatic processes and other entropy generations withi
cycle. Using the second law of thermodynamics for t
cycle model, we have

ṁcP ln(x) − ULAL(T3 − TL)/T3 < 0

�⇒ ṁcP RT3 ln(x) = ULAL(T3 − TL) (4)

wherex = T2/T1 is the isobaric temperature ratio andR is
the internal irreversibility parameter which is greater th
unity for a real cycle and defined as

R = S3 − S4

S2 − S1
= ULAL(T3 − TL)/T3

ṁcp ln(x)
> 1 (5)

whereS1, S2, S3 andS4 are the entropy of the working flui
at state point 1, 2, 3 and 4, respectively. When the adiab
processes are reversible and other entropy generations w
the cycle are negligible,R = 1 and the cycle becomes a
endoreversible cycle, in which the irreversibility is only d
to finite temperature differences between the heat en
and the external reservoirs and the heat leak loss betw
the heat reservoirs. WhenR = 1 and the heat leak los
is negligible, the cycle model is directly simplified as th
adopted in Refs. [2,3].

3. The expressions of several parameters

Using Eqs. (1)–(3) and (5), we can derive the express
of the specific power output and thermal efficiency, wh
are, respectively, given by

P = QH − QL

A
= UH [(x − 1)T1 − RT3 ln x]

aT3/(T3 − TL) + b
(6)

and

η = QH − QL

QH + Q0

= [(x − 1)T1 − RT3 lnx]
(x − 1)T1 + k0(TH −TL) [aT3/(T3 − TL) + b] (7)
UH A



Y. Zhou et al. / International Journal of Thermal Sciences 43 (2004) 1101–1106 1103

he
the
eat

ima

t is

he
n
tes,

,
n in
c

n
s
at

t of
lues

s
um

d 3
sing
e
aric

nd

s
10)
,

cy
ific

ues
at
of

t is

.
that
n of
wherea = (UH/UL)R lnx, b = ln[(TH − T1)/(TH − T1x)]
and A = AH + AL is the total heat transfer area of t
cycle. Using Eqs. (1)–(3) and (5), we can also derive
expressions of the ratios of the hot- and cold-side h
exchanger areas to the total heat exchanger area as

AH

A
= b

aT3/(T3 − TL) + b
(8)

and

AL

A
= aT3/(T3 − TL)

aT3/(T3 − TL) + b
(9)

Using the above equations, one can analyze the opt
performance of a realistic Braysson heat engine.

4. Optimal performance characteristics

It is seen from Eq. (6) that the specific power outpu
a function of two variables (T1, T3) for given values of the
isobaric temperature ratiox and other parameters. Using t
extremal condition∂P/∂T3 = 0 and Eq. (6), it can be prove
that when the specific power output is in the optimal sta
the temperatureT3 should satisfy the following equation

T3 = TL
b + √

b(c − a) + ac

a + b
(10)

wherec = (UH/UL)(x − 1)T1/TL. Using Eqs. (6) and (10)
one can generate a three-dimensional graph, as show
Fig. 2, whereP ∗ = P/(ULTL) is the dimensionless specifi
power output and the parametersTH = 1200 K, TL =
300 K, R = 1.1 and UH /UL = 1 are chosen. It is see
from Fig. 2 that the specificpower output first increase
and then decreases asT1 increases. It shows clearly th
there is an optimal value ofT1 at which the specific
power output attains its maximum value for a given se
operating parameters, as shown in Fig. 3, where the va

Fig. 2. The variation of the dimensionless specific power outputP ∗ with
respect to temperatureT1 and isobaric temperature ratiox, where the
parametersTH = 1200 K, TL = 300 K, R = 1.1 and UH /UL = 1 are
chosen.
l

of T1m and P ∗
max are listed in Table 1, which also give

the optimal values of other parameters at the maxim
specific power output. It is also seen from Figs. 2 an
that the specific power output is a monotonically decrea
function ofx andR. This point is easily expounded from th
theory of thermodynamics. Because the larger the isob
temperature ratiox and internal irreversibility parameterR

are, the larger the total irreversibility in the cycle a
consequently the smaller the specific power output.

In order to further reveal the performance characteristic
of an irreversible Braysson cycle, Eqs. (6), (7) and (
are used to plot theP ∗ ∼ η curves, as shown in Fig. 4
whereηm and P ∗

m are, respectively, the thermal efficien
at the maximum specific power output and the spec
power output at the maximum thermal efficiency. The val
of ηm are also listed in Table 1. It is seen from Fig. 4 th
the specific power output is not a monotonic function
the thermal efficiency. When the specific power outpu
situated in the regions of theP ∗ ∼ η curves with a positive
slope, it will decrease as the thermal efficiency is decreased
Obviously, these regions are not optimal. It is thus clear
the specific power output should be situated in the regio

Fig. 3. The variation of the dimensionless specific power outputP ∗ with
respect to temperatureT1. The values of the parametersTH ,TL and
UH /UL are the same as those used in Fig. 2.

Table 1
The corresponding parameters atmaximum specific power output

x R P ∗
max ηm T1m T3m (AH /A)m (AL/A)m

1 1.0 0.250 0.472 900.000 450.000 0.500 0.500
1.1 0.216 0.446 921.441 439.279 0.488 0.512
1.2 0.186 0.422 940.994 429.503 0.477 0.523

1.1 1.0 0.249 0.470 854.897 449.660 0.498 0.502
1.1 0.214 0.445 874.997 438.914 0.486 0.514
1.2 0.185 0.420 893.279 429.111 0.475 0.525

1.2 1.0 0.246 0.467 810.557 448.771 0.495 0.505
1.1 0.212 0.441 828.994 437.960 0.482 0.518
1.2 0.182 0.416 845.657 428.090 0.470 0.530

1.3 1.0 0.242 0.462 768.091 447.496 0.489 0.511
1.1 0.207 0.436 784.802 436.596 0.476 0.524
1.2 0.178 0.410 799.785 426.635 0.463 0.537
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Fig. 4. TheP ∗ ∼ η curves of a Braysson heat engine fork0/(ULA) = 0.01.
The values of the parametersTH ,TL andUH /UL are the same as thos
used in Fig. 2.

theP ∗ ∼ η curves with a negative slope. When the spec
power output is in the region, it will increase as the therm
efficiency is decreased, and vice versa. Thus, the opt
regions of the specific power output and thermal efficie
should be subject to

P ∗
m � P ∗ � P ∗

max (11)

and

ηmax� η � ηm (12)

This shows thatP ∗
max, ηmax,P

∗
m and ηm are four important

parameters of the Braysson heat engine.P ∗
max andηmax give

the upper bounds of the specific power output and co
sponding thermal efficiency whileP ∗

m andηm determine the
allowable values of the lower bounds of the optimal spec
power output and corresponding thermal efficiency.

According to Eqs. (11) and (12), we can further determ
the optimal regions of other performance parameters. Fo
ample, the optimal regions of the parametersT1, T3,AH/A

andAL/A may be, respectively, determined by

T1m � T1 � T1η (13)

T3m � T3 � T3η (14)

(AH/A)m � (AH/A) � (AH/A)η (15)

and

(AL/A)m � (AL/A) � (AL/A)η (16)

whereT1m,T3m, (AH/A)m and(AL/A)m are, respectively
the values of theT1, T3,AH/A andAL/A at the maximum
specific power output and have been listed in Table
andT1η, T3η, (AH/A)η and (AL/A)η are, respectively, th
values of theT1, T3,AH/A and AL/A at the maximum
thermal efficiency and may becalculated numerically from
the above equations.

So far we have obtained some optimum criteria
the important performance parameters of the cycle, wh
may provide some theoretical guidance for the design
improvement of the Braysson cycle.
Fig. 5. TheP ∗ ∼ η curves of a Braysson heat engine without the heat l
loss. The values of the parametersTH ,TL and UH /UL are the same a
those used in Fig. 2.

5. Discussions

As mentioned above, some special cases of the cycle
be directly discussed from the results derived in this pap

(1) WhenR = 1, the cycle becomes endoreversible. T
characteristic curves of the Braysson heat engine
shown by the solid lines in Figs. 3 and 4.

(2) Whenk0 = 0, the heat leak loss is not considered.
such a case, Figs. 2 and 3 are still true, because
specific power output is not affected by the heat le
loss between the heat reservoirs. However, the heat
loss between the heat reservoirs will directly redu
the thermal efficiency of the cycle. Whenk0 = 0, the
P ∗ ∼ η curve of the cycle is not a closed loop lin
through the zero point but an approximate parabola l
as shown in Fig. 5.

(3) WhenR = 1 andk0 = 0, we get the cycle model adopte
in Refs. [2,3]. It implies the fact that some significa
results in Refs. [2,3] may be directly obtained from t
paper. For example, theP ∗ ∼ η curve plotted in Ref. [3]
may be given by the solid line in Fig. 5 as long as
same values of the parameters are chosen.

(4) Whenx = 1, the cycle becomes the Carnot cycle [3
33] and Eqs. (6)–(9) may be, respectively, simplified

P = UH (1− RT3/T2)

1/(TH − T2) + (UH/UL)R[(T3/T2)/(T3 − TL)]
(17)

η = 1− RT3/T2

1+ k0(TH −TL)
UH A

[ 1
TH −T2

+ UH RT3/T2
UL(T3−TL)

] (18)

AH

A
= 1

1+ UH

UL

R(TH −T2)T3/T2
T3−TL

(19)

and

AL

A
= RT3/(T3 − TL)

UL T2 + RT3/(T3 − TL)
(20)
UH TH −T2
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Fig. 6. TheP ∗ ∼ η curves of a Carnot heat engine fork0/(ULA) = 0.01.
The values of the parametersTH ,TL andUH /UL are the same as thos
used in Fig. 2.

It shows clearly that the optimal performance of t
Carnot heat engine can be directly obtained from the
sults derived in this paper. For example, using Eqs. (
and (18), one can generate theP ∗ ∼ η characteristic
curves of the cycle, as shown in Fig. 6.

(5) It is of interest to note that one may use not only
objective function [34] defined in Eq. (6) but also t
objective function defined as [34]

P = QH − QL

UA
= QH − QL

UHAH + ULAL

= (x − 1)T1 − RT3 lnx

a∗T3/(T3 − TL) + b
(21)

to optimize the performance of a heat engine, wh
a∗ = R lnx. Comparing Eq. (21) with Eq. (6), on
can directly derive the performance characteristics o
an irreversible Braysson heat engine optimized by
objective function defined in Eq. (21) through Eqs. (7
(20), as long asUH andUL are chosen to be equal to
and A,AH and AL are replaced byUA,UHAH and
ULAL in Eqs. (7)–(20), respectively.

6. Conclusions

An irreversible cycle model of a Braysson heat engin
established and used to investigate the influence of m
irreversibilities on the performance of the heat engine.
specific power output is optimized with respect to the s
point temperatures for a given set of other performa
parameters. The maximum specific power output and s
other important parameters are calculated for a typ
set of operating conditions. The optimal regions of so
important parameters such as the specific power ou
thermal efficiency, temperatures of the working fluid, he
transfer area ratios, and so on,are determined in detail. Th
influence of the isobaric temperature ratiox and internal
irreversibility parameterR on the performance of the cyc
is analyzed. Some special cases of the cycle are discusse
so that the optimal performance of the Carnot heat en
may be directly derived from the results obtained in t
paper. In other words, the analysis presented in this p
is general and will be useful to understand the relations
and difference between the Braysson cycle and other cy
and to further improve the optimal design and operation
a real Braysson heat engine for different sets of opera
parameters and constraints.
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