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(BELYE)

It is desirable to use the renewable energy for the greenhouse heating in
winter season,
The use of natural energy for greenhouse heating makes possible not only to
save fossil fuel and conserve the green farm environment but also to promote
the quality and reduce the price of agricultural products.

In this study, the greenhouse heating system using the natural energy
resources(NEHS) has been developed and thermal characteristics of the system

were analyzed. These results could be summarized as follows:

1. The average continuous clouded days under 7C of ambient temperature for
11 standard stations and the number of days below the ambient air
temperature of -7C and -9C were analyzed

2. Theoretical equations of greenhouse heating load was derived and the

maximum heating load was determined by the equations.

3. A suitable PCM to store the solar thermal energy for the greenhouse
heating was selected and the unstable thermophysical properties were
stabilized.

4. Three types of heat pump system, water-to-water, air-to-water and air-to-
air were designed and constructed, and the coefficient of performance
(COP) of these systems were analyzed. The COP of water-to-water heat pump
was higher than the othes.

5. COP of the heat pump could be promoted by the automatic variable area
capillary tube heat exchanger(AVACTHE) designed in this study.

6. The COP of the heat pump systems developed in this study were 4.0 level
above 0C and 3.0 level below 0C of the ambient air temperature.

_V'H..



7. Greenhouse heating effect of the greenhouse-PCM-heat pump system on the
basis of the setting temperature was about 5~25TC in the daytime and
-7~-8T in the nighttime,

8. The heating effect of the greenhouse-P(OM-heat pump system was better than
that of the other greenhouse heating model.

9.The energy saving rate of the greenhouse-POM-heat pump system developed in
this study was about 60~80%.
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3.78 5 540 108.0 2.99 160 13,670 85.4
2.50 10 710 71.0 3.06 170 14,870 87.5
2.03 15 870 58.0 3.13 180 16,070 89.3
. 1.82 20 1,040 52.0 3.18 190 17,270 90.9
1.69 25 1,210 48. 4 3.23 200 18, 460 92.3
1.61 30 1,380 46.0 3.47 210 20, 820 99.1
1.55 35 1,550 44.3 3.59 220 22,580 102.6
1.51 40 1,720 43.0 3.70 230 24,290 105.6
1.47 45 1,890 42.0 3.79 240 26, 020 108.4
1.44 50 2,060 41.2 3.89 250 27,750 111.0
1.56 55 2,460 47.0 3.97 260 29, 490 113.4
1.66 60 2,850 47.5 4.05 270 31,220 115.6
1.75 65 3,250 50.0 4.10 280 32,950 117.7
1.82 70 3,650 52.1 4.19 290 34,680 119.6
1.89 75 4,050 54.0 4,25 300 36, 420 121.4
1.95 80 4,,450 55.6 5.04 350 50, 360 143.9
2.00 85 4,850 57.1 5.50 400 62, 900 157.3
2.04 90 5,250 58.3 6.13 450 78, 790 175.1
2.08 95 5,650 59.5 6.50 500 92,920 185.9
2.11 100 6,040 60.4 7.57 550 | 118,810 216.2
2.44 110 7,680 69.8 8.23 600 | 141,090 235.2
2.59 120 8,880 74.0 9.28 700 | 185,550 265.1
2.7 130 10,080 77.5 10.07 800 | 230,210 287.8
2.82 140 11, 280 80.6 10.69 900 | 274,780 305.3
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Table 3. Daily possible sunshine hours, ts for 11 standard stations

in Korea,
(hour/day)
Station . - :
Chun- [Kang- (Seoul |Cheong | Taegu|Jeonju | Jinju {Kwang- | Pusan | Mokpo | Jeju
cheon| rung Jju Jju
Month
(day)

JAN(31) | 9.7 97| 9.7) 9.7 99| 99 99 9.9 10.0]10.0!10.1
FEB(28) |10.6{10.610.6] 10.6 [10.7| 10.7 {10.7 | 10.7 | 10.7 | 10.7 | 10.8
MAR(31)} |11.81]11.8|11.8| 11.8 {11.8 11.8 |11.8 | 11.8 | 11.811.8 {11.8
APR{30) [13.313.013.0/ 13.0 {13.0{ 13.0 [13.0] 13.0 {13.0|13.0|13.0
MAY(31) |14.1[14.0/14.0| 14,0 14,0 14.0 | 13,9 13.9 | 13.9 | 13.8 13.7
JUN(30) |14.614.6 14,6 14.5 14.5| 14.4 | 14.3 | 14.3 | 14.3 | 14.3 | 14.2
JUL{31) [14.3)14.0(14.3) 14.2 [ 14.2] 14.2 | 14,1 | 14,1 | 14.1 | 14.1 { 14.0
AUG(31) |13.4|13.4/13.4]13.4 {13.3| 13.3 /13,3 13.3 1 13.313.3 |13.2
SEP(30) [12.2112.2112.2} 12,2 {12,271 12,2 | 12,2 | 12,2 |12.2 | 12.2 | 12.2
OCT(31) 11.0}11.0/11.0} 11,0 |11.0 12.0 j 11,1 | 10,1 ;111 {111 111
NOV(30) 110.0/10.0;10.0} 10.0 110.0} 10,1 | 10.1 | 10.1 | 10.1 | 10.1 | 10.2
DEC(31) | 9.4] 9.4} 9.4 95| 9.5| 96| 9.7| 9.7 | 9.7 9.7] 9.8

SM 12.0(12.0112,0} 12,0 {12.0{ 12,0 | 12,0 | 12,0 | 12.0 { 12.0 | 12.0

...1]_...



Table 4. Monthly average daily real sunshine hours, t. for 11 stations,

( tr = ks X ts ) (hr/day)
Station| . in- |Kang- [Seout |Cheong- |Taegu|Jeonju [Jinju|kvang|Pusan|Mokpo | Jeju
cheon | rung Jju -ju
h'kmth

1 4.95|6.21 [5.37| 5.41 |6.31| 506 [6.13|5.56|6.68|4.82 |2.23
2 6.26 | 6.14 |6.39| 6.42 |6.41| 5.20 |6.23[6.00(6.84 | 5.02 [3.08
3 6.95|6.11 |6.69| 6.69 |6.35| 5.73 |6.42[6.59(6.90 | 6.27 |4.68
4 7.43 | 7.02 |5.82| 8.04 |7.24| 7.62 |6.817.23[7.79 | 7.07 |6.32
5 7.74 | 7.58 [7.74| 8.18 |7.51| 7.84 |6.80/7.76|7.40 | 7.36 | 7.20
6 7.74 | 5.54 |7.28| 7.73 |6.33| 6.64 |5.47 |6.30|6.91 | 6.23 |6.30
7 4.97 | 4.58 [4.19| 5.40 [4.53| 3.99 (4.10(4.79(5.83|4.99 |6.43
8 6.30 | 4.83 [5.31] 6.68 |5.59| 5.80 |5.56|6.64|7.10|6.85 |6.50
9 6.23 | 5.37 |6.73| 6.31 |5.37| 563 |4.88/6.09(5.67|5.90 |5.41
10 5.82 | 5.92 (6.62| 6.45 [6.40| 6.79 |6.23|6.86|7.06 | 6.25 |5.02
11 4.65 | 5.56 |4.97| 4.83 |5.64| 4.65 |5.524.866.46 | 4.75 |4.06
12 4.42 | 5.66 [4.56| 4.60 |5.76| 4.44 |5.80 |4.45(6.51 | 4.23 [2.49
A:::' 6.12 | 5.90 |5.97| 6.40 |6.12 5.78 |5.83 |6.09 |6.76 | 5.81 |4.98
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M

o
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sjch. o] "ol §-g3le] AF 117] Aol iyt 10de] dd +HH HAefd
ZEE E 59 Zol ¥4-Felsialrh

Table 5. Monthly average daily global horizontal solar radiation(MJ/mnf)
month for 11 standard stations during 1984 ~1994.

Station| Chun- | Kang- | Seoul |Cheong| Taegu {Jeonju| Jinju |Kwang- | Pusan | Mokpo | Jeju
cheon | rung Jju Jju
Month
(day)

JAN(31) |223.36(270.53|236.37(249.74{278.10|245. 95312, 51 {262, 87 |296. 75 | 265.93 [170. 89

FEB(28) |285.68298.76|294.16/307,.38306.87276.01 {343. 81 |299. 70 | 325.45/295.75218.43

MAR(31) [417.73409.96 411,.121425,52 /412,52 (394. 96 |470.85 425, 98435, 25]455.39|370.59

APR(30) 490,85 )501.83/492.00{537,21 497 47508, 28 |542.09 [499.78|521,15/543.46(493.75

MAY(31) |562.07|586.65 |562.35|599.74 |563.47 |575.76 |600. 58 |567. 10 |551. 60 |613.05|588. 94

JUN(30) |556.81 [494.86|531,91 [568. 46 | 506, 21 | 530, 84 |530. 39 [505. 67 |517. 97 | 542. 39 | 528. 91

JUL(31) |449.10(461.59 386,75 (461,61 |436.59|449.07 |473.91 [448.96|473.89{486.29{548.19

AUG(31) |474.25440.67 (418,41 |499.62|456.63|478.55 513, 96 [502. 98 |514. 18|560. 54 |528. 60

SEP(30) |[400.09|391.76419.94 |415.31381.62[400.54 [412.64 |412.93|384.93{442, 76 410.45

OCT(31) [324.03 /346,80 |355.46392. 71 | 360.96 | 386, 99 |404. 20 | 381, 83|389.73{399.91 {378.43

NOV(30) [291.68/257.58 1227 45)234.57 262.59{240.74 |296. 77 |245.92291_97265.88240.05

DEC{31) 193.73)236.70196.39|208.68|244.77 /215,34 1281 86215, 77|272.61228.95/168.72
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Table 6. Monthly maximum and average -continuous clouded days under 7C

of ambient temperature for 11 standard stations in Korea,
Area | month 1 2 3 4 5 [ 7 8 9 10 11 i2
Chun. | Haxims 8(8) | 4(4) | 5(5) |3(2) |3(3)|4(0) 1 5(0) | 4(0) | 9(0) | 6(0) | 6(6) | 3(3)
cheon | Average 3.00 { 2.25 |1 2.86 |2.14 [2.43|2.14|5.68 | 3.17 | 3.86 | 3.14 | 2.67 | 2.50
3.00 | 2.25 | 2.86 |0,57(0.14(0.00/0.00| 0.00 | 0.00 | 0.43 | 2.33 | 2.50
Kang- Maxioum | 7(7) | 7(7) | T{(7) | 3(3) 14(0){9(0)22(0)] 9(0) | 11(0) ] 7(0) | 4(2) | (")
cung | Average 2.75 | 3.87 14.00 {2.71 13.43/6.00/8.14 | 5.50 | 6.28 | 3.86 | 2.83 ;2.83
2.75 | 3.87 [ 4.00 {0.57|0.00]{0.00{0.00| 0.00 | 0,00 | 0,14 | 1.33 |2.83
Maxioum | 8(8) | 7(7) | 4(4) | 4(0) |5(0) {4(0) {17{0)| 7(0) | 9(0) | 3(3) | 4(3) | 3(3)
Seoul Average 3.00 | 3.25 | 2.43 12.5712.7113.2918.57 433 13.71 [ 2,43 2,33 12.17
3,00 | 3.25 |1 2.86 10,43/0.00/0.00,0.00] 0.00 | 0,00 | 0.00 | 1.50 |2,17
Choon Maximum | 7(7) | 8(8) | 4(4} | 3{2) |4(0) |5(5)|12(0)] 5(0) | 8(0} | 4(3) | 3(3) | 4{4)
ju |Average 2.63 1 3.25 13,00 |2.4311.86|3.00[7.71 | 3.83|4.43 |2.57 {233 2.5
2.63 | 3.25 {2.86 10,43/0.00/000/0.00 0,00 {0,001]057 233250
Maximum | 8(8) | 5(5) | 4{4) | 3(1) |5(0) |8(0) [17(0} | 4(0) [11{0) | 3(3) | 3(3) [ 2(2)
Taegu Average 2.87 | 3.50 | 2.57 {2.28 {2.57|3.57|7.57 | 3.17 [ 6.00 | 2,57 | 2.33 | 1.50
2.87 | 3.50 | 2.57 | 0.57 |0.00(0.00/0.00| 0.00 | 0,00 | 0,00 | 1.17 |1.50
Jeon Maxioum | 8(8) | 7(7) | 4(4) | 4(1) 15(0) {7(0) [20(0)! 8(0) |11(0) | 3(0) | 8(4) | 5(5)
ju | Average 3.37 { 3.50 | 3.00 |2.7112.57/3.14/8.14 | 4.00 { 5.14 | 2.8 | 3.50 |{3.50
3.37 | 3.50 12,06 {0.5710.00{0.00{0.00] 0,000,000 1000 1.8 ({350
Maximum | 7¢7) | 5(5) | 4{4) {4(2) [5(0) {9(0) |16(0)| 7(0) 1 14(0) | 3(1) | 5(3) | 4(4)
Jinju Average 2.12 | 3.50 [ 2.86 {2.8613.1414.28/7.43 | 4.17 1 6.57 | 2.43 | 2.50 |1.83
2.12 1 3.5 | 2.57 {0,570.00{0,00;0.00] 0,00 | 0,00 0,71 {133 {1.83
Maxioum | 8(8) | 5(5) | 4(4) | 3(1) |4(0) [7{(0) [15(0) ]| 6(0) |15(0) | 4(4) | 4(2) | 2(2)
Pusan Average 2.37 | 3.62 | 2.86 |2.57 13.14|4.1416.57 | 3.50 | 6.71 | 2,57 | 2,17 {1.50
2.37 | 3.62 12.43/0.2910.00{0.000.00} 0.00 | 0.00 | 0.00 ; 0.83 |1.50
Kuang Maximus | 8(8) | 4(4) | 3(3) | 4(2) [4(0) |7(0) | 9(0) | 5(0) [10(0) | 4(4) | 6(4) | 6(6)
-ju | Average 3.37 | 2.87 | 2.71 | 2,57 12.7114.28]6.57 | 3.67 | 4,57 | 2,57 | 3.50 | 2.67
3.37 | 2.87 |1 2.71 |10,57]0.00(0,00(0.00 | 0.00 | 0.00 | 0.00 | 2,50 | 2.67
Maximum | 8(8) | 6(6) | 5(5) | 4(0) {7(0) [5(0) | 9(0) | 4(0) | 4(0) | 4(0) | 6(4) | 6(6)
Mokpo Average 400 | 3,00 | 3.28 13.14 |3.57/4.57/5.28]3.17 | 3.00 2.86‘ 3.83 {3.50
400 {3.00121410.7110.00{0.00/0.00] 0.00{0.00 {000 {200 3.50
Maximum | 12(12) {11{11}| 6(6) | 4(1) [4(0) {8(0) | 9(0) | 6(0) [10(0) | 12(3) | 8(3) 18()18
Jeju average | 162 | 7-37 [4.00]3.0073.0015.00)5.57 | 4.00 [6.43 [4.28 | 4.83 [9.83
7.62 | 7.13 {13.00 {0,13{0,00{0.00/0.00 0,00 { 0,00 { 0,00 | 2.00 {9.83
{ ) : Monthly continuous clouded days lower than the ambient temperature

of 7C
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Table 7. The number of days below the ambient air temperature of

-7C and -9T.
2 o ¥ | -7Col3t A4 |-9COI3} U || A H F |-7Co|3} A4 -9To|} U4
3 d 20 19 3 = 7 4
A i 10 9 2 3 4 4
9l A 9 6 g 2 8 6
A & 9 6 ¢ & 9 9
T 9 8 o [~ 9 7
2 A 19 9 x 8 6 4
4 2 6 5 M oar 10 9
7 2 6 4 A % _ 10 10
a4 & 19 10 & A 6 4
A A 19 10 Hooat 4 -0
A Ab 9 9 o} 4b 4 0
3% 9 9 a 6 6
of A 9 8 T 9 5
2 At 6 5 -2 5 4
A = 8 6 A = 0 0.
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Figure 3(a). The number of days below the ambient air temperature of -7T,
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Figure 3(b). The number of days below the ambient air temperature of -9TC.
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Qsoi] = Qgey * As *Qgil  ~7TTTTTTOTToTTT oSS (b)

Qs = Qi r= Ag-qs ~—--mmmemeoe ©

2] ol E¢] douR] F4E (o) F 804 Hi= ule} Zo] 124] 30
ol 222k15%)S Rgrt.

Table 8, Thermal energy absorption rate of soil.

Tine @soir (%)
09 : 30 08.42
10 : 30 13.83
11 : 30 | 14.77
12 : 30 15.00
13 ¢ 30 14.95
14 : 30 - 13.18
15: 30 11.95
16 : 30 ' 07.89

4 ©ol A greenhouse cover film2| efFolix] F2& (& AER
Belstd B 9ojA B ule} o] 124] 3080 Fahgol 85%2 A T U
B oct
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Table 9. Solar radiation transmittance of greenhouse cover film,

Time r (%)
09 : 30 69.0
10 : 30 78.8
11 = 30 83.7
12 + 30 85.0
13 : 30 83.7
14 : 30 78.8
15 : 30 69.0
16 : 30 55.1

Y F3he greenhousedfo] RAEE ef} HaAL oyt X F
T 223t thE3} 22 WYL= A 4 ch

Qeai
ATsoi] hh'AW
Quit = Aw-hy- ATy ---=-==mmmmmommmomomoooooooe @
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- Greenhouseujol] 2¥ efot ojudxjo]l 2J3t A2 e ¥

A @ ® ©F A(2-14)q tigdstd, ki) ot

AW : hb(ATa“Jrsoil-Jrs)

i

Q

t2
Q = Aw:hy [ [(Te=Tas— ATy AT ]

Q, =

714,

I

m‘a TC_TM

\4
Iz(Tc~th—ATmi,—ATs)dt = DH,(Degree — hour)

Q. = Aw-hy-DH,

or

Qq & hh * DHS
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2. ofzt Wy ¥}

T

ofZtoll= Efgdel FFol ¢7] wWiRol Qg = 00l2E Al (2-16)o]4
AT, = 02% spd t}S3} 22 A4S EA "t

Qi = Aw-hy [I:z(TC—TM—JI‘soﬂ)dt]

or

G = By | [:'(Tc—Twl—zrrson)dt] ------------ (2-18)

t2
DH, = [ (T.—Tw—4Te)di & ¥,

QQn = Aw * hh . DHs,,

or

Qe = hy*DH, e (2-19)

o714,
Q. : Greenhouse heating load (kd/hr)
qQ

QL : Heat loss from greenhouse (l/hr)

Qs : Solar radiation in greenhouse (l/hr)

Q. : Absorption energy of soil in greenhouse (led/hr),

h, : Heat transfer coefficient of greenhouse cover (ld/hr)

hyex : Ventilation heat transfer coefficient (lkd/hr).
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h, : Total heat transfer coefficient of greenhouse (ld/hr)
(=h+ hye)

A, : Greenhouse wall area (nuf)

A, @ Greenhouse floor area (nf)

As

R, = 22

T. : Greenhouse cover temperature (TC)
Tae ¢ Ambient air temperature (TC)

Tei  Soil surface temperature (TC)

T, = T, — Teu

@,  Thermal absorption rate of soil (%)
Qi - Soil absorption energy per unit area
t : Time (hour)

Qqn : Nighttime heating load (led)

DH,, : Nighttime degree hour

JRIeA0 ophhiRste BEY P& ALddlae FHIYFSIRC
A7) wfoll oI YNIE 7|ELE YA ARl AAELR ofh YR
g M3t & 102 3% 48 o] Felstdch oo Is¢A HFMH2LS
T.=10C& 3tgrch

E 108} 3¢ 4ollA B v} go] A g7]2o] -10TA A9 Hoj ¢
B2 #HEBo] gl A$ 2361.7 kd/nf - night o]g 3, B HEo|
N £ 1416.6 ld/nf - nighto]dom, A ¢]7]20] oliol ute}
Hof ¢y Y3t AR st A U] 0Tex= Zhz 884.8,
505.85 lkd/nf - night i ch.
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Table 10. Nighttime heating load of greenhouse with and without thermal

curtain in various minimum ambient air temperature,

Heating Load of Greenhouse | Heating Load of Greenhouse

Minimun Ambient Air without Thermal Curtain with Thermal Curtain
Teaperature (T) | ()12 - night) |(Keal/uf h) | (ks - night) |(Keal/mf h)

-10.0 2361.70 144,73 1416.60 88.54

-9.0 2215. 40 138.5 1326. 44 82.90

-8.0 2068. 76 129.3 1236.05 77.25

-7.0 1921.43 120.10 1145.20 71.58

-6.0 1773.06 110. 82 1053. 66 65. 85

-5.0 1623, 30 101. 46 961. 20 60. 88

-4.0 1472.16 92,01 867.83 54,24

-3.0 1321.01 82,56 774.45 48. 40

-2.0 1171.58 73.22 682.23 42.64

-1.0 1025, 60 64.10 592, 32 37.02

+0.0 884.80 55. 30 505, 85 31.62

+1.0 750. 38 46.90 423.64 26.48

+2.0 621.48 38.84 345.11 21,57

+3.0 496. 72 31.05 269.34 16.83

+4.0 374.72 23.42 195.41 12,21

+5.0 254.10 15,88 122. 40 7.65
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controller,
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: greenhouse heating load

CUEE qq=hh(l_ ATsoil)x DH

aT, 0.65

DH : degree hour

AT, : greenhouse heating effect by heat storage in soil (T)

AT, : temperature difference between the ambient temperature and
greenhouse setting temperature (C)

LH : latent heat of PCM (kd/kg)

7 : efficiency of latent heat storage system

Cp,, Cp ° specific heat of PCM on the solid

and liquid phase (ied/kgT)

AT, : temperature difference between the temperature of liquid
phase and phase change temperature (T)

AT, : temperature difference between the temperature of solid
phase and phase change temperature (T)
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£27)9} 297 Alojof] AVACTHE(Automatic Variable Area Capillary Tube
Heat Exchanger)2zhs Fa7|& MAst Fd7lold U2 A2dduiet §57]
olq U2 32 ulzte] dafg 3HA sl EHZY F5d Eoled 719
3128 3slgch.  AVACTHE ujollqe] dattol] o3 S=HHE Iy 1o Uehl
et

o] YN  miE $&7IA U AAgufs} AVACTHE tube® Hoi7M:= &

gol, mye FUIleM U duj7t shell@ o2 Foj7ks fPolth

Liquid state

T |
(=T )i

Vapor state rh.

1
Distance  -----oooo--- —

Temperature profile of the counterflow concentric

shell and tube

Fig 11. Temperature profile of the counterflow concentric shell and tube
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EER CRTEPEREL

@ = My COi (Toin— Toowy* Nowre
= GuX0y X COt (Trin— Tt.ou) * Nuwe

e (2-65)
qs = mr,stps,g (Ts.oul— Ts.in)

= Gr.sxpr,gxcﬂs,g (Ts.out_ Ts.in)
Qs = q.:_' s

—Nw Uts'Ambe ATLM“

R (2-66)
< (2-66)4] 2% 8tef Q&= AGHAS, U,

U s - it a; 24, it a; \ D;,
- o Mg A

1 - L 1{ Do

Uts ag + Re + a; ( Di.l)

cUiegd 25X, 4T,y

T — (Tt in Ts,aaz) —(T!_oﬁ“— Ts,z‘n)
Ly = Tow— T "’
h’l Lin S, out
( Tt. out™ Ts. :'n)
. (TS_ Ts.ow)“(Tt.%_ Tl)

T3— T, owut
ln( Tt.oul_ T, )




. P
P49 %0.7355(Kw/ PS) X 860( Kcall h - Kw)x CO.
=Y.

----------- (2-67)
mr.t (hz—kl)
M” l ____________________ (2-68)
Gr=oxae0|
. M,,
Gr,l‘: pr“.x3,600
Nw,tx'af.fx ____________________ (2‘69)
a = v,,
Nuo sx’a!‘s
4 = D,
'fgs“‘) . Regg’ PI'S,'
"~ ' H S (2-70)
e 1.7+12.7-(%>°‘5-(Pr‘3,“’ Dol
(22) - Rey- Prs
N 1.7+12.7 - (-{3—"')"‘5 - (Pr&%—1)

-2
fi=1(1.82log yRes—1.64) }
-2
f5=(1.82log jyRe;—1.64)
05 Vg D,,

Re; = Hs
Ps° Vi* Doy
Rey = My
Grs ‘
Vi = NTA;
Grsi l
Ve = A-SA,

( )! ' »

o U Pehd theat gol & 4 Ak

-51_



A e
71 A
Jo :
fa:

Nese
Nu,f :
Nug, :

Pr :
R, :
R, :
Re :

Grs
Grs :
U, :

V!
Vg,':

a, :

Cr

_ O-SSXGY,Sxpgmx CpgasxATgm I (2_71)
- U,_S' Nm' ATLM“

friction factor of fluid in capillary tube
friction factor of fluid in shell

Number of capillary tubes

Nusselt number of fluid in capillary tube
Nusselt number of fluid in shell

Prantl number

Fouling resistance of liquid in tubes

Fouling resistance of vapor in shell

Reynolds number

Mass flow rate in shell (Kg/sec)

Mass flow rate in capillary tube (Kg/sec)

Volumetric flow rate of refrigerant in shell (nt/sec)
Volumetric flow rate of refrigerant in capillary tube (m/sec)
Overall heat transfer coefficient (Kcal/nf - sec - K)

Fluid velocity of refrigerant in capillary tube (m/sec)

Fluid velocity of refrigerant in shell (m/sec)

Convection coefficient of liquid in tube (Kcal/nf » sec + K)

: Convection coefficient of vapor in shell (Kcal/nt - sec - K)

Density of Ry, (Kg/nt)

Specific heat (Kcal/ Kg+« C)
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A, : Thermal conductivity of capillary tube (Kcal/ nf -sec+ T)
u : Coefficient of viscosity {Kg/m - sec)

v @ Coefficient of kinetic viscosity({nf/sec)

P : Compressor power (PS)

hy : Enthalpy of refrigerant in condenser inlet (Kcal/Kg)

h; : Enthalpy of refrigerant in condenser outlet (Kcal/Kg)

5. &4&7] (compressor)?] #2 AA

ol & UHU HA U&HY 23 Pnje AJRTE FestA oS Url

W — Wth,c —_ ﬁré(hz—hx)
RC Noomp * NMme Noomp * Tme
_ h—h L
hy— hy Neomp * Tme (2-72)
. . q
my .~ mr.cdz-zz__?h_sr hd = h3
. . ho—h hy—h
Wae = mpcllp=h) = =38 4a = 1=} * 4
------------------------------- (2-73)
”n
mrc=( Gsow)'pg' V,x’Zp{' 7y
ns., \( 7D
e (o | ) Do 2



- A&7 AFHEE, g,

l ad

Us

— Vc . psa!. ax"*‘dﬁv.ow
o = [1+ Vooms {1 ( Psat.e = Aby,in ) }]

1

“wlevsi-(3m) )

714, 0<9,<1

Cs

- A&7 H5Y AAar Y, (P, Pro):

P.= m, hp—by) (2-74)
D motor
L. KDZ v
Ppc=(hy—hy) - ( GOvc). ( 4‘”)'9}:‘2}:‘ "5‘;";,7—',;; ------- (2-75)

6. sy xmo] Mg, COP(Coefficient of performance):

ZE8 _ _heatgain _ 9w . .
COP= A T power input  Pgrc (2-76)

dy = ’kw * Chy (Tw.aa:'" Tw;x)
S Sttt ettt (2-76-1)
Qoir = Mgy * Cpm‘r . (Tax'r.our'— Tair. in)
e \ (D% 7y
Prc=(hy—hy) - ( = ) (52~ ) Dp+ Zy 5T —oeen(2762)

(2-76)Al0ll (2-76-1)A1 2} (2-76-2)A1 & st a3} Ul



_Q(:d_ Qsw
CopP = PC_PR,C

'hr.c (hZ — k3)

mr,c(hz - hl)/’?momr

My * COS Tuout— Tooin)
’hr,c(kz - hi)/??motm

mw : pr( Tw. out Tw. in)

COP =
IR E A
(hy=hy) (GOUC) ( 4 ) D Zy Neomp * Tme
------------------------------------------------ (2-77)
o714,
n,,., ' compressor motor speed ( r. p. m )

Vower © swept volume (nf)

Dy @ compressor displacement, (m)

pg * density of refrigerant in vapor phase ( Kg/ nf)

Zy + number of cylinder ( or piston )

7 ¢ ideal isoentropic process, the polytropic exponent

5, * volumetric efficiency of compressor

Diuen - isocentropic ( or compressor ) efficiency ( =0.72, Rice & Fischer )
Teomy * CODPression efficiency

Nme - mechanical efficiency



7. 87 A7 B3

.airx aa'rxAPm’f
Hp = Q008 . _Carxe kW |

L B (2-78)
_ 1 . Gga;rxpairx APair ]
HP = 4,500 Dfan* 1D (FS)

(2-18)M0lAd BANHRY, Cn2 LA APE e the go
(&&71e 3%)

- 37 w2
et = Cbaiy X Gy X puy X 4T

Gm‘r = Chu ‘201 T (2-78-1)

- 4Y st ;. 4P,

a) M4H (total pressure) : 4P,, = 4P, + 4P,

' 2
Oa " Vian

b) 5¢ (kinetic pressure) : 4P, = 72

. O, . 0.4 0.8
c) 3¢l ( static pressure ) : AP,= for Gor Ly (De ) ( Pc)

zpa'g'De"d’ Py

ANA, o= (u/p)"M

(i e x|

D%~ D% ) Hy- N}
4



A7) 4,

g : gravity acceleration ( m/sz)

f, + pressure loss coefficiency

L, : air flow distance in tube (m)

Pé : tube pitch in vertical direction to the air flow (mm)

P : tube picth in flow direction (mm)

P; : distance between two neighbour tubes (m)

Pg : vertical distance between two tubes lines (m)

De’ : equivalent diameter (4Xnet volume / total surface area of H.T.)
¢ : viscosity correction fator by temperature difference = (p/ ,)%"
Nmn ° fan efficiency, 65%

9 * drive efficiency, 95%

4p, : dynamic pressure difference ( Kg/m?)

dp, : static pressure difference ( Kg/m?)

Hy, :

N : number of fan motor
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Table 11. Effect of phase change cycle on the thermophysical properties of
NazS0s » 10H:0(SSD).

Numb
Grade of SSD |Phase i; of . Tm Latent Heat Cp(id/kgC)
ra
© e e (o) (ied/ kg) Solid | Liquid
Cycles
Reagent Grade 0 29.72 53.08 0,742 1.002
0 30,33 52.50 0.680 0.779
100 30.20 52.30 0.635 0. 782
200 29.90 52.00 0. 584 0.822
Industrial
300 30.00 50. 30 0.701 0.885
Grade
400 30.90 48.90 0.703 0.899
500 30, 30 49.50 0. 701 0. 854
600 30.50 50. 50 0.702 0.855
35 55
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3
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] =
o] x
0 3
m A
&
2
Y A e 47

25 1 i i i 1 45

0 100 200 300 400 500 600

Fig. 12. Variation of phase change temp. (Tm) and latent héat of
NazS04:10H0 + BRX + AAP according to the phase change cycle,
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1. g2 Tube 773

2R EFIZE Ut ¢sle Az FEE 2Y 13(a), (b)) 2ol
ol Asta RN A wSo & + UXRF wEAULE A8 & polyeth
ylene film + Al film + polyethylene film +Al filme 2 ¥ tl& filme 8 3
e GRS 2std 507 x5™"X500"" % stk ¥ 13(b)9} Lol H
G2l TubeE AAY 4 Ut HIFE Y24 (unit elepent)§ F431q ol&
PPz 2 BYEsto] 4§33 FHRE FEY 5 UES stAch

Unit element of latent heat storage system

PCM tubes

4 4
l‘

'//4 / l"/// Vo ’
e l‘.‘l//// Li// ) ||
)

Steel frame

Fig 13{(a) Unit element Composed with PCM tube



Fig 13(b). Photo of PCM tube and Unit element composed with PCM tube

2. A3 AEHE= Ay

A ERE POM FEE 74 E el fL(unit element)( 2] 13(a), (b)
B2 )E 2Yst 23 14(a), (b)) o] A, Az}sted z]3ste] vfdsiz 2
Ashe2oly Jof efjgde] 2zt 7dE o2 2717} blowero] &3} PCMF
B ilolg ¥3tR2 A dolluzrt AZE F efYgo] ¢gla sk f 37
7t AR xR Wobd u A FI)7 &8sl 1A Uiy FI1E 71ds}
=& sjgrch
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=
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Fig 14(a) Underground latent heat storage system

Fig 14(b) Photo of the underground latent heat storage system
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Fig. 16 Accumulated solar energy and stored energy
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Fig 17 Greenhouse heating effects of solar energy - latent heat storage

system
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storage system,
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Fig. 19 Classification of heat pump
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Fig, 21 Photo of Water to water heat pump and Experimental equipment
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Fig. 22. Relationship between Rz pressure and water flow rate in

accordance with expansion valve type
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Fig. 23. Inlet/outlet temperature of main compoments of heat pump with
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Fig. 24. Effect of inlet water temperature and temperature defference
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Fig 25. The circuit of air to water heat pump,
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Fig 27. Photo of air to water heat pump and expenimental equipment

U Ay

F 120149} gol AY Hfol ZPYFS A3 V-8 s|EUZY I8N
2 4%S st A8 71282 19979 19 ~4oglem, of 7|zb] U
-15~16TE & YA Wslgdong £ Ao 43¢ ddss U3d 234
o] ztdel 2y IciE YURUS qdddon, FH70 Eolvke B9 &&:
ez A 28Y $ el 223 B9 #U92 0F Pz HIA 7
flowmeter2 &As}ich 22]n oS FUscaleZ Yol whAPEZ HIA
A 7iq Aygsidct



IR L 2714 YElE H2adol Axstd S vl AYsIGon, AVACTHE
£ 37102 2DAZSIR by passE A 1 4 HAY 4 AEF st

Table 12. Combination of experimental variables and measuring items
for heat pump performance test.

. Ambient | Water Water [Refrigerant
variable
air inlet flow charging L
Measuring items
item{ temp. temp. rate rate
() (C) | (1/h) | (Kg/nt)
- Temperature of important
point of Ry circuit
- High and Low pressure
13 7 5 250 & Pr
10 10 300 550 + Water temperature heated
by condenser
- Electric power consumption
« AVACTHE effect
5. 23 9 2%

7} B71-2 HEWS 2o ¥ele ¥n) YEF 2E

a3l 280)M R ule} o] wWojsl SIEHZ H2UE ¢F7 st A
-N 2 Wald A £85I AU W Yoi(R22)Y &5 71 -10TolA Fi
7] J&3F 2527} 5THem, AVACTHE A @Ho| 45 437 ¢4+ 2%
o} 27 257t g4 Uelytclh 2|3 AVACTHES] dad HHo| HS4F ¥
H oAy =2t A Jelgten, SN Q&7 2EAE 40C0eH, &
27] d&F SEAE= AVACTHE €a$t d3o] 245 3A Ueldlz Ay sHdc)
4 oiAlel, 2o o Y2 S 431 USE ¢ + AUArh



a3 28oA HFo AR H 7 Fo PSS A dAHoE v 2W ok

2 Zrch
Ev.i : Inlet of evaporator Ev.o : Outlet of evaporator
S.i : Inlet of shell in AVACTHE S.0 : Qutlet of shell in AVACTHE
Cm.i : Inlet of compressor Cm.o : Qutlet of compressor
Cd.i : Inlet of condenser Cd.o : Outlet of condenser
T.i : Inlet of tube in AVACTHE T.o : Qulet of tube in AVACTHE
EX.i @ Inlet of expansion valve Ex.o : Outlet of expansion valve
by : By pass 1-ex. : AVACTHE area of (0.062nf)
2-ex. : AVACTHE area of (0.124nf)

150

g AVACTHE area
120 i % 0cm (bypass)
T . 4 1495.4 cm
5 i Air to Water ©1794.5 cm
< 90 | Tambi. = -6°C
o Tw.i = 9.0°C
g 60 +— Waterflowrate: 150 i/h
p=]
= r
g L
= 30 +
@ L
I
0 ‘\gﬂﬁ'—‘
-30 I 1 1 1 1 1 1 1 1 ] 1
Evi Evo S.i S0 CmiCm.o Cdi Cdo Ti To Exi Exo

Inlet and Outlet points of Main Components of H.P.

Fig 28. Inlet and outlet temperature of main points in air to water heat

pump circuit



uh doje] By 3 - A3} 27|23 #A

16.0

Prassure
| | ® Steady-state(High)
L | A Steady-state (Low)

Air to water

Orifice type Expansion valve
mass per pipe volume = 4986.8(Kg/m?)

Static Pressure (kg/m?)

FUR SO SN SN S FUU S S S

0.0 NP YRTITUTNS SRV ST SO YN ST SO GHS ST S SN
-15 -10 -5 o 5 10 15

Ambient Temperature (°C)

Fig. 29 Ambient temperature effect on the static low and high pressure for

maximum COP of heat pump

CoP7} izt S ol $43tn, 2 399 EHIZI Y el
A2l 3. At BY ¢heo] 2] e ulel W= HelE £ FesiArh

a7 29014 Ei= ule} o] 97]&o] -12TelM 10TE F7Hte] wjel A<
2 5.5 kg/afollA] 7.5 kg/af® FMH F71E RGO, A 6.0 ke/afollA
8.0 g/t 2 F Y F7HE vehfdch

-81_



th §&7] 47 %o thy AVACTHES] 4%

S37] 4F Exof oyt AVACTHES] ¥&2 13 30-@eollA2} o], AVACTHE
7t 9+ 7 $(bypass)oll €27 3 25+ 110~136To]g 2, AVACTHES] =3
ol 111.8 il A 7] ¢F 2EE 122~136TCol g o, AVACTHES] H3Ao|
134.2 il Z9ol $27] YF SEE 134~1492 Yeidel. o9} e A=
S| E HEof AVACTHES MU T A COP7t ¥AHS, ASS ArRE FE Ro|
t}.

a3 30-0)ol] ehd A3} o] AVACTHEZY ¢l 7-9-9F AVACTHEZF AX€ 7
ol 37 dF LEE &Y Y& Uerh oYt AL, §H7 ¢
25 97|2o] F71%e] wie} vl o2 FIIRich AVACTHEZF A€ 2%

44

rir

2382 & A f(by pass)ol ulsle §H/I| UF =7t ¢ 15~16BE o &
A Jelsict

160 7

[i Ambient temperature(°C ) . J
: O _6 'y 3.5 . 12.5 Alr to Water ’I’

é 150 T E /:
g P
2 . o
& 140 : 4
é‘ s i L
8 ' el
§ 130 - "’,’, fo]
€ T
2 120 + <ol o Q
8 o °
3 £ 8

Wt ° [Water flow rate 150 Vh |

100 +————+——F——+——F——F————

0 20 40 60 80 100 120 140 160
AVACTHE area (cm?)

Fig. 30-{a) AVACTHE effect on the condenser inlet temperature

_82...



160

AVACTHE area (cm?2)
"| ®0 (bypass) -4 1495.4 © 1794.5 Q

150 + KOO -]
(<) — e § o
‘Q‘s 3 @ ‘_,—“Q*—" -
2 140 + @ .- - //
3 i @--"77 O%"‘R -
5 ‘e
s L
® 130 i
g
@ L
0.
£ 120 +
8 |
B
= i Air to Water

110 + ir

T [Water flow rate :150 !/h]
100 |——4 e

1 3

L T
10 8 6 -4 2 0 2 4 6 8 10 12 14 16
Ambient temperature (°C)

Fig. 30-(b) Ambient temperature effect on the condenser inlet temperature

g}, $]7]-20] AVACTHES] @a®e] njxj:= 3%

9j71&0] AVACTHES) @zl mat osre 2y 318 Zom, oA
AVACTHES] )79 278 &5 lole ol7) ol oulaistnl, AVACTHES] o - &
7 2% Aolt 9471& 0T olstal H$7t 271 0T ol Hemrt o A
th olgi@ sk 7 0T olskl AL 0T oldad AN mrh
AVACTHES] §2% Zgol o EThe A& omuct.



60 <
. AVACTHE area (cm?2)
i \\O A111.8 ©134.2
| "o
50 - N Air to Water
- \\ O
i S g Water flow rate : 150i/h
‘\
\\
o 40 o
e [ o e o
o 6 ~
— N © ..
30 1 . a o .
L A S .
I A & e
20 + R © Tt
L PO N Tt-..O
y' ~e S-_-
L e a a
10 +———— =

-14 -12-10 -8 6 4 -2 O 2 4 6 8 10 12 14
Ambient temperature (°C)

T.i
T.o

inlet temperature of AVACTHE tubes
outlet temperature of AVACTHE tubes

Fig. 31 Ambient temperature effect on the inlet and outlet
temperature difference of AVACTHE tubes

a}, AVACTHEZ} %33 wiB o] digof njx]:= o8

27 Mo wE P} wWHo Hud 17 320 Fow, AVACTHEZL gl
Z¢ 3 Ygee] 9l - 23 2 Aol FE 45~50To]gl oL}, AVACTHEZ} A
XY ZF =B YR ¢ - &7 &% Aol 97|29 Fto] whel 0~28T
2 Z7istedch

AVACTHEZY ¢l 7 F-(bypass)oll % iHeo] Qo &3 2% ol:
AVACTHEZ} ¢l& Z-¢Mct} Al oL bypass®] Z¢ 279 2728 ¥



] §2 =7 @28 glo] WY HEz AP FASI] deld, 28y
AVACTHEZ} HA1" B-folles §3716M Yes 222 Yujrt Fu7lddA ve

.

£ 52 252 Jojet daBg ¥ Fol A WHE Ferhr] dielch

75

T
t :
- A By pass O AVACTHE(134.2 cm2)
80 B
A “iﬂ Aa A
AA 4a A a 4

45 f e Ao e A A Ko memm e
o
O
> G T8 I R e e e e e
i [
- 00 oo o O
i g °

15 f-oommeomn - RS GO

P o o o°
o] " P
olo &
0 e
-15 f t f f } f
-10 -5 0 5 10 15
Ambient temperature (°C)

Ex.i = inlet temperature of Expansion valve
Ex.o = outlet temperature of Expansion valve

Fig. 32 AVACTHE effect on the performance of expansion

valve in accordance with the ambient temperature

vh. g 5 3E g2o EE Ju] FYRAE

3E Wy} (AL HA - FAHAT) stele ule} S|E WX 3o



YL BoiPo] FAHR] odolrhd, I A&

gich 2222 97| et i H{YFS

=2
(-2

o 45e UAY

#
0

L 32
FUY £ o J|Fo] HE

=RE U=E AL off Fo3ich E g2 H52 N 25, A
Jeg 3gte] upe} Wetsia P Yo FUFY Aol 2fste] HEch

3% 33-(a), (b)ellA 52 2, HA4% e A% e 2
AFolM HEE Fste] @& Folrh e Azt HAL "typical heating

data chart" %8 4.2 Zlolc},

3§ 33-(a), (b)ollM B 2} Po], AH L "typical heating data
chart"e} 79| dxjtct 2EE, o] =R E FYU} Wi 4, ¥ &z}
7149 B9 252 P40, 3|E Ho & Ynl AR FUTE M3l

AHgRIe 2 A Hrf C0PE E&4 AA "rh

-] T
haatad water temperatwrel°C} ,’
S5 ¢60 485 OO ¥75 g,’
4.5 40 1'
e 7y,
v 7,
’ ” ;
44+ ,/ ’ /’
’ I’ ; &
& //1,'. ‘E
§ 354 . R g
g Air to Water S P4
2 I’," /’ 3
34 R
//’.‘ a
7’ e
/,”/‘ §
25 -+ ARy
s, §
] L ]
.l,l(
2 4 ’
o4
R
‘£
s ”i
1594 it ‘Water flow rats 150 Ih
v::/
rd
1 + t + t } }

(@) Suction pressure - Ambient temperature

28
[ heat water temperature°C ) N
S5 €60 465 O ¥7S .
. o0
#;
B S8
. v ’
Air to Water A
’ v //
0+ ‘. ’ .
,1 O,',. /I
&0 . ’
z, o 1’ /’
19+ * N .
4 7
“ r
-,j L7 L7
’ ’ .
‘- ” ’1
16 + P s 7 e
- | | .7 z,
' ,’ ”
4 )’
/1 ,’
13'3’/ - lwl
o7 IWater flow rate 150 Ih |
10 $ + 1 $ $ $

-5 -10 -5 0 $ 10 15 20

Ambignt temperaiture {°C)

(b) Discharge pressure - Ambient
temperature

Fig. 33 Refrigerant standard charging chart in the heating mode



Ab Qo £iFo] B|E HZ Fol nAe %
1) Re T2 o] & UF7]Y 20 Y

3% 34 Re FYBY Astel W2 FE WE AUZ7)e L0 Aol iy @
BE& 29 #% ‘%i vehd Zlojch 45718 48 YL Rz FUZ SV @

2} vl FHPoe %ﬂb’}ﬁ"tﬁ Rz $£U3 380 kg/nioflA] A0 AHPL
ks iﬁt}.
3,500
L Water flow rate (I/h) mmm
| © 300 « 200 m 150 -
B .y
3,200 AAam
I ;L ooo
£ 2900 + . Wa
s - ./1, ,‘ O’O‘ O
S - S A L
é N all ’/" ’,,6
3 2,600 - S Po
| ol o - N ;
o . s rd
(b o ;l /, e
S B (/ ’ D
% i T
& 2,300 + - )
-6 Air to Water
Lo II 'A‘ ”,’
T  Tambi. = 12~ 16°C
2,000+~ - | Twi = 14~17°C
1,700 A

170 200 230 260 290 320 350 380 410
R22 Mass per Volume (kg/m?)

Fig. 34 Relationship between Rz charge mass and compressor power
consumption



S&71o] FLHE= B9 §F 150 1/h, 200 1/h9} 300 1/he] BE Z9, 3
A0 AL Ry FYPol 380 kg/ U wf YEINITE 2] 40 **%i% %%
o] FAUsle B9 %ol BAUsLF Fslddct a2 J|E HZe CoP
Mg dHAE U4H7Y 42 Y F|E PO mlo|Z A|AY Re Yo
RS Y 57 T 49 FHsHA EAsle Zo] Yasicl

Hito] & 85718 E+ %

Yo

2) Re 7U2

Rz 4B} $H71004 F+ d33e IFAE $3712 ¥YsHe 89 #
2 wo w2} 3¢ 350 vtehuliglch. 3@ 35004 R Az o] FHIA
F49 432 Rzl FEBY F7lol mel F7stda, 5719 ¢ 4939
Z7H82 Re $UY 290 kg/m o]3lollq qton], 290 kg/nf ool 1 71
&o] Zr4stgct

9.0
Water fiow rate {I//h) o
o] @]
OC300 A200 ®m 150
8.0 +
x 7.0 +
§ X
E L
3 6.0 T
>
5 .
S f Air to water
g 5.0
S r Tamb. = 12~ 16°C
= Twi = 14~17°C
4.0 -
3.0 +——— S S e e e

170 200 230 260 290 320 350 380 410
R22 Mass per Volume (kg/m?3 )

Fig. 35 Rx charge effect on the thermal energy gain of
condenser in accordance with water flow rate in
condenser



S&7oA FoEHE 432 Re FUT 290 kg/nf o3t §FIIZ £
= B %ol A IS v UAXT, 290 kg/m o]l P E9
|3 F7lol wa} vlEsld F25toch. ¢ EFY U He Re FUF
2 380 kg/mo 2 &0 20 AY Hrix|Y Fho] vehd $x|e} Akt 2
2]3 Ry 2U2ko] XA Rpy FYB2} COP (Coefficient Of Performance)2te]
A BMS Bl S £ US Ao ykrh

3) Rz 3¢ 8F0] COPoj njx]j= B

3| E HIX XA 3mlo|Z NAY Rp FYUFo] w2 COPY HAHE FHIIZ
o7k B¢ 3 wze] whet 27 360 uehigch

33 oM RE A3} gol, §A712 Folsk: B 3ol 150 1/h, 200
1/h 12]3 300 1/hol| 4], COP& Rz ¢ #o] 170 kg/niH-E] 350 kg/m7px] HY
ol ube} ulelW oS Z7bsIL, Rpe) R 350 ke/m ol Aol COPE ZAY
t}h. i WA, gF7o] o7k B K¥Y A B¢ EF C0PY x|
R22] F¢io] 350 kg/m uf LtELNiCE

A&7 A0 AHY Hcizig} $27] FF EFY HchxE Rz FYFol 380
kg/nt & wio]glen}, ) cOP7} Uehd 22 Ry U3 350 kg/nfollA UERG
AL FAY 9t Ao|r},

_89_



covp

3.5

3.2

29

2.6

23

2.0

Water flow rate (I/h) oo
| © 300 200 @ 150 O e
-5 o =X
ot jo )
&
o - /,/ ___,_.A.-A.,,_~‘ A
. s A RN
O A & A
5 K s A
4 2 A . B,EgmRS
I’ l,, . /’,” - .\\
’I ,/ (‘,’ -
’/! ,,A -,”,
127 Air to Water
’/ I// /’-
‘A Tambi. = 12~ 16°C
o : Tw.i = 14~ 17°C
i 1 1 i 1 L i 2 i i 2 1 i : X i i s i
I T 1 T T i i
170 200 230 260 290 320 350 380 410

R22 Mass per Volume (kg/m3)

Fig. 36 Rz charge effect on the COP depending on the

water flow rate in condenser



g

o}. AVACTHEZ} COPojl mjx]&= o

%

1) AVACTHE?} Qt%7]e] 4] Bejol ulxlt &
WACTHEZF @1371¢) 20 ddo] nlxe Q8 9712¢] A3t met 13
7ol Wehdglch. I3 7ol B 3 gol, 4BV A0 AP 97) Lol
Yol wet vdPoE FAAsAON, Mol 40 AL bypasse] BF
7} AVACTHEZL M9 7$xch 15% o Zlom, 91712¢] &olu4% bypass]
797} AVACTHEZH 4219 799 22 dguct 44 25 vehuret.

3.3
AVACTHE area (cm2)
L | # 0 (bypass) -A-1495.4 ©1794.5
. [ ]
3.0 — Air to Water J
g Water flow rate : 150 I/h r P
= Su
X - A
z 27 o~
= e
S S
Q
£ S A
2 L.l aw V4
8 .
S s
2 /
o yd e
e
21 L &
L/
%
18 B
-12 -8 -4 o) 4 8 12 16
Ambient temperature (°C)
Fig. 37 The AVACTHE effect on the compressor power

consumption as a function of the ambient témperature

_91'_



2) AVACTHEZ} %718 &4 I3l nlAe 3%

AVACTHEZ} §&716M @2 d3ol nxle 98-S 27]& W] met 34
380 Uehfigich. 2 38042t o], AVACTHEZ} MAIE 792} bypass®] B¢
271 -12~-5ColA @ dF9 Aol FR3A Atk 22U 4712 5T
ol 4ollA bypass®] -9 AVACTHEZ} MX® F-Htt SF7|0AM E= d¥ol
o it

110
AVACTHE area (cm?)
- | ® O (bypass) & 111.8 O 134.2 e
[ "
100 >
= Air to Water "
8 . &
: .
£ e}
| 9.0 + 4, 4
x O
£
8 o8
> )
= o)
S 8.0 + (@)
©
£
a’ =
(=
I d|‘ éé .
7.0 + 1
: Water flow rate : 150 I/h
I A |
6.0 i
-12 -8 -4 o 4 8 12 16

Ambient temperature (°C)

Fig. 38 The AVACTHE effect on the thermal energy obtained from
the condenser as a function of the ambient temperature

_92_



3) AVACTHEZ} COPofl mj]= 3%}

AVACTHES] H3 H3}7} COPol] njxjE 23BE 27|29 48 23 390 e}
ualch

3% 3904 R ule} o], 9)7]2o] -5T o|dlollA] F|E HTo] AVACTHEF
AR 73928 COP= AVACTHEZ} @l Z-$-(bypass)®t} ¢ &4 uUelxtony, -
5C ol4te] 87]elld = AVACTHEZ} ¢l %o COP7 Y &2 HAS Rach

ol 2 A= 3 E HI Ao AVACTHEE MR 22 #7]20] -5T
ol3td wi NEHSY] &3& R =34 3FE AL EE0l3, 0PE A F7MAA
FE= 9U4E 512 S-S F9 33 Adch AF7HA] B E HE AjAglo] 97
& -5T olstola AL2r} ol Ao HIAFD glon}, o] x2S Y
go2 A 482 sHso]l A Aoz gk

5.0
AVACTHE area (cm?2)
B O(bypass) A 1118 O 1342
Air to Water
45 +
4
oéhk
o s 8 - h 8@0 =
o 40+ "W o B
° o
A
5 ‘
|

YR ROV SESP U SRR SN SO ST SRS SAAT SO WU S WHOF SN ST VOV RN WO G N
T H ¥ i ¥ T

-8 -4 o 4 8 12 16
Ambient Temperature (°C)
Fig. 39 The AVACTHE effect on the COP as a function of the ambient
temperature

P

3.0

. Ofb
3.5 —ﬁ o
-

1]

2

..93...



6. 371 - B S2UZ N2 74 R 45U FH 29

tf71 5ol Az e AL oY E o] &¥ iseA A LHES
7Rutst] ¢l st

271 - E8Ele 718 33 BAEHE ALY + A= BYY slEE=E
2% 252 2§ 272 ol 44 Al 1 S HYstach

o] Al&% ol dd Y2 rt -5TColBlAE B2 4¥oE
S|EHET} ¥ £ Q& & dh= AVACTHE(Atomatic Variable Area Capillary
Tube Heat Exchanger)& AX|3lo], o] 247} S|EER Hio njx| A%
AEHes FAstgct ol ANE aoshd thdat Ut

1. AVACTHE®H Zo] 134.2afQl 39 ¢&7] E22=L 1M0CHLH,
Bypass2| Z-foll 120CH 32, oluf E U&7 LEAE H0CE
Bt '

2. Yol E FY3I2 AFY F BR] Y¢S U2 -12ToA 6.0 bar,
21712 10TCoA] 7.8bar o], ojul AR YL 5.0 bare} 6.8 barg
Rrorc}.

3. Ry FYE I0kg/m2E ¥ uf COP7} Hehx & By
E&710M HHEFL2 Ry FUY 380ke/ oA Lfelton,
a8 %2, 8000 ~8, 500Kcal /hro] it}

4. S|EY= MHuASL 0P &7]&0] -5Co|8lolA] Bypsse] Z-L¥c}
AVACTHES MX| ¢ A7t &9tony, AVACTHES] W3 134,20 o 713
< COPE Yehiigdct.



A 3AH Z7-37 SIEHE 744 L HeAdE

1. 371-37] dH= 3= 74

QHEE greenhouse -8 02 AL s17| Astd -3/ GBI A
Ag 299} o] 14 407} Zol FAstart.

@ Expansion Valve Heating @ - @
@® Dehumidifier Coolin
p¢ Hand Valve g @ @

®

@ { Capillary Tube Ee
He X o . "
Coe-
/&}
N

;Hu

Greenhouse

Sun space
or Exterior

g}‘h }; Ha

Compressure

Fig. 40. Circuit of air-air type heat pump system for the greenhouse

heating and cooling.

..95_



2. 371-37] 9= A&7 A U HE
7h = 229 A2

33 40004 B upel o] @2 A&7, 02 IF/(ALE) Ex U
(o§E€3) 12l @ greenhouse Hiofl #X|3 FWINHALH) 2E $HNH
£3)§ Yehda rh. @HU2 Reversing valve®A Juj & WS 2Fst
o QHol qFHolE FU7] 4TS 3t YYBLE AFHEH sla, ALH
ol &7 S 3l WU 2E AFIEH Sh= 4way valveo|r}.

olo} o] YW EUX T xe Z} K& A IR A 5HolA FYIS A
Al ol 8o &3l 1 FRE AP A 13 413} Po] A FsiAct

@ : Compressor



@ : Evaporator(in winter season) or Condenser(in summer season)
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Fig. 44 The AVACTHE effect on the COP as a function of the ambient
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Fig. 45. Energy balance model in the greenhouse heating system
equipped with PCM storage unit and the heat pump.

ojg} U2 AIF B & A2 Felstd chEat Pt

Qoirt Qroat pems= Qi+ Qut Quit Qopt Quivt+ Qe "“'*;(5'1)
A7 :

learz r XIS """"""""""""""""""""""""""""""""""" (5‘1"“1)

Q hoar pomp = COP XElectronic power consumption ~-----=-=-=-=---- (5-1-2)

Qt= Ag' h:(l—'fr) (T:‘n“' Tambx) """"""""""" (5‘1"3)

Qv=Ag. hv (Tin'— Tm) ““““““““““““““ (5'1"4)

Qui= @ wiX AgXRgX t XL,= ZmiCPAT, ----nmwnmemmameoes (5-1-5)

A,—~A
e ( 2T Forop
Ry=( A, )
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Qup = RerpX @ copX 1 X I

=(1-R)XagmXtxI, ~  ommmmmmemeeeeoes (5-1-6)
Qm',={ka+$\7’ hu}x riza;,
={ct+x(LH+ c )} X myg,

={Cpt+0.6220££ (LH ooy + CIX Mgy ~ mmmmmmmmmmee- (5-1-7)
Q pcu= M pcut,solia™ € p sotik Ts,— Ts,) + LHpcuX mpcy

+ m pout liguiaX € p tigad To,— T0)  mmmmmmemmeoe- (5-1-8)

- GEIZSYE 4 d¥ vk Zol & 4 AUth

Heat gained from heat pump = Input power X COF -----—- (5-2)
’hr-e(hz—hBY 7 motor
COP = - nolr.
m . oChy— hyy
— ﬁw’pr(TM_Tu—n)'ﬂmm
mr.e(hz_hl)
- "hwcg A T wout— Tw.;n)
- 7 s comp Dz" 7 --(5-2-1)
— - s. - K - - » L
o7}

Qo = Solar radiation in the greenhouse. (Kcal / hr)

Qmmm = Heat gained from heat pump (Kcal / hr)
COP = Coefficient of performance of heat pump.
Q

Q,,. = Heat loss by the ventilation from the greenhouse (Kcal / hr)

Heat loss through the greenhouse cover (Kcal / hr)

Qm,-,— = Heat absorbed and released by the soil in greenhouse (Kcal / hr)
QC,,,, = Heat absorbed and released by the crops (Kcal / hr)

Qu, = Air enthalpy in greenhouse (Kcal / hr)
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Qpcy = Heat storage in POM (Kcal / hr)

r = Transmissivity of greenhouse cover

I, = Solar radiation on the horizontal surface (Kcal / o’ hr)
h, = Heat transfer coefficient of greenhouse cover (Kcal / o hr T)

h, = Ventilation heat transfer coefficient of greenhouse
(Kcal /7 o hr T)
A, = Floor area of greenhouse (o?)

f, = Energy saving rate by the thermal curtain

@ . —Heat absorption rate of soil

A,—
R, = Ratio of soil area no covered by the crops = (——-K—Z-éﬂ)
£

A
R.,,, = Ratio of soil area covered by the crops = (T‘im)
g

h, = Enthalpy of dry air (Kcal / Kg)
h, = Enthalpy of vapor in the air (Kcal / Kg)

x = absolute humidity in greenhouse
LH = Latent heat of water vaporization (Kcal / Kg)
LHpcy = Latent heat of PCM (Kcal / Kg)

-

m, , = mass flow rate of freon gas (Kg / hr)

m,, = mass flow rate of water (Kg / hr)

p, = Partial vapor pressure in the air (Kg / of)
D, = Partial dry air pressure in the air (Kg / cof)
m, , = Mass per soil layer per unit area (Kg/nt)(soil layer depth of 5 cm)

i = Number of soil layer
¢, = specific heat of soil

AT; = temperature difference between the soil layer
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d2x F4L 1Y 46(a) A s, AH NEHSA|AYS BHES 9
46(b) 2} Ut}

Air to Water Heat pump
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Fig. 46(a) Heat pump system and experimental apparatus

- 107 -



Fig. 46(b) Photo of hybrid heat pump system and expensimental apparatus

2. BdHd Aad

3% 47 (a), (b)ollq RojFa ol FIERIZE Al WA, 3ol Yt
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1000kg X 25kcal/kg = 23000kcal
6unit X 157kg =
108bags

6 X

i8 =

942kg (PCM 0.942ton)

Empty space
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Q a 7 [+ Q
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%

Fig. 47(a) PCM storage system
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Fig. 47(b) POM storage unit
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3. 3392 - IEYE - FAFE A2 UEFA R WY
7h. A8 A

agsheA X 3(Greenhouse effect)E o] &3l HAH AU o el
Ux|& #dL3(35~40 Kcal/Kg)ol & POMef] £4d3slo 1 oUA| & el U7 =7}
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Solar Radiation

AN

Pyranometer —— %
)

Fan Speed
Controller
@ Latent Heat Storages System
@ Heat Pump System
»% Dry Temperature Thermocouple
Remark : Autometic control system was involved between O and &
Fig. 48.

/_ Amnbient Temperature

ol

Braporator

+-—Hybrid Recorder

Greenhouse heating system and the experimental equipment

Table 14, Dimensions of greenhouse heating system and the thermal

properties.
Main parts Dimension Material thermal properiies
fﬁ?l_ = 0.65
Width X  Lengthx| . . Red
. - Vinyl filo Where
Height
(Greenhouse A ¢ greenhouse
= ToX14m X3, 4o - Steel pipe cover area
A, * ground area
- 00P =2~ 4.5
@ Heat 3Ps (air to air) R - Heated air. Temperature
Pump 2
= 35~50TC
- PCM storage cart! - Al + polvethylene |
WidthxDepthxHeight | gijm ‘_“‘;g“;(i‘:}@
S P = 700mm X 700mm e
storage X 90Cum - Stainless - B hange
system |~ Total carts : 4EA T er:turee
" POM pass : NaSO, - I0H0 | = 18~22TC

68EA X 12Kg/bag = 816Kg
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E3F aIsheA Aziytel] 1704 27§2] pyranometersE A XSl 2RISHA
wele] eiRZ=E FAstdon, A3e2 AW ejYdE FHEE 4
+ A5 5, EY2EE FF3l xF FEYS B4 + A=F A
t}.

A8 W9y

Table 15. Combination of four type of greenhouse heating systems
composed of 3 main parts and the measuring items.

Solar
Greenhouse Solar Solar Greenhouse -
heating |Solar Greenhouse - Greenhouse- [PCM heat
models |Greenhouse |PCM heat Heat Pump storage-
Storage System system Heat Pump
Measuring items Systenm
Ambient
O pabien ® © ® ®
@ Air Temp. in
the Greenhouse ® ® © ©
@ Air Humidity in
the Greenhouse © © © ©
@ Floor Temp. in
the Greenhouse ® ® © ©
® Solar Flux © @ @ ©)
® Inlet and Outlet
teap. of POM heat X © X ©)]
Storage System
@ Inlet and Qutlet
Temp. of Heat Pump X X © ©
Condenser
Air Flow Rate of
Heat PumpCondenser
and the PCM Storage X ® © ©
system
)] ::::rpu(?:pnsumptxm of x x ® ®
@ Data Acqm?xtzon, 20 20 30 30
Interval{nin)

* QEE UPSAY 29
xEE AYE 285 g A9
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Fig. 49. COP of the heat pump with ambient temperatﬁre.
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Fig 50. The characteristics of The thermal energy flow and temperature
variation in the greenhouse without heating system with

the legal time
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Fig 51. Heat flow and temperature variation in the greenhouse installed
with PCM storage unit with legal time,
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Fig 52. Heat flow and temperature variation in the greenhouse installed

with air to air type heat pump with legaltime
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Fig. 53. Characteristics of the thermal energy flow in the greenhouse -
PCM - Heat pump system with the legal time and the variation of
the inside and outside air temperature of the greenhouse.
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Fig 54. Characteristics of accumulated heat transfer and temperature
variation in the greenhouse - PCM - heat pump system
with legal time
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Fig. 55. Greenhouse heating effect on the basis of the ambient air
temperature
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E.S.R = Thermal energy saving rate
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E®& = Solar energy stored in the crops

EPS = Electric power consumption of heat pump system
G.H.L = Greenhouse heating load

COP = Coefficient of performance of heat pump
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Fig. 57. Energy saving rate with legal time in the greenhouse - POM - heat

pump system in the night and sunny day
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