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SUMMARY

[. Title
Development of high efficiency greenhouse heating system using bubble jet type heat pipe

II. Necessity and purpose of research and development

Currently, farmers are having great difficulty farming because of the rise price in agricultural
materials and oil. It is necessary to develop a horticulture root-zone heating system using a
bubble-jet heat pipe in order to solve the energy problem and prevent pollution. The purpose of
this study is to have a international competitiveness by improving the quality of the crop through

the root zone heating.

IV. R & D results

Prior to this study, we surveyed the related study literature and investigated the operating
conditions. The clearance change experiment and heat transfer enhancement heating surface
experiment were conducted as high efficiency method. Internal flow visualization experiment was
conducted to know the operating principle of the bubble jet heat pipe. Also heat sources change
experiments and performance evaluation was completed. In order to put bubble jet heat pipe to
practical use, the foldable bubble jet heat pipe was developed. Through the field test, we confirmed

the commercialization possibility of bubble jet heat pipe.

V. Research result and utilization plan

It is possible to improve marketability and shorten the growth period of the crops(paprika, tomato,
strawberry, cucumber etc) by using a bubble-jet heat pipe root-zone heating system. In addition, it
is possible to reduce initial investment costs and maintenance costs in comparison with conventional

heating systems.
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Table 2 Working fluids and temperature ranges

Logarithmic Working Melting & Boiling Critical Point, Useful Ranges,
Temp. Scale Fluids Point, K at 1 atm K & MPa(abs) K
Helium 1.0 & 4.21 5.2 & 0.227 274
Hydrogen 13.8 & 20.38 33.19 & 1.315 14 ~ 31
Cryogenic Neon 244 & 27.09 445 & 0.018 27~ 37
Nitrogen 63.1 & 77.35 126.19 & 3.397 73 7 103
Temperature =
N Argon 3839 & 87.29 150.66 & 4.860 84 7 116
(07200 K) Oxygen 547 & 90.18 154.58 & 5.043 73 7 119
Methane 906 & 1114 190.55 & 4.595 91 7 150
Ethane 89.9 & 184.6 305.53 & 4.871 150 ~ 240
R-11 162 & 297 47096 & 4.407 233 7 393
R-22 113.1 & 232.2 369.17 & 4.990 193 = 297
R-134a 169.70 & 246.3 374.03 & 4.056 213 ~ 300
R-141b 2531 & 302.0 42301 & 18117 263 T 420
R-142b 2231 & 263.3 398071 & 3371 223 ~ 373
Low R-290 123 & 231.1 369.70 & 4.248 200 7 330
Ammonia 1955 & 239.9 402.22 & 11.333 213 7 373
Temperature Ethanol 1587 & 3515 5139 & 6.14 273 ~ 403
(2007550 K) I rethonol | 175.1 & 3378 512.6 & 809 283 ~ 403
Acetone 180.0 & 329.4 508.1 & 4.70 273 7 393
Water 2731 & 373.1 646.99 & 22.064 323 ~ 473
Toluene 178.1 & 383.7 591.8 & 4.10 323 T 473
Naph -
353.4 & 490 7484 & 4.05 408 ~ 478
thalene
Medium Dowtherm 285.1 & 527.0 - 423 7 668
Temperature | Mercury | 2342 & 630.1 - 523 ~ 923
(5507750 K) Sulphur 3859 & 717.8 - 530 T 947
Cesium 3016 & 9430 - 723 ~ 1173
High Sodium 371.0 & 1151 - 873 ~ 1473
Temperature Lithium 453.7 & 1615 - 1273 ~ 2073
N Calcium 1112 & 1762 - 1400 ~ 2100
(75073000 K) Lead 600.6 & 2013 - 1670 ~ 2200
Silver 1234 & 2485 - 2073 T 2573

_14_
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Table 3 Generalized results of experimental compatibility tests

Working Fluids

Compatible Material

Incompatible Material

Wat Stainless steel, Copper, Monel, Aluminum,
ater
Silica, Nickel, Titanium, Inconel
Aluminum, Carbon steel
! . Y ) C:O
ona Stainless steel, Iron, Nickel, Pber
Methanol Stainless Stefal, Iron, Copper, Silica, Aluminum
Nickel, Brass
Stainless steel, Aluminum, Copper,
Acetone . .
Brass, Silica, Nickel
R-11 Aluminum
R-21 Aluminum, Iron
R-22 Aluminum, Copper
R-134a Aluminum, Copper
Heptane Aluminum
Dowtherm Stainless steel, Copper, Silica
L. Tungsten, Tantalum, Stainless steel, Nickel,
Lithium L o
Molybdenum, Niobium Inconel, Titanium
. Stainless steel, Nickel, o
Sodium . Titanium
Inconel, Niobium
Cesium Titanium, Niobium
. Molybdenum, Nickel, Inconel,
M Stainl teel
ereay afiess stee Tantalum, Titanium, Niobium
Stainless steel, Nickel,
Lead Tantalum, Tungsten o .
Inconel, Titanium, Niobium
Silver Tantalum, Tungsten Rhenium
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Fig. 4 Boiling behavior in narrow spaces (at atmospheric pressure within
an isolated bubble region). (a) Clearance is 5.04 mm, liquid is distilled
water, q = 47500 W/m? « = 7090 W/m’K, AT = 6.70 K. (b) Clearance
1s 5.04 mm, liquid is 15 ppm sodium oleate aqueous solution, q = 47500
W/m’, a = 7940 W/m’K, AT=599 K
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Fig. 5 Boiling behavior in narrow spaces (at atmospheric pressure, within a
coalesced bubble region). (a) Clearance is 0.97 mm, liquid is distilled water, g
= 2950 W/m? a = 2750 W/m’K, AT = 1.08 K. (b) Clearance is 0.97 mm,
liquid is 15 ppm sodium oleate aqueous solution, q = 2900 W/m? o = 2640
W/m’K, AT = 1.10 K. (¢) Clearance is 1.64 mm, liquid is distilled water, g
= 5310 W/m’, a = 2820 W/m’K, AT = 1.89 K.
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2l (5)% heat flux ¢°] ™3+ heat transfer coefficient «®] @A 2S YEFH Aot} T3 heat
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B & 4 9l%o], coalesced bubble regionol A ¢l I EZE Eo] ] ZolALE o7} AAE

AS & 4 Ak =38 Fig. 72 coalesced bubble region ¥} isolated bubble region®l] 41 2] heat

I = T
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heat transfer coefficient’} @A 3tA E7}st= A geddd 4 Qth
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Fig. 6 Relationship among heat transfer coefficient, heat flux, and
clearance (in mm), of boiling water, atmospheric pressure, coalesced
bubble region)
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F 15ppm sodium oleote solution 7]

distilled woler

—

g=582+10° W/m? constant
o __—_-_o
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. =1.74 109 2 ant

'__2.____:;_1674 108 W/m*®  const

- ““'————OQL—
O~
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4R (mm)

a (w/m? K)

Fig. 7 Variation of heat transfer coefficient due to
change in clearance of boiling space (atmospheric
pressure, constant heat flux). Data for a vertical copper
cylinder with 80 mm diameter and 304 mm height are
shown for, distilled water (O) and 15 ppm sodium
oleate aqueous solution (<») (from Ishibashi and
Nishikawa). Data for a vertical copper tube with 19.6
mm diameter and 479 mm height and also for a verical
steel tube 215 mm diameter and 479 mm height are
shown for distilled water (@) (from Chernobyl’skii and
Tananaiko).
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Table 4 Heat flux in relation to different clearances and pressures®”

p Clearance(mm)

TeSSUre =057 097 111 158 1.64 191 1.05
01 2870~ 23675 2840~ 4490~ 2790~ 2790~ 4690-
' 92575 57800 89120 75620 55240 57570 76580
g 4390- 6520  4745- 4590
: 74850 89400 76060 70790
g 3010- 6370~  4270-
' 89030 88810 78290

L M50 11130-
' 92840 73040

p Clearance(mm)

ressure =35 2.70 5.04 10.20 20.31 835
ol 7675~ 2440- | 10930~ 11400~  10820-  14190-
' 53030 66520 | 58150 65360 65830 57100
0.2
0.4
1.1

4 Heat flux in units of watts per square meters.
> Portion above the solid line for the coalesced bubble region; below the

solid line, the isolated bubble region.

Table 4= 4 Fejojelzo] nhe Av) S|EZY2S vhehdl Holvh Feojelzs) el
Matgel Ay =B oA waksta Qor, 1 4FPgel FesA ¥ AL 2 £ 9
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Table 5 Specification of BJLHP

& walv Fig 83 2 Wl

Nt ogE FtER A

Parameter Specification
Heater 220V, 100W
Material Copper
Length 90.0
Pipe [1.D.]
case 1
17.40
_ Outer (clearance 0.79)
] Eva.po tube (mm) case 2 20.92
L “rating (clearance 2.17) '
section
H case 3
23.40
P (clearance 3.76)
Boiling Length 50.00
tube (mm) Pipe [0.D.] 15.88
Condensing Length(loop)  1,700.0
section (mm) Pipe [0.D.] 9.5
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Fig. 9 Schematic of experimental equipment
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Fig. 10 Temperature profile of each case(25W)
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Fig. 12 Temperature profile of each case(75W)
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Table 73} 2t}

Table 6 Final temperature

ES(TC) CS(TC) AT(C)
casel 60.1 59.3 0.82
20W case2 60.1 59.6 0.45
case3 59.7 58.8 0.87
casel 91.2 87.8 3.4
S0W case? 89.7 88.3 1.47
case3 87.6 85.3 2.37
casel 145.5 107.3 38.26
15W case? 135.1 1109 24.19
case3 150.3 103.4 46.81
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4.81
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Table 7 Effective thermal conductivities
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Table 8 Specification of sinter and enhanced boiling tube

Sn (10%),
_ Powder P (0.35%),
Sinter Cu (89.65%)
tube Particle size (mm) 0.1870.25
Sintering temp. (TC) 900
Enhanced Fin thickness (mm) 0.3
boiling Fin height (mm) 0.75
tube FPI (EA) 40
Table 9 Specification of BJLHP
Parameter Specification
Heater 220V, 100W
Material Copper
Outer Length 90.0
tube (mm) Pipe [0.D] 25.4
B Length 50.0
J Eva'po Pipe [0.D]
L *rat%ng Boiling -Smooth tube 19.0
H section tube (mm) -Sinter tube 18.2
P -Enhanced boiling tube
19.0
Condensing Length(loop) 1,700.0
section (mm) Pipe(0.D.) 12.7
Quter tube
Evaporating
Boiling tube Section(ES)

Heater core(HC)
Heating surface(HS)

@ : Thermocouple

Data Logger Power Meter Slid;lcs

Fig. 17 Schematic of experimental equipment
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% Table 1191 VFERRQIEL FWsl S35 Atols] FEIAEEES 4 (D3} 2ol A

B
sEy A FRdAdES AN 232 Table 123 2t

Temperalure[T]
Temperature[ C]
2

20 204
ES —— sy ——
o — : . : = > v 01— . . ; - , .
a 600 1200 1800 2400 3000 3600 0 800 1200 1800 2400 3000 3600
Timefs] Time(s]
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g e0d
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= ES —— (ol
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(c) enhanced boiling tube BJLHP
Fig. 18 Temperature profile of each case(75W)
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(a) smooth tube BJLHP

Fig.

o e o e e e o o e e e ey e =
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ES —— £83 ==
€00 1200 1800 2400 3000 3600
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(b) sinter tube BJLHP

Temperature[C]

4] 600

1200 1800

Time[s]

(c) enhanced boiling tube BJLHP

Table 10 Final temperature (1,800 s7)

19 Temperature profile of each case(100W)

ES(T) CS(T) AT(TC)
Smooth tube 98.6 95.9 2.7
5W Sinter tube 977 96.9 0.8
Enhanced
. 98.2 97.2 1.0
boiling tube
Smooth tube 118.1 114.7 34
100W Sinter tube 118.8 1175 1.3
Enhanced
. 1184 116.5 19
boiling tube
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boiling tube

Smooth tube
Sinter tube
Enhanced
boiling tube

Smooth tube
Enhanced
boiling tube
Sinter tube

Table 12 Effective thermal conductivities

Table 11 Thermal time constant and stable time
time
constant (s)
[63.2%]
Stable
Time (s)
[90%]
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(kW/m-K)
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Table 13 Specification of transparent BJLHP
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Fig. 26 Flow visualization at partB’
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Fig. 27 Schematic diagram of Part ‘B’
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Fig. 28 Flow visualization at part'C’
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Fig. 30 New type of BJLHP
Table 14 Specification of BJLHP
Material Copper
Outer L(mm) 350
Evaporating tube di(mm) 23.8
part Inner L(mm) 350
tube do(mm) 19.05
) L(mm) 1500
Condensing part Dity 1
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Table 15 Final temperature of each point(R-141b)
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Fig. 32 Temperature distribution profiles of BJLHP(50C)
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(c) Hot water temperature: 60C, Flow rate: 1.5kg/min
Fig. 33 Temperature distribution profiles of BJLHP(60C)
60
55
50 A
45 -
g 40 -
=
o
o 35 1
£
Q 30 -
25 /g/ ——@——  (Water temperature: 50'C, Flow rate: 0.5kg/min)
7720 EERE [OZEEEERE (Water temperature: 50'C, Flow rate: 1.0kg/min)
20 A ———-W%——  (Water temperature: 50'C, Flow rate: 1.5kg/min)
—--—A.-—-.-  (Water temperature: 60'C, Flow rate: 0.5kg/min)
15 - — & — (Water temperature: 60'C, Flow rate: 1.0kg/min)
— —0O——  (Water temperature: 60'C, Flow rate: 1.5kg/min)
1 0 T T T T T T T 1
0 100 200 300 400 500 600 70(
time

Fig. 34 Temperature profiles of average temperature of BJLHP
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Table 17 Heat flux and effective thermal conductivity of each experimental condition
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Drate & 00/00/2000 Tirne:: 4:38:22 AM Drate & 00/00,/2000 Time: 4:55:18 AM

Drate & 0040042000 Tirne: 4:59:19 AM Diate & 00/00,/2000 i 5:02:19 AM

(a) Hot water temperature: 50C, Flow rate: 0.5kg/min

e £

Drate - 00/00,/2000 Time: 5:29:47 A Drate - 00002000
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200
18.0
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12.0

Drate : 0040042000 Tirne:: 5:37:25 AM Drate = 00/00/2000 Time: 5:40:26 AM

(b) Hot water temperature: 50°C, Flow rate: 1.0kg/min
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Drate & 00/00/2000 Drate & 00/00,/2000 Time: 6:03:43 AM

Drate & 00/00/2000 Tirne: 6:06:43 A Drate & 00/00,/2000 Time: 6:10:43 &M

(c) Hot water temperature: 50C, Flow rate: 1.5kg/min
Fig. 35 Thermo-graphic picture of BJLHP(50C)
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j
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(a) Hot water temperature: 60C, Flow rate: 0.5kg/min
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Drate & 00/00/2000

T
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Time: 7:05:04 A

T o
Drate & 0040042000 Tirne:: 7:08:04 Ak Drate & 00/00,/2000 Time: 7:12:04 &M

(b) Hot water temperature: 60C, Flow rate: 1.0kg/min
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(c) Hot water temperature: 60C, Flow rate: 1.5kg/min
Fig. 36 Thermo-graphic picture of BJLHP(60TC)
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Fig. 37 Picture of redesigned BJLHP
Table 18 Specification of BJLHP
Parameter Specification
Material Copper
Working fluid R-134a
Charging ratio (%) 50% of inner volume
Length 200.0
B Outer tube(mm) .
Evano Pipe [0.D] 283.0
J 'p Capacity
L “rating . 220V -100W
i eater
H section Length 150.0
P Pipe [0.D] 22.0
Length(loop)
. ) 8,000.0
Condensing section (mm) .
Pipe(O.D.) 12.7
U band width 55.0
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Fig. 38 Temperature profile of BJLHP
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Table 19 The data value of BJLHP
(a) 256W
Data value
Evar temp. 29.7
Cond Temp.(Average CS1-5) 29.4
Eva-Cond AT(TC) 0.3
Thermal time constant(s) [63.2%] 55
Stable Time(s) [90%] 1000
ke(kW/m-K) 2154.9
(b) 50W
Data value
Evar temp. 38.1
Cond Temp.(Average CS1-5) 375
Eva-Cond AT(T) 0.6
Thermal time constant(s) [63.2%] 300
Stable Time(s) [90%] 1100
ke(KW/m-K) 2154.9
(c) T5W
Data value
Evar temp. 44.8
Cond Temp.(Average CS1-5) 44.0
Eva-Cond AT(T) 0.8
Thermal time constant(s) [63.2%] 300
Stable Time(s) [90%] 1100
ke(kW/m-K) 2424.3
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(d) 100W

Data value
Eva temp. 52.1
Cond Temp.(Average CS1-5) 51.1
Eva-Cond AT(C) 1.0
Thermal time constant(s) [63.2%] 350
Stable Time(s) [90%] 1100
ke(KW/m-K) 2721.9
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Fig. 40 Picture of the corrugated pipes.

Fig. 41 Picture of the welded heater at evaporating part
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Fig. 42 Picture of the evaporating part

Fig. 43 Picture of the end of condensing part
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Fig. 44 Schematic diagram of experimental equipment

=y
T
o

o

=
il

0.0°~5.0°¢]

o

T

¥} o} Table 21

[e)

=

}

-

R

tlom, 1 At

°

<= W3kE 54

of o

ol

b
e

X

b
;onm
o

)

o]w, Fig. 46

3L

29

piA

3 1

A o 4] 2]

A &)
=

=

b

1995kW/mTC = vl

]
=
=
W
o

—_

=
gl

thgke]l 1T 7

i

Z}
2]

ki3

of ZHAelA A

T
.o

2

Hlo

ol A w]

JAldA BT 7] wjel -ul

)
—~

—_
file)

nr
il

_CH

™
N

olo

g el o8 &=l

1
S

v,

)

R DR

"

geren). e 3o)

| o] o]

)
&

o

A A HE Aoz Jehdrh oA

14&

[e)

SR

A

)

A

Zhell whet W=

=

o

o

_61_



Temperature(C)

Temperature(C)

Temperature(C)

Temperature(C)

55

55
50 - 50
45 4 45
40 £ 404
e
2
35 4 T 35
[
£
1 o 30
30 2
25 25 |
J e~ J
2 - 2 e~
15 1 — T T T T T : 15 L — T T T T T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time(s) Time(s)
o o
(a) 0.0 (b) 0.5
55 55
50 50 4
45 45
40 4 £ 404
e
2
35 T 35
o
Q
30 1 5 301
i
25 25 |
20 4 20 A e e ———
e —+——— —— - —+— -+
15 T T T T T - r 15 T T T T T r T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time(s) Time(s)
o o
(c) 1.0 (d) 1.5
55 55
50 50 4
45 4 45 4
40 L 404
£
5
35 © 35
o
Qo
30 5 30|
=
25 25
20 20 4
e ——C—— >+ e~ ¢+
15 L— T T T T - : 15 41— T T T T T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time(s) Time(s)
o o
(e) 2.0 (f) 25
55 55
50 4 50
45 45
40 O 404
e
2
35 4 5 35
1)
o
30 4 5 30
[
25 25 4
20 e —— 20 e *—4— - —G——0
15 1 — . . T r T T 15 1— r T T r T T
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time(s) Time(s)

(g) 35°

_62_

(h) 4.0°




55

50

45

Temperature(C)

25

20

ke(kW/mC)

40

35

30 4

55

50
45 4
£ 404
o
2
& 35
(9%
o
5 304
2
25
- —+—— 0] B~ -+ ¢ ¢ —¢—%—¢
0 50 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time(s) Time(s)

(i) 4.0° (j) 4.5°

55

50

454

40

351

Temperature(C)

30

25 4

0] F—0—0—0—0—0 0 - —0—0—92—

0 500 1000 1500 2000 2500 3000

Time(s)

(k) 5.0°
Fig. 45 Temperature profiles according to an angle

2400

2200 ~

2000 -+

1800 ~

1600 -

1400 ~

Folding Angle(® )

Fig. 46 Effect of folding angle on effective thermal conductivity

_63_




iod

ol ¥ Euh.

tel vl

IS

=
b

1€

S

o] 7]

=
T

7]

-

hyA
—

e s AEFA vk

S

ol

E

F a1

S

l

9

1o

2
A

=

\=]

3l A= o] F

(2) L2 3°°]
(4) Aol o

S

mK

o

0
Jo

HH
el
70

o)
B

T

—_—

X

T

_64_



AlE & & A

L I ET | )
SABAA AT DSATIR 6042 31 dAMES: BTP-2014-0542
b Tel : 051-974-9091 HOIXI( 1 )/(& 3)
Fax © 051-974-9099
1.2 2 &
oJ & 9 2ZUsu
o F AL BAZSEA G 225 23UE N ESBMHA 2852 3172
O 2Lt 20148 108 30¥
2. NEEEAMY 85 @ 45208

3. ANEHAES, N2Y  AlZ0E 23 HEEA

4. ANEDI2F 1 20144 108 30€

5. AlEgd @ R3Usn AHAA

6. NEEH: 2% : (216 £30) T, &% : (57 £10) % RH.

7. NEZD 2 ~ 3 HOIK X

* 0l AFANE Q21X MSst A2 AIES ZU2A Al ME0 st S22 2EoHkl= sttt
» 2 H8AMQ 8% 0122 AIZS SELICH

o | BT pIEL

4ol Tt
= ‘ /
g ol p .
Moo 2t o9 Wgﬂ» g g 258 [ Y

2014. 10 31

(EEEIEERSE °42;g+":(‘|)‘;:

BTP-QP-22-02-1/2 (1) & LXH(2010.12.01) / HE L XH(2012.07.17)

_65_



AN B A A

I EC ! ]
SNBSAl AMT DASE 60HZ 3 HHMES: BTP-2014-0542

h Tel : 051-974-9091 HOIXI( 2 )& 3)
Fax : 051-974-9099

1. Alg 21

144 2744 443 5214 k! 843
2% (T) 47.1 48.8 48.8 48.4 49.3 48.4
A2t (min) 13 ~ 83
&“?lf;a 102

2. dBtArE

2-1 MSAH

2-2 A2 AXIAA

5,000 mm

BTP-QP-22-02-1/2 (1) HMELXH(2010.12.01) / HELXH(2012.07.17)

_66_



AlEg &8 A

WEEe SN0 ]
SABeA AT DEAMTIR 602 31 RN S: BTP-2014-0542

=]

h Tel : 051-974-9091 HOIXI( 3 )/(& 3)
Fax : 051-974-9099

2-3 AlE diolH

AN OO | AY 20| JAHZ 1| JHZ2| IHZ3 JHT 4

S65.737 (565737 141434 565737 ~ [z 3"1’U}:3 e
[~ ns 238

9163 05963 120.291 509163 | @ 2
.

45259 045259 113147 45,258

36016 03016 900 96016

33442 0339442 B4B606 339442

£ < = B
- 282,869 i 0.262869 53007171 2859 et 0
[ﬁ_ 3’4-%): K.“:fﬁ? x o m&f” mics 85
mic? 94
2626 0260 S5 262%, =1c8 85
TR 8%
169720 Q1B 443 1SRN L. - 3
- 207

113,147 0113147 26,2869 11,3147

565737 00965737 141434 565737

[ S R
05 w5 AW B A

e

BTP-QP-22-02-1/2 (1) HELXH(2010.12.01) / HELRXH(2012.07.17)

_67_




421(08.30), #2H(11.30~06.30)

PR

AENL:

]

<
=0

B

Zj wl

Fig. 47 Picture of strawberry farm

_68_



x

\

2cm

_\{-CH

=
oo

cl

H

X

3 B

O
o

BJLHP £ X Xl

_69_

-

B oy T oo
o o— H W=
ﬁAMJQA
HE,‘H‘H@”T 1r_|
ﬂunxne_@ujmy
g B
w = N o
w Loy R
T oz X X
Bog _ RE
— 75 2 Nr S
o = "
Ewﬁﬁ%ﬂﬂr
— %o 7 B2
oqmu]E._ —_
g F e
L
— < )
%%%ﬁe&rg g g ®
iy oy o
R - ¢ Hﬁ i °
lan _-J
ﬂﬁmxﬂww o/o
K o T LB = o] o [
70 Tl
= X z,_holmﬂ_&o ] —
R ® &
‘.mﬁ_n:ﬂul = ® Ivs)
R
MJ‘WEO‘HAHE ©
Ho w_d = W i o
P T OoNEF =z ®
R o m oy
BN 2 |
ﬂmbtc,_% |
B o Lo -z __Q\Q@Q _
ooy X T g c
aumﬁmxnﬂaﬂ_%m _
< R KR
o B O oo G

Fig. 48 Schematic of installation position

20cm {0cm
ES 2 SXH(4XH)
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(2) AF=A

Table 23 Comparison of growth

A MEA S Etol T 4§ IEES
2014.03.17 435.75 410.08
2014.03.21 334.33 302.58
2014.03.27 438.05 407.61

ot 402.71 373.42

(b) = Z(g)

a7 HEA S Estol L 4§ R
2014.03.17 23.23 17.20
2014.03.21 23.21 16.21
2014.03.27 19.24 17.08

o3t 21.56 16.83

Table 232 @#d o5 51 AnjFAlE Yepdl Aotk $23F2 12m w=oA s d7]
o FFAE Im W= 7o 2 ket Aoy, duFAls Aw(hi) /7] 50E F=3t
of Fgs A& HEA S|ETol2E A&t TAGTHS AAT =g vA &S
=] AgdelEE 4 9 nug A3 wEA S EIo|xZ AT FJgol g
Im W= oF 7% B @Wol sotEga, dvje] FA= W 28% ¥ AA FAEAAT. B EA
S EJOIZE o] &3 TAdNS T ASEHE 5 2UIE 1% U Bol £H4F F e
Aoz FEL oy miol ¥ Wel od ow AZHn.
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Fig. 56 Schematic diagram of experimental set up
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(2) AE5FA

Table 25 Comparison of growth

X HEA sl Edol () | M EAl S Edo] (Al x) | XLyjpol
2014.03.13 39.4 36.9 38.9
2014.03.27 61.8 65.4 56.0
2014.04.15 111.8 111.8 108.5

Ht 71.0 71.4 67.8

(b) =&=F0H)

oA HEA S Egolx(7e]) | HEA S|ETto]xz(2Ele] ) | XLijo| X
2014.03.13 4.6 5.1 2.7
2014.03.27 10.7 11.1 8.8
2014.04.15 33.9 35.3 34.5

3t 16.4 17.2 15.3

Table 252 EvntEd WEA s Edo|x(Fg]), HEA s EFo|Z(~HRlE ), XL Fo|x2E
ol &g ¢ WS sta ASdolHE F4 vug Aol F FF MEA S ETo| X
Atolo & FElgh ApolE Holx| ggtont XLutolizel Hug S Al 2AolAE oF 5%, &5
A= °F 7% =S FAE e 22iu AS 27)¢F $71E vlaE] B AS 27 A
T Aol 7b FElEh Y U7 A4E 1 Aolrh Fojuw AS Q& ¢ ged olE Fd o

A B|Edto] LS o] §oto] AW XLutolx el Mg x7] S 3 &
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(3) oA Am = vl

120
100 -
20 ——
60 S
40 A
. bﬁ___‘/==
~
0
ol gl ol gl gl &l ol gl wll ol ol &l &N Ml U gl &l gl
[x] [} =t o =] 0 [nl ] =i D oo [ (| = o (e [} —i [}
e fo T - = — e — — N I m O =
mom o oM o o oM o o o T T g g T o o
[} mn o o o o o (0N ] o o o m o n m o =
S BEMO| (A Q1T A) b2 5| EMO|E(7E) = XLE}O|Z
028 289 | 032 032 |03 05 | 037 102 | 052 132 | 037 212 | 032 272 | 042 03
Sx s ETIT
Hf?j{a‘fja”f)"— 0 4.8 71 | s | 138 | 11 | 207 | 224
HEN S=1j0|= _
ol 0 5.7 99 | 17 | 179 | 23 | s 2
T E= 0 206 | 487 | 6816 | .7 | 8462 | 9.3 | 9.9

Fig. 59 Comparison of electric consumption by date

39 el ANAYTS W A% WA HETE(2HAL L), HEA IE
(7-2]), XL Foliz= Z+7y 22.4kWh, 26kWh, 95.96kWhe] =& An|shdar, olef &
2 zvldE o] A7) et o] & B3 WEA SEs|LE o] g3 LAY WA
o &4 ol gd 2 WA wa o 73% dlUAE Aok & F Uk Ae &
g1t

_82_



of
No
i

oo

AN 421(09.03), 8(11.25~06.10)

3 A i

N

1:

<
=0

H

Zj wl

|
1
|
i
fi
A |
=
2 |

——
1

—

- o s = o e

 an—

Fig. 60 Picture of experiment

_83_



Al

4A 8L 9ate] BEA T ETO TS AF 0em AP AP, FAS WA 9t
sy &5l sz A Aogolz2 nl7ke 9t wjAdE B EA 3] E o]
CREN N, 8% 57040 SlETo] X ERid] T-type

Ei—ln‘.XE_,

—_

Y

g
oy 2 (" do
TSV w A

TSR, EY 25 S-S A8 AT 10em A 27§ &l sheathed-type €&
Atk HlAE 9 o Al " A Bl A7 Ao dddE A
ATt

Top of the plant bed

Buﬁtom of the plantbed  Root part
i 1300 i Unit (mm)
2600 | @ Thermo couple

Iy

® Sensor of the temperature controller

Fig. 61 Temperature measurement point

40m

A1

COMPUTER

Fig. 62 Schematic diagram of experimental set up

_84_



T
B

10. Al

B
i)

ol

=0

(1) =

ol
N
o

A

B

—~
o

ruze}
N
]

o

=

a

W
0

oo

_ﬂy|
f

0

_Zrl

0

W

ek Hlole & 7]

(CON1TCONb) %}

=]

==
=T

WEFo] AA yEsth

S|
A

!

EV
13:00:00

09:00:00

_———

05:00:00

01:00:00
time

21:00:00

17:00:00

Fig. 63 Temperature profile of BJLHP

o

20 T
13:00:00
20
19 4

T T T
~ © 0
~ ~— ~—

alnjeledwsa)

13:00:00

09:00:00

05:00:00

01:00:00
time
soil temperature
- 85 —

21:00:00

—&— soil temperature(Bubble jet heat pipe)

Fig. 64 Temperature profile of soil

17:00:00

13:00:00

14 A
13



(@) ==ZFN)

Table 26 Comparison of growth

(b) =7%4(cm)

s e vl 7 ) s e v 4] ]
e 3 sto) =

2014.12.20 0.67 0.48 2014.11.07 157.0 151.0

2014.12.21 0.65 0.64 2014.12.11 2543 2333

2014.12.22 0.61 0.80 2014.12.29 2954 2857

2014.12.23 0.71 0.99 T 2356 295.0

2014.12.24 051 0.69

2014.12.25 0.39 0.59 N

2014.12.26 0.64 0.75 () A0

2014.12.27 053 0.69 S ]

2014.12.28 051 0.67 &7 Sevto)m FA e

2014.12.29 0.84 0.81 2014.11.07 126 125

2015.12.30 0.71 0.53 2014.12.11 19.3 19.1

2015.12.31 0.73 0.56 2014.12.29 29.0 286

2015.01.01 071 0.61 EE: 503 01

2015.01.02 077 0.67

2015.01.03 0.34 0.61

2015.01.04 0.89 0.69

2015.01.05 0.35 0.64

2015.01.06 0.83 0.61

2015.01.07 0.72 0.56

2015.01.08 077 0.43

2015.01.09 0.65 0.32

2015.01.10 057 0.32

2015.01.11 0.45 0.35

2015.01.12 0.45 0.27

2015.01.13 0.40 0.24

2015.01.14 0.39 0.21

2015.01.15 0.35 0.19

2015.01.16 0.41 0.21

2015.01.17 0.64 0.35

2015.01.18 0.69 0.40

2015.01.19 0.77 0.48

ot 0.63 053

Bee wAN 2olel S, 2% L 95E UE Rolth 23 % 94t SolUF 300
F5 EROR so] PHAS IR, FHFL Qo BaFelA £8e oole F
B @ OF lFoz Sadn MEA sEdeze 23 die @ 23 J)Ee eFu
W7l AFE3E oA Qo] Al H F8S SA walsk Ay S QLo 1 xFel 7t
506 ol Ul MElEhe T, Fo e 27 W @ 29 o7k of 19% %S X hehulet
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(a) Untreated (b) BJLHP root zone heating
Fig. 656 Comparison of growth
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Table 27 Comparison of energy consumption

(a) Oil consumption(L/10a) (b) Electric consumption(kW/10a)
B =
&5 e EE @5 M=
S| E o] 3] Eglo] i
2014.12.21 100.8 121.0 2014.12.19 1750
2014.12.22 100.8 121.0 2014.12.29 3014
2014.12.23 106.9 100.8 10€ 7+
2014.12.24 90.7 80.6 A ALE 1264
2014.12.25 76.6 72.6
2014.12.26 80.6 121.0
2014.12.27 100.8 141.1
2014.12.28 100.8 141.1
2014.12.29 70.6 80.6
2015.12.30 131.0 161.3
2015.12.31 131.0 161.3
2015.01.01 110.9 141.1
2015.01.02 70.6 80.6
2015.01.03 100.8 121.0
2015.01.04 121.0 141.1
2015.01.05 131.0 153.2
2015.01.06 141.1 161.3
2015.01.07 141.1 161.3
2015.01.08 151.2 201.6
2015.01.09 131.0 161.3
2015.01.10 141.1 181.5
2015.01.11 131.0 161.3
2015.01.12 141.1 1815
2015.01.13 151.2 202.6
2015.01.14 171.4 242.9
2015.01.15 131.0 161.3
2015.01.16 141.1 181.5
2015.01.17 141.1 161.3
2015.01.18 100.8 121.0
2015.01.19 80.6 100.8
3t 117.3 144.0
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Table 29 Economic analysis

WEA SlEso|nE ol @ LA AZE o8 A @t wol®l(dyean)
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