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Experimental Study of Close-Contact Melting of Phase-Change Medium
Partially Filled in a Horizontal Cylinder

Jeong-Se Suh and Sung-Tack Ro
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Abstract

o33

43l), Natural Convec

An experiment of close contact melting of phase-change medium partially filled in an isother-
mally heated horizontal cylinder is performed which involves the volume expansion of liquid
induced by the solid-liquid density difference. The solid-liquid interface motion and the free
surface behavior of liquid were reported photographically. The experimental results show that
the curvature of upper solid-liquid interface varied to flat as melting progresses. In addition to the
varying interface shape, the melting rate increases with the lower initial height of solid and the

free surface height of liquid increases linearly. The experimental results of molten mass fraction

were expressed in a function of dimensionless time Fo- Ste

3/4
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Table 1 Parameters of the performed experiments in this work with Pr=25.0 and p*=0.90

I\:)lfn?;sir [’I;w] [:'1(;0] Ste S Ar Hi/R [sttelc]
EP1 59.9 26.8 0.148 0.316 8.60x10° 1.65 51
EP2 68.3 279 0.263 0.300 1.00 x 10® 1.68 67
EP3 74.5 26.9 0.348 0.314 1.02 x 108 1.67 81
EP4 68.0 277 0.259 0.303 1.00x 10° 1.52 66
EP5 67.8 271 0.256 0.311 1.00x 108 1.26 66




2254 A4
{3 AEa YT Y AGAEY P4 &
el AAAel AX ARHASA AY 2 Fgu
A& 7HAA "=t 28d, AR A A
A4 EEHE FE5H FHGAANA 245E A
o5 g who}l cix EAR e ==
g Zo] oo}, webd, £ AT E 4%
2 AAAEY APPeo] ol 2 dolr
goh A4S 2o 4L 20 dAHTY welw
FBeA AAA Akt §al b A=Az
Shdat tlgo] W oate "ojxl FEm ) e

2 AR Hyd2Er) 68C A<
H,=1.68R, 1.52R, 1.26R

2 Ann U9 Baws Mzﬂ
QAR A3 s3] A
Aoz Halm glony o a} 7} A st
£ ¥A(F, 25T AL 4B olFE 3
Zto] A A5 Qlek, olz)dk AER AlA A9
AYPAo] galdd o] FAF 53 dAE B
2ol Qlgol ARaw, webd A4S E §53 @
Aole] golux & o}z} o]g] B-HW~20) 4
3 Mo FE Tz AR dasSe] ¥

froe surfact

et
7% 9492 Ut F3eel AW Ay
e Amozye AU @t £EAE +5H 4
Z3ol 945 AANES A2 TRARA Ve
£ 45agel met JBE VL Aoz, WA
Ao 253 AAANE FHAAY AEEol A
2 A FEH AAEE w2 HPAE G50
AfA R Jee W 2 Aoleh Aol Ags
% 22530 vlal AT AA o2 Yeke)
WA AdNFY JFe AMAoz Vi G2
JEREo] &Aooz Fasol FHuol Yuka)
A Aeehe gue dehtts Aoz Az, o
A% TANAE AL o 5L AAAR] uE
AdFe G WA o] Ade 5]
Hoz tyrel 4254E olFHE AP Wi
$YRion PRt HPFEol A FAET 29

Aoz A4 m, AF 37} 2 olFIAA gho}
3 FAA £HYNE FA%D e Aoz
Az, 4AARe AR BAsel ol ol
FY AR HETEE G243 B AP 2
44 9 sAN4E AT sopEs 4AAR
Gzt Bt FANF & ALe Flt 213

SRA Al B4ol JARA e go
A sk £ARd ARgdie A4 )

AT OlA wﬂ#@%% AR AAARY =
o] 279 o] dAFct 3 AL E AT
adz A4ucd Wi $HAY AAE e
5 gdoke Adelth, a4 ZIEolE
1.52RE & 7$el A7A

2(b)e) e A
2ok wlgol Fig. 2(a)] 79l »)s 4eide

solid-liquld
interfaces

froe surfaces,
time increasing
time increasing
_____ 1(s9c)

tisae) Pemme——e o= o
0 94
i 21
184 4
07 A
414

solid-liquid

intertaces

(@) T,=27.9C, Tw=68.3C and H,=1.68R
(b) To=27.7C, Tw=68.0C and H,=1.52R
(©) To=2717C, Tw=678C and H,=1.26R

Fig. 2 Timewise motion of the melting front and free surface



303 sec
Fig. 3
T.=68.3C and H,=1.68R

A7 A o] Fig. 2()d 72

vl2gt Aoz AYP=z o, FHH A
e AE7} chs w2A o] Folxz Qluh ol d
7Ago)l 249 271Ee)7t EFF AEIHI Q)
%% Fig. 2(c)ol A féh-& 4 doh &, &7
F3uo] A v ge]l FHMst APEHE Fb
Aol wls=stAl FAHL Y&g Fig 2004 &
ok, Fgzalez ols A4 AFIEH et

_ﬂ_
o] el HFehAE Heol

=

Aol 2glol velH glowm,
A A8 dFE7l 2 Jbch
To=27.9C, Tw=68.3C, Ho=1.68R3]l 7%l
e galAAA Ay FEAelA dEH e
FelgAae 7124 A& Fig 3o el
futd d sl gedsle] 2EE AAE TAsle] Bl
Fig. 2014 & viehuzl ¢4 355 Anpiiiol
Vel glew, AZEH A$ FElzh dubelA
F2 o]FolArie AR u|F

g FEoz yztEch ofd A2
I AFAA Y g§e AT dupedede] 5
A YAHAGE oF2 AAAQ A Fo & AAE
[ =

solx ghskew, oYute] S

i
2
o
1)

2255

503 sec

A sequence of photographs of shape of solid/ liquid interface and free surface for T,=27.9C,

el oAelzbAl olegol Ak Fig 3o04 &
#7h s ol F4E ke EAE §AOE %
el HAT £ goot, DEEEEINEE R

A4 aa°11]J- °‘°“1, 53 &

2
3 AA 9lee BAY 4+ Yok,
32 BIlE

320 aliA 8l
3 &l sl
3t BozA FASAL
W B £%0 © slolth ofF s +HUABY
HE&EFAAAL A4 2 FollAd Al FZolE
o t¢] Bareiss@l Beer®¢] 3)

s4Astet 4EAHE A2 va
¥} o3als) mlelsie

Mz e wges zrlel wAe] $yHez A
AR Aol sl T2 A4aE ol ATz o



2256 AAA - eE
mle_%izl_ qf)<($5>) 2a) " - A=0
£(a) A=3
_ (Ho<R, or Ho>R, ¢pa<nm—¢bs) m, i )'=S%§+s°,
O (9a)= 21 (¢a) +f(¢s) — /2 05 |-
(Hi>R, n— ¢s< pa<m/2) :
(2b) Ste Exp. Analy. Hy/R
£(9) = (¢—cosgsing) /2 (20) [ 6283 O —-- 1o
arccos (1— Hy/ R+2s*) 0’8 0348 & [ e
(Ho<R, or Hy>R, s*>H/R—1) .00 0.02 0.04
= Fo-Ste*/*

| arccos (s*)
(Ho<R, s*>H/R-1)

(2d)
ds=arccos(1— Hy/R) (2e)
ds* _ Pr-Ar AL
W—O-“Z{—Ste ESIE }
{ d)(¢A) }1/4
singa (2/3+cos’da/3—cos'da)
(2f)
1= s, (28)

714, =s/(2R), s& A olFA e,
6494 gt ARFAL 71F ‘
sl Akl RET9f e 27|F
# A& Aol olF+ AxE A7 ‘)rE}‘v‘iﬁh
A9 Al(2g)9 A& oAby A a2y
7+e ZA7b Bapelde 49 Fo2 viehd glew,
o] 5L 2% ZA gy A=00] o] A (2f) 23¥
Bareisse} Beer®e] sjAsfie}l vikd AAE LA
"ot AQ)e zAWe 27 A a371 1y
Holo a4y 7ﬂ£°571%_}°l b7 8 g - K A
A5Y $0FL FA s e Aoln, Bareiss
o} Beer®9] af 4uby s} 7L°l ’E}%-“i— A7AS =
go] &3l Az AH dAdcpn 7HA F}o
}xvol gafzke ARdckd, A9 A (2)=4H
s mA" Qg Heloh Azl wE &3l
2 99 A @2)elA AHAZ AZRAA Al
Runge-Kuta ¥ & o|&3led 73 4 Urh

o)-

o i

(2a) &) o2 %H %oiaizu%,
2 A9 wsA sz W= d 2 F, T

Fig. 4 The molten mass fraction as a function of
dimensionless time for various wall tempera-
tures

=59.9C, 68.3C, 74.5Cal 7%l
Fig. 4ol Jepiglich, aaleld 425

olwl, AT 4] Aolch HA, AgAH
of thaf Foluel HLEE FAAAS
of WA o)FolAE AL Awalnd, A7
A8+ Fo-Steoz dhge = §algo
Sure] TAMoE molAt AnE uwoln gtk

o] &3 &o] Fo-Ste¥*s w42 ste TF

o ¥ejz 29D 4 AsT delgch PRI
A gaAgs 37 ARe v o Fuel e
golge 3717 tha EoEE A%E 2oln 3

A g

o
Y
:Jd
S
[
>
§
2
>

A P
$olu, ol& Fig. 20
ol we} 45 47
e %E geie 43

ﬂ)ioh‘.l‘m

o

258 % -1—74745]-
FE U7 WEel, 4FF B
oz AHysprligE 233 FA8
& AA stz shed 9
oA ofute] HAs mAte] 273 ztol
, A=0¢} odmhfel ddxwt me" A
AREL 25 A} wimH
2 Aol & doln ek, olHT AREFEH £
FollA kel Z7IFPzte] Falel s E 9
ke vlHn Yes AMH ez & F Uk ¥4,

fu ol B oo fu Lo

£ (0 e wl
fe "

o,

o

Y

it
w
[mat
(]
~
(]
Yo
o
i



SR $rdoz 49a PEEge] oy

Azhie] Bds nANS FUAEAS} 25 23
A A4 494 vlad B IAsz gle,
2, AgAl va A4 e sl
Bhia gled, ol dldeld 43 gD F
Ageld H%E Aoz Azwch A4sl 4
F¥e $H%e 2edcd 4949sh A QA
S Ae 59 Aoz dAR, A6l A
Bk A% AA4E A JUG FAA4H A7
aTheh d, WReEE 9Y A9l 4
Azt PPAE A4AAANAE FAQ A2
Fo-Ste¥‘o] ojs) $aigol Ag UA}: A7
dolm gk A%, 47 AgelH BF Falg
o] Fo-Ste*s] #42 £89 4 Ut A
A%HE QAgieh ol @ Aol dial AA A4 E
"3 ARstel wal 4@OM Fagel Fo-
Stevie] g4z 2AR 4 Uee ¢ 4 A o
AY AL By gEgalsl B A7Q
o2l RO AE Gk H oz Aen gek,
Fogld AP A B SALE 2o

AR EEEREERIREE R L EROE

HA vehde Aoz dol e wgdAgo] &
T A gael 98 A AR E 2AF
o2 o 4 gleh

249 z7)%0)7b Falgol vlAe JEL do}
H7] Qs w]£3d Wmexo ol H,=1.68R,
1.52R, 1.26RZ 2|3 59 A|7le)] w12 §3)
€+ W3 Fig 5o el adold gee
AgA e, AFL AQ)2He AL #H4AH
oleh, 4] s Azt vig] AFAANI L WA
vetua glen, oleidt Al whel ofv] Fig. 4
A4 AFd vt lemr rjME A=z @

1.0
B
55
Ry
</
my |
05¢+
Ste  Exp. Analy. H,/R
0.263 O 168
0269 O ~—~ 182
0.256 & e o
oo o, ;
0.00 0.05 Fo 0.10 0.15

Fig. 5 The molten mass fraction vs. dimensionless
time for various initial heights of the solid

o #4A T nike 27)Felst e
sigo] wheA Frhstn gled,
U5 SRS Aole HAW v AFE
ol glch olw nAe 2Ixolt HEFE 24
o =l F-oi ofnt AEwe] iAoz s

$3¥ glael Fobsiedl sl@e,

33 YUEXIZ Qe Su o
E AFoA fFa Y Fad A Fo skt
R .

] (=]
3 o A
A4 P4 FF A2kl A8 Fig 204 2
a gvh ArEee] deHds By 24 27
o7t 445 A5 Fo] A ol A 73
3 PAolx FHHY Fo] AiH oz Aol &
v Zldgte Ao =g Asfelrh, AfFEwe
24e FHol A P2 FHIA FAYdet
Y TAHA IHAHeoz <ld H=HE et
st i w4 7)) E=bo) 3ot

Hriel 2x71 68C ZAHZ w3l A& W 1
48] Z27|%°l7t Hi=1.68R, 1.52R, 1.26R%Z ¢
2R = Aol Aol wE AFEHY FolHEE
Fig. 6o vebigict, 2818 B Fig 29} A7kl

£ A3 "HEtolA oju] sl ulo} o

49 27)%el7t BE4E AFEA A5} wl

2 ofr o

27 o)Az gleh, AfERIL Hee 1At
TP WAS Do) Uom, 24 A4 2
E7h 2Eol wel A7 dAsz AFFHAN F
o) gl Avekd dold AL 4D B
Aol ek, mALe) Falzko] A7kl wet AR
Fobete ASel Uue Ao Yoz wol
20
- 1.37 oo * "
H oo’
— ¢ °° 152 4 o ©°
R | Ve
154 0°°°"
B e
L]
L T T T :
0.00 Fo 0.05 0.10

Fig. 6 The experimental results for the timewise
variation of the height of free surface in vari-
ous initial heights of the solid



2258 HARA - et

20 & ABE 43 ARARY Fudo] 279 Re
[ w878 oo0o° FUE olEohx ARE ATATOY 4o &
H L g0 AFOIME e 2P HAAHE AHAE 4=

R 4 oo 8e olul g,
bl o 599 (2) Azl wte el W) dmle) exg
[ o 683 Yed &, StesE WAAR Adol TAL A7
W4 Fo-Ste™s] ¥42 vehd 4 92e 44
1 L Hol4 dgkon], £ AFolH FET NN A
'0.00 0.05 . = 0.10 0.15 5 58 ol A4E Faldgch £ A7
AuSolA o) 2rlEelst HLHE $AE

Fig. 7 The experimental results for the timewise
variation of the height of free surface in vari-

ous wall temperature

ARIA 450 AA WA AL AGseh 2
o

2}, Fig. 5ollA19} o] AJzke] Axidte| we} &
A& F71Fo] TaHez Q8 A MEA A
A =lo] Fig. 6ol e} Zo] R3wle] A57 ol
Aol AYHoz o|Fojxx gk ol AHE
wue 2x & T,=59.9C, 68.3C, 74.5C&E %

e Aol da Agol @ AFFade Folw
3% uebd Fig 72 8182 W32 Jehd Fig
45 A2 dBAA Asiug 47 ol 4 e

Aolch, aoeld wmle) £E7} L= w2
A3 gles, ot Melsl io) 845 &

A7k w2 ARl kel ¥l wzA B3
a7) o)k,

4.2 £

2 AFoAE FHEYR 2A4E FEHoE
AgozA FaA FIAAE a3 Aol S
AgE FYdch 4945485 nad 27y
95 nsle] §53 s wimsle] Row
A FHEAS & deazx s, dFE 1
Aol z7|EelE ZEld At Hudy 225 o
of dla] o]Fojzlon, AAZRE e

2o sobele Aelala e Rk

(1) 423 3-agriAe A4P4e £ A7
of Wil i AR EAel 2719 $4E
202 §A%D Qgen, $279 Ao 4%

= Eoé_oai Helz gl
4o 2%l HE4E

o vEhiz ek el2

A
J{o
>-§"’;.
_?L
X
X
i
o
Bk

=

Aol FHol Ha 43

® 949 AFED 3
$ oF3 Yot Yw¥ TAM IuAPew
Ash A et v A5ae vehgeh, A7k
HE AFERS 455 e 27lEolr ¥
4% gos, ot Umel sIsed mofoz Mo}

Ha AR Aleigeh AR 45A S

Azkel @t Ael AYAez o Tojzon, o

45245 Zo| FobAt A slekerd 3
ANGsE §NB FohFo] Bad)
=]

FeE4e] A2 Aase) dehts ABAL

2 AFE Aewe) AusEdel Fase A3
ol m-of WEiz QY FHHE nejdmz
A A4AR $4ANE Ao,

(1) Nicholas, D. and Bayazitoglu, Y., 1980, “Heat
Transfer and Melting Front Within a Horizontal
Cylinder,” J. Selar Energy Engng, Vol. 102, pp.
299~232.

(2) Moore, F. E. and Bayazitoglu, Y., 1982, “Melt-
ing Within a Spherical Enclosure,” J. Heat
Transfer, Vol. 104, pp. 19~23.

(3) Bareiss, M. and Beer, H., 1984, “An Analytical
Solution of the Heat Transfer Process During
Melting of an Unfixed Solid Phase Change
Material Inside a Horizontal Enclosure,” Int. J.
Heat Mass Transfer, Vol. 27, pp. 739~746.

(4) Webb, B. W., Moallemi, M. K. and Viskanta,
R., 1987, “Experiments on Melting of Unfixed Ice
in a Horizontal Cylindrical Capsule,” J. Heat



+HURY FEAoz A9A 44

Transfer, Vol. 109, pp. 454 ~459.

(5) Prasad, A. and Sengupta, S., 1987, “Numerical
Investigation of Melting inside a Horizontal
Cylinder Including the Effects of Natural Con-
vection,” J. Heat Transfer, Vol. 109, pp. 803 ~806.

(6) Marsh, B. D., 1978, “On the Cooling of Ascend-
ing Andesitic Magma,” Phil. Trans. Roy. Soc.,
Vol. A288, pp. 611~625.

(7) Cohen, J. J., Schwartz, L. L. and Tewes, H. A.,
1974, “Economic and Environment Evaluation of
Nuclear Waste Disposal by Underground in Situ
Melting,” Am. Nucl. Soc. Trans., Vol. 18, pp. 194
~195.

(8) Emerman, S. H. and Turcotte, D. L., 1980,
“Stokes’ Problem with Melting,”‘ Int. J. Heat
Mass Transfer, Vol. 26, pp. 1625~1630.

(9) Moallemi, M. K. and Viskanta, R., 1985, “Melt-
ing Heat Transfer around a Migrating Heat
Source,” J. Heat Transfer, Vol. 107, pp. 451 ~458.

(10) Roy, S. K. and Sengupta S., 1990, “Gravity-
Assisted Melting in a Spherical Enclosure:
Effect of Natural Convection,” Int. J. Heat Mass
Transfer, Vol. 33, pp. 1135~1147.

(11) Suh, J.-S., Kim, C.-J, Lee, J. S. and Ro, S. T,
1993, “A Full-Equation-Based Analysis of
Gravity-Assisted Melting of Subcooled Phase-
Change Medium inside a Spherical Capsule,” in
Phase Change Heat Transfer, ASME HTD, Vol.
262, pp. 85~91.

(12) Yoo, H. and Ro, S. T., 1990, “Melting Process
with the Solid Bulk Motion in a Rectangular
Cavity,” Proc. 9th Int. Heat Transfer Conf.,
Jerusalem, pp. 283 ~288.

(13) Hirata, T., Makino, Y. and Kaneko, Y., 1991,
“Analysis of Close-Contact Melting for
Octadecane and Ice Inside Isothermally Heated
Horizontal Rectangular Capsule,” Int. J. Heat
Mass Transfer, Vol. 34, pp. 3097~ 3106.

(14) Sparrow, E. M. and Geiger, G. T., 1986, “Melt-
ing in a Horizontal Tube with the Solid either
Constrained or Free to Fall under Gravity,” Int.
J. Heat Mass Transfer, Vol. 29, pp. 1007~1019.

(15) Ho, C.-J. and Viskanta, R., 1982, “Experimen-
tal Study of Melting in a Rectangular Cavity. in

R EEEEE 2259

Heat Transfer-1982(Edited by U. Grigull et al.),”
Hemisphere, Washington, D. C.,, Vol. 2, pp. 369
~374.

(16) Sparrow, E. M. and Broadbent, J. A., 1982,
“Inward Melting in a Vertical Tube Which
Allows Free Expansion of the Phase-Change
Medium,” J. Heat Transfer, Vol. 104, pp. 309
~315.

(17) Prusa, J. and Yao, L. S., 1984, “Effect of
Density Change and Subcooling on the Melting
of a Solid Around a Horizontal Heated Cylin-
er,” ASME Paper No. 84-HT-3.

(18) Yoo, H. and Ro, S. T., 1991, “Melting Process
with Solid-Liquid Density Change and Natural
Convection in a Rectangular Cavity,” Int. J. Heat
Fluid Flow, Vol. 12, pp. 365~374.

(19) Kim, C.-J, Ro, S. T, Lee, J. S. and Kim, M.
G., 1993, “Two-Dimensional Freezing of Water
Filled Between Vertical
Involving Density Anomaly and Volume Expan-
sion,” Int. J. Heat Mass Transfer, Vol. 36, No. 10,
pD. 2647 ~2656.

(20) Chiang, K. C. and Tsai, H. L. 1992,
“Shrinkage-Induced Fluid Flow and Domain
Change in Two-Dimensional Alloy Solidifica-
tion,” Int. J. Heat Mass Transfer, Vol. 35, pp.
1763~1770.

21 AAA, 1994, “+H4EFE o THE7
Well A st galatg, " whabee e,
Agiga, AL,

(22) 34, 1990, “stepals A FHLAIHol
A9 & 9 gd B A A+,
=5 Aedga g,

(23) Hong, H. and Saito, A., 1993, “Numerical
Method for Direct Contact Melting in Transient
Process,” Int. J. Heat Mass Transfer, Vol. 36, pp.
2093~2103.

Concentric Tubes

2 =
Aol ¥ o¥IUE 7
14g 294 oz Tdste AAol 43 &
7 A%sicht SHLE T2 H9d, 9% o
| Q3 el HEaln gk Aunede

Agzel Todl

=
34z

%

o



2260 AARA - xme
#4715 G2 WA, 2ehd, dade £x e )
Tz ® olFole AT Hiere §AF |
A# FAe] AFAAHD, 27)o Toal Y34l olm, 74 Q= ARG d¢Z, A AdEA

AREE T2 Sv ol 2288 2790 4 o) gamm §e ’;-&ol]]\:'_}_"f,.pﬂ% 747k Vebdith
= Yol z7]2x TellA ;& He o 48 o] & P o AAF AFAA o /Léa\ﬂ}—ﬁ =9
HE Az 48 Tyold T, Z7bete o] 425 AsziE ANE = g £3, 29 BF
© Az goz vEdd Wl AR FHEL goy 5o Bareisss) Beer®7h A4 BAA 8
HAR=EGgenz AHst-EAdo)] vs) dHEE H A (4) = 6o/cos ¢ Z2E
BAA 47} iAoz WS Ach e, HFE
ol slzeled 2w HA4T 4 gdes, 7 p=-to [ b A3
Azbehel @E Qudeldsl oA wEYHAE Pah cost
A 2)5he olw], So= tHAwHollAlo] ofutfn s So=R{p*/
@+20Hdr/ds*}s) BANLzNE 229 4 @
(Ve wZ=¢ (0<i<ty) £)E olgsted T £ Uk ATIH BA ga<
b (T—T) 90°q)ell o) shofob Gk Qb 27) A A HEL
0V G =Q- AT (<tSt) g1y o wael, 928 A% T4 2ad,

Al B, 2AAAAEE 2Abe] Falgol 0.5% o]
el ggon, Fa7t A o)FolAA B

Gk e 4 ADesH FE 2AAGAL . o0

ti
_{oVe)w(T;—Th)
Q



