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Computer simulation of a three-stage condensation heat pump
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Abstract

In this study, the performance of a multi-stage condensation heat pump was examined.
Computer simulation programs were developed for 1-stage, 2-stage, and 3-stage heat
pumps and R11l, R123, R141b were tested as working fluids. The results showed that
coefficients of performance(COPs) of an optimized 3-stage condensation heat pump are
25~40% higher than those of a conventional 1-stage heat pump. The increase in COP,
however, differed among the fluids tested. The improvement in COP largely stems from
the decrease in average LMTD values in the condensers of the multi-stage system. For
the 3-stage condensation heat pumps, optimized UA values of three condensers were
determined to be 30~40% of the UA value of the total condenser regardless of the
working fluid. When the amount of cooling water entering into the intermediate and
high-stage subcoolers is roughly 10% of the total condenser cooling water respectively,
the optimum performance was achieved for the 3-stage condensation heat pump.
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Table 1 Various balance equations needed for the simulation of 3-stage condensation heat

pump

Balance equations

Descriptions

RE(1)=—Agcarrr + Apre

Area balance in evaporator

RE(2) =—Arcrp + ArccaLte

Area balance in low stage condenser

RE(3)=—Acrp + AsccaLte

Area balance in intermediate stage condenser

RE(4) =— Agcre + AnccaLte

Area balance in high stage condenser

RE(5) =— Qgvap + Mrora ¥ (H;—Hyy)

Energy balance in evaporator

RE(6) =—F yesup*(Hp— Hiz) + (Hy—Hy)

Definition for Fucsup in high stage condenser

RE(7) =—F csyp*(Hg—Hy) + (Hg —~ Hy)

Definition for Ficsup in intermediate stage
condenser

RE(8) =—F csyp*(Hy— Hg) +(H, —Haj)

Definition for Ficsue in low stage condenser

+ (MC +MGep) *4.18%(TS; — TSy)
+ MCqp*4. 18*(T813_ Tsn)

RE (9) =MC*4, 18*(TSZ - TSs) +MCSP*CP*(TSQ"T519)

+ (MC +MCsp+ MCSP)*4 18*(TSIO - Tsla) —1conp

Energy balance for all condensers

RE(10) = — M pyrer*(Hg— Hy)
+ (MC + MCg) #4. 18+ (TSg — TSy)

Energy balance for intermediate stage
condenser

RE(11)= — Mye*(Hjo—Hy)

+ (MC + MCgp+ MCqp) *#4.18* (TS, — TS 3)

Energy balance for high stage condenser

RE(12) =— (H;3— H 3) + Fycsys* (Hp— Hyg)

Definition for Fucsus in high stage condenser

RE(13) =—(Hs— Hy) + Fcqup*(Hg— Hg)

Definition for Ficsys in intermediate stage
condenser

RE(14) =—(H,;—H;) +Fcsys*(H;— Hs)

Definition for Ficsus in low stage condenser

RE(15)=—(H, —H5) + Fsup*(H;—Hy)

Definition for Fesup in evaporator

RE(16) = _MHIGH*(HS_ ng) + (MCSP*4 18*(TS]_3"‘TSIQ))

Energy balance for intermediate subcooler

RE(17) =—M pnrer* (Hiz— Hyp) + (MCgp*4.18% (TS i5— TS1))| Energy balance for high stage subcooler

RE(18) = — TSy*(MC + MCsp) + (MC#*TS; + MCsp* TS 15)

Energy balance at water merging point of
intermediate stage

RE(19)= — TS 3*(MC + MCsp+ MCsp)
+ ( (MC *MCSP) *TSG + MCsp* TS 15)

Energy balance at water merging point of
high stage
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Table 2 Comparison between experimental and simulation data

AA AFelA A
g GA] AA A2

Experimental data | Simulation data Deviation(%)
COP 76 13 39
Compressor work(kW) 321 338 50
Condenser heat(kW) 2,440 2,480 16
Water temp. at the exit of low 6.1 618 05
pressure condenser(C)
Water temp. at the exit of
intermediate pressure 73.2 73.7 0.7
condenser(C)
Water temp. at the exit of 851 85.0 01
high pressure condenser(C)
Experimental condition .
Superheat(C) 30
Evaporator Pressure drop(kpa) 10.0
UAe (kW/T) 4794
High pressure 10.0
Subcooling(C) Inter. pressure 7.0
' Low pressure 11.0
Condenser High pressure 25.0
Pressure drop(kpa) Inter. pressure 21.0
Low pressure 23.0
Total UAc (kW/T) 326.7
Compressor efficiency 80.3%
Water flow rate(g/s) 1025
Heat source fluid Inlet temp.(TC) 50.0
Exit temp.(TC) 450
Heat sink fluid Water flow rate(g/s) 16.8(*)
Inlet temp.(C) 50.0

(") Total mass flow rate is split into 13.4g/s, 1.7g/s, and 1.7g/s in the low pressure, inter-
mediate pressure, and high pressure condensers respectively.
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Fig.3 COP of the 3-stage condensation
heat pump with various combinations
of UA values of three condensers
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Table 3 Combination of UA values of the
three condensers in the 3-stage
condensation heat pump

Comb. UA distribution {UA distribution in|UA distribution in
Number in high stage inter. stage low stage
condenser(%) | condenser(%) | condenser(%)
1 333 333 33.3
2 80.0 100 10.0
3 70.0 20.0 10.0
4 70.0 10.0 20.0
5 60.0 30.0 10.0
6 60.0 20.0 20.0
7 60.0 10.0 30.0
8 50.0 40.0 10.0
9 50.0 30.0 20.0
10 50.0 20.0 30.0
11 50.0 10.0 40.0
12 40.0 50.0 10.0
13 40.0 40.0 20.0
14 40.0 30.0 30.0
15 40.0 20.0 40.0
16 40.0 10.0 50.0
17 30.0 60.0 10.0
18 30.0 50.0 20.0
19 30.0 40.0 30.0
20 300 30.0 40.0
21 30.0 20.0 50.0
22 30.0 10.0 60.0
23 20.0 70.0 10.0
24 20.0 60.0 20.0
25 20.0 50.0 30.0
26 20.0 40.0 40.0
27 20.0 30.0 50.0
28 20.0 20.0 60.0
29 200 10.0 70.0
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Table 4 Optimized results based upon the simulation of multi-stage condensation heat pumps

R-11 R-123 R-141b

1 stage |2 stage|3 stage|l stage|2 stage|3 stage|l stage|2 stage|3 stage

Compressor power(kW) | 426 369 324 606 438 395 481 366 338

Condenser heat(kW) 2569 | 2511 | 2,467 | 2,748 | 2580 | 2,537 | 2623 | 2509 | 2,481

Pressure ratio between
the evaporator and the | 3.16 2.64 1.27 357 2.01 1.32 343 2.05 1.32
1st stage condenser

Pressure ratio between
the 1st and 2nd stage 1.21 1.36 1.74 1.50 167 1.37
condensers

Pressure ratio between
the 2nd and 3rd stage 1.93 1.90 1.97
condensers

Refri fl
etrigerant tlow 160 | 155 | 151 | 185 | 173 | 168 | 131 | 124 | 122

rate(kg/s)
High ,
pressure 570 | 300 700 | 30.0 650 | 330
condenser
UA Inter.
distribution] pressure 40.0 30.0 33.0
(%) condenser
Low
pressure 43.0 300 30.0 400 350 | 330
condenser '
Optimum COP 602 | 681 | 760 | 454 | 590 | 643 | 546 | 68 | 7.34
8.00
3.3 choll mE A|AHIS Msbist 7.80
Table 4= 1%, 249, 3¢ &5 E¥®Z A% 7.00
ATE T A8 7K BFES B9FET) Table .0 -
49] ANEL BT YUY 24, F FY 2719 § a0
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A e WelE Agsia. Fig.4 COPs of multi-stage heat pumps
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Table 5 LMTDs in the condensers for
multi - stage condensation heat

pumps
LMTD Log Mean Temperature
Difference(C)
System R11 R123 R141b
1 stage system 19.3 18.4 18.0
High
pressure 11.0 12.0 13.3
2 stage | condenser
system Low
pressure 18.95 11.7 11.7
condenser
High
pressure 12.7 10.6 114
condenser
Inter
3 stage
ystem pressure 14.3 9.1 115
condenser
Low
pressure 119 9.6 109
condenser
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Fig.7 Refrigerant mass flow rates as a
function of the amount of split water
entering into the high and
intermediate condensers for 3-stage
condensation heat pump
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Fig.8 Compressor discharge temperatures
as a function of the amount of split
water entering into the high and
intermediate condensers for 3-stage
condensation heat pump
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Fig.9 COPs as a function of the amount of
split water entering into the high and
intermediate condensers for 3-stage
condensation heat pump

Table 6 Comparison between ‘split’ and
‘non- split’ 3-stage condensation

heat pumps
COP of | COP of | Increase
Refrigerants| ‘non-split’ { 'split’ in COP
system system (%)
R11 7614 8.474 10.1
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