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Abstract. A universal model of am-stage combined Carnot cycle system is established.
Several major irreversibilities which often exist in real thermodynamic cycles, such as finite-rate
heat transfer in the heat-exchange processes, heat leak losses of the heat source, and internal
dissipation of the working fluid, are included in the model so that many models of irreversible
and endoreversible Carnot cycles which appear in the literature can be regarded as special
cases of the universal cycle model. The efficiency, power output and rate of heat input are
optimized. Some characteristic curves of the cycle system are presented. Some important
performance bounds are given. The optimal combined conditions between two adjacent cycles
in the combined cycle system are determined. The optimal performance of an arbitrary-stage
irreversible, endoreversible, and reversible combined Carnot cycle system can be directly derived
for specific choices of some parameters. The results obtained here are of general significance
for both physics and engineering.

1. Introduction

The reversible model of the Carnot cycle has played a major role in the establishment and
development of thermodynamics. Almost all thermodynamics texts introduce the Carnot
cycles. Although the Carnot efficienay. is of great importance in theory, it is invariably

far above the efficiency of real heat engines and hence is of very limited practical value.
This problem has triggered a series of investigations on the efficiency of heat engines at
maximum power output.

Since Rubin [1] defined an endoreversible cycle, which is an extension of reversible
cycles, the endoreversible models of the Carnot cycle have been widely used to analyse the
performance of heat engines [2-8], refrigerators [9—12], and other thermodynamic systems,
such as chemical reactors [13-16], solar cells [17, 18], quantum-mechanical open systems
[19, 20]. Besides, other fields such as climatology [21, 22] and computing [23] can also be
better described by the endoreversible models of the Carnot cycle. At present the concept
of the endoreversible Carnot cycle has appeared in many textbooks [24-28].

Real heat engines are internally reversible. Besides the irreversibility of finite-rate heat
transfer across finite temperature differences, there are also other sources of irreversibility,
such as heat leaks, turbulence, friction, and the like. In order to analyse the performance of
heat engines affected by multi-irreversibilities, some new irreversible cycle models of heat
engines have been proposed and many significant results have been obtained [29-34].

Because of the importance of the Carnot cycle in both physics and engineering, it
is necessary to develop further new models of irreversible Carnot cycles and investigate
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Figure 1. Schematic diagram of an-stage irreversible combined Carnot cycle system including
several major irreversibilities such as finite-rate heat transfer, internal dissipation of the working
fluid and heat leak losses of the heat source.

systematically their optimal performance. In this paper, we will establish a universal cycle
model and use it to analyse the influence of several major irreversibilities on the performance
of ann-stage combined Carnot cycle system.

2. A universal cycle model

Figure 1 shows the schematic diagram ofastage irreversible combined Carnot cycle
system. Each cycle in the system is connected to the next cycle through the heat exchanger
between two adjacent cycles such that the waste heat released from a higher temperature
range cycle is used totally as the heat source for the next higher temperature range cycle.
The working fluid in the respective cycles flows continuously such that the combined cycle
system operates with a steady state. When the effect of the irreversibility of finite-rate heat
transfer and the internal dissipation of the working fluid on the performance of the combined
cycle system is taken into account, each cycle in the system is an irreversible Carnot cycle
and consists of two irreversible isothermal and two irreversible adiabatic processes. In
figure 1,¢; andg;.1 (i = 1,2,...,n) are the rates of heat input and output of tiie

cycle, T and Ty 1 (i =1, 2,...,n) are the temperatures of the working fluid in the high-

and low-temperature isothermal processes ofithecycle, T; = T, and T,,,.» = T, are

the temperatures of the heat source and sihks the power output of the combined cycle
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system, and, is the heat leak from the heat source to the heat sink [34—-36]. Then, the net
amounts of heag;, andg. released from the heat source and rejected to the heat sink are

gh =q1+qL 1)
and
ge = qn+1t4qL (2)

respectively.
The performance of an irreversible cycle is directly dependent on the heat transfer law.
When heat transfer obeys a Newtonian law, one has

gi = UiAi(Toi-1 — Ta) (i=12...,n+1 (3)
and

qr = ko (T, — Tc) 4)
wherek; is the heat loss coefficient of the heat sou@eandA; (i =2,3,...,n) are the

overall heat-transfer coefficient and area of the heat exchanger betwegn-thgh andith
cycles,U; and A; are the overall heat-transfer coefficient and area of the heat exchanger
between the heat source at temperatljreand the first cycle, and/,,; and A,,; are the
overall heat-transfer coefficient and area of the heat exchanger betweethtbgcle and

the heat sink at temperatu#. The total heat-transfer area 6f + 1) heat exchangers in

the combined cycle system is

n+1

A= Z A;. (5)
i=1

According to the cycle model mentioned above and the second law of thermodynamics,
we can introduce an irreversibility factor

i1/ T2
= 4/ Ty (6)
qi/ Toi

to describe the internal irreversibility of the working fluid in tht#h cycle. The total
irreversibility due to the internal dissipation of the working fluids in the system may be
expressed by

I:l_[Ii. (7)

It is clearly seen from equation (6) that whén= 1, theith cycle is endoreversible; when
I; > 1, theith cycle is internally irreversible.

The cycle model mentioned above is a universal model of the Carnot cycle. It includes
not only the irreversibility of finite-rate heat transfer but also the internal dissipation of
the working fluids and the heat leak losses of the heat source. It is important that the
optimal performance concerning an arbitrary-stage irreversible, endoreversible, or reversible
combined Carnot cycle system may be directly derived from the cycle model.
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3. Efficiency and power output

The efficiency and power output are two important parameters of heat engines. Using the
above equations, we obtain the efficiengypower outputP, and rate of heat inpuj; of
ann-stage combined Carnot cycle system as

qn — qc < qn+1> q1
)’]: = 1— _—

4dh q1 qdn
_ (1_ IT3T5~~-T2n+l) q1
Ty... T2y ) q1+4qL
IT,. /T,
_ (1_ e/ Th ) q1 (8)
X1X2...Xp41/) 1+ 4L
P=gq,—qc=(q1+qun 9)
and
G=A q1 A
1= n+1 = n+1 i
YinA Y vmemn
. A
- 1 LT3/ T, LLTsTs/(ToTy) | |, IT3Ts... Tons1
Ui(Th—T2) + Ua(T3—Ta) + Us(Ts—Ts) + Un+1(T2)l+17TZIL+2)+T2T4---TZII
AT,
= 1 1 1 - 1 (10)
- + == + = +o
Ui(1=x1) ' Usxa(l—xz) = Ujxixa(l—x3) UypaXaxz..xn (1=xn11)
wherex; = Ty /T2 _1(i =1,2,...,n+ 1) and
i—1
ur=ui/[]5 (i=123,....,n+1) (11)
i=0

is the equivalent overall heat-transfer coefficient of the heat exchanger betwgen-theh
andith cycles. Thely appearing in equation (11) is stipulated to be equal to 1.
Eliminating x,,,1 in equations (8) and (10) gives

IT./T

n=(1- M) o (12)

X1X2.. Xn — g7 5 q1+4qL

where
AT, 1 1 1
@ Ui(l—x1)  Usxi(l—x2)  Uixixa(l—x3)
1

(13)

B Urxixz...xp—1(1—x,)

4. Characteristic curves

For a given rate of heat inpyt and total heat-exchange arda using equation (12) and
the extremal conditions

a
9N _o (i=12..n (14)
8x,~
we find that the efficiency is given by (a detailed derivation is given in appendix A)
IT.)T, x
n= (l — —/f> *ql (15)
1-¢qg7)qi+C
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Figure 2. Efficiencyn versus dimensionless rate of heat inpiit Curves: a{=1,C =0), b
(I=11,C=0),c(=1,C=01),andd (=11, C =0.1) are presented fdf,/T, = 0.5.

whereqy = q1/(U*AT)), C = q./(U*AT)), and

/()

is the equivalent overall heat-transfer coefficient of the combined cycle system.
Substituting equation (15) into equation (9) gives the relation between the dimensionless
power outputP* = P/(U*AT,) and rate of heat inpuj; as

I1T./Ty
Pt = (1 - #> qi. (17)
1-g7

From equations (15) and (17), we obtain the;; and P*— characteristic curves, as
shown in figures 2 and 3, respectively. It is seen from figures 2 and 3 that although the
power output is not affected by the heat leak losses of the heat source, the efficiency of the
cycle system is obviously dependent on the heat leak losses of the heat source.

Eliminating ¢5 in equations (15) and (17), we obtain the optimal relation between the
dimensionless power outp#t* and the efficiency; as

(L= (P? = [0+ 2C — L+ C)nlnP* + (C +n)Cn*> =0 (18)

wheren; =1—IT./T,,.
Using equation (18), we can generate tRé— characteristic curves of an-stage
combined Carnot cycle system, as shown in figure 4.
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Figure 3. The dimensionless power outpBt* versus rate of heat inpyt. Curves: a [ =1)
and b ¢ = 1.1) are presented fdf./ T, = 0.5.

5. Some important performance bounds

Figure 4 shows clearly that when the heat leak losses of the heat source is taken into
account, theP*—y characteristic curves of anstage combined Carnot cycle system are of
loop shapes. There exist a maximum power output and a maximum efficiency.

From equation (17) and its extremal condition

ap*

- 19
dg; (19)

we can prove that when

G =1-V1-n =9 (20)

the dimensionless power output of the cycle system attains its maximum, i.e.

max = (1 -v1i- 7]1)2 (21)

and the corresponding efficiency is given by

_ (-vi—wm)
= Tre—vion (22)

Incidentally, equations (21) and (22) can also be derived from equation (18) (a detailed
derivation is given in appendix B).
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Figure 4. The dimensionless power outp#t* versus efficiencyy. The values off, C, and
T./ T, are the same as those adopted in figure 2.

Using equation (18) and the similar method mentioned in appendix B, we can prove
that the maximum efficiency of the cycle system is determined by the following equation

[17 +2C — (14 C)nmad® = 4(C + 1) C(L — thmax) = O (23)
and the corresponding dimensionless power output is given by
_ [ +2C — (1 + C)max] Mmax

P = (24)
" 2(1 — Nmax)
Solving equations (23) and (24), we obtain
[VC+n —/CA= 771)]2
Nmax = 1102 (25)
and
2
. NCE [VCHn —/CA=np] (26)

" A+ O [VCHn + /T =n)/C]’

From equations (24), (25), and (9), we obtain the dimensionless rate of heat input at
maximum efficiency as
VCC +npd—n)—C
T = =qi. 27
q1 1—p—-C q1p (27)
Of course, equations (25)—(27) can also be directly derived from equation (15) and its
extremal condition.
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It is clearly seen from figure 4 that whep < n,, or P* < P}, the power output
decreases as the efficiency decreases. These regions are not the optimal regions of the
heat engines. The optimal regions should be situated in the parts @f*thgcurves with
negative slope. When the heat engines operate in these working states, the power output
will increase as the efficiency decreases, and vice versa. Therefore, the dimensionless power

output P* and efficiencyn must be constrained by

N <N < Nmax (28)
and
Pn’;ax > p* > p*

m*

(29)
This shows thatimax 7m, Prhax @and P are the four important performance parameters of
Carnot cycle systems. They determine the upper bounds and the allowable values of the
lower bounds of the efficiency and the dimensionless power output, respectively. According
to equation (28) or (29), we can further determine that the optimal range of the dimensionless

rate of heat input must be constrained by

91p 2 41 2 41, (30)

6. Optimal combined conditions

In order to make the-stage combined Carnot cycle system operate in the optimum working
states, the parameters in the system must satisfy certain conditions.

Using equations (3), (6), and (A11), we obtain the optimal relation of the heat-exchange
areas

JUFA = /U A i=212,...,n). (31)
Solving equation (31) and (5) gives the optimal distribution of the heat-transfer areas of
(n + 1) heat exchangers in the combined cycle system
A
A= ———F—— i=212....,n+1. (32)
;:1 Ui*/Uj*

From equations (Al1l), (A12), (15), and (12), we obtain

*
=1l-—— 4 (33)
Zj:l UI/UJ*
ni=1-—— 91 (=23...n (34)
721 Uf/Ufxixz. .. xi1
and
1—g*
Xppg = —— (35)
X1X2...Xy

Substituting equations (20) and (27) into equations (33)—(35), we obtain respectively the
temperature ratios;» andx;, in the heat-transfer processes at maximum power output
and maximum efficiency. According to equation (28) or (29), the optimal range of the
temperature ratios; in the heat transfer processes must be situated in the region between
Xip andx,-ﬂ.

So far we have determined the optimal combined conditions of-atage combined
Carnot cycle system operating in the optimum working states.
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7. Several special cases

(YWhenl; =1(G =1,2,...,n), there does not exist the internal dissipation of the working
fluid and the Carnot cycle is endoreversible. In such a case,

U*:l/(tii\/%)zzU (36)

and equation (18) may be written as
(L= (P = [nc +2C = (L+ CO)ln P* + (C + 1)Cn? = 0. (37)

The P*— characteristic curve is given by curve c in figure 4. Equation (37) can be used
to discuss the optimal performance of an arbitrary-stage endoreversible combined Carnot
cycle system.

(i) When U; — oo (i = 2,3,...,n), the irreversibility of finite-rate heat transfer
between two adjacent cycles in the combined cycle system is negligible. The equivalent
overall heat-transfer coefficient of thestage irreversible combined Carnot cycle system
may be simplified as

Ut = ! (38)

(1/VT1 + 1/ Uit/ 1)
which is identical to that of a single-stage irreversible Carnot cycle having the same
irreversibility factor/, so that equation (18) is the same as the relation between the power
output and the efficiency of a single-stage irreversible Carnot cycle.
(iif) When k; = 0, equation (18) may be written as
pr=yi 1 (39)
1-79
The P*— characteristic curve is not of loop shape, which is shown in curve b in figure 4.
The dimensionless maximum power output is still given by equation (21), while the
corresponding efficiency becomes [37]

nm:]-_\/l_rlb (40)
(iv) Whenk, =0andl; =1(G =1,2,...,n), U* = U and equation (39) becomes
pr=ple— 1 (41)
1-1n
which is identical to theP*— relation of ann-stage combined endoreversible Carnot cycle
system [38, 7]. The efficiency at maximum power output is given by

M =1—=/T:/ T (42)
which was independently found by several authors [39—41] and has widely appeared in the
literature [1, 3,5-7, 34, 3638, 42] and textbooks [24-28].
(V) Whenk;, =0,; =1(G( =1,2,...,n),andU; - o0 (i =1,2,...,n+ 1), the
Carnot cycle system is reversible. It can be derived from equation (18) that the efficiency
n=n.=1-T7T,/T, (43)
is only the temperatures of the heat source and sink and independent of both the rate of
heat inputg; and the power outpuP. In such a case, the power output
P = qnc (44)
may be an arbitrary value, which is determined by the rate of the heat4apithis shows
that the results obtained in this paper are also suitable for reversible Carnot cycles.
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8. Conclusions

A universal model of am-stage combined Carnot cycle system established in this paper is
the development of the endoreversible and reversible Carnot cycle models. The universal
cycle model includes finite-rate heat transfer, heat leak, and internal dissipation of the
working fluid so that it can capture the principal irreversibility sources of some real heat
engines. New bounds of the key performance parameters in the combined cycle system
are determined. It is important that the results derived from this universal cycle model
can be suitable for an arbitrary-stage irreversible, endoreversible, or reversible combined
Carnot cycle system and, consequently, reveal some common characteristics of Carnot cycle
systems. It is more important that this universal cycle model established in this paper is of
general significance for both physics and energy engineering and may promote the further
investigation of irreversible Carnot cycles and their applications in other fields.
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Appendix A

From equations (12) and (14), we obtain

1 1 1
U* ,D?px3...%, — + + + ...
ntl™ 273 Ur(1—x0)?  Uix2(1—x3) = UixZxp(1— x3)
1
5 =0 (A1)
Urxixa.. . xp—1(1—x,)
Ut D2 1 n 1
X1X3 ... Xy —
Eth Usxi(1—x2)2 | Uxyx2(1— x3)
1
> =0 (A2)
Uixixsxs.. . x,—1(1—x,)
U*, ,D%x1x Xi_1X; Xp — !
n+1 A2 .- A QA1 - - - A Ui*xlxz_,.xi_l(l—xi)z
1
> =0 (A3)
Uixixo .. Xi—1X Xip1 .. Xp—1(1 — xp)
U* ,D? 1 +
X1X2 « o XXy —
ntl 12 2 U:71x1x2 ‘e xn_g(l - x,,_l)z
1
5 =0 (A4)
Uixixo ... xp—2xs_1(1—xp)
and
* 2 1
Un+1D X1X2 ... X1 (A5)

Urxixz ... xp—1(1— x,)?

Solving equations (A1)—(A5), we have
x1(1—x2) = /U /U3 (1 — x1) (A6)
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x2(1—2x3) =,/U5/U3(1— x2) (A7)

xi(1—xi41) = v/ U,'*/U,‘il(l = X;) (A8)
xn—l(l —Xy) = \ U:fl/ U:(l — Xp-1) (Ag)

1 1
1—x,) = . (A10)
U:U:_l DX1)C2 e Xp—1

From equations (A6)—-(A10), we can derive some optimal relations as

VUEA-x) = VT - x) = \JUsnn(1 - x9) = -

and

=/ Ux1x2.. . xi1(Q—x) = = /Ukx1x2. . . xy—1(1 — x,,)
VYU + V1 U;
=an 1 I — I . (A11)
q1 U1(1—x1) Ujx1(1—x2) Uy _1x1x2...X5—2(1=x,-1)
Solving equation (A1l), we obtain
n+1
q 1
VUF(1l—x1) = — — Al2
1( 1) ATh I:Zl \/U—l* ( )
and
1 "1
X1X2 ... Xp = (A13)

1-— .

DV U;lk-&-l i=1V Ui*
Substituting equations (A11)—(A13) into equation (12), we obtain equation (15).
Appendix B

In order to determine the maximum power output of the combined cycle system,
equation (18) may be written as a quadratic equation of the efficience.

an>+bn+c=0 (B1)
where

a=C(C+n)+A+O)P*

b=—2C+n; + P*P* (B2)

c = (P%2.

It can be proven from equation (B1) that the dimensionless maximum power output of the
cycle system is determined by the following equation

b? —dac =0 (B3)
and the corresponding efficiency is given by
Nm = —b/(2a). (B4)

Substituting equation (B2) into equations (B3) and (B4), we obtain
(2C + 11 + Pg® —4[C(C+ 1) + 1+ CO)Prp] =0 (B5)
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and

_ (2C+n1 + Prad Prax

" 2[C(CHn)+ A+ O Pyl

Solving equations (B5) and (B6), we obtain equations (21) and (22).

(B6)

Mm
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