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Heating load, COP, exergy loss rate, exergy output rate and ecological
optimizations for a class of generalized irreversible universal heat pump cycles

Lingen Cheri, Huijun Feng, and Fengrui Sun
Postgraduate School, Naval University of Engineering,
Wuhan 430033, P.R. China.

Recibido el 23 de febrero de 2010; aceptado el 29 de junio de 2010

The optimal performance of a class of generalized irreversible universal steady flow heat pump cycle model, which consists of two he
absorbing branches, two heat-releasing branches and two irreversible adiabatic branches with the losses of heat-resistance, heat le
and internal irreversibility is analyzed by using finite time thermodynamics. The analytical formulae about heating load, coefficient
performance (COP), exergy loss rate, exergy output rate and ecological function of the universal heat pump cycle are derived. Morec
performance comparisons among maximum COP condition, a given exergy output rate condition and maximum ecological function condit
are carried out by using numerical examples. It is shown that the ecological function objective is an excellent candidate objective with
ideal of an ecological and long-term goal. The effects of heat leakage and internal irreversibility on the cycle performance are discussed.
universal cycle model gives a unified description of seven heat pump cycles, and the results obtained include the performance character
of Brayton, Otto, Diesel, Atkinson, Dual, Miller and Carnot heat pump cycles with the losses of heat-resistance, heat leakage and intel
irreversibility.

Keywords: Finite time thermodynamics; irreversible universal heat pump cycle; heating load; COP; exergy loss rate; exergy output ra
ecological function.

Se analiza el funcionamienfaptimo de una clase de modelo universal irreversible generalizado del ciclo de una léomica de flujo
constante, que consiste en dos ramas de alasoteimica, dos ramas de liberaoi de calor y dos ramas adairas irreversibles con
péerdidas de resistencia al calor, de salida del calor y de irrevocabilidad interna, usando la @mzadofe tiempos finitos. Se obtienen

las formulas anaticas de la carga de calor, del coeficiente del funcionamiento (CF)ndieke de grdida de exeiig, delindice de salida

de exer@p, a$ como de la fundn ecobgica del ciclo universal de la bomba de calor. Por otra parte, se compara el funcionamiento de I;
condicbn maxima del CF dada una condici de rabn de salida de exei@ con la condiéin del nméximo de la fundn ecobgica usando
ejemplos nuraricos. Se demuestra que el objetivo de la fan@cobgica es un excelente de candidato para el ideal de una metgieeol

y de largo plazo. Se discuten los efectos del escape de calor y de la irreversibilidad interna sobre el funcionamiento del ciclo. El moc
universal del ciclo da una descripai unificada de siete ciclos de la bomba de calor, y los resultados obtenidos incluyen lasisacaster

de funcionamiento de los ciclos de Brayton, de Otto, Diesel, Atkinson, Dual, Miller y Carnot para banbésas con erdidas de la
resistencia al calor, del escape de calor y de irreversibilidad interna.

Descriptores: Termoniramica de tiempos finitos; ciclo irreversible universal de bongmica; cargaérmica; tasa degrdida de exeifig,;
tasa de salida de exéeg funcibn ecobgica.

PACS: 44.10.+i; 44.40.+a

1. Introduction tion reflects a compromise between the power oufpuaind
the loss powet o, which is produced by entropy generation

Recently, finite time thermodynamics (FTT) [1-9], as ain the system and its surroundings.

powerful tool, has become the premier theory for ana- Moreover, on viewpoint of exergy analysis, Cheh

lyzing and optimizing performance of various thermody- al. [29] provided a unified exergy-based ecological optimiza-

namic processes and cycles. FTT analysis and optimizaion objective for all of thermodynamic cycles, that is:

tion for various heat pump cycles with objectives of heating

load [10-23], coefficient of performance (COP) [10-23], heat- E=A/r - ToAS/r = A/1 — Too @

ing load density [19,21], exergetic efficiency [20,23], andwhere A is the exergy output of the cycl&j is the environ-

profit rate [24,25], were performed by some authors. Alter-ment temperature of the cycld,S is the entropy generation

natively, in consideration of combining classical exergy con-of the cycle,r is the period of the cycle, angdis the entropy

cept [26] with FTT, Angulo-Brown [27] proposed the eco- generation rate of the cycle. For heat pump cycles, the exergy

logical criterionE’ = P — T o for finite time Carnot heat output rate of the cycle is:

engines, wherd, is the temperature of cold heat reservoir,

P is the power output, and is the entropy generation rate. Afr=0Q:1(1 = To/Th) = Q2(1 — To/Tr) )

Yan [28] showed that it might be more reasonable to usavhere(); is the rate of heat transfer released to the heat sink

E = P — Tyo if the cold-reservoir temperaturg;, is not  at7Ty, and(@- is the rate of heat transfer supplied by the heat

equal to the environment temperatigfrom the viewpoint  source afl;. It can be seen from Eq. (1) that the best com-

of exergy analysis. The optimization of the ecological func-promise between the exergy output rate and the exergy loss
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[ 4 (1) It is assumed that the working fluid flows throug
s the system in a quasi-steady fashion which has b

done in many Refs. 13 to 25, 31 to 35, and 38
out) 42. The cycle consists of two heat-absorbing brancl
6 with constant thermal capaciti€s;,,; and C;,2, two
T heat- releasing branches with constant thermal cap
tiesCyyi1 andC,ye2, and two adiabatic branches. Al
q|] C six processes are irreversible.

L (2) Because of the heat-transfer, the working-fluid temp
atures are different from the reservoir temperatures.

(3) There exists a constant rate of bypass heat-leak
S (¢) from the heat-sink to the heat-source. This b
pass heat leakage model was advanced first
Bejan [43,44]. Thus, one h&@y = Qu1 + Qr2 — ¢
andQr = Qr1 + Qr2 — ¢, whereQu1 + Qm2 is
due to the driving force offl; — Ty) and {4y — T ),
Qr1+ Qe is due to the driving force ofl(, — 71) and
(Tr, — T»), Qg is the rate of heat transfer released
the heat sinki.e. the heating load of the cycle, ad,
is the rate of heat transfer supplied by the heat sour

1"

 J

FIGURE 1. Irreversible universal heat pump cycle model.

rate (entropy generation rate) of the thermodynamic cycles is
achieved. The ecological optimization has been extended to
endoreversible [20,30,31,34,35] and irreversible [23,32,33]
Carnot [30-33] and Brayton [20,23,34,35] heat pump cycles
Generalization and unified description of thermodynamic
cycle model is an important task of FTT research. The unified
descriptions have been carried out for endoreversible [38-41]
and irreversible [36,37,42], heat engines [36-38,40-42] and
refrigerators [39] by taking the power and efficiency [36,37],
profit rate [38,39] and ecological function [40-42] as opti-
mization objectives. However, how about the unified de-
scription of heat pump cycles? Does a similar approach
can also be applied to investigate the performance of heat
pump cycles? To answer these questions, on the basis of ir- To summarize, the generalized irreversible universal h

reversible Carnot heat pump cycle model [14-17,32,33], thi%ump cycle model is characterized by the following two &
paper will build a class of generalized irreversible universalpe ts:

steady flow heat pump cycle model consisting of two heat-
absorbing branches, two heat-releasing branches and two adi- : _ ,

abatic branches with the consideration of the losses of heat- (1) The different values o1, Cinz, Court aNACourz- IF
resistance, heat leakage and internal irreversibility. The heat-
ing load, COP, exergy loss rate, exergy output rate and eco-
logical function will be derived. Moreover, performance
comparisons among maximum COP condition, a given ex-
ergy output rate condition and maximum ecological function
condition will be carried out by using numerical examples.
The results obtained include the heating load, COP, exergy
loss rate, exergy output rate and ecological function charac-
teristics of Brayton, Otto, Diesel, Atkinson, Dual, Miller and
Carnot heat pump cycles with the losses of heat-resistance,
heat leakage and internal irreversibility, which had been in-
vestigated in many literatures [10-20,22,30-34].

(4) A constant coefficien is introduced to characterize
the additional internal misce/llaneoqs irreversibility e
fects:¢ = (Qu1 + Qn2)/(Quy + Quo) > 1, Where
Qw1 + Quo is the rate of heat-flow from the warn
working-fluid to the heat-sink for the irreversible cycl
model, whileQ';, + Q7 is that for the endoreversible
cycle model with the only loss of heat-resistance.

Cint, Cin2, Cour1 andC,,2 have different values, the
cycle model can be changed into various special h
pump cycles.

(2) The different values of’; and¢. If ¢ = 0and¢ > 1,
the model is reduced to the irreversible universal h
pump cycle model with heat-resistance and internal
reversibility. If ¢ > 0 and¢ = 1, the model is reduced
to the irreversible universal heat pump cycle moc
with heat-resistance and heat-leakage losseg =f0
and¢ = 1, the model is reduced to the endoreversit
universal heat pump cycle model with the only loss
heat-resistance.

2. Cycle model According to the properties of working fluid and the th

ory of heat exchangers, the ratg ©f bypass heat-leakage
A universal heat pump cycle model with heat resistance, hedtom the heat-sink to the heat-source, the heat transfer r
leakage and internal irreversibility coupled to two constant{Q 1 and@g-2) released to the heat sink and the heat tra
temperature heat reservoify; and77y, is shown in Fig. 1. ferrates ;1 and@p) supplied by heat source are, respe
The following assumptions are made for this model: tively, given by

Rev. Mex. I5.56 (4) (2010) 302-310
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Consider the irreversible cycle—2 -3 -4 —-5—-6 — 1.
Applying the second law of thermodynamics gives:

q=Ci(Tyg —Tr) (3)
Qu1 = mCout1 (Ts — Ts) = mCout1 Ea1 (Ts — Tu) (4) 6= (Qu1+ Qmu2) _ (Cout1 In % + Coutz In %) (16)
Qo = 1Cout (Ty — T) = 1 Couts Exta (Ts — Tir)  (5) (Qp1 + Q) (Cin1In % + Cin2In %)
Qr1=mCin1 (To —Th) = mCiyn Ery (T — T1) (6) Equation (16) can be rewritten as:
Qr2 = mCina (Ts —T2) = mCinaEra (T, —To)  (7) Ty =G (17)
Qu=Qu1+Qu2—¢q @)  where
QL = QLI + QL2 —q (9) Coutl Cin2

G = x*Cin1y Cim
wherer is mass flow rate of the working fluid) z is the o
heating load of the cyclelly1, Eyo, Fr1 and Ery are the Ts — Tr (B + Ens) + Eg1EnoThy e
effectivenesses of the hot- and cold-side heat exchangers, and (1= En2) (Ts — EmTh) ’
are defined as:

.I':T5/T6 and y:T3/T2
EH1 =1 CXp(—NHl), EHQ =1 CXp(—NHQ)

Eri=1—exp(—=Ni1), Ers=1—exp(—N2) (10) Combining Egs. (14) to (17) gives:

where Ny, Ngo, N and Np, are the numbers of heat Ty =EpTy/(G—1+EpL) (18)

transfer units of the hot- and cold- side heat exchangers, and

are defined as: Ty = EnTLG/(G -1+ EpL1) (19)
NH1 = UHI/(mcoutl), NH2 = UHQ/(mcoutz) TS = yELlTLG/(G -1 + ELI) (20)
Npr=Uri/(Cin),  Npa =Urz/(mCin2)  (11) Combining Egs. (4) to (7), (12), (13), and (18) to (20)

whereUs,, Ups, Uy andUy, are the heat conductances, 9ives the required power input of the cycle:
that is, the products of heat transfer coefficienand heat

transfer surface areA. P=Qp—QL=Qm +Qu2—Qr1 — Qr2
. (Ts — Tw) Cout2Em2
. —p S o B Sout2BH2
3. Performance analysis "1 " Em nbm G
Combining Egs. (4) to (7) gives: _m (G-1)Ty [Cin1Er1 + CinaEra (1 — Epy)] (21)

G—-1+E1,
T5 - (T(j — EHlTH) / (1 — EHl) (12)

[T6 — T (Eu1 + Enz) + Emi EgaTh] Substituting Egs. (3) to (5), (12), and (13) into (8) yields

Ty = 13 the heating load of the cycle:
! (1= Ban) (1 — Enz) (13) 9 y
Ty = (T3 — Er2Tr)/(1 — Er2) (14) Qu=Qm +Qu2—q
[T5 — Tr(Er1 + Er2) + Er1 BTy . (T6 —Tn) {O E Cout2Ema
= - - ou + —
n (1— Br)(1 - Bra)] (19) T By [P T 1 )
| —Ci(Ty —T1) (22)

Combining Egs. (21) with (22) gives the COP and the exergy lossTate ©f the cycle:

5 Ou miqiﬁ;’i) [Couﬂ Emg + %fit]ijifﬂ —Ci (Ty —T1) (23)
P %ﬁf)[couﬂEHl + ?_’gi’;f} — g(ﬁfgff [Cin1Er1 + CinaEra (1 — Epq)]
mTO (TG — TH) |: Co11.t2EH2:| mTO (G - 1)
Too =T Ty — T)= ————= |Cour Eg1 + -
0o =T0(Qu/Tr = Qe/Ti) = g 7, M (1—EBm)]  G-1+Epn
X [Cim Er1 + CinaEra (1 — Epy)] + CTo (T — T1)? / (Te'Tr) (24)

Rev. Mex. k5. 56 (4) (2010) 302-310
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Combining Egs. (2), (21), and (22) gives the exergy output rate of the cycle:

_ - m(Tyg —To) (Ts — Tw) Cout2Em2
A/T—QH(l—To/TH)—QL(l—TQ/TL)— (l—EHl)TH CoutlEH1+7(1_EH2)
+ m(G =1 T~ Tz) [Cin1 Bt + CinaBra (1 — Ep)] — ToC; (T — T1)? / (TuTy) (25)

G-1+FE,

Substituting Eqgs. (24) and (25) into (1) yields the ecological function of the cycle:

K= CoutlEHl +

m (G — 1) (2T — Ti)
G—-1+FE;

_ m(Ty —2Ty) (Ts — Tw) Cout2Era
(1—FEm)Tu (1— Em2)

—2TyC;i (Ty — T1)? ) (TeTy)

[Cirn1EL1 + Cin2Er2 (1 — Er1)] (26)

In order to make the cycle operate normally, state point 2 must be between state points 1 and 3, and state point &

between state points 4 and 6. Therefore, the rangesafly are:

Ts — Tu (Fu1 + Er2) + Ex1 EgoTr

1<z <

C()‘LL,
1< y < x%Cin2

TG (1 — EHl) (1 — EHQ)

o [T — Th (Erg1 + Erz) + Egi EgoTr | #9in2

@7)

Cout2

4. Discussion

(1= En2) (Ts — EmiTh)

(28)

Equations (22) to (26) are universal relations governing heat-
ing load, COP, exergy loss rate, exergy output rate and eco-
logical function of the universal steady flow irreversible heat
pump cycle model with consideration of heat transfer loss,
heat leakage and internal irreversibility.(f,,1, Cinz, Cout1,
Cout2, C; and ¢ have different values, Egs. (22) to (26)
can become the corresponding analytical formulae for vari-
ous special cycles with different kinds of losses.

(l) Whencoutl = Cout2 = Cpu Cinl = Cin? = CVp and
Ey =0,FE, =0,z =y =1, Egs. (22) to (26)
can be simplified into the performance characteris-
tics of the generalized irreversible steady flow Bray-
ton heat pump cycle with the losses of heat-resistance,
heat leakage and internal irreversibility. Moreover,
the different values o”; and ¢ represent the differ-
ent kinds of loss models of Brayton heat pump cy-
cles [18-20,22,34]. Specially, if’; = 0, the perfor-
mance characteristics of the generalized irreversible
Brayton heat pump cycle with constant-temperature
heat reservoirs change to the performance characteris-
tics of endoreversible Brayton heat pump cycle with
the only loss of heat-resistance [18-20,34] and irre-
versible Brayton heat pump cycle with the losses of
heat-resistance and internal irreversibility [22].

(2) When Coutl = Cout? = CVa Cinl = CinQ = CV
andEp = 0, Ero = 0,z = y = 1, Egs. (22)
to (26) can be simplified into the performance charac-
teristics of the generalized irreversible steady flow Otto

heat pump cycle with the losses of heat-resistance, f
leakage and internal irreversibility. Moreover, the di
ferent values of”; and¢ represent the different kind:
of loss models of the Otto heat pump cycle.

(3) Whencoutl = Coth = Cpr Cinl = Cin2 = CVV and

EH1 =0, EL2 =0,z = Yy = 1, EqS (22) to (26)
can be simplified into the performance characterist
of the generalized irreversible steady flow Diesel he
pump cycle with the losses of heat-resistance, h
leakage and internal irreversibility. Moreover, the di
ferent values of”; and¢ represent the different kind:
of loss models of the Diesel heat pump cycle.

(4) Whencoutl = Caut2 = CV: Ginl = Cin2 = Cp and

EFy1 =0, E =0, = y =1, EC]S (22) to (26)
can be simplified into the performance characterist
of the generalized irreversible steady flow Atkinsc
heat pump cycle with the losses of heat-resistance, t
leakage and internal irreversibility. Moreover, the di
ferent values of”; and¢ represent the different kind:
of loss models of the Atkinson heat pump cycle.

(5) Whencoutl = CV, le,tZ = Op! Ci,nl = Cin2 = C(V

andEg, 7& 0, Ego 7& 0, Er2 =0,y =1, Eqgs. (22)
to (26) can be simplified into the performance che
acteristics of the generalized irreversible steady fl
Dual heat pump cycle with the losses of he:
resistance, heat leakage and internal irreversibility.

Rev. Mex. k5. 56 (4) (2010) 302-310
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(6) When(]ouﬂ = Cout2 = Cv, Cz'nl = pr CinQ = C(V

()

LINGEN CHEN, HUIJUN FENG, AND FENGRUI SUN

Eg1 =0, Er, = 0 andz = y = 1 further, the Dual T el B 1e0
heat pump cycle becomes the Diesel heat pump cycle;gm1 i " S i .
and if Ego = 0, Ero = 0 andy = 1 further, the Dual 5 o ©
heat pump cycle becomes the Otto heat pump cycle. In :om 0% ,3;0_2 E
this case, the range ofis 3 ::
1< pe To= T (B4 Buz) + B BnoTo _Ti o0 ° K

T6 (1_EH1) (1_EH2) TG 0.6 180 06

and the value of: is given by:

1
S
N

Ts  (Ts — Eu1Th)
r=—=-——""""-"7 30
T6 (1 — EHl)T(j ( )

(un"o°
Al rbToa, E (_ACW)

0.2

Al7r,Tyo, E (kW)
2

Moreover, the different values a@f; and ¢ represent
the different kinds of loss models of the Dual heat
pump cycle.

FIGURE 2. Performance characteristics of Brayton heat pump cy-
cle with different loss terms.

andEy; =0, Er1 # 0, Ers # 0, 2 = 1, Egs. (22)

to (26) can be simplified into the performance char- *°[ 1 [ 180
acteristics of the generalized irreversible steady flow ¢ j G0 e | € voG=0 ile

. . S04 Log=10 120 =04 iog=101 120
Miller heat pump cycle with the losses of heat- 3 4 Pa ©
resistance, heat leakage and internal irreversibility. If & . Q)\ E 65%&2 E
Em =0, Ere = 0andxz = y = 1 further, the Miller :: ™, T, S
heat pump cycle becomes the Atkinson heat pump cy- e,

0
cle; and if By = 0, Ex; = 0 andz = 1 further, the A ’
Miller heat pump cycle becomes the Otto heat pump

I I th' th f 06 T 180 06 . 180
cycle. In this case, the range 91s: . i _
4 gep & i C;=0005 A/t < { G =0005
= F = ¢=101 Alz
1 S04 =10 120, ;0.4 \\ 12‘0Q
Te —TuEg2 | ° 5 B ©
1<y < |Fo=Tubi @y & N |\ -
(1—FEpy2)Ts goar g A LAREI AN 50>
3 .. 7, 3 ‘\ T,
Combining Egs. (6), (7) and (17) yields the value of °% 2 4 o pe 1 2 % 2 4 6 P 2

FIGURE 3. Performance characteristics of Otto heat pump cycle

) l:T6 - THEH2:| 7
with different loss terms.

(11— En2)Ts
_ Ero(1 - Ep)y*
Eps —Epi(y— 1+ Ep»)

(3 2) 0.6 T 180 0.6

o
'Y
N

N °
A /r,p]'ga, E (éW)

Moreover, the different values a@f; and ¢ represent
the different kinds of loss models of the Miller heat
pump cycle.

o
N

AlT, Tyo, E (kW)
o

o

When Cout1 = Coutz = Cin1 = Cipa — o0,
Egs. (22) to (26) can be simplified into the perfor-
mance characteristics of the generalized irreversible os
steady flow Carnot heat pump cycle with the losses of ¢
heat-resistance, heat leakage and internal irreversibil-°¢
ity [15-17,32,33]. Moreover, the different values@f
and ¢ represent the different kinds of loss models of +°?
the Carnot heat pump cycle [10-18,30-33]. Specially,
if C; = 0and¢ = 1, the performance characteristics % 2z 4 6,6 10 12
of the generalized irreversible Carnot heat pump cy-

cle change to the performance characteristics of the eng g yre 4. Performance characteristics of Diesel heat pump cycle
doreversible Carnot heat pump cycle [10-13,18,30,31]4ith different loss terms.

Alr,Tyo,
Lo
Al TbTOU, E %W)

Rev. Mex. k5. 56 (4) (2010) 302-310
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FIGURE 5. Performance characteristics of Atkinson heat pump cy-
cle with different loss terms.
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FIGURE 6. Performance characteristics of Dual heat pump cycle
with different loss terms.
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FIGURE 7. Performance characteristics of Miller heat pump cycle
with different loss terms.
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5. Numerical examples

To illustrate the preceding analysis, air is chosen as
working fluid of the universal steady flow heat pump c
cle, and numerical examples are provided. In the cal
lations, it is set thatTy=290.0 K T;=Ty = 268.0 K,
Cy=0.7165 kJ/(kgK), k=1.4 C,=1.0031 kJ/(kgK), and
m=1.1165 kg/s. The effectivenesses of the heat exchang
are set aFl =0, E1>=0, and Eg>=FE1=0.9 for Brayton,
Otto, Diesel and Atkinson cyclesEg1=Ep2=FEr1=0.9,
Er»,=0 for Dual cycle, as well asEy;=0 and
Eys=FEr1=E[>=0.9 for Miller cycle. The temperature
of the working fluidT} is a variable and its reasonable valt
is greater thafl'y

Figures 2-7 show the effect of heat leakagegnd inter-
nal irreversibility ¢)) on the performance characteristics f
Brayton, Otto, Diesel Atkinson Dual and Miller heat pum
cycles. It can be seen from these figures that heat leakage
internal irreversibility make the COP, exergy output rate a
ecological function decrease and exergy loss rate incre:
for each typical heat pump cycle for the fixed heating lo
When there is no heat leakagieg. C; 0 the heating
load, exergy loss rate and exergy output rate decrease
the increase of COP while the curve of ecological functi
versus COP is a parabolic-like one. It shows that there
ists a maximum ecological functior(,,), and the corre-
sponding heating load, COP, exergy loss rate and exergy
put rate at the maximum ecological function &g r, O,
Toor and Ag /7, respectively. When there is heat leakac
i.e. C; = 0.005 kW/K, the curves of the heating load, exerc
loss rate and exergy output rate versus COP are parab
like ones. There exists a maximum COR,(«), and the
corresponding heating load, exergy loss rate and exergy
put rate at maximum COP a@y, 3, Toog and Ag/T, re-
spectively. The curve of the ecological function versus C(
characteristic is loop-shaped one. That is, there not only
ists a maximum ecological functiorE(,,,) with the corre-
sponding COP{z), but also exists a maximum COP,(ax)
with the corresponding ecological functiofif). Therefore,
the influence of; is different from the influence af on the
performance of the universal heat pump cycle. The inter
irreversibility only reduces the performance of the univer:
heat pump cyclei.e,, only has influence quantitatively; the
heat leakage changes the curves of the ecological func
versus COP characteristic from a parabolic-like one int
loop-shaped one,e., has the influence both quantitativel
and qualitatively.

Figure 8 shows thel/r — 3, TyAS — 3, E — 3 and
Qp — [ characteristics of the generalized irreversible Bre
ton heat pump cycle withC;=0.005 kW/K and ¢=1.01.
The other cycles have similar performance characte
tics. For this numerical example, the maximum COP
Bmaz= 10.301, and the corresponding exergy output re
exergy loss rate, ecological function and heating load
Ap/7=0.125 kW, Tyo3=0.035 kW, E3=0.090 kW and
Qm,p=1.645 kW, respectively. The maximum ecologice
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for the generalized irreversible Brayton heat pump cycle.
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FIGURE 10. Effects of heat leakage dmd s /7)/(Ag/T) — ¢ char-

acteristics for six heat pump cycles.

function is E,,,x=0.321 kW, and the corresponding exergy
output rate, exergy loss rate, heating load and COP are
AE/T =0.770 kW, T()JE = 0.449 kW, QH,E = 10.143 kW

and 8 = 8.324, respectively. Comparing the maximum
COP condition with the maximum ecological function con-
dition, the exergy output rate decreases by 83.78%, the eco-
logical function decreases by 71.96% and the heating load
decreases by 83.78% at the maximum COP condition, though
the COP increases by 19.19% and exergy loss rate decreases
by 92.20%. If the Brayton heat pump operates at a new con-
dition where A/ = 0.901 kW, comparing the new con-
dition with the maximum ecological function condition the
COP decreases by 4.26%, the ecological function decreases
by 2.69% and the exergy loss rate increases by 31.29% at the
new condition though both the exergy output rate and heating
load increase by 17.13%

Figures 9 and 10 show the effects of heat leak&gé ¢n
Qu,r/Qmu,p versuse and (Ag/7)/(Ag/T) versusg char-
acteristics for six heat pump cycles, respectively. Figure 9
indicates that the heating load increases sharply when the
work condition is selected at the maximum ecological func-
tion, which is important when the heating load is required
to some extent. Meanwhil€)x /Q u,s decreases with the
increase ofC; for the fixed¢; Qu r/Qu,s decreases with
the increase ofy when C; is taken into account. More-
over, the Brayton heat pump cycle has the maximum value of
Qu,r/Qu,ps among the six typical heat pump cycles for the
fixed C; and ¢, and the Otto heat pump cycle has the mini-
mum one.(Ag/7)/(Ag/T) versusp characteristic is similar
with Qu,r/Qu,p versusp characteristic as shown in Fig. 10.

From Figs. 2-10 one can see that under condition that
the heating load is required to some extent, the optimization
of the exergy-based ecological function makes the larger de-
crease of the exergy loss rate and the improvement of the
COP with the cost of a little amount of exergy output rate.
Therefore, the optimization of the exergy-based ecological
function shows a compromise between the exergy output rate
and the exergy loss rate and also shows a compromise be-
tween the heating load and the COP, and it represents a new
energy utilization mode which is effective and long-term.

6. Conclusion

Based on the irreversible Carnot heat pump cycle
model [14-17,32,33], a generalized irreversible universal
steady flow heat pump cycle model is established in this
paper. The universal heat pump cycle consists of two heat-
absorbing branches, two heat-releasing branches and two
irreversible adiabatic branches, and with the losses of heat-
resistance, heat leakage and internal irreversibility. The heat-
ing load, exergy loss rate, exergy output rate and ecological
function versus COP for Brayton, Otto, Diesel, Atkinson,
Dual, Miller and Carnot heat pump cycles are analyzed by
numerical examples. The optimization of the exergy-based
ecological function makes the larger reduction of the exergy
loss rate and the improvement of the COP with the cost of
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Nomenclature

A exergy output of the cycle (kJ)
C; heat leakage coefficient (kW/K)
Cp constant pressure specific heat [KW/(Kg)]
Cy constant volume specific heat [kW/(kd)]
E ecological function of the cycle (kW)/ effectiveness of the heat exchanger
F heat transfer surface aream
k ratio of the specific heats
m mass flow rate (kg/s)
N number of heat transfer units
P power input of the cycle (kW)
Q rate of heat transfer (kW)
q heat leakage rate (kW)
T temperature (K)
U heat conductance (kW/K)
T temperature ratio of the working fluid
y temperature ratio of the working fluid
Greek symbols
@ heat-transfer coefficient [kW /(Kn?)]
10} internal irreversibility coefficient
8 coefficient of performance (COP)
T period of the cycle (s)
AS entropy generation of the cycle (kJ/K)
o entropy generation rate of the cycle (kW/K)
Subscripts
E ecological
H,H1,H?2 hot side/heat sink
inl,in2 input
L,L1,L2 cold side/heat source
max maximum
outl, out2 output
8 coefficient of performance
0 ambient
1,2,3,4,5,6 state points of the model cycle
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