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Abstract
As a basis for the use of natural energy, we have elucidated the factors that cause supercooled water to start 

freezing from the outside of a cylindrical pipe to which an electric field is applied. The experiment focused on the effect 

of the wettability of the inner surface of the pipe on the ease with which supercooled water begins to freeze. The pipe 

with an oil and water repellent coating on the inside was used. The electric field was generated by applying a high 

voltage of 25-35 kV from the outside of the pipe using a pair of thin metal wire electrodes. Specifically, the effect of 

the coating on the onset of freezing of supercooled water was investigated by observing the three-phase boundary under 

the electric field. Comparing the displacement of the three-phase boundary formed at each inner surface and the oil-

water interface in the PVC-C pipe in this study and the PVC pipe in the previous study, there was no significant 

difference in the displacement between the two. On the other hand, the onset of freezing occurred in a shorter time than 

in the previous study, which was observed in the first large displacement of the three-phase boundary after the 

application of the electric field. In addition, freezing relative degree 1 was obtained in less than half the time in the 

present study when compared to the results of previous study with the same supercooling and voltage application 

conditions.

Keywords: Freezing initiation, Supercooling water, Electric field, Oil-repellent coating, Three-phase boundary

1)

2-3) 4-5) 6-9)

10)

11-13)

13)

*1 Professor, Department of mechanical engineering, Kanazawa Institute 
of Technology, 7-1 Ohgigaoka, Nonoichi-shi, Ishikawa 921-8501, Japan

e-mail: fujimoto-m@neptune.kanazawa-it.ac.jp
*2 Graduate School of Engineering, Kanazawa Institute of Technology

(at that time), METAWATER. Co., Ltd. (Present)
Received: March 25 2024,  Accepted: June 17 2024

*1 921-8501
7-1

e-mail: fujimoto-m@neptune.kanazawa-it.ac.jp
*2 

2024 3 25 2024 6 17

－ 69 －

Journal of Japan Solar Energy Society, 50（4）, 69-76（2024）

••••••••••••••••••••••••••••••••••••••••••••Research Paper 研究論文

Effect of an electric field on freezing initiation of supercooled water 
in a PVC pipe with oil and water repellent inner coating

Masanori FUJIMOTO*1‡ Hidemitsu FUJISAWA*2

撥油・撥水性コーティングを有する PVC管内の
過冷却水の凍結開始に及ぼす電場の効果

藤本　雅則 *1‡ 藤澤　秀光 *2

https://doi.org/10.24632/jses.50.4_69



2

PVC

13)

Pruppacher 14)

.

PVC

1 (a)

(b)

KF96-5cs

50 wt%

COOLPIPE 
400R JIS T ϕ 0.3 mm

UT40
GINA-220B 1kW

PMD-111B
PVC-C 26 mm

30 mm 0.3 mm 50 mm

1(b)

AMS-
40 K01P

HAS-U1 Ditect
LED NL480 NEEWER

3

(a) Experimental setup
(a)

(b) Detail of thermal storage pipe
(b) 

Fig.1 Experimental apparatus 
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Table1 Experimental conditions
1 

Room temperature, T [ ] 25 ± 0.5

Supercooling degree, ΔT [ ] 3.5, 5.0, 6.5 ± 0.2

Applied voltage, U [kV] 20, 25, 35
Inside diameter of thermal storage pipe, d
[mm] 26

Diameter of wire electrode, [mm] 0.3

Volume of water, Vw [mL] 26

Volume of silicone oil, Vo [mL] 26

T
612

CHINO 34401A
HEWLETT No.0

0.1
T = 25 0.5 −9.0 ± 0.5 
180 T 0.1

Three-phase 
boundary

Wire electrode (-) Wire electrode (+)

Thermal storage
pipe

Wire electrode (-)

Distilled water

Silicone oil 50
50

50

)

Top view

Thermocouple

Masanori FUJIMOTO and Hidemitsu FUJISAWA

－ 70 －Journal of Japan Solar Energy Society Vol.50, No.4, 2024



3

2000 fps

1

PVC
PVC

PVC FS-
1610TH -2.0
PVC

PVC PVC-C
PVC-C

PVC-C

RFD240NC

PVC-C PVC

θ water θ oil FTA 
1000
θ water 113.2 θ oil 59.7 °
PVC θ water 87.4 ° θ oil

PVC-C
6 T = −9.0 

9

PVC-C

13)

2 PVC-C

t (1) (5)

h

2(1) t = 0 s
t 0.3 s

(2) t
= 0.530 s

(2)
(1)

4(3)

(3) t = 0.770 s
(4) (5) (2)

Fig. 2 The behavior of three-phase boundary under electric field, 
photographed from positive wire electrode side (U = 35 
kV, T = 25 0.5 ).
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Fig.3 Relationship between elapsed time after electric field 
application and displacement (U = 35 kV, T = 25

0.5 ) (The bracketed numbers in the figure correspond
to the pictures in Fig.2.).
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Fig.4 Behavior of the three-phase boundary when voltage is 
applied to the wire electrodes outside the pipe at both 
ends (U = 35 kV, T = 25 0.5 ).
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Fig.5 Relationship between elapsed time after electric field
application and displacement (U = 35 kV, T = 
25±0.5 )
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Fig.6 Observation of three-phase boundary behavior and frozen 
nucleation by electric field under supercooled condition 
(U = 35 kV, ΔT = 5 0.2 , Taken from the cathode 
side).

6  
U = 35 kV, ΔT = 5

0.2 

0

5

10

15

20

0.0 0.5 1.0 1.5 2.0

+ -

D
is

pl
ac

em
en

t h
[m

m
]

Elapsed time t [s]

太陽エネルギー－ 73 －Vol.50. No.4

Effect of an electric field on freezing initiation of supercooled water 
in a PVC pipe with oil and water repellent inner coating



6

PVC-C

Wf (1)

Wf =
Nf

N

N Nf t
7

8 Nf’ n-1 [s] n [s] 1 s n 
1 2 3 …

N
= 20

7 t
Wf ΔT

6 (3) t = 0.562 s
t 1 s 7

1 t 2 s 2 s N
8
Nf 4 s

ΔT ΔT = 6.5 t = 
0 1 s ΔT = 3.5 t = 1 2 s Nf’

Wf

ΔT = 6.5 2.0 s Wf = 1
ΔT = 3.5 6.0 s Wf = 0.85
8 t Wf Nf’

U U = 35 kV 7
ΔT = 5.0

8 U Nf’ t

U = 25 kV 8
t = 2.0 s Wf = 0.95
U = 20 kV 7 Nf t = 3.0 s

Wf 0.85
13) ΔT

U

9 t
t = 0

11) 2
PVC-C 7 ΔT = 5.0
PVC-C PVC Wf (1)

11) 12) Wf 

Nf’ 10 s

9 11)

12) Wf Wf = 0.985 0.945

150 s
t ≤ 10 s Wf 0.3

PVC 13) t < 10 s Wf = 1 t ≤ 
4 s Wf 0.6 PVC-C
PVC Wf = 1

11) 12) 1/50

PVC-C

Fig.7 Relationship between elapsed time after electric field 
application, number of frozen samples per second and 
relative frequency (U = 35 kV). 
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Fig.8 Relationship between elapsed time after electric field 
application and number of frozen samples per second and 
relative frequency (ΔT = -5 0.2 )
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Fig.9 Relationship between elapsed time after electric field 
application and relative frequency (ΔT = -5 0.2 )
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