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Abstract

This communication presents the performance evaluation of irreversible Stirling and Ericsson Heat Pumps Cycles including external
and internal irreversibilities along with finite heat capacities of external reservoirs. The external irreversibility is due to finite temperature
difference between working fluid and external (source/sink) reservoirs fluid while the internal irreversibilities are due to regenerative heat loss
and other entropy generation in the cycle. The heating load is maximized for the given power input. The heating coefficient of performance,
the heat transfers to and from the heat pumps and the working fluid temperatures at these conditions have been evaluated. The effect o
different parameters (reservoirs temperature, the various effectivenesses and irreversibility parameter), on the performance of these cycle
have been studied. It is found that the effect of internal irreversibility parameter is more pronounced than that of other external irreversibility
parametersl 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction on the finite time Carnot heat engine with finite heat capac-
ity of external reservoirs and shows that the maximum power
Stirling and Ericsson cycles are one of the important cy- output and the efficiency at maximum power are function of
cle models of refrigerators, airconditioning and heat pump the inlet temperatures of the external fluids. It is also de-
(RAC & HP) systems. These cycle have been utilized by a gjraple 1o have the corresponding results for the coefficient
number of engineering f|rms in the_constructlon of practlca! of performance (COP) of the refrigeration, airconditioning
systems, for the production of desirable t_emperatures. Th'sand heat pump systems. Leff and Teeters [3] have noted
has promoted the development of new design of these cycles : . .
The concept of finite time thermodynamics was introduced that the straightforwards C-A caIcuIanps W|II“not work for
by Curzon and Ahlborn [1] with a novel work on Carnot heat .revers’,,ed Carnot cycle becauge there is no Natural Max-
engine in which they remarked that the efficiency of an en- Imum”. Blankard [4] has applied the Lagrangian method
gine operating at maximum power is given by the formula ©f undetermined multiplier to find out the COP of endore-
[nm = 1— T/ Tn], which is always smaller than the well- ~ Versible Carnot heat pump operated at minimum power input
known Carnot formulaijc = 1 — 71/ T] and agrees much for a given heating load. The theory of finite time thermo-
better with the measured efficiencies of operating installa- dynamics has been successfully used to investigate the op-
tions given by them. Wu [2] also applied the similar concept timal performance of the various cycles viz. endoreversible
Carnot, Brayton and Stirling RAC & HP systems for differ-
7 This article is a fellow up to a communication presented by the ent conditions by Wu [5,6]. In recent years Wu et al. [7-11],
authors at the 4th Minsk International Seminar “Heat Pipes, Heat Pumps, Chen [12], Kaushik [13], Kaushik and Kumar [14] and Ku-

Refrigerators”, held in Minsk in September 2000. mar [15] have also studied the Stirling refrigerators and Stir-
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Nomenclature
A ATBA. .ottt 2m  Subscript
i 1
C heat Ff:_apscnance ................... ilkélyl c cold side/sink side
G specificheat................... Ko~ h, H hot side/heat source/heating
COP  coefficient of performance L heat sink
P POWEr. . ...... .. kW m minimum Operating condition
p PreSSUIe. ..ottt kPa g regenerator
Q Eeat. .. .I ................................. kk\] S |Sentr0p|C/|deal
R eatingload .............. ... ...l wW p at constant pressure
T tgmperature .............................. K Vv at constant volume
t time.................... FEEE TP S 1,234 state points
U overall heat transfer coefficient
v VOIUME ... m
Greek symbols
e effectiveness
A1/A2  pressure/volume ratio

In this paper we have presented a more general analysis As mentioned earlier, the heat transfer processes 1-2 and
of Stirling and Ericsson heat pumps with both the external 3-4 in real cycles must occur in finite time. This requires that
and internal irreversibilities arising due to finite heat capac- these heat processes must proceed through a finite temper-
ity of source/sink reservoirs and regenerative losses and theature difference and therefore, defined as being externally
entropy generation within the cycles, respectively. The ef- irreversible. Also the entropy change during process 3-4 is
fects of operating inlet temperatures and capacitance ratesnore than the entropy change during process 1-2. Thus there
of source sink reservoirs, the effectiveness of the regeneratolis some net entropy generation per cycle and the ratio of
and the internal irreversibility parameter on the heat trans- entropy change in heat addition (expansion) to that of heat
fers, COP, the heating load and the power input of the Eric- rejection (compression) is called internal irreversibility pa-

sson and Stirling heat pump cycles have been studied. rameter Ra,) which also affects the performance of these
cycles. There is also some heat loss through the regenerator,
2. System description as an ideal regeneration requires infinite regeneration time

or area, which is not the case in practice. Hence, it is desir-

It is well known that the working substance of Erics- able to consider a real regenerator. By considering all these
son and Stirling cycles may be a gas, a magnetic mater-factors, these heat pumps models become irreversible. The
ial, etc. For different working fluids/substances, these cycles external irreversibility is due to finite temperature difference
have different performance characteristics. When the work- between the cycle and the external reservoirs and internal
ing substance of these cycles is an ideal gas, the Stirling cy-
cle consists of two isothermal and two isochoric processes
while the Ericsson cycle consists of two isothermal and two
isobaric processes as shown on schematicassciagrams < t
in Figs. 1 and 2, respectively. These cycles approximate the {

Regenerator

expansion stroke of real cycle as an isothermal process 1-2

with irreversible isothermal heat addition at temperatliye 1
from a heat source of finite heat capacity whose temperature

varies from7i 1 to 71 2. The heat addition to the working fluid

from the regenerator is modeled as isobaric (in Ericsson cy- Expa,',sion
cle) or isochoric (in Stirling cycle) processes 2-3 and 2-3s in (1)
real and ideal cycles, respectively. The compression stroke is
modeled as an isothermal process 3-4 with irreversible hea
reje_ctlon at temperaturg, to the_ heat sink of finite heat ca- . Heat Sink B
pacity whose temperature varies frdfg; to Tyo. Finally, £ /
the heat rejection to the regenerator is modeled as isother- Tm
mal/isochoric processes 4-1 and 4-1s in real and ideal Erics-

son/Stirling heat pump, respectively, completing the cycle. Fig. 1. Schematic of irreversible Stirling/Ericsson heat pump cycles.

A

Compression

(Tw —

Ti;  Heat Source
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(a): Stirling Heat Pump Cycle

5 &I kg'K)
(b): Ericsson Heat Pump Cycle

Fig. 2. T-Sdiagrams of irreversible stirling and Ericsson heat pump cycles.

irreversibilities are due to regenerative loss and entropy gen-

eration.

3. Thermodynamic analysis

Let Q¢ is the amount of heat absorbed from the source at

temperaturd; and Qy, is the amount of heat release to the
sink at temperatur@, then:

Oh = Th(S3 — S4) = CH(TH2 — TH)MH 1)
Qc=Tc(S2 —S1) =CL(TL1 — To)n 2
where(S3 — S4) =nRIniy and(S2 — S1) =nR In x> where

A1 & A are the volume (for Stirling cycle) and pressure (for
Ericsson cycle) ratios for the sink and source side in both the

cycles, respectively, is the number of mole for the working
fluid and R is the universal gas constanfy, C. andy,

n. are the heat capacitance rates of source/sink reservoir
and heat addition/rejection times, respectively. Also from the

heat transfer theory the he@t, and Q. will be proportional
to the Log Mean Temperature DifferendeTD), i.e.,

Oh = U4AH(LMTD)nH )
QOc=ULAL(LMTD) 1 (4)

where UqAn & UL AL are the overall heat transfer coef-
ficient-area products andLMTD)y & (LMTD)_ are the

195

Log Mean Temperature difference on sink & source side,
respectively, and defined as:

(Th — TH1) — (Th — TH2)
LMTD)y = U A 5
(LMD = Un H|:|n((Th ~ Thy)/(Th— TH2))i| ®)
(Ti1 — To) — (T — To)
LMTD), =U, A 6
(LMD = UL A [In((m —To)/(Tia — Tc»} ©

It is also desirable to consider the finite heat transfer in
the regenerative processes. As these cycles in general, do
not posses the condition of perfect regeneration. Thus it
is assumed reasonably that the regenerator loss per cycle
is proportional to the temperature difference of the two
processes, i.e.,

AQr=nCt(1—er)(Th—T¢) (7

wheren is the number of moleg}; is the specific heat of the
working fluid [Cs = Cy for Stirling cycle andCs = Cp for
Ericsson cycletr is the effectiveness of the regenerator.

Owing, the influence of irreversibility of finite heat
transfer, the regenerative time should be finite as compared
to the two isothermal processes, as given by earlier workers
[8-12] will be:

1R =13+ 14 = 20(Th — Tc) (8)

wherew is the proportionality constant which is independent
of the temperature difference but depends on the property of
the regenerative material.

Thus, the total cycle timegycie will be:

feycle= (tH + 1L + 1R) 9

When all the irreversibilities, mentioned above are taken
into account, the net amount of heat released to the sink and
absorbed from the source are given by:

OH=0nh—AQR (10)
OL=0c—A0ORr (12)

It is well known that the power input, heating load and
the coefficient of performanceCQOP) are the important
parameters of the heat pumps. Using the above equations we
obtain the expression for the power input, heating load and
heatingCOP are as follows:

P:QH—QL: Onh— Q¢ (12)
feycle IH+1+ 1R
Ry = On _ OH (13)
fcycle  MH+HIL+ IR
R
Sopy=RH__ 91 (14)
P On— Q¢

The second law of thermodynamics for irreversible cycle
gives:
Qe _ On <0 or
Tc Th
whereRa; is irreversibility parameter and less than unity for
real cycle.

(15)
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Thus from Egs. (10)—(15), we have:
X — Ras

P=—— e . 1 (16a)
k1 (xy—TH1) + ka2(TLa—y) +o1(x =1
x—ai(x —1)
Ry = < e (16b)
k1 (xy—TH1) + ko (TLa—y) toix = 1)
— -1
copy = *—ae = (16¢)

X — Ras
whereky = eqCH, ko = e .CL, x = Th/ T, y = Te, b1 =
2/(@nRInXy) anda; = Ci(1 —er)/RINAy.

The purpose of any heat pump is to reject as much heat as
possible to the sink (space to be heated) with the expenditure

of as little work as possible. This implies that we should do

our best to minimize the power input for a given heating load (2)

or maximize the heating load for a given power input. For
this end, we introduce the Lagrangian

[x —ai1(x = D]+ A(x — Ras)

X Ras _
k1(xy—TH1) + k(T 1—y) +bi(x =1

L=Ry+AP= 17)

wherex is the Lagrangian multiplier. From Euler—Lagrange (3)

equation:

aL

= 18
N (18)
and Eq. (18) we find the optimal relation:

kiR
X(Ty—y) = 1k2As (xy = Tr) (19)
Substituting Eq. (19) into Egs. 16(a)—(c) gives:
—R
P= T A (20a)
((x + Ras)ka)/(xTL1 — TH1) + ba(x — 1)
R [x —a1(x — 1)] (20b)
((x + Ras)ka)/(xTi1 — TH1) + ba(x — 1)
— -1
copy = -1 —b (20c)
X — Ry
where
1 1 k1RAs

ka=Q+k3)| —+-—| and k3= 21
4=(1+ 3)[k1+k2k3} 3 T (21)

4. Special cases

(1) Whenegr = 1.00, i.e., these cycles posses the condition

of perfect regeneration. The performance of these cycles
obtained is also given by Eqgs. 20(a)—(c) by substituting
a; = 0.0. Thus, the performance characteristics of
Ericsson and Stirling heat pump cycles with perfect
regeneration are equivalent to that of similar Carnot heat
pump operating at the same condition in which the time
of two adiabatic processes is given by Eq. (8). Although
physically for finite regeneration timer should be less
than unity. This shows that in the investigation of these
cycles it would be impossible to obtain new conclusion
if the regenerative losses were not considered.

When Ray = 1.00, i.e., these cycles are internally re-
versible. The performances are still given by Egs. 20(a)—
(c) in which Ray = 1.00.

The performance of these cycles is equivalent to that
of an endoreversible Carnot heat pump for the same
operating conditions.

Whentgr =y (tq + 1), i.e., the time of regeneration is
proportional to that of two isothermal processes. The
performance characteristics are given by:

(x1 — Ras)(x2TL1 — TH1)

P= (23a)
1+ y)xika
— -1 Ti1—T;
Riy = [x1 —a1(x1 — D]1(x2TL1 — TH1) (23b)
1+ y)xiksa
- —1
copy = -1 (23¢)
X1 — Rag
where
B2 —4A1C1
——B 1+ /L -
X1 1 24
and

A1=1—apTia,
C1=a1[Ras(TL1 — TH1) + Tr1(1+ Ray) ]

B1=2Ras(1—ay)Ty1 and

Eqg. (20b) shows that heating load is not monotonicallyin- 5 Discussion of results

creasing function of power input and there exists a maximum

value of heating load. Thus maximiziy with respectr,
yields

B+ +/B2—4AC (22)
.Xoptz e
2A
where

A=ka(l—a)Ti1 — b]_TLZl

B =2[ka(1—a1)RasTi1 + b1TH1Ti1] and

C= k4[a1TH1 +a1RasTi1 — (1 —a1) Ras TH1] - blT}-Zu
Substituting Eq. (22) into Egs. 20(a)—(c) we find the

In order to have the numerical appreciation of the results,

we have considered the heat sink and heat source tempera-
turesTy1 = 310-335 K andi 1 = 270-295 K, respectively,

the effectiveness of the heat exchangefs, ¢. and ¢R)

in the range 0.40-1.00, the volume ratig/v1 = 2.50, the
pressure ratig1/p2 = 2.64 and the irreversibility parame-

ter Ra, in the range 0.50—-1.00. We have studied the effect of
each of these parameters (while keeping the others as con-
stant) on the power input, the heating load and the heating
COP of both the heat pumps and the results are given below:

Tables 1-3 show that the effect of the various heat

optimal values of the power input, heating load and heating exchangersen, . ander) on the heat transfer to and from

coefficient of performance of these heat pumps.

the heat pumps, the regenerative heat transfer, the power
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Table 1
Effect of e on the performance of Stirling and Ericsson heat puraps<(0.75, ¢

197

R = 0.90, Ty = 330 K, T{ 1 = 290 K, Cyy = C_ = 1.00 andR z; = 0.80)

Stirling cycle Ericsson cycle
eH OH oL Or P Ry  COP Th Tc OH oL Or P Ry  COP Th Tc
- kJ kJ kJ kw kW - K K kJ kJ kJ kw  kw - K K
040 65.05 4958 50.13 090 145 1.61 35499 27725 9228 67.11 8158 123 210 1.70 363.76 273.43
0.50 64.67 49.84 48.04 09 160 1.67 351.90 277.39 9152 67.67 7732 130 230 177 359.30 273.70
0.60 64.40 50.02 46.61 099 170 1.71 349.75 277.47 90.99 68.03 7443 135 245 182 356.26 273.85
0.70 64.20 50.14 4558 102 179 1.75 348.17 27749 90.60 68.27 7238 138 257 186 354.06 273.92
0.75 64.12 50.18 4517 104 182 1.76 34753 27748 9045 6837 7157 140 262 187 353.17 273.93
0.80 64.04 50.22 4481 105 185 1.77 346.96 277.47 90.31 6844 7087 141 266 1.88 35239 273.92
0.85 6398 50.25 4450 106 188 1.78 346.46 27745 90.18 6851 70.26 142 270 189 351.70 27391
0.90 6392 50.27 4423 106 190 1.79 346.01 277.42 90.07 6856 69.72 143 273 190 351.09 273.88
0.95 6386 50.29 4399 107 193 180 34561 277.39 8997 6860 69.25 144 276 191 35053 275.85
1.00 63.82 5031 4378 1.08 194 180 34524 27735 89.88 68.64 6884 145 279 192 350.04 27581
Table 2
Effect of e on the performance of Stirling and Ericsson heat puraps= 0.75, eg = 0.90, Ty1 = 330 K, 71 =290 K, CH = C. = 1.00 andR = 0.80)
Stirling cycle Ericsson cycle
&L OH oL Or P Ry  COP Th Tc OH oL OrR P Ry  COP Th Tc
- kJ kJ kJ kw kW - K K kJ kJ kJ kw  kw - K K
040 63.79 49.06 47.75 094 156 1.66 347.34 27329 8990 66.25 76.66 123 226 176 353.25 268.37
0.50 6391 4954 4658 098 167 1.70 347.26 275.03 90.09 67.17 7433 133 241 181 35299 270.69
0.60 64.00 4986 4583 101 175 1.73 34731 276.23 90.24 67.77 7287 137 251 1.84 35297 272.28
0.70 64.08 50.09 4535 103 180 1.75 34744 27712 90.38 6820 7192 139 259 186 353.08 273.45
0.75 64.12 50.18 4517 104 182 1.76 34753 27748 9045 6837 7157 140 262 1.87 353.17 273.93
0.80 64.15 50.26 4502 104 184 176 347.62 277.80 9051 6851 7129 141 264 1.88 353.28 274.34
0.85 64.18 50.33 4491 105 185 1.77 347.73 278.09 90.57 68.64 7106 141 266 1.88 35340 274.72
0.90 64.22 5039 4481 105 187 1.77 34784 27835 90.62 68.76 7088 142 268 1.89 35353 275.05
0.95 64.25 5045 4474 115 187 178 34795 27858 90.68 68.86 70.74 142 269 189 353.67 275.35
100 6328 5050 4468 1.06 1.88 1.78 348.07 278.79 90.73 6895 70.62 1.42 270 190 353.62 275.93
Table 3
Effect of eg on the performance of Stirling and Ericsson heat punags . = 0.75,TH1 =330 K, 7.1 =290 K,CH = CL. = 1.00 andR o4 = 0.80)
Stirling cycle Ericsson cycle
R OH oL Or P Ry  COP Th Tc OH oL OrR P Ry  COP Th Tc
- kJ kJ kJ kw kW - K K kJ kJ kJ kw  kw - K K
0.60 5358 4515 1844 0.18 0.04 0.21 331.62 288.74 73.13 5883 3091 064 042 066 33643 285.11
0.70 56.06 46.19 2489 052 032 062 33546 28584 77.26 6051 4124 093 092 098 340.75 282.04
0.75 5757 46.86 2894 068 058 0.86 337.91 284.06 79.83 6225 4750 107 1.62 1.17 343.36 280.25
0.80 59.37 47.70 3363 082 091 111 340.73 282.06 8283 63.88 5460 120 165 1.38 346.30 278.29
0.85 6153 48.79 39.03 094 133 142 34394 279.86 86.35 6590 6260 1.31 211 161 34957 276.17
0.90 64.12 50.18 4517 104 182 1.76 34753 27748 9045 6837 7157 140 262 1.87 353.17 273.93
0.95 67.18 5196 5208 111 238 215 35148 27497 9520 7137 8155 147 3.17 216 357.10 271.56
1.00 70.00 5465 5530 266 325 265 35189 27471 9933 7576 8490 161 412 257 356.52 27091

input, the heating load, the heati@PP and the working
fluid temperatures of both the heat pumps.

Effect of ¢q. It can be seen from Table 1 that as the effec-
tiveness of the sink side heat exchanger increases,
the heat transfer to the heat pumps, the power in-
put, the heating load, and the heat®@P increase
while the heat transfer from the heat pump, the re-
generative heat transfer and the sink side working
fluid temperature decrease. The effectjgis more
pronounced for heating load and less pronounced
for the source side working fluid temperature.

Effect of ¢L. Table 2 shows that as effectiveness of the
source side heat exchangerincreases, the heat trans-
fer to the heat pumps, the power input, the heating
load, the heatingOP and the working fluid tem-
peratures increase while the heat transfer from the
heat pumps and the regenerative heat transfer de-
crease. The effect of the is more pronounced for
the heating load and less pronounced for the sink
side working fluid temperature.

Effect of er. Table 3 shows that as the effectiveness of the
regenerator increases, the heat transfer to and from
the heat pumps, the regenerative heat transfer, the
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Effect of Ty1 on the performance of Stirling and Ericsson heat pumgs= ¢, =0.75,egr = 0.90,7{ 1 =290 K,CHq = C|. = 1.00 andR o5 = 0.80)

Stirling cycle Ericsson cycle

T1  Ow oL OR P Ry COP Th Tc OH oL OR P Ry  COP Th Tc

K kJ kJ kJ kw  kw - K K kJ kJ kJ kw kW - K K
310 6153 5139 3286 1.08 238 221 32764 27668 86.74 70.18 53.68 142 319 224 33274 273.30
313 6192 5121 3471 107 228 214 330.62 27680 87.30 6991 56.37 142 3.09 218 33580 273.39
315 62.18 51.09 3594 107 222 209 33262 27688 87.67 69.73 5816 142 3.03 214 337.85 273.46
317 6243 5097 3717 106 216 2.04 33461 276.96 88.04 6955 59.94 141 297 210 339.89 27352
320 62.82 50.79 39.02 105 2.07 197 33759 277.09 8859 69.27 62.63 141 288 2.04 34296 273.62
322 63.08 50.67 4025 105 202 192 339.58 277.17 8897 69.09 6442 141 282 201 34500 273.68
324 63.34 5054 4148 105 197 188 34187 27725 89.34 6891 66.20 141 277 1.97 347.04 27374
326 63.60 5042 4271 104 192 1.84 34355 277.33 89.71 6873 67.99 140 272 194 349.09 273.80
328 63.86 5030 4394 104 187 180 34554 27740 90.08 6855 69.78 140 266 1.90 351.13 273.86
330 64.12 50.18 4517 104 182 1.76 347.33 277.48 90.45 6837 7157 140 262 187 353.17 273.93
332 64.37 50.06 4640 103 1.78 172 34951 27756 90.82 69.19 7336 140 257 1.84 35521 273.99
335 64.76 49.88 4824 103 171 1.67 35249 27788 91.37 6791 76.04 139 250 179 358.27 274.08
Table 5
Effect of 7{ 1 on the performance of Stirling and Ericsson heat pumps= ¢ =0.75,er = 0.90, Ty = 330 K,Cy = C. = 1.00 andR o5 = 0.80)

Stirling cycle Ericsson cycle

Ti1 OH oL Or P Ry  COP Th Tc OH oL Or P Ry  COP Th Tc

K kJ kJ kJ kw  kw - K K kJ kJ kJ kw kW - K K
270 62.81 4572 5542 099 137 138 346.70 260.76 88.70 62.04 86.41 136 2.12 156 352.81 257.13
272 6296 46.21 5428 099 141 142 346.80 262.62 88.89 6274 8477 136 217 159 352.88 259.00
274 63.10 46.71 53.15 100 146 146 346.90 264.48 89.09 6344 8312 137 222 162 35290 260.86
276 6325 4720 5201 100 151 150 346.99 266.34 89.28 64.15 8147 137 227 166 35294 262.73
278 63.39 4770 5087 101 156 154 347.08 268.19 89.47 64.85 79.82 138 232 169 35298 264.59
280 6354 4820 49.73 101 161 158 347.18 270.08 89.67 6555 7817 138 238 172 353.02 266.46
282 63.68 4869 4859 102 166 163 347.27 27191 89.86 66.26 76.52 138 244 176 353.06 270.19
284 63.83 49.19 4745 103 171 1.67 34735 27377 90.06 66.96 7487 139 249 180 353.09 272.06
286 63.97 4969 4631 103 1.77 171 34744 27562 90.25 6766 73.22 139 255 183 353.13 273.96
288 64.12 5018 4517 104 182 176 34753 27748 9045 6837 7157 140 262 187 353.17 273.93
290 6433 5093 4345 105 191 1.83 347.65 280.27 90.74 69.42 69.09 141 271 193 353.23 276.73
295 64.48 5142 4231 105 197 188 347.73 28213 9093 70.13 6744 141 278 197 353.26 278.59

power input, the heating load, the heat@@P and
the sink side working fluid temperature increase
while the source side working fluid temperature Effect of 77 1. Table 5 shows that agj; increases, the
decreases. The effect ef is more pronounced for
the heating load and less pronounced for the source
side working fluid temperature.

Tables 4 and 5 show the effect of source and sink inlet
temperaturesi{ i1 & Tyi) on the heat transfers, the power
input, the heating load, the heati@PP and the working
fluid temperatures of these heat pumps.

Effect of Tq1. It can be seen from Table 4 that as the inlet

Thus, it is desirable to have lowdiy; for better

performance of both the heat pumps.

heat transfer to and from the heat pumps, the

power input, the heating load, the heatit@P and

the working fluid temperatures increase while the
regenerative heat transfer decreases. The effect of
the Ti1 is more pronounced for the heating load
and less pronounced for the sink side working fluid
temperature. Thus, it is desirable to have higher

for better performance of both the heat pumps.

Tables 6—8 show the effect of heat capacitance raigs (

temperature of the sink fluid increases, the heat & C|) and the internal irreversibility parameteR/;) on
transfer from the heat pumps, the regenerative heatthe heat transfers, the power input, the heating load, the
transfer and the working fluid temperature increase heatingCOP and the working fluid temperatures of these
while the heat transfer to the heat pumps, the heat pumps.

power input, the heating load and the heat®@P
decrease. The effect @fy1 is more pronounced for
the regenerative heat transfer and less pronounced
for the source side working fluid temperature.

Effect of Cy. Table 6 shows that as the heat capacitance
rates of the sink side fluid increases, the heat
transfers Oy & QR) and the sink side working
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Effect of Cy on the performance of Stirling and Ericsson heat pumgs= ¢, =0.75,er = 0.90, Ty, =330 K, 71 =290 K, C. = 1.00 andRy = 0.80)

Stirling cycle Ericsson cycle
CH OH oL Or P Ry  COP Th Tc OH oL Or P Ry  COP Th Tc
Kw.K—1 kJ kJ kJ kw kw - K K kJ kJ kJ kw kw — K K
0.50 65.17 4950 50.81 0.89 141 159 35599 277.20 9253 66.93 8298 121 204 1.68 365.21 273.33
0.60 64.84 49.73 4898 093 153 164 353.29 27733 9186 6742 79.23 127 221 1.74 361.30 273.58
0.70 6459 4989 4764 097 163 168 351.29 27742 91.37 67.77 7649 131 234 1.79 358.44 273.75
0.80 64.40 50.02 46.61 099 170 1.71 349.75 277.47 90.99 68.03 7443 135 245 1.82 356.26 273.85
0.90 64.24 50.11 4581 1.02 1.77 1.74 348.52 277.49 90.69 68.22 7283 137 254 1.85 35455 27391
1.00 64.12 50.18 45.17 1.04 1.82 1.76 34753 277.48 90.45 68.37 7157 140 2.62 1.87 353.17 273.93
1.10 64.01 50.23 4465 105 1.87 1.77 346.70 277.46 90.24 6848 7055 142 268 1.89 352.04 273.92
1.20 63.92 50.27 4423 106 190 1.79 346.01 277.42 90.07 6856 69.72 143 2.73 1.90 351.09 273.88
1.30 63.84 50.30 4388 108 194 180 34542 277.37 89.92 68.62 69.04 145 277 1.92 350.28 273.83
1.40 64.77 50.32 4359 1.08 196 1.81 34491 277.31 89.79 68.67 6847 146 281 1.93 349.58 273.77
1.50 63.71 50.34 4334 109 198 182 34446 277.25 89.68 68.70 68.00 147 284 1.94 348.98 273.69
Table 7
Effect of CL on the performance of Stirling and Ericsson heat punags= ¢ =0.75,er =0.90, T1 = 330 K, T 1 =290 K, CH = 1.00 andR o, = 0.80)
Stirling cycle Ericsson cycle
CL OH oL Or p Ry  COP Th Tc OH oL Or p Ry  COP Th Tc
Kw.K—1 kJ kJ kJ kw kw - K K kJ kJ kJ kw kw — K K
0.50 63.76 4891 48.15 093 153 1.64 34739 27273 89.85 6595 7745 127 221 1.74 353.37 267.61
0.60 63.85 49.32 47.10 0.97 1.62 1.68 347.28 274.24 90.00 66.75 7536 131 234 1.79 353.08 269.64
0.70 63.93 4963 46.36 099 170 1.71 347.26 27537 90.13 67.33 7390 134 244 1.82 352.97 271.14
0.80 64.00 4986 4583 101 175 173 347.31 276.23 90.24 67.77 7287 137 251 1.84 352.97 272.28
0.90 64.06 50.04 4545 103 179 175 34740 276.97 90.35 68.10 7212 138 257 1.86 353.04 273.19
1.00 64.12 50.18 4517 1.04 1.82 1.76 347.53 277.48 9045 68.37 7157 140 2.62 1.87 353.17 273.93
1.10 64.17 50.30 4496 1.04 185 1.77 347.67 277.95 9054 6858 7117 141 2.65 1.88 353.34 27454
1.20 64.22 50.39 4481 105 1.87 1.77 347.84 27835 90.62 68.76 70.88 142 268 1.89 353.35 275.05
1.30 64.26 5047 4470 106 188 1.78 348.01 278.69 90.71 68.90 70.68 1.42 2.70 1.89 353.75 275.49
1.40 64.31 5054 4463 106 189 1.78 348.19 27898 90.78 69.03 70.53 143 271 1.90 353.97 275.88
1.50 64.35 50.60 4458 1.06 190 1.79 348.35 279.24 90.86 69.13 7044 143 272 1.90 354.21 276.21
Table 8
Effect of R on the performance of Stirling and Ericsson heat pumps= ¢, =0.75,sr = 0.90, Tq1 = 330 K, T 1 =290 K andCHy = C. = 1.00)
Stirling cycle Ericsson cycle
Rs OH oL Or P Ry  COP Th Tc OH oL Or P Ry  COP Th Tc
- kJ kJ kJ kw kw - K K kJ kJ kJ kw kw - K K
050 64.39 50.65 4456 1.78 1.90 1.07 348.57 279.47 90.93 69.22 7039 233 273 1.17 35445 276.51
0.60 64.28 5050 4468 153 1.88 1.23 348.07 278.79 90.73 68.95 70.62 2.01 270 1.34 353.82 275.63
0.70 64.19 50.34 4489 128 1.86 1.45 347.74 27813 90.57 68.66 71.03 1.70 2.66 1.56 353.42 274.77
0.75 64.15 50.26 45.02 116 184 1.59 347.62 27780 90.51 6851 7129 155 264 1.70 353.28 274.34
0.80 64.12 50.18 4517 1.04 1.82 1.76 34753 27748 9045 68.37 7157 140 2.62 1.87 353.17 273.93
0.90 64.08 50.10 4532 092 180 1.97 34745 27717 90.39 68.22 71.87 125 259 2.07 353.09 273.51
095 64.05 50.02 4549 080 1.79 2.24 347.39 27685 90.34 68.07 7219 110 257 2.33 353.03 273.10
1.00 64.03 4994 4566 0.68 1.77 2.59 347.34 27654 90.29 67.92 7252 096 254 2.65 352.99 272.69
fluid temperature decrease but the power input, transfers to and from the heat pumgg{ & QO ),

the heating load and the heatif@OP increase

the power input, heating load the heatiGQpP

while the source side working fluid temperature

initially increases and then decreases The effect of
Cy is more pronounced for the heating load and

less pronounced for the source side working fluid

temperature.

Effect of C.. Table 7 shows that as the heat capacitance

rates of the source side fluid increases, the heat

and the working fluid temperatures increase while
the regenerative heat transfe&g) decreases. The
effect of C|_ is more pronounce for the heating load
and less pronounced for the sink side working fluid
temperature.

Since, higher value o€y decreased the heat
transfers and increases the performance while
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