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The study of root-zone heating system using Bubble Jet Loop Heat Pipe

Jae Young Bae

Department of Refrigeration and Air-conditioning Engineering, The Graduate

School, Pukyong National University

Abstract

Currently horticulture farmers in Korea have great difficulty in heating
during the winter due to the rise in price of agricultural materials and heating
fuel costs. To solve this energy problem and improve the productivity, the
development of the root-zone heating system for horticulture using a heat pipe
is required. Also by distributing this system to horticulture farmers at a cheap
price, the famers can cut production cost, increase competitiveness in the
market and improve the quality of agricultural products by root-zone heating.

The purpose of this study is development of root-zone heating system using
Bubble Jet Loop Heat Pipe(BJLHP) and we try to ascertain the applicability of
BJLHP at the actual horticulture farms through the field test by measuring
energy consumption and crop production.

First, We conducted a comparison experiment between the PE-Xa pipe and

BJLHP. Second, We conducted a comparison experiment in accordance with the



use of BJLHP.

As a result of first comparison experiment, Root-zone heating systems using
BJLHP was respond quickly to load changes and it made a constant soil
temperature maintained. Also we can save about 75% energy by using BJLHP
compared to PE-Xa pipe.

As a result of second comparison experiment during one month in winter
season, the buried BJLHP was properly operated and soil temperature is
maintained at 19 *0.5 degrees Celsius that is cucumber's proper growth
temperature. The yield has increased by 19% than the conventional greenhouse
heating systems. Also fuel consumption was 15% lower than that of
conventional greenhouse heating systems. From the above results, We
confirmed the possibility of the horticultural root-zone heating system using

BJLHP.
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NOMENCLATURE

Symbols

A Cross section area

D Diameter

F Correction factor

G Mass velocity

hy, Latent heat

k Thermal conductivity

L Length

M Merit number of heat pipe
Q Input power

T Temperature

a Heat transfer coefficient
p Density

0 Surface tension

! Viscosity
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[kg/m’s]
[kJ/kg]
[kW/mK]
[m]
[kW/m?]
[W]

[C]
[kW/m’K]
[kg/m’]
[N/m]
[kg/sm]



Subscripts
cp

cond

ep

eff

Condensing part
Condensation
Evaporating part
Effective

Liquid

Gas

Inner

Outer

Wall
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Table 2.1 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 52 & 0.227 2 ~ 4
Hydrogen 13.8 & 20.38 33.19 & 1.315 14 ~ 31
Cryogenic Neon 24.4 & 27.09 445 & 0.018 27 ~ 37
Nitrogen 63.1 & 77.35 126.19 & 3.397 | 73 ~ 103
Temperature
Argon 83.9 & 87.29 150.66 & 4.860 | 84 ~ 116
(0~200 K) 70 veen | 547 & 90.18 | 15458 & 5.043 | 73 ~ 119
Methane 90.6 & 1114 190.55 & 4.595 91 ~ 150
Ethane 89.9 & 184.6 305.53 & 4.871 | 150 ~ 240
R-11 162 & 297 47096 & 4.407 | 233 ~ 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 253 & 302.0 [423.07 & 1.8171 | 253 ~ 420
R-142b 223 & 2633 |39807 & 3371 | 223 ~ 373

Low R-290 123 & 231.1 | 369.70 & 4.248 | 200 ~ 330

Temperature | Ammonia 195.5 & 2399 | 402.22 & 11.333 | 213 ~ 373

(200~550 K) Ethanol 158.7 & 351.5 5139 & 6.14 273 ~ 403

Methonol 175.1 & 337.8 512.6 & 8.09 283 ~ 403

Acetone 180.0 & 329.4 508.1 & 4.70 273 ~ 393

Water 273.1 & 373.1 | 646.99 & 22.064 | 323 ~ 473

Toluene 178.1 & 383.7 591.8 & 4.10 323 ~ 473

Naphthalene 353.4 & 490 7484 & 4.05 408 ~ 478

Medium | Dowtherm | 285.1 & 527.0 ; 423 ~ 668
Temperature | Mercury | 2342 & 630.1 ; 523 ~ 923
(350=750 K) | Sulphur | 385.9 & 717.8 ; 530 ~ 947

Cesium | 301.6 & 943.0 - 723 ~ 1173
High Sodium | 371.0 & 1151 - 873 ~ 1473
T t Lithium | 453.7 & 1615 - 1273 ~ 2073

emperature e o lcium 1112 & 1762 - 1400 ~ 2100

(750~3000 K) [T caq 600.6 & 2013 - 1670 ~ 2200
Silver 1234 & 2485 - 2073 ~ 2573




Table 2.2 Generalized results of experimental compatibility tests

Working Fluids

Compatible Material

Incompatible Material

Wb Stainless steel, Copper, Monel, Aluminum,
ater
Silica, Nickel, Titanium, Inconel
) Aluminum, Carbon steel,
Ammonia ) ) Copper
Stainless steel, Iron, Nickel,
Stainless steel, Iron, Copper, )
Methanol o ] Aluminum
Silica, Nickel, Brass
Stainless steel, Aluminum,
Acetone A J
Copper, 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 y . o
Molybdenum, Niobium Inconel, Titanium
) Stainless steel, Nickel, o
Sodium Ll Titanium
Inconel, Niobium
Cesium Titanium, Niobium
. Molybdenum, Nickel, Inconel,
Mercury Stainless steel o o
Tantalum, Titanium, Niobium
Stainless steel, Nickel,
Lead Tantalum, Tungsten o o
Inconel, Titanium, Niobium
Silver Tantalum, Tungsten Rhenium
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Fig. 3.1 The photograph of BJLHP

Table 3 Specification of BJLHP

Parameter Specification
Material Copper
Working fluid R-134a
Charging ratio 50%pvol.
Outer L(mm) 200
Evaporating tube Di(mm) 26.34
Capacity 220V-100W
part Heater L(mm) 150
D,y(mm) 22
L(mm) 10,000
Condensing part Do(mm) 12.7
U band width(mm) 55
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Fig. 3.4 Experiment photo at tomato farm
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Fig. 3.7 Experiment photo at cucumber farm
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Fig. 4.1 Temperature profiles of BJLHP
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Fig. 4.2 The average temperature of each point(BJLHP)

Table 4.1 Data value of BJLHP

Parameter EV | CONI | CON2 | CON3 | CON4 | CON5 | CON6
Average temperature("C) | 24.9 | 24.6 | 24.8 | 242 | 23.8 | 23.8 | 24.0
Highest temperature("C) | 30.4 | 29.8 | 29.7 | 29.8 | 29.1 | 29.3 | 29.7
Lowest temperature("C) | 19.5 | 204 | 20.4 | 20.2 | 19.9 19.2 18.6
Temperature difference("C) | 10.9 9.4 9.3 9.6 9.2 10.1 11.1
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Fig. 4.4 The average temperature of each point(PE-Xa pipe)

Table 4.2 Data value of PE-Xa pipe

Parameter XL1 XL2 XL3 XLA XL5 XL6
Average temperature("C) | 26.6 27.7 26.3 27.1 26.3 27
Highest temperature(°C) 41.4 41.7 42.6 40.6 41.2 41

Lowest temperature("C) 18.1 19.5 17.6 19.3 17.8 19.0

Temperature difference("C) | 23.3 22.2 25 21.3 23.4 22.0
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Fig. 4.6 Temperature profiles of soil(BJLHP)
Table 4.3 Data value of soil temperature(BJLHP)
Parameter BJLHP
Average temperature(°C) 19.8
Highest temperature(°C) 20.7
Lowest temperature(°C) 18.2
Temperature difference(°C) 2.5
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Fig. 4.7 Temperature profiles of soil(PE-Xa pipe)

Table 4.4 Data value of soil temperature(PE-Xa pipe)

Parameter PE-Xa pipe
Average temperature("C) 22.5
Highest temperature(°C) 25.1
Lowest temperature(°C) 19.3

Temperature difference(°C) 5.8
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The number of cherry tomato(EA)

Table 4.5 Data value of cherry tomato

210
00
450
420
470
4e0
450
440

430

Fig

BILHP PE-Xa pipe

. 4.10 The yield of each case

Parameter BJLHP PE-Xa pipe
Yield(EA) 492 459
Length(cm) 72.4 69.6
M7
-F 5017

-713k 1704
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Electric consumption(kWh)
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Fig. 4.11 Comparison of electric consumption during days

Table 4.6 Electric consumption of BJLHP and PE-Xa pipe

parameter Electric consumption(kWh)
BJLHP 32.9
PE-Xa pipe 133.7
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Fig. 4.13 The average temperature of each point

Table 4.7 Data value of BJLHP temperature

il

Parameter EV | CONI1 | CON2 | CON3 | CON4

CONS
Average temperature(°C) 25.5 252 | 250 | 252 | 251 253
Highest temperature(°C) 27.0 | 266 | 264 | 26.8 | 265 27.0
Lowest temperature(°C) 22.5 22.5 225 | 224 | 223 22.1
Temperature difference(’C) | 4.5 4.1 3.9 4.4 4.2 4.9
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Table 4.8 Effective thermal conductivity profiles during one day

Time(hour) EV(°C) CON(C) AT(C) kert(kW/m'C)
13:00 25.8 25.5 0.3 3289
15:00 23.5 23.4 0.1 8223
17:00 25.8 25.5 0.3 3795
19:00 25.8 25.4 0.4 2466
21:00 235 23.5 0 49338
23:00 26.4 26.0 0.4 2596
01:00 26.4 26.1 0.3 3524
03:00 26.6 26.3 0.3 2902
05:00 26.6 26.1 0.5 2145
07:00 25.6 25.3 0.3 9795
09:00 25.7 25.3 0.4 2471
11:00 25.5 25.1 0.4 2596
13:00 24.4 242 0.2 4111
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Fig. 4.14 Temperature profiles of soil

_40_



25

20

15

10 -

Temperature(°C)

BILHP Untreated

Fig. 4.15 The average temperature of BJLHP and
Untreated

Table 4.9 Data value of soil temperature

Parameter BJLHP Untreated
Average temperature(°C) 19.8 14.6
Highest temperature(°C) 22.7 16.3
Lowest temperature(°C) 19.0 13.7
Temperature difference(°C) 3.7 2.6
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Fig. 4.17 The average temperature of each case

Table 4.10 Data value of each temperature

Parameter Space heating complex heating
Average temperature("C) 13.5 11.7
Highest temperature(°C) 25.2 24.7
Lowest temperature(°C) 7.6 6.4

Temperature difference(°C) 17.6 18.3
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Fig. 4.20 The cucumber tree length of each

case

Table 4.11 Data value of cucumber

Parameter BJLHP Untreated
Yield(EA) 18.9 15.9
Length(cm) 138.4 134.7
X7
- 5017

-717F 1784
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Table 4.12 Comparison of energy consumption

Parameter Complex heating Space heating
Oil consumption(L) 3519.7 4320.6
Electric consumption(kWh) 3792 0

7]
~oHE A 10a(1,000m)

-717k 104
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Table 4.13 Comparison of energy price

Space heating

Complex heating

Electric consumption(kWh) - 3792

Oil consumption(L) 4320.6 3519.7
Energy price(won) 3,888,540 3,317,526

7%

-k A\ A 10a(1,000m’)

=713 104

- Al Bqke] et 2% 19T,

— S Al 2 25 85

-3 NelT 28 28117 T

-AAl 74 9004/L

—FA S A 7EA 712 8w 1,1509/kW, d#H 85 39.209/kWh

_5‘]_




Table 4.14 Economic analysis

Annual profit (won)
) Initial Profit increased Fuel cost
Period ) ) Profit and Loss
investment by yields reduction
Oyear -7,792,200
lyear 4,150,440 1,713,000 -1,928,760
2year 4,150,440 1,713,000 +3,934,680
w7
Rk WA 10a(1,000m'),

-H &4l 8| EvbolZ 1627H/10a

A

AL

[e)

-20] 178 7F4: 610

Ol

7F4: 900 /L
Ae 7h4 7122 1,1509/kW

b

-9 o] UF 5 75615/10a
-BJLHP 7}4: 48,1004/71
-BJLHP AF&7]|3F 3704 /d
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