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Abstract

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

0 2004 Elsevier SAS. All rights reserved.
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1. Introduction influence of multi-irreversibilities on the performance of a
Braysson heat engine cycle.

The Braysson cycle is a hybrid power cycle based on a
conventional Brayton cycle for the high temperature heat ) ]
addition while adopting theEricsson cycle for the low 2. Anirreversible Braysson cycle
temperature heat rejection as proposed and investigated by
Frost et al. [1] using the first law of thermodynamics. Very
recently, some workers havevistigated the performance
of an endoreversible Braysson cycle [2—4] and a mirror
cycle [5] based on the analysis of Brayton [6-23] and
Ericsson [24-28] cycles by using the concept of finite
time thermodynamics [29—38] for a typical set of operating
conditions and obtained some significant results.

In real thermodynamic cycles, there often exist other
irreversibilities besides finite-rate heat transfer between the

working fluid and the heat reservoirs. For example, the pomt 4 and is compressed up to statg poisyLl in an
: : ideal/real compressor, and thé& comes into contact with
heat leak loss between the heat reservoirs and internal

oo : . : the heat source and is heated up to state point 2 at constant
dissipation of the working fluid are also two main sources

f irreversibility. In the present r we will studv th pressure. After that the working fluid enters the turbine at
Of Irreversibiy. € present paper, we Study e state point 2 and expands up to state poify3in an

ideal/real expander/turbine, it rejects the heat to the heat
* Corresponding author. sink at constant temperature and enters the compressor at
E-mail address: jcchen@xmu.edu.cn (J. Chen). state point 4, thereby, completing the cycle. Thus we study

An irreversible Braysson cycle working between a source
and a sink of infinite heat capacities is shown on TheS
diagram of Fig. 1. The external irreversibilities are due to
the finite temperature diffenee between the heat engine and
the external reservoirs andetllirect heat leak loss from the
source to the sink while the internal irreversibilities are due
to nonisentropic processes in the expander and compressor
devices as well as due to other entropy generations within
the cycle. The working fluid enters the compressor at state
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Nomenclature

A ANBA . . ottt m  x isobaric temperature ratio
cp specificheat................... ki 1k-1 1,2,3,4 state points

ko heat leak coefficient ................ kw1

m mass flow rate of the working fluid. . . . . Iyt Greeks wmt.)o.l

P specific power output............... k2 n efficiency

P* dimensionless specific power output Subscripts

0 heattransferrate........................ kw .

0o heatleak l0SS..........cvvvueeeneennn... kw H heat source/hot-side

R internal irreversibility parameter L sink/cold-side

S ENTOPY . .o e e e e Kt max  maximum

T TeMPErature .. ..o e, K m optimum N
U overall heat transfer coefficient.. kwi—2.K~1 n at maximum thermal efficiency

the 4-1-2-3-4 closed cycle of an irreversible Braysson wherekg is the heat leak coefficient. In addition, it is very

heat engine coupled with the heat reservoirs of infinite heat significant to further consider the influence of irreversible

capacities at temperatufg; and Ty, respectively. adiabatic processes and other entropy generations within the
Assuming the working fluid as an ideal/prefect gas and cycle. Using the second law of thermodynamics for this

the heat exchangers as counter flow configurations, the heatycle model, we have

transfer to and from the heat engine following Newton’s Law

of heat transfer will be mepIn(x) —UL AL (T3 —T1)/T3<0

UnAy(To — T1) i = mcpRT3IN(x) =ULAL(T3—TL) (4)
On= =mcp(T2 —T1) () _ _ . . .
IN((Ty — T1)/(Ty — T2)) wherex = T,/ Ty is the isobaric temperature ratio aRrdis
and the internal irreversibility parameter which is greater than
unity for a real cycle and defined as
QL=ULAL(T3—TL) ()

_ S3—8a ULAL(T3—-T1)/T3
S —-81 ric, In(x)

whereU; andA; (J = H, L) are the overall heat transfer R >1 )]
coefficients and areas on their respective heat excharfgers,
(i = 1, 2, 3) are the temperatures of the working fluid at state WhereSs, Sz, S3 and S are the entropy of the working fluid
points 1 2 and 3, andi andcp are, respectively, the mass at state point 1, 2, 3 and 4, respectively. When the adiabatic
flow rate and specific heat of the working fluid. processes are reversible and other entropy generations within
According to Fig. 1, itis reasonable to consider some heat the cycle are negligibleR = 1 and the cycle becomes an

leak loss directly from the source to the sink, which may be endoreversible cycle, in which the irreversibility is only due

expressed as [26,27,30] to finite temperature differences between the heat engine
and the external reservoirs and the heat leak loss between
Qo=ko(Tr —TL) (3) the heat reservoirs. WheR = 1 and the heat leak loss
A is negligible, the cycle model is directly simplified as that

adopted in Refs. [2,3].

Tu

3. Theexpressions of several parameters

Using Egs. (1)—(3) and (5), we can derive the expressions
of the specific power output and thermal efficiency, which
are, respectively, given by

Q p— On =01 _Unlx=DT1 — RT3Inx] ©)
\/ A al3/(Ts—Tr)+b
T and
n= On—0L
> Ou + Qo

s [(x — 1)T; — RT3Inx]

Fig. 1. TheT-S diagram of an irreversible Braysson heat engine cycle. - (x—DTy+ ko(?/H;‘TL) laTz/(Ts — Tr) + b]
H

(7)
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wherea = (Ug/Ur)RInx, b =In[(Ty — T1) /(T — Tix)]

and A = Ay + A is the total heat transfer area of the
cycle. Using Eqgs. (1)—(3) and (5), we can also derive the
expressions of the ratios of the hot- and cold-side heat
exchanger areas to the total heat exchanger area as

An _ b (8)
A al3/(Tzs —TL)+b

and

AL al3/(T3—T1) )

A alz/(Tz—TL)+b

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

4. Optimal performance characteristics

It is seen from Eg. (6) that the specific power output is
a function of two variablesT{, T3) for given values of the
isobaric temperature ratioand other parameters. Using the
extremal conditiord P/dT3 = 0 and Eq. (6), it can be proven
that when the specific power output is in the optimal states,
the temperatur@s should satisfy the following equation

b+ b(c—a)+ac
17
a+b
wherec = (Uy/UL)(x — 1)T1/Tr. Using Egs. (6) and (10),

13

(10)

one can generate a three-dimensional graph, as shown in

Fig. 2, whereP* = P /(U Tr) is the dimensionless specific
power output and the parametefy = 1200 K, T, =
300 K, R =11 andUg /U, = 1 are chosen. It is seen
from Fig. 2 that the specifipower output first increases
and then decreases d% increases. It shows clearly that
there is an optimal value of; at which the specific
power output attains its maximum value for a given set of

operating parameters, as shown in Fig. 3, where the values

1.3

1100

12001

Fig. 2. The variation of the dinmsionless specific power outp#t* with

respect to temperatur@; and isobaric temperature ratio, where the
parametersTy = 1200 K, 7;, =300 K, R =11 andUg /Uy =1 are
chosen.

1103

of Ty, and Py, are listed in Table 1, which also gives
the optimal values of other parameters at the maximum
specific power output. It is also seen from Figs. 2 and 3
that the specific power output is a monotonically decreasing
function ofx andR. This point is easily expounded from the
theory of thermodynamics. Because the larger the isobaric
temperature ratia and internal irreversibility parametd
are, the larger the total irreversibility in the cycle and
consequently the smaller the specific power output.

In order to further reveal thegpformance characteristics
of an irreversible Braysson cycle, Egs. (6), (7) and (10)
are used to plot the?* ~ n curves, as shown in Fig. 4,
wheren, and P} are, respectively, the thermal efficiency
at the maximum specific power output and the specific
power output at the maximum thermal efficiency. The values
of n,, are also listed in Table 1. It is seen from Fig. 4 that
the specific power output is not a monotonic function of
the thermal efficiency. When the specific power output is
situated in the regions of thB* ~ » curves with a positive
slope, it will decrease as the tineal efficiency is decreased.
Obviously, these regions are not optimal. It is thus clear that
the specific power output should be situated in the region of
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Fig. 3. The variation of the dinmsionless specific power outp#t* with
respect to temperatur@;. The values of the parametef®y,7; and
Uy /Uy are the same as those used in Fig. 2.

Table 1

The corresponding parametergraximum specific power output

X R Phax m Ty T3 (Ag/Am  (AL/A)m
10 0250 Q472 900000 450000 Q500 Q500
11 0216 0446 921441 439279 0488 0512
12 0186 0422 940994 429503 Q477 0523

1.1 10 0249 Q470 854897 449660 0498 0502
11 0214 0445 874997 438914 Q486 0514
12 0185 0420 893279 429111 Q475 0525

1.2 10 0246 Q467 810557 448771 Q495 Q0505
11 0212 Q441 828994 437960 0482 0518
12 0182 0416 845657 428090 Q470 0530

1.3 10 0242 Q462 768091 447496 Q489 0511
11 0207 0436 784802 436596 Q476 0524
12 0178 0410 799785 426635 Q463 Q537
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Fig. 4. TheP* ~ n curves of a Braysson heat engine fgy (U, A) = 0.01. Fig. 5. TheP* ~ 5 curves of a Braysson heat engine without the heat leak
The values of the parametefy;, 7r and Uy /U are the same as those  loss. The values of the parametéfg, T, and Uy /U, are the same as
used in Fig. 2. those used in Fig. 2.

the P* ~ n curves with a negative slope. When the specific
power output is in the region, it will increase as the thermal
efficiency is decreased, and vice versa. Thus, the optimal
regions of the specific power output and thermal efficiency

. be
should be subject to

5. Discussions

As mentioned above, some special cases of the cycle may
directly discussed from the results derived in this paper.

Py < P* < Phax (12) (1) When R = 1, the cycle becomes endoreversible. The
characteristic curves of the Braysson heat engine are
shown by the solid lines in Figs. 3 and 4.

Nmax = 1 = Nm (12) (2) Whenkg = 0, the heat leak loss is not considered. In
such a case, Figs. 2 and 3 are still true, because the
specific power output is not affected by the heat leak
loss between the heat reservoirs. However, the heat leak
loss between the heat reservoirs will directly reduce
the thermal efficiency of the cycle. Whdi = 0, the
P* ~ n curve of the cycle is not a closed loop line
through the zero point but an approximate parabolaline,
as shown in Fig. 5.

(3) WhenR =1 andkg = 0, we get the cycle model adopted
in Refs. [2,3]. It implies the fact that some significant
results in Refs. [2,3] may be directly obtained from this

and

This shows thak;,,, 71max P,, andn, are four important
parameters of the Braysson heat engiPg,, andnmax give
the upper bounds of the specific power output and corre-
sponding thermal efficiency whilB; andxn,, determine the
allowable values of the lower bounds of the optimal specific
power output and corresponding thermal efficiency.
Accordingto Egs. (11) and (12), we can further determine
the optimal regions of other performance parameters. For ex-
ample, the optimal regions of the paramet€rsTs, Ay /A
andA; /A may be, respectively, determined by

Tin < T1 < Ty (13) paper. For example, the* ~ » curve plotted in Ref. [3]

may be given by the solid line in Fig. 5 as long as the

>T>
Tan > Ts 2 T3y (14) same values of the parameters are chosen.
(Ap/A)m < (Ag/A) < (Ap/A), (15) (4) Whenx = 1, the cycle becomes the Carnot cycle [31—-
and 33] and Egs. (6)—(9) may be, respectively, simplified as
(AL/A)m = (AL/A) = (AL/A), (16) P Un (1= RT3/ T2)
. 1/(Ty — T Uy /UL)RI(T3/T2) /(T3 — T,
whereTy,, T3y, (A /A), and(AL/A), are, respectively, /(Th = T2) + (Un /UL RI(T3/ T2) /(T3 L)1]7
the values of thd, T3, Ay /A and A /A at the maximum (17)
specific power output and have been listed in Table 1, _ 1-RT3/T, (18)
and T1,, T3, (Ax/A), and (AL /A), are, respectively, the 1+ kO(lT]’L;TL)[Tﬁl_TZ + gf(’gi/%]
values of theTy, T3, Ay/A and Ap/A at the maximum An 1
thermal efﬂmenc_y and may bealculated numerically from = 1 U ROy BT/T (29)
the above equations. 77 P —
So far we have obtained some optimum criteria for
! : and

the important performance parameters of the cycle, which
may provide some theoretical guidance for the design and Az _ RT3/(T3 —TL) (20)
improvement of the Braysson cycle. A g_z THT—2T2 + RT3/(T3 —Ty)
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0.25 so that the optimal performance of the Carnot heat engine
may be directly derived from the results obtained in this
0.20 paper. In other words, the analysis presented in this paper
is general and will be useful to understand the relationships
x 015 and difference between the Braysson cycle and other cycles
and to further improve the optimal design and operation of
0-10+ a real Braysson heat engine for different sets of operating
0.05] parameters and constraints.
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