creative
commons

C O M O N § D

Ol2XtE= otele =2E 2= R0l 8ot 7S

o Ol == SH, HHE, 85, Al SH L 58 = U
o OIXH MAEESE HdE = UsLICH
Ol HHES del SR 0|8 = AsU T

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

o 7lot=, Ol M& =2 MOISO0ILE HHEZ2l H<, 0l A =0l HE= 0125
S Bt LIEHLHO10F B LICH
o MNAEAXNZRE EE2 3IIE &2 0lE ZHE2 HEL X ZSLICH

AEAYH OHE 0I8XA2 dele f12 W20l 26t gets 2 X ZSLICH

01X 2 0l Ed = 772 (Legal Code)S OloiotIl &Ml kst 23 LI CY.

Disclaimer |:|._'|

Collection



http://creativecommons.org/licenses/by/2.0/kr/legalcode
http://creativecommons.org/licenses/by/2.0/kr/

[UCI]1804: 24011- 200000242091

L) N <2 N
2R R
IR sl



Analysis Study on the Performance Characteristics
of a Solar and Solar—Geothermal Hybrid CO, Heat
Pump System

2011 # 8 H 25 H

L} S NE Y VN
BB T R

IR Bl



- BN 51

RS €

2011 % 4 H

/s

LI VN <2 N 7

BBk T R

T



ll

G U odee] LB S aRUER

ZHE WERE i LEEE W g @
Z B OWEEREMR o LEE B B @

7 H WIEEREME o LR R Al f @

2011 % 5 A



ABSTRACT

Analysis Study on the Performance Characteristics of a Solar

and Solar—Geothermal Hybrid COs; Heat Pump System

Kim, won—seok
Advisor: Prof. Cho, Hong—hyun, Ph. D.
Department of Mechanical Engineering,

Graduate School of Chosun University

Recently, global warming problem and energy crisis aroused great interest in al—
ternative energy supplies. This is especially true for South Korea that badly de—
pends on imported energy resources. However, most alternative energy tech—
nologies are faced with difficulties when it comes to application for community
facilities because of the regional restrictions and operating cost. Therefore, re—
searches on energy saving and optimal operation of residential heat pump systems
are urgently required. To this end, using renewable energy (e.g. solar and geo—
thermal) for refrigeration becomes increasingly important and draws considerable
attention. As for working fluids, carbon dioxide is a natural climate—friendly re—
frigerant as it does not deplete ozone layer and has a low direct global warming
potential with reference value 1. Generally, the performance of a heat pump us—

ing carbon dioxide is lower than that of a system using a subcritical refrigerant



because of large irreversibility during compression and gascooling. Moreover, sys—
tem reliability is very low due to large performance variations with operating
conditions. Hence, studies on system performance according to various heat sour—
ces have carried out continuously. For efficient use of the COz heat pump an op—
timal operation control method is required in order to save energy and increase
reliability. To address these problems, the performance data of the CO: heat
pump have been analysed against the pump operating temperature.

In this study, the analytical model of S—HCHP(solar hybrid CO; heat pump) sys—
tem and the SG—HCHP(solar—geothermal CO; heat pump) system for residential
heating were developed to compare the system performance for given operating
condition. A simulation study on S—HCHP and SG—HCHP system for residential ap—
plications were carried out for varying operating conditions. The system consists
of a solar system(concentric evacuated tube solar collector and heat storage tank)
and a CO; heat pump system(double—pipe heat exchanger, fin—tube heat ex—
changer, electric expansion valve, and compressor).

In the simulation of S—HCHP system, the solar collector efficiency and solar col—
lector heat were decreased by 7.6% and 2.7 kWh, respectively, when the heat
pump operating temperature rose by 2°C. As the outdoor temperature rose by
2°C, the heat pump heating COP increased by 6.5% and heating load decreased
by 7.6%, on average. Also, the heating load increased by 14.3% with a rise of in—
door setting temperature of 2°C. The solar hybrid CO; heat pump system in this
study had maximum solar fraction of 24.5%.

In the simulation of SG—HCHP system, when the heat pump operating temper—
ature rises from 40°C to 48°C, the heating COP is decreased from 2.77 to 2.12,

heating time is reduced about 40%, and heat pump operating time is increased
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about 1.7 hours due to the increase of the compressor pressure ratio. In addition
to, the heat pump COP is increased about 6.5% and heat fraction of heat pump is
increased by 5.1% as the ground temperature increased from 11°C to 19°C, The
system performance can be improved by adapting geothermal system into a solar
hybrid heat pump.

The comparison study of performance characteristics between the S—HCHP sys—
tem and the SG—HCHP system was performed with heat pump operating
temperature. As a result, the compressor work and heating capacity of the
SG—HCHP system decreased and increased compared to those of the S—HCHP sys—
tem, resulting that the heating performance of the SG—HCHP system improved.
For basic operating condition, the heating performance of the SG—HCHP and
S—HCHP system was 2.405 and 1.91, respectively. Besides, increment of com—
pressor work of the S—HCHP system was lower by 9.1% than that of the
SG—HCHP system. The heating COP of the SG—HCHP system improved approx—
imately 2.6% compared to that of the S—HCHP system. Therefore, the SG-HCHP
system has a good performance and a high reliability for residential application
with various operating conditions.

Throughout this study, we will provide basic performance data for S—HCHP sys—
tem and SG—HCHP system, and the optimal control of the operation parameter to

maintain high performance.
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Nomenclature

:area (m?)

© specific heat (J/kgK)

: diameter (m)

: fin collar outside diameter (m)

© hydraulic diameter (m)

. friction factor

© fin pitch (m)

: fin spacing (m)

: mass flux (kg/m’s)

* height (mm)

: heat transfer coefficient (W/m°K)
© thermal conductivity (W/mK)

: length (m)

: refrigerant mass flow rate (kg/s)
: number of longitudinal tube rows
: Nusselt number

: Pressure

© transverse tube pitch (m)

: longitudinal tube pitch (m)
 Prandtl number

© heat quantity (kW)

. Reynolds number
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S : suppression factor

Ss © breadth of a slit in the direction of airflow (m)

Sh . height of slit (m)

Sw : width of slit (m)

T : temperature (°C)

UA : Overall heat transfer coefficient (W/K)

We : Weber number

x  vapor quality

X : Lockhart Martinelli parameter

Vw : condensation film thickness (mm)
Greeks

p : density (kg/m”)

v : specific volume (m3/kg)

ur : fin efficiency

e : roughness

Now . surface efficiency

o © surface tension (N/m)

5 : fin thickness (mm)

ik . two—phase multiplier

0 : dry angle (%)
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Subscripts

b : evaluated at the bulk temperature
cb . convective boiling

film : condensation liquid

i :inlet

l : liquid

nb : nucleated boiling

0 : outlet

pc . pseudocritical conditions

v . vapor

wet D wet
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CO, Heat pump
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Solar collector Heat starage tank
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EEV

Heating load

Fig. 21 Schematic diagram of a solar hybrid CO, heat pump system.
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Fig. 22  Schematic diagram of a solar-geothermal hybrid CO, heat pump

system.
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Fig. 2.3 Heat exchanger of double tube type.

t=0.00089 m

e D, =0.00774 m

Fig. 2.4 Cross sectional view of a double tube type.
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Table 2.1 Specification of heat exchanger of double tube type

Items

Specification

High Temp. HX

Low Temp. HX

Type of flow

Counter flow

Counter flow

Diameter of inner tube (m) 0.00774 0.00774
Diameter of outer tube (m) 0.01892 0.01892
Tube thickness (m) 0.00089 0.00089
Tube length (m) 3.8 8
Materials Copper Copper
j+1,i,air’wj+1,i,air

T Xj,i,ref#

T

JoLair’ " jiair

7 Tt e o1

Fig. 2.5 Schematics of finite control volume method.
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AP= _
P fQPDi (2-3)
oA71A, wlZAS fv olitsietA e HASIES HusA AFE F A=
Blasius's equation(1911)& o] &3l o ™ o5& Redol wet o3 o] %
o
Ff=0316Re* for Re < 210" (2-4)
Ff=0.184Re~ ">  for Re = 2x10*
2. B dAGEH4
olxtgl e A W} dudtst= &5 €AY AS= Dittus and boelter(1930)7}F A
oret A8 AFESATH TS B AFdAM e 5 gEAS gl Aoz sHAsa
;s 43 SHATH
Nwater =0.023 % ‘RBBVStm X PI'OA (2_5)

water
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Fig. 2.6 Schematics of Fin-tube heat exchanger.
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Table 2.2 Specification of the fin-tube type gas-cooler

[tem Gascooler
Tube out diameter (mm) 4
Tube thickness (mm) 0.5
Tube material Copper
Row number 2
Tube number 80
Row pitch (mm) 12
Fin material Al
Fin shape Slit
Fin pitch (mm) 1.2
Fin thickness(mm) 0.11
Number of slit 7
Slit height (mm) 0.8
Slit width (mm) 1
Height (mm) 788
Length (mm) 846

- 19 -



1 S €S8

SH7e
213t Thome and Ribatski(2005)9] Wul& SAEHD A4 (2-6)S ©]-&3t] ALts}
ATk

0 4o Povapor T (21— 0, )R
hTP: dry po ( d y) t (2_6)
27
04, = Biberg(1999)7F Atg Fa4S AHgsiler 1 439 AT 4

(2=7)& AH&3FAT.

Pt = [(SPut o) +h§b]”3 (2-7)

wet

4714 S HEgA AFE 4 2-8)d Udehgor gre ozolAe) o

Reynolds numbere 4] (2—9)& o]&3A .

_N1/2
1-2) (2-8)

0121 Re}E

_ 4G(1—x)§ B
Rey yim = (17_8»% (2-9)

2 (2=9) Y e void fraction®Z Steiner(1993)e] A A (2-10)LS A&

slon d= A7 FARA 4 (2-10)22 ALFsiAH.
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3n s A Alg= Cooper(1984)9] #A 2 COEwH <
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by, co, = 0-TLh,, +3970
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Qo] FReEE Fwol WPl weh sobdA e, Y FYPae
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Table 2.3 Coefficient B

r G B
G < 500 4.8
<95 500 < G'< 1900 2400/ G
G = 1900 55/ G"P
G < 600 520/ TG
9.5<I'< 28
G> 600 21/
=28 - 15000/ I°G*°
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Ao A Wrjel Huwdst= Slit fin A8 sy AlEHOIAES wang et

al.(2001) 9]

Aorsl W ZANAY Slit fin udr|e F7]= j—factordt

f—factor® AL§3tith 72 mlaA 2ol takel AGE Ae thed} o] EPHh

Coburn j— factor:

F \2( p \i3( g |\~ 00305
I B O e O e 0.0782
0.9047 Re7,, ‘Dc) 7\ N
for N> 2and Re ,. < 700,
J= (2-18)
F\B( g \ib
1.0691 Re?4 | =2 | NI
0691 Re7;,. ‘Dc) s,
for N=1,2or N> 2and Re,. > 700,

0.0312

—0.0487TN
(F./D,)

j1=—0.2555—

2

72 = 0.9703—0.0455 \/Re ,,, — 0.4936 ln?t

l

F
43=0.2405—0.003 Re +5.5349( DS )

c

j4=— o.535+0.017(%)— 0.0107TN
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In N +24.2028

Dc Dc Dc

75 =10.04115+5.5756

Y
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76 =0.2646 + 1.0491(—

Sh

15‘* 0216553

47 =0.3749+0.0046 /Re ,,, In Re ,,— 0.0433 \/Re p,,

Fanning friction factor f:

12 P, f31 g \f4
— S5 ] 1=£ /5 J6 —
f=1.201 Re},, Dc) (Pl) (Sh) (V(S,) (2—-19)
Fs =5,
f1==0.1401+0.2567 In| = |+4.399¢ ™
Fo\ 51172
f2=—0.38340.7998 In Dc)+ 5

F,
f3==1.7266—0.1102 In(Re ,,)— 1.4501( i) )

c

4—04034—0199( S/5) )+04208 In(S,/5;)
ool o md T

32.8057  0.2881 | 0.9583
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o1 71A,

how © sensible heat transfer coefficient for the wet surface
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Al 4 A EEV(electronic expansion valve) 2 &

1.6 mme] #73& 7HA= EEVE HZAAE T AFFEFS Adstr] sl 3
FAANE AT B dAFdAXe BFAFLS sdEy Ao w JHEAT. EEV
£ 593t o)t e Ao FAafae olg o] Hwang and kim(2007)9] A28 A}
sttt AFF#F 242 Buckingham ol Elol A FeiE= 6719 =224 WA+

470e) A1k A WS ALgtel A NS,

Gl D Gy G, T. Cs
— Cl( L ) ( "L) (pl,’l,) ( I,’l,) (2_23)
D'IL D p(ﬁ

7 o

m
( AtmL \% pAp

o]714 7}7te] A4E Table 2.40] VR AT},

Table 2.4 Constants in EEV correlation of eq.(2-23)

Constant Value
Ci 1.17x10°
Co —-3.99x1077
Cs —7.27x107"
Cy 3.86x107"
Cs —4.55x10"
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A 5 A ¢=7](Compressor) 2d g

ojatsleta FFE A|AFlE ZUUA Aol FEA L Gt AEEA =
o g B AP AE DA B 43 AL HAE 9ad Y guE
2] 9F2=7](3RT, 3.48 m°/h, 1450 rpm)E AM&-&t At o Abstets ¢457)9) AeqoF
£ Sanchez et al.(2010)9] F=7] F#HA2S ALE

%7 47 Ay A9} AFHFFS ol &ste] T

mx (h is,isen h uc g
W:omp = ( = 777 - : ) + Qmot (2_24)
Qr.nof m>< (hSu( h]l;fot) (2_25)
.o XV
RN Sl ] (2—-26)

ol ¢=7] AFEE, YFEE, 128 ¢F7] 7= ok A(2-27)

~(2-30)% o]&3te] T3} Table 2.5 YENHATEH

i&
O
_EL
N
N
o
ox
5
N
flo

Ty = Qg + ay Pﬂ[{)t + Qo PDis + a3v5'uc+ a4N (2_27)

SHge = Toye = Thior = a9+ a1 Py +ay Pffot +az Pp;, +ay Péis +ay Ty +ag N (2-28)

. = ag+ay, Ppig +ay SHgo+ ag Ty + ay N (2-29)

Tpis= ag+ay Py +ay Ppi + a3 SHeo+ ay Ty + a5 N (2-30)
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Table 2.5 Constants in Compressor correlation of egs.(2-27)~(2-30)

Coefficient 7, 7, SHy. (°C) Ty, (°C)
ao 1.149768 0.781749 11.559877 68.391494
ax 0.001028 —0.000956 0.003480 —2.453539
as —0.003592 —0.003812 —0.010213 1.009196
as —13.660815 0.003565 0.183598 1.311928
s 0.000059 0.000033 —0.000168 0.646575
as - - —0.259202 0.002591
ae - - —0.004376 -
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Al 6d HYE A2H Y

HEE JE7le T2 A0A AR AFsin A2 i 2@ Yirgo=w
A% J3Hd JE7E S AMEEeH AEFHAEMNE E-TEIASE
E gl (water:Propylene glycol = 80:20)< AFS-3IATH HYE FE7] AL 3=
AqYA  TEdFdAA kg d|Edtolx AR olFTHE I
(TZ58/1800-20U)] A|% HANE nlgo g afo] thah po] 528} ato] ALg-3}
Rk L7l &2 ofefo A(2-31) o2 ALME

Neottoctor = Frmoi— FRUL[ (ti — ta) }— 0.7410 — 2.7469[ (ti — ta) } (2-31)
I, I,

Y, HFE 7ol B3 F2 A2 Table 2.6 YERAAS

BFD Aol BFd §5 AP YA AgAHC] e A2 g
o2 ggaslo f2AGol k. WA oldF EAWS AAs] A FH9
59 992015 tonE AAdGon 7 FHazAAY G 2Ye 5998

1o g2 o] otefe] 4 (2-32)¢F zo] ndy 3

Jjt+1 J J J J J
/ Qstm’age: / Qstm’age+ / Q{;Ullea‘,m’+ / Qheatpumpi / th‘, water / Qhem‘,i,ng ( 2 - 3 2 )
j 0 0 0 0 0
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Table 2.6 Specifications of solar collector

Parameter Specification
Total area 3.25 m*/EA
Area
Penetration area 1.98 m*/EA
Concentric evacuated
Collector
Type tube solar collector
Heat medium Heat pipe
Fpra @ 0.4526
Total area
Thermal efficiency FpU, : 1.6780
(n) Fpra @ 0.7410
Penetration area
FpU, * 2.7469

=32 .
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Fig. 2.7 Schematics of test indoor for heating load.
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Table 2.7 Heating load design

Parameter Specification

Indoor space 65.25 m”

Brick : 0.53 W/m°C
Thermal conductivity Styrofoam : 0.02 W/m°C

Glass : 0.5 W/m°C

0.9 m X 1.7 m X 8 EA

Windows
Glass 1.5 cm
Brick 15 cm
Wall
Styrofoam 5 cm
Roof Brick 20 cm

Table 2.8 Hot water load design

Time Capacity (L)
09:00 100
13:00 80
18:00 100
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Table 3.1 Operating temperature of ASHRAE Standard 116

Indoor Outdoor
Mode
db/wb (°C) db/wb (°C)
Heating 20 / 15 7/ 6
Cooling 27 / 19.5 35/ 24

Table 3.2 Simulation conditions of the

solar hybrid CO; heat pump

Parameters

Conditions

Heat pump operating temp. (°C)

40, 42, 44%, 46, 48

Outdoor temp. (°C)

3, 5, 7%, 9, 11

Indoor setting temp. (°C)

18, 20%, 22, 24, 26

Daily radiation (MJ/m?)

1, 5, 10%, 15, 20

- 36 -
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Fig. 2.8 Variation of daily solar radiation with time(1 MJ/m?).
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2.9 Variation of daily solar radiation with time(5 M]J/ m’).
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Fig. 210 Variation of solar daily radiation with time(10 MJ/m?).
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211 Variation of solar daily radiation with time(15 MJ/ m’).
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Fig. 212 Variation of solar daily radiation with time(20 MJ/m?).
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Table 3.3 Simulation conditions of the solar-geothermal hybrid CO, heat

pump
Parameters Conditions
Heat pump operating temp. (°C) 40, 42, 44%, 46, 48
Ground temp. (°C) 11, 13, 15%, 17, 19
Daily radiation (MJ/m”) 1, 5, 10%, 15, 20
Indoor setting temp. (°C) 18, 20%, 22, 24, 26
Outdoor temp. (°C) 3,5, 7% 9, 11

*Basic condition
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Heat pump operating temp.
1= 40°C
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Fig. 41 Variation of heating COP with EEV opening for heat
pump operating temperature.
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Fig. 42  Variation of heating COP with EEV opening for

outdoor temperature.
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Fig. 43 P-h diagram of R744 cycles with the heat pump operating
temperature.
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Fig. 44 Variations of heating COP, compressor work, and heat-

ing capacity with heat pump operating temperature.

- 46 -



70 35

| —®— Collector operating time --00-- Collector heat |
60l @ Collector efficiency O Hot water heat | 30
;\? ] Dailly solar radiation = 10 MJ/m? |
T 504 Indoor set. temp. = 20°C
LZ j Outdoor temp. = 7°C -25
Q . - —_
S 40 L20 £
= ) O - | ;
w 302 The B [ =3
- PR S N L
N G ©
T 10{ O -3
= l\l\'—.\. 10 T
()
E L
= 5
0 T T T T T T T T T 0
40 42 44 46 48

Heat pump operating temp. (°C)

Fig. 45 Variations of collector operating time, collector effi-
ciency, collector heat, and hot water heat with heat

pump operating temperature.
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Fig. 4.6 Variations of indoor heating time, heating heat, and
heat pump operating time with heat pump operating

temperature.
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Fig. 47 P-h diagram of R744 cycles with the outdoor temperature.
4 15
Heat pump operating temp. = 44 °C
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Fig. 4.8 Variations of heating COP, compressor work, and heat-

ing capacity with outdoor temperature.
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Fig. 49 Variations of collector operating time, collector -effi-
ciency, and collector heat with outdoor temperature.
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Fig. 410 Variations of indoor heating time, heat pump operating

time, and heating heat with outdoor temperature.
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Solar fraction (%)
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Fig. 411 Variations of solar fraction, collector heat, heating heat

Operating time (hr)

and hot water heat with indoor setting temperature.
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Fig. 412 Variations of heat pump operating time, indoor heating

time and heat pump heat with indoor

temperature.
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Solar fraction (%)

Fig

Time (hr) / Efficiency (%)

Fig.

100

and hot water heat with solar radiation.
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. 413 Variations of solar fraction, collector heat, heating heat

—#— Collector operating time

1 —&— Heat pump operating time
80 —®@— Collector efficiency

| —O Heat pump heat

Heat pump operating temp. = 44°C
60 - Indoor set. temp. = 20°C
Outdoor temp. = 7°C

300
-250
=
-200 E
©
{7}
I
- 150
100

o 5 10 15 20

Solar radiation (MJ/m?)

414 Variations of collector operating time, collector effi-

ciency, heat pump operating time and heat pump

heat with solar radiation.
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Fig. 415 Variations of pressure ratio, optimal EEV opening,
compressor work, and COP with heat pump operat-
ing temperature.
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Fig. 416 Variations of heating time, heat pump operating time,

collector heat, and solar fraction with heat pump oper-

ating temperature.
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419 Variations of collector operating time, collector effi-
ciency, heat pump operating time and heat pump
heat with solar radiation.
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Fig. 420 Variations of solar fraction, collector heat, heating heat

and hot water heat with solar radiation.
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Fig. 421 Variations of solar fraction, collector heat, heating heat

and hot water heat with indoor setting temperature.
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