LTI }ii} ;j‘%ﬁy A AT

Effect of Electric Field on Freezing Initiation of Supercooled Water
in PVC Tube for Thermal Energy Storage Using Supercooled State
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Abstract

An experimental study is carried out to clarify the effect of the electric field on freezing initiation of

supercooled water in a soft PVC (polyvinyl chloride) tube. It is selected for the reason that the hydrophobe of PVC

is thought to maintain the supercooled state of water easily, in condition that the electric field is not applied. As

water and silicone oil is filled in the tube, a triple-phase boundary is formed inside the tube. The electric field is

applied from the outside of the tube by use of a pair of wire electrodes, which is set up in parallel to the axis of the

tube. The experimental condition is -5°C in temperature and 35kV DC in voltage. As a result, the PVC tube is,

to some degree, effective to keep supercooled state of water steady. The electric field causes large

amplitude oscillation of the triple-boundary in the tube. Application of the DC electric field is effective

to initiate freezing of supercooled water, even if the water is filled in PVC tube of low wettability to

water. Relative frequency of freezing initiation obtained is 1.0, and all samples began freezing within

10 seconds after the electric field had been applied.

Keywords: Thermal energy storage, Supercooling, Ice formation, Freezing, Water, Electric Field
R—TO— K RAHEE, AR, KAER, HE, A, B

1. [XL®IC

AR DN i AR R 2 iR 1 DB ICECHIRE E R %
BREREICHT2RNTOZBRELEZLLT, AT
DHFFET LA TND D, 3L F —2 o3, ME
DHEE 2 ACH LT, BRERE XS & WIRE 275
HEM T T, WK OA BRI ETHE O A REME 23
bHT LMD, FITHE TOIS HBAHFSND. \n I

BIORTETORE EH THHNS, IREZZITREIR.
LinL, BT, REAROHERIZORBD TR HY,
SHROMFEDHERNEEND.

*1 ARTHERT T (T924-0838 A1 1 L /AR 3-1)
‘te-mail: fujimoto-m@neptune.kanazawa-it.ac.jp

*2 IR TRERY: HOR SR
RS : 201742 11 A 7 B, ZFRH : 201841 /1 23 A)

Vol44. No.2

_65_

ZOHNEEMIL TS ET, SRIRTNEODREN
TRE R DD . #EGR O i FVR HE & R R [ &2 E ISR D
R &, BRBNRE ZAE 3 D0 JEE 0D i il o AR T B
WTHD. MAT, FRITIZ, NEEERAERED
A ERMLIEIC/ARHIEL T RIS,

FEFOIL, WMAHAMHEIRELT, EHEH VWL HIE
AEERL, HFRLTE 99, ZOEANICIE, 712
W, B 7200 v HV AR AR ST BT8R DD
N5, Bl Z0E, @ HLREE o Z BRI, RN LA o
MR LBER L2 N2 ENEEL. B ITF EE 044
PO ERIEETHY, HFEW P Ic— o ad Ad
N, ZOFRMENTZT.

EHOLDRMFLTWELES A 512X 50 m HUK e g
HIE OB TR OBV THD, FEMIT OV TIEEEHR 9
SRV BT, #EURELTK, #HikiReL T
Va—rilzRAn2%54 T35, FEE NICH KL

Kb A ) F—



AR - M

£z THERBENCIE R SRR S NS, 2O BRI,

BHADPLOBG G Lo TREIL, Zhpg & bieo
Tl H KBS 2B 4 3o LEnD 90,

EHOIT, BB TRV, BB RIS TR
HEoOFHNE, LB S EW R TLIEORHME, 2V
TSR A B AT AN E L S AW S Uiz, £, BE
WoOTI, IR EICHBEAREAKEFF xS ND T
B, ThbbiBmAKEZN CROETL FEERAL, 2
DA EA G208 % HR S I 2 ThiZ 2w
L. 2O m AR OMEFFIRER 1L, 25ml O 5 A
AKIZx LT, —10CTI0REMLL ECTholz. BT 512
LDWAEAZ A pvE T, B AT 1%, URS BR AR £ TICIE
MENDEDLN, ZOHAEITREN 3 o Tholz. [
—HRMETIEARVA, BE YO R B A 8 4y iRICH Tk
NELNE. UL, WTIRoREMbLEWEERWwL 9, &£
M EOBLENG, JEE R EOWENLETHAD.

EZAT, FRFT HE OBUKMED, ZIUCHETDKEO
RSB Z B OEHLEORENRHD D). FEHLOH
TiE, iR oo, NEEM Ca—T 47 LERRN
TAROBHEIREZHERFLCRBY, FR R EONELEF
JELW. 2B, KICIHAVEE WM E OB P TiE, @
EHNRRE 2R E ICHERF CEAATREME N B W e a2 R L
TWD., — 5T, Bm AR AE D% E M L e R 0 15
HURREME LT L —RA 7 DBIRICHHEE BN, B
IKPERZRH CIX, ESLAT 5 O AR RN RS
RN, BHDHVITIIRD AT REME A & E TERW. Lehio
T, BUKPEZR B O m HK ST 2B 4 5 OB
BRI Re%, ERICHER, ML TBLERDD
EEZD.

Pl b OB E ofE 5, BERTHWBEREAE, $2bb
HI2E VEIINmEE V) a— i Ca—T T LI T A
B ONRAT, ARECEHRERIE e =% (L%,
PVC EEWMEFT D) A LL. b0 koic, EHEW
eI AT B DI D G A GICE T LI 2 RNT,
fh DS HR DEFUELEZ. 22, HARRICBTDH
HIE B 13l 5 HEV RV O T, BYREROK VY PVC
THEAMEIZHDEHE L2, AMEREIC OV TIES
%, BB OLERSD.

PVC & CEHMN EO T EREITo72LTAH, EKE
IR, W R O ENE I S R &L, AW
BRI E VIR BN, ZOZEITBEHR TH W E S
OWr e BAE N R BN 2B b2 R BE L THAHD T, B
WA 53528, BRICIDME AR T
1%, SAHBERORE), BAEOKR/NDOEBIRONRNE
DOBEEFEFR VXS DM, B EA WA TL2Wm A LI E
TRLENZZNWISTHY, TOEICE T2 ANELN
LA BEHEL DD,

Journal of JSES

_66_

A OB BIE, BUKMEMBHZ XD HEBE N OKIZ,
B POERGICE S ZM LT, EEA ZMHERC
TR S 1 o e ) 2% ) ds L OVHURG BR AR IS - 2 D50 8, %)
RO — iz, RIS LONE i JNK R THEBRAYISHRESL,
BRK MR PN T2 £ O 5 BVE N 003t ¢ B K O RS B 2R R
RSB E S OABME, FTREMEZ MG, EIETHT
LTHD.

2. =B
2.1 EREE

Fig.1 [XEBRIEE OB 2R TWA. [A X (a) L2 &
F T, R, mAEAIR, B 5200720, i
RERDRDD.

ARSI, B BV LN AFTE OB IS E
LRG0, RN OB Ty Va— i E
W R I T 2 e — o — T, A T BV T
HHTTF L7V a— LK ER PRI TV,

Fig. I(bIZRABR T O L E X CThoH. B EEE 1L 1 (Al
DEBRIZHONT 3 AfFEAL, ThZENNE 26mm, S
30mm OWE RV AL =V E O Fhiid Vo — e T
IEL7Z2b 0 ThD. FEE ISR EICRFFL, TN NIcHE
Wk OFEBGE EE IR A ATz,

BRI, ¢0.3mm, ARSI 40mm O AZZ 2
AKTHY, BT FEAT 2> DR S il AT O O
2R DN E O EINEIS, B EEATHENZHE I NHD
IO 7=, AR R R ST WAl OB AR & L7

W HAE I IE A T 2R BT, 2 o JF BEIX N BV T
W, REEFFIC I ERVA L TN OB L 2R E L.

H' —_—
igh voltage de
power supply o0

Ethylene ~ Pump—, I
glycol(50wt%) .-| ! ] -

£

/Cold junction
4 Digital milli-voltmeter

=

_{Heater

Y _ Solid state

TE N N\ ' relay
i\ - | Digital

thermo

\ |:| controller
P

oy \\ iliconcoi\lmcmo'mumc (T-type)
Test ml(l_!“l]t?be /// electrode(+) \Interface

Silicone Plugj Wire electrode (-) Distilled water

Cooler | __

Cooling bath

(a)Front view

Silicone oil

PVC tube
Test column

(b)Top view of test section
Fig .1 Experimental apparatus.

2018 4F



RV EEALE = VBB G A HE N OIS HK O SGE R 1205 2 B O R

WHAOWEE L, BT AARI—FT—(XAT v/,
COOLPIPE 400R) &, JIS T BEE R} (6 0.3mm), T VX
JVEE R A R (RE I B, UT40), YUy R AT —RJL—
(FLmr, G3INA-220B), ERbe—F— (J\KEHE, 1kW)
WXV L7z, EHAERICITERZ EIEEEE
R (=Z%L w7, AMS-40K01P) ZH\, AflZpE L7,
WL T % H A7 (CASIO, EX-F1 X% JVC, GC-PX
1) DG REREZM A LT 60fps Tl L7-. BMIFIZAZ
IWNTART 7 A R—MRIAEE (7 <k, IMH-250) I
X2 FBWEETITW, JRAIELTPVC & 3 RABLON 2 AD
MREMPEITFICAD T RNLERE L.

2.2 BEREOEMR

MR FEAE BLOE R IC W T, s HIREED
R EACE R % ] BERBR VIRV RS LIS, ZDHEE D
FERBEPE ETHILL OB AL 7.

HEE OV, RO BT AR ETE AN R DT,
AEAKRIZEDTTEVE, KR K, =& /— b, hibD
BIZAEKICEDTTE, BRZEDOIATIT o7, 0%
oz, ik o TR KEEAL, 20 Elgva—y
Mz, By b AWM 2L, IR A mE2 kL
7o, ZOIDNTTHIET, —IITE 2 HAVD RS % A2 AR
DR &7 D5k G h % vl REZRBR YV [H] 3B L 7.

2.3 HAHRBREERAE

FBEGRIIX B A K%, BRI iE Y a—
(Bilifb 5 1.2, KF96-5CS) Z A\, Wb 25ml &
L7=. B OWREENT ho=50mm, % & OZF L hw=50mm
Thd. KX, A4 28 (A /7, SHDI-SA) T
TFIAF AR BT T ARG 2 THRBE LIZAKTHY,
TR A KITEY R EFEAT AR K R CEYE L
KTHo. Va— ik, EBREICRER A Sum @
DT RN T w7, No.2) THIE LT A L.

it E K ORI, FEVE N O MK S B o Ik
Ay Va— ek -8 Ext o TR 272 BIHA
G, BVE R AR RES A T2. ENNE T E 1% 35kV L=,
T 5 A5 - IRF D Lt 255 B O 181 42 SRR 1T BURIR Y ¢ =25
FICTITW, WA ERIL 1 =—5202°CTiTo72. 8B,
BEEE BVE o HVR REHERF 2 R O BRIT, oW
HIEHRTHL—11CTIT o7z

BT 5 BRI, RPERIREICRZESR, B<FH
EBWTCHM L. AdG oM o 1%, B 51z
FEYERM 0 s LLARRGBIER, ThAbbES A 5T
bt OFRFL, MEEGON L~ ERA T LD
W, ANBUS AT ZHTETR AR LTINS,

2.4 T—HEE

Fig.2 |33 BVE N OWIR L, —AHEER, SEAALE D
BEWS &, OF8C = MEE R O 8n 1 J7 [ JFE AR ol h &2 0 S
MEZRLTWD, FEEGL, LBl y, Ao
BB A G T AR (— BB &, PVC BONmEED
R EZHY, MPOeXIEENE, T2 h E=0kV |
BIFDH h=0mm ZRLTWS. =FHEROFEHE), 8132

Vol44. No.2

_67_

_~ PVCube

LU IS LR DA |~ Liquid-liquid interface

Silicone oil
I~ To DC Power supply

Triple-phase boundary

N Wire electrode

Imaginary Plane
involves two electrodes

I
Water

Fig.2 Definition of reference position of intersection height / under no
electric field.

D hZE-oTiEim 5.

3. MR LA

3.1 BRUKMEE 8 A4 HN IR R #E 15 14 g

Fig.3 1%, r[min[iZxt T HFHENOKIE ¢t O—H#]T
B mAYE O ¢ o PRk ThH b, wEE
FE 13K 0.43K/min, REFRIIL 0.991 THS.

t=22.00-0.43 r  (R?=0.991) (1)

WA R FEBRE, 3V ATo3 M, AF 9T
LTz DX, —11CICR =%, 12 B E
PREFL7CDY, PVC B N O3 i EK LS & B 46 L e o
L 2O T, BOKME IS HE T DK TR R A A 2
LR WNEWHI A DOERECAHE [ THY, 7w H K O
FE LA SOl OFE N E DR B EZ T CNDEB 2D
N5 B OTIX, Ya—rviha—T &L= T
ZFRERE 2O CODDY, ZORET—10°C T 10 B R LA
FHEFFCE AMEOR R, EELDOINETDHE
BRIF 20 TR BT R ARIR E, I ERFH THY, PVC & 1T
YUELWREZEE S EE 2. 2 F, ZORE O IR FE R
X, AKOMERE, O LR T O ELRIZITHZE
26, FARIEE, #ERFRERICOWTIL, SORDMFT DS
FEThs.

10

Temperature ¢, deg.

-2
0 60 120 180 240 300 360 420 480 540 600 660 720 780 840

Time 7, min.

_- =
S n o o W

Fig.3 An example of cooling curve of water.

Kb A ) F—



AR - M

3.2 ZHERBLUREDOE

PVC BEWNITKEVVa— iz ANDE, WRICEDIE
WS D3 RS A, £ PVCE N, K, vVa—lic
Ko THEMBE ZRKICID = HER B kahs. 16k,

TOIORRICELEN G LEBEO ZHERLEOEEHO
BEGNITIAONARNWID THY, F7mlAE B A BT R B
B ZAHBE L CH AT H28h 0, 22T =M
REEDEB)O—HIZHONTIR RS, ods, ABIZRERIT ¢
=25t 1 COFMTITo7.

WA B LS, 372bb E=0kV TiX, =5
R 3B X OV R mx, Fig.d BEO Fig.6(1)DXHic B
T, ZMHBESILPVCE N Z—EALTW\WA. PVCE N
KITIHENEE M E, TbbBUkIEThirlickd

WIZ, E & E=0kV 2B 2 IZH N3 582 3720,
GRS NI T 5B OFXEIZONTR RS, HD E
FCILRIE S, —MRERELICELIT ROV, Lk
L, E=2.7kV {3 CHBMIT 65 O = F 58 U 7o iE )
N ZD. ZOFEEY O 1L, electrowetting #) 12 LD
RoNT ot o2&kl ’tlfr&%zgné Bz
E Z¥MT 5L, ZORENX =M ICH > TR, =
FHEE R AR R S5 B LRI JD%@J, WAL
WRIR A ISR NS, ZORENEL, E OHNICL->TSH
W LS. IR EOEINIE R TH, oM
THMETHHS T, TO—PlarR T2 bNETHD.

WA HICR N5, PVC BN OSSR, IR i O
FE ORI, BEICHL T, TOWLE, BALOKES
’3% JE ] 2 & eI O W TR K E TR DA, 72k

FEGA GO h O KEE, BE#HR HYOK 0.7mm xt
L/T, AWETIE 11.2mm THD. ZOF G, BEHOE
B BB MR A D ThH o= L, PVC %fti
BT ITHHAA, Ai“ﬁ:}b‘i@‘ﬁﬁ@/\%ﬁl z
No TG, B RIS b 235458 S EE I

LTm<, BNEELORZME O LRI, %ﬂ%%/u,

V)S“*‘/?HHIO‘JZU‘\*IEI%WUKE% z, WO E 0T
WEHTOMEVERNZED, RN R L ELLT
Iﬂ*.k%z%ﬂ’bé. ZOXH R EIT TG, B
ERENETHIDIER T BN m W Br s
5.
ZOXORIRIR R m, MR R OB, BHA 5
LR AETIEMTEOFEERICER T2LE 2D
i,

PVC tube Interface

Silicone oil

Intersection

Fig.4 An example of triple-phase boundary and liquid-
liquid interface in PVC tube.

Journal of JSES

_68_

BRI DRMAREBRLENIZENTED. LA
b, R OB LD ST O R L EBL G 10LiTzs
ZIE, WD R TRIp->TWA. $iabh, ABF4ETIX

OEMIT IR OWTIEL ML TR

@& O JF FUT R A AT, 7Bk J51h

Thd.

Pl b, ks _72J91T, 9k, BEOERESND =B
RO, PVCEHE O HICHLEIAHZZIEBIW, PVCE
N &k OFE ik A C L, Ao b, BESIZH L TR
TR ZHE N T HZENH LN 2o, £, ZFHERBXL
NI S 1] O FE B X BE 2 U C L B AR W IN BB T2

THER C&, BLA O LU S13m EA E CFE Lzik [F
TOTFWEELIEND, WA 3 5% % D
BE RS A R LIS,

3.3 =HEBERUEOBRBEL

AR 0 X912, = HHBEFL, R St OO % B 134 o T
MY, 1kTea ST, O ET Fig.2 OFERE b 12k
TRESEDLZEICT S, LRI, WA ERCHIMT %
E=35kV DA IZOWTEMITEOEE 2P 3 5. 72
B, ZOERIT t =251 CTIT-7228, @& HIREE T
TR AR EY, +%7‘£ﬁ%%ﬁ%§ﬂﬁ%ﬁ‘yw&w:
Lizks.

Fig.5 1%, Wi{§ O 4% R CchHY, IEBMM D h DRRRE
B o— WJ%/TLm\é B b ITIERR &3 T S
RHHLDOD, RERNWIEEHERLTND.

Fig.5 ClX, EH AT 5% 0.25s ETIEh OEALITA S
NF, ZOBBIML TS, 20D h OFGE E DR K 1T
EEEEROND LRV LEMFEDLA LTV,
ELICENLOBE A EBOTREMN N H D, TR I H
L7z EIEEIRON S EVRERI A 0.3s THAHZ LMD,
E&LTE@(IE@JBL#MH WCLDEBZD. 2D, h

IEHEINL, —EEICEIE TS8R, WA .
ﬁ@@uﬁ@aﬁﬂiéﬁgﬁ IR, SR E TR D BT
LN TRl th, ROBRT—HK FL, 20RO
BCILIZESFEDL EFon T, ETEEHR0IETR, &
DA =X DTSN TETHRWY. LnL, oK,

Height of wave Av, mm

1 1 1
3.0 3.5 4.0 45

1 1
2.0 2.5

Time 7, s

0005 1.0 15

Fig.5 An example of variation of maximum height of
intersection with time (E=35kV, =25°C).

2018 4F



ARV AL E =)V BLE G R B N OB HIK O S AR 123§ 5 B O R R

WA DAL B LA WA T LA 5 I
BTErH. &5, ER O IELY — 5 OB MU T
HEZISTEY, MEDOTBHHEILIEND, Hi i D2 b
W JE M D, Bk O m HK OBE R E T, 2
DI EMET, BHMEICZLOER, Rmozaicks
TnbEEZ 2L,

ZZT, Fig.5 #3BIZFELRFET 3572012, h OID
B, BOBPLIRB BB LOE YO E AR 5.
o7 ayh, BOTay L, KOINHET 5. 3720
H,n HEHOT BN ha 23, ha > hat, ha > hart 270072
TEE, D by HE =7 (DB EL, FIT b <k, ha<
It R 72T 70y MR AE — 7 (B LB 2 HZEIZL
T, 4s MOE—70KEK 2 5. b7 oy bdHo0T,
ZOENCE T OENH D HITT T AR,

Fig.5 O L% 25, B%b 25 L720, SEHIWIC AT
W EITH 6.25Hz, AW TITH 0.16s 725, BE# YD
BACHBUNRFEENE R SN DA, Z2 TR EMICE S
H oW B 10s 2% 2528107 HIE, R & o & 1
TIRIE 16 12720, W OB KD BIZLDEE 2
N5 B OOTIE, B A 5s BN Tkt T2 820
ELTE BN EORB A E LR, Ll DR
IEZNUTR DDA R HDHEEZ 2 L5,

—J5, Fig.5 DR IEIZ- O\ TIE, peak-to-peak fif D -1
THI 2.5mm B2 BE THY, ZOMEEEH VT L TRE.
BEAT 5% O b OFEEITF 7.5mm THY, B &N
HUGITTWAZELHH T, h=0 I[TRERDHZ &L, LavL,
NIE TS DAY, LR BB Ok S R ClRnS. 2o
FORKD OB DAL AR EF R THEBE 261D
DB, TOEMDORKESITDARIELMATEBLRVESR
TN DHZEMD, 5 JE BHR B 23 L iU AT 2 Th D ]
REMENEVWEE ZBND.

Pl Eokolc, KRS T, ZHERORETE,
peak-to-peak fHEBLITEEH IV KEL, ZOZENHE
B A5 LA OMS SATBRE AR W B 2 B,

3.4 BAHKDEERE

Fig.6 1%, B 5 1t O A B X O =5 Rk
BEOERBZRE LB E S, B RmE 4 2R L
TAT T M LI DO THS. BETIID 2 BEE 2, f
DML B2 D ZAROHERDH L, FENADIREM THD. £
72, BN R A DRI IE DB THLHN, 5 RIE
JE DR CHE 5T,

Fig.6()ILEH 2 5 LB, 7706 1 =0s D5
HThb. Fig.s5 Thik~7=5512, R & o fF# Bk 1C
FENRHLOT, ZOR A TIEAmEIEFF L TWD.
B =1.26s ThDH. MR, IR A IXE S D%
BT CRY, ML L WD, ZoxE i, fid
D XIHIZ, electrowetting ZHENH 5L TCHEEZBND
D, BRI O TRV, FE O A Ay FTRELT
HIEFIR S TV, EAMEmRCTRELERRAD
FiH LAV OREL, ZMER OB IR IR R m

Vol44. No.2

_69_

Electrode(+)

Electrode(-)
Shooting directionT

(1)
7=0.00s

(2)
7=1.26s

3)
7=1.29s

(4)
7=1.63s

(5)
7=2.78s

=

- 4+ =

Fig.6 Behavior of intersection and liquid-liquid interface, and freezing
initiation of supercooled water under electric field, photographed
from negative electrode side (E=35kV, t=—5C).
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Fig.7 Relation between relative frequency for freezing initiation,

number of frozen samples and lapsed time under electric
field (E=35kV, t=—57C).
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