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KEELHEIN, FI4R, FUMCERTRLL,

(a) REXEOXRZINHEDHEE CERCCT /o0

FARCASND L5 BB E XL VEVENCTE, FFTEREI YL, €7 /T2
%, M TIHBEL/NEI v, ZORRESEE COMBKDOHEMBICERLH B IDEE
Z 12,

e BEOKBIEDHK RN D, SEEECHIAALRKIENIDEBR IR TLEBE
BREZRITO TR A L —HMIREEEKE LTHFET HWREELADH S, FHE, $H4
FHE O BEMEEBIE THKCH UAD LR ICREE KD EHHEEN DR THE/D LTS
BFEHERLL, b LAMKOBFEREEES—ETHHLbIE, EREOEXEENK E VI
BEEREEDRVEVCIRERTETHA S, 2EDh, REVEAEZRERY S OM &z L%
DEIEFECDEEZDOND, ERCHBISHCEEE ERBEEBERIE L0 BRTS
EVCIOHIERER B3N R oFEEEMT W5,

RCHERERBEOBEBEKEECHESFTHNCDOWTELTHALY, EIREBALA LY
BWSE, €7 /B RAWREEO HF SHFKOBKEEITEXKOBE T TH10% Kk x
o lz, HE b nic g te LOKITNFRICBE Ly m 33, —60~—70°C KR T T
Laiz b Sh Tk ) (Jones and Glen®), & 7oLkl A6E < © —5°C T Rk EN
Ruidhic (FH?), #-T, ZoEBRTH WA HF 48K LR U TORBERRER LT
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BRBREL B0, KIGHT CHERREE LB rBEE A INET 5 dThHd EE
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FEELHBCEE Lok by —10°C 0BRSSk EBEGEFELTRE, Thi +1°C
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WERYD, Ted e KR GR E oy, 20 ey U L REREE S B O HE CRIBETE D L)
TR CB X thdTc, B8 13 RIS OB A &tk (1) TR Lic (B 1 BEE» b0
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Th o lkohiEtstt 12, HODOEIZBZHUEET (XD A»b B), HHEHADER
CEC—EEEOHEZIE e B2b C), KRTE 2, EEOEG ABEIRKRELEN



Ek o EFIIPIR 11

RS Teh Dy, BETHDTEIMR
RICELUTCUBEE AR LD EEL
bz, 748 Yo Th RS R
HELRI, ABRL BCR&Tit, +4
BT 2 £, R T 10 513 K EE AR
Lz, ¥FBCHO®E®E X, 1 HE E+1°C
CHE Lich ok, i 50%, +
A4 VTR I0Z M EXRBEI S hic,

KB ELBALTORERCSH > CTEN
IR VB ERbh b ABREKE
%8t 6 O E (EER0.3mm Dl 4, 10bar
DENDGE) &5 4 K x FITHRA LT,
Z DO & OET LK OBHEER 2T

~ w ~ o o -
v . T v T

Displacement of wire , mm

Time, min

B3R BHGO; |BUEFICEREBEL kD

L2bDEBLHENTED, BALEIY Hi st & (EE 0.3 mm D) O
;3 VIP) 1384 0 Sz R i : By, dig(ii); —10°C b +1°Cit
o*ggx P2t ORERRC LB B EY LRI ELKOFOH S0
3EFE—E TH 3x10™ mm/s-bar TH - 72, By (ERxihD Th b7 LMK S
C Ofiii: +1°C D E I RISHE R Lok PEMLERT). DR () oma L

TERLIEFM = VROEE DK 40% 12
Lleh, COERSA e VROEITTEECED DBUEVOFSOEE L EXDENTE D,
COFTENRIBNEZ DB WVERT Tk 0ERE L X WHIEREAL R,
EFp3650bar Th - THEAETEIL —0.37°C 205, —1°C KB T CRENERT X
S>THEIKOFHELFIITER L, LALE DU ECIBE —1°CORETLERO2
mm D7 /K 22107 mm/s D X THDER L1 TW5B, ZO#EY HV T 10 bar
ODFED 7 ) - THERHELTAL S,
K27 ) —TRECTRCIDHESOETEES ve £T5&, KOFOBBELOTREE
1T vela (@138t O¥R) ORBEELEZzbNRD Nye®), 1L, ZoBED 27 YV —7H Glen D
WEHANCE S & T 5 &

e _ 1ps
a

tlhh, BEEZ YV - FOROER 121078 ~10"0sebar ' TH B A, SOBARILFDEE
BHEETER, LTI THES S0bar THRDZ V- FEEXHANTCER £ XHETRD B &
#2x10%s Lbar ' kip B, ZHLBLE 10bar DD 7 U — FEE (HR 03 mm D&
BE) 1 3x10 mm/s EXREDH, ZOMEIRFLED AB R BT 5EE & 3IE—KT 5, =
DENPLLFA v VEDOHE, RAEAERMEL DS 0% BEREL holeDiZkD 7 ) —
TOHBLELORD, KB IOFECILZ V- TEEDORERGEENA - TR, |
DEBRTKPER 7 V)~ 7TRELTOIMEI DR EOME DD, L L —10°C bk~
KKkOREY EA I BROMHOH 0B & (Mo Arb B) 1, X»PENERACETS



12 HOR -

LAiod 0D T, XKOBEEWMICLEIDEELTEINAD,

2. BKEEOENKREHEORERICDNT

FEL CRBEBENULOHEDCE K EEORMELEREEORVEVORKEYE 2
foo =75, EJI3bar LT /e b L 11 I A5 N5 & 5 W EHENIERME L » biksrc
INEL I BEIRHRDORB Y Th D, A HF & ALRMM kb2 ELH S OBEN L it
Bl KN CES LT 3L s B BVl L, Hil & EROR—HKORELTRHY
XL KEETEHDRELERMNTRLICOTH D,

BRAL VEWENTRLOBF BT KIKEE LTIFET 5 HE Y BB S TR
7oy, BEEAUTOENORIIZ S LERER/ROKMZEALRbREh -, BBENUE
TIXgt & DETEEDE I, T EUBIT K2 &EENH OB L, BT KR
BAREELTEDERINRD, ThICH LT, BRENUT CRELOETHEV-OT, KT
BRI S HHCER - B S50, $E&EEOEEIVKERET O REFET
T%, T5&, HEOHELLEHTOREEN
WAL, g&oh2@BABRENEY, T
HEOETEENHNITELEEZLNS,

TOHEEL, EBRwEte ETHROREZE
AT ZPE LR GRILE) oo HSh
foo, BUNKEROISmMm Dz vAZ VA Y
Moo T, FHEIhHLOEE Ve LRE
AT ZEACH L TR LA, FE S5 3bar
UFiehndé, $E&0EE Ve $ 4Tn bkic
ZMEEL LB 0nALRS, A o o
WMOEHT X2 AT OFEYHEEREORL % 1 2 3 4 5 6 7 8

- o Driving stress, bar
C Z ) N6
SITRZ LD LEBRT HENTE D, S14E BE0S5mm oé (EE 0! mm

162

wm

Speed of wire V,mm/s

S,
w

&z 5f§+ﬁf§@@iﬁﬁﬂ§$%@%@$ﬁi§f DEBEE VAR Y 2V

Z 1072°C #2132k 5 - DI Y. BT THEIhLEE Ve RO £ -
ﬁv . THKW%T?éf&W&L%ﬁM) TR OBEE ATy & EH L O
AL Y 5x107% = A/l it s o Vi, AT B ROBHALF
o, —H, AERCHEMA L HF 86 Kk0F BMeh s BERCRER

BAA VIREZAXI0 2Ll e D TH IO BOBEIH £ BT TR » F kb, OB
BEORMY OB I EBRCTEDVRELEZEL DENTE S,

T O EEIEAEE 2R 25 HACERT2ERMEI12H, HABERANEEOK
PHEOERBITELZ2Z OIS, &I, Gilpin' (XBBE LT Tl3KED d o s 2359
MI 2D EORENKBZESTHEHAL TS, FMIWOREDES LTS
iy, 4%, R OREORE, BCAMBOE i Mkt ostLo®E 2 FIET 5HEN
VETHH D,

3. HEFEFOREBELHTBLEDNT

I Tl Rt SR B OKEOEREER, EROBHRALTFHEINLMELE LT



RO ERBITR 13
£ 5. Nye Rt @MFEOKDBEE 0 kD X 5 IKE LT,
0; =%cos¢, {BE1L ¢ = Lvp*a?

TSSO D DR, 61X T AL OAE, LIiKORBEE, v i3t&0RE,
a It & O¥RTH D, T FHEEHE p* 1T
1 1 1

- =4 —
p* ,d> Pi
p+Pw<a

TEDLEN, 0, 0, ox XFRFNESE, K, KOBEHR EEEROUE), dikit4&2al
KEDE X THDH, L=80cal/em? v=45x10"2mm/s, a=0.15mm (KEBRTH 7/
MOBR), d=03 pm @ ROKEDEZIERDDZIANLDOTF HHE) 5L D EER ILTX
107*°Ceem £ 72 0, $t4 THEDHTT 1 mm OXDOBEDEMEE —7x1073°C L1 5n, Thik
FEBRCHELRNIREDOFERME —5x1072°C L L_TIBIFELH/NZWETH 5,

RICPE TRDIBE SR Z A, KEE - T EMEOK—KRE LI N5 RE L H#
FELTALS, Kifn» L Tit 42T 5o B BE QB BMERILD

Q = 2av0ice L = 1.9x107%]/cm:+s

VC% Z)o Z T Gice 0iﬁk@%ﬂ‘§1g‘béo
—F H&HE CIRERT AR Z 5 dickd il » TRK—KREAHRALEE QilL, #
EIhBEESILBEE LT
Q1 = 2#ice S:%%rdgb =1.6x10~2J/cm-s
Thote, UEDOHELL, Ef10bar #0377 7 HOBEE, kb AK—kRAANTKERLAL
BIS S D HETECBLELBBLAOHLTH 8% LT EvH b T,

VI. = & &

BRI 3510 B RER D FE JIAIE - FTRES D% 2 MEWIC & DRIER D 37 » T\ 5 D1k EBR
MR CR DR % B 1,

(1) 48 TR 5 bar (3T ICET & OME NTHEFMIC K 1.5 5 Z LT 5 BB AR OH
STy, FA v VB TIRSEIERE T -2 2~15bar DENHEHCIIEBRATIRO R o T,

@) 74 e VBTREKEENFEORIIRIEREAL, FHECEBBENNLTRE
DIZIF 0.3 T KILHI LT,

3 BBENLOVKECENOSE, 7 v VBEREOMEEELY S D8 & CRENEE
DEPEZIZEBHRBEC—~F Lz, LrL, ThIhKECREERSE S OHE T, KHE
PBRME L D 3N, —F KL DBEEROP I 4 v VR TIIIICE B E 40% B
BEXEhLsT,

@) BBEHLUT CHF &AMk h a2 0RE, X bk hiBokict



14 s fE e

NCEFLUTRADELIRBELRW TR L, BB CEOEE P TERICET 5 REK
CEGTHMC X260 THHELHEIDI,

(6) koFERELEHSOREEETOWME 2 HE Lic, KMz 2ENAHTEREE&D
ETEECREREEE R Shic, ZORBC I - TEEBREmOMEITIEH X D Ev& v
5EDRR - BIREJORLIER L L HFENHENDO R,

6) KOohEBEIEEATOKBEME Uiz, #E ShIg&EHEOKRES L, ko
BEokEaR CRE SR BFHORE 5 & N, B Eick EIoEVWARD LR, X
FRE2 S, ()@ TEOFHMOBRE XFEBRME O KA 1 HiK &3, (i) EJ 10 bar & )7
€7 7 BOBE, Kb i&imoK—KRAR~NRIAL L & OETLERBRELAD
¥ 8% THhHBEN b T,

RRRIZEZO— A, FEEIIEERFRFREEEHRELRBMRYELEROE
THEEL T2 DTH S,

WEEIT O T, RAEMICAMEET DN « L BEXRDEEIL L OPERPH
B iotivie, ko HE BEIE SR AT —DEFEOEEOTIT -7, T
LOhbREHOBEELET,

X 3

1) Bottomley, J. T. 1872 Melting and regelation of ice. Nature, 5, 185.

2) Weertman, J. 1957 On the sliding of glacier. J. Glaciol., 3, 33-38.

3) Ornstein, L. S. 1906 On the motion of a metal wire through a lump of ice. Proc. K. ned.
Akad. Wet., 8, 653-659.

4) Meerburg, J. H. 1907 On the motion of a metal wire through a piece of ice. Proc. K. ned.
Akad. Wet., 9, 718-726.

5) MERYA 1954 fEkicowT. RIERE, WEE, 13, 29-36.

6) Nye, J. F. 1967 Theory of regelation. Phil. Mag., 16, 1249-1266.

7) Drake, L. D. and Shreve, R. L. 1973 Pressure melting and regelation of ice by round wire.
Proc. Roy. Soc. Lond. A, 332, 57-83.

8) Jomes, J. S. and Glen, J. W. 1969 The effect of dissolved impurities on the mechenical
properties of ice crystals. Phil. Mag., 19, 13-24.

NI 1 1978 TR OBRC BT AT E N4 EHUPKBERNe vy s -FRBRE, #2035,
293-324.

10) Gilpin, R. R. 1979 A model of the “liquid-like” layer between ice and a substrate with
applications to wire regelation and particle migration. J. Colloid. Interface Sci., 68,
235-251.

Summary

The motion through an ice mass of a weighted wire at a melting point perpendicularly
to the direction of the wire has been explained in terms of pressure-melting at the front of
the wire and refreezing, or regelation, behind it, which constitutes the theory of pressure-
induced regelation. Experiments were carried out in a cold room controlled at +1°C by using
an apparatus schematically shown in Fig. 1 for a quantitative examination of the theory.
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(1) Effect of driving stress on speed

An experiment using copper wires with a large thermal conductivity disclosed a sharp
jump in wire speed at a pressure around 5 bars, where the speed changed discontinuously.
In case of nylon wires which have a thermal conductivity 10 times smaller than that of ice,
the transition pressure has never been observed in our experiments.
(2) Effect of radius of a wire on speed

As shown in Fig. 3, nylon wires showed speeds nearly proportionate to the inverse radius,
(1/a), as expected from the theory, while copper wires showed speeds in proportion to (1/a)’3.
It was proved that the effect of radius of a wire on wire speed was such that the speed was
proportionate to the value much smaller than (1/a)® which is expected from the theory.
(3) Effect of thermal conductivity on speed

At a pressure below the transition point, such as at 2.4 bars, measured speeds per umit
pressure, (V/P), were much smaller than those expected from the theory and had a large scatter
regardless of thermal conductivity. While at a pressure above the transition, such as at 8
bars, speeds of medium conductive wires (about 0.2 J/cme+s<K), such as chromel and constantan,
were about the same as predicted from the theory. But in case of copper wires having a
thermal conductivity much larger than 0.2 J/cmes:K, the expected value was 3 times larger
than the measured one. On the contrary, as for nylon wire, which is a poor conductor, the
measured speed was larger than the expected one by approximately 40%.
(4) Effect of impurity on speed

Figure 11 shows the speeds of a piano wire (0.3 mm in diameter), both in commercial
ice and HF-doped ice (about 2x10-*mol/l). The speeds in both of them decreased discon-
tinuously at a pressure less than around 3 bars, and those in the latter having a high con-
centration of impurity showed a much larger change. This implies that such an abrupt change
in wire speed at the transition point is mainly caused by impurities contained in ice. This
was also supported by direct measurements of a temperature difference between the top and
the back side of a wire.
(5) Measurements of a temperature difference between the top and the back side of a wire

A larger temperature difference was observed as the driving stress increased (using a
constantan wire 0.5 mm in diameter). It was also verified that the temperature at the back
side of wire was higher than at the top, which is the fundamental assumption in the theory
based on pressure-melting and refreezing.
(6) Measurements of temperature in ice near a wire

A temperature distribution obtained from measurements is shown in Fig. 8. It is very
different from values predicted from other theories proposed currently concerning regelation.
It should be noticed that a negative temperature was observed in the area far from the back
side of the wire, where delayed refreezing of meltwater was confirmed by microscopic obser-

vations.



