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An Analysis of Gravity-Assisted Melting of Subcooled Solid Filled
Inside a Spherical Capsule
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Abstract

A numerical study on the melting process inside an isothermal spherical capsule is made. It is
assumed that the phase change medium of its solid phase is heavier than the liquid phase and
therefore the unmelted solid core is continuously moving downward on account of gravity forces.
Such a gravity-assisted melting is commonly characterized by the existence of a thin liquid film
below the solid core. The present study is motivated to present a full-equation-based analysis of
the influences of the initial subcooling and the natural convection on the fluid flow and heat
transfer characteristics associated with the gravity-assisted melting. In the light of the solution
strategy, the present study is substantially distinguished from the existing works in that the
complete set of governing equations in both the melted and unmelted regions are resolved without
subdivision of the solution domains. For example, the liquid film region and the upper melted
region are treated here as one domain and thus obviating laborious efforts to couple them.
Numerical results are obtained by varying the Rayleigh numbers and the degree of subcooling.
For the range of parameters examined, the presence of subcooling was found to impede the
melting rate. The dropping velocity of the unmelted solid core was observed to affect the natural
convection in the liquid significantly. When compared with the available experimental data, much
improved prediction was achieved.

2601

My Nu  : Nusselt 4
A - H A (m?) p . ¢+ (Pa)
c :v)d (J/kg’C) Pr tPrandtl 4=, v/an
hsr 24 (J/kg) v Db E (m)
R P 9AEE(W/mT) Ro 1 7¥E&719 WA (m)
ms I EEE, V/Ve Ra  : Rayleigh <, gB(Tw— T;) Ru*/ (ver)
A4, AeAE AT e Se PARERE, olTmTo/hy
439 et AU ANALTEATFL so, Sy P HAFANA 8FF, 4FF A (m)
239, AgRdm 7 AT Ste  :Stefan 4, o (Tw—T5)/her



2602 A4 -

¢ A7k (s)

T E(C)

L 1 E7)RE(T)

7, 2= (C)
Up D AR '5']'701'"—1;‘—":—
Vo 4o 27144 (m?)
Vi, Vs: ol 249 A% (mf)
%, y 5%, $A%sEaE (m)
a2 ARK}
@ D 4 A 4 (mP/s)
a4 DA A A4 (CTH
0 :ofute] FA (m)
€ o] Al A = (m)
b, 65 @ B4, Ao FAYLE
6, ¢ 1 F4, oA 7 Wiikatg
o 1= (kg/m’)
g 7 HEAZA
v D odA 9] A A S (m?/s)
T CFA Az, r=Ste - t*
AEX|
+ -]
- DRI
BHE X}
0 L2717
f CEHA
L R
S DA
w D

.M B

8 o g3 5o Awde FdEY, F23A
£ og) HoloA vehte wlf FLF AL
2 olof] gt APt gol o]FdA 23 Uk, A
= Bk 5 ol &d FHAzw A fAle]
azsdA, Adss o]&q FAdFEAUA o] 4
ezt 3 2 AR ¥ $EHAe] AL 254
Yol A o] FojA ke AHo g s thAER AT
Ha kW AdEdze F2 ARSEAC) A

A4 499 2t FYUEEE F49G B

A%

15 024 - 259

9ol g 279 ATE I 213
abg amEste] A4St e, AAdFel o]
o Fade 4
Ak 0D Hzole
ﬂﬂ°ﬁ§°ﬂﬂq+,4a
A F7A e} AFAEE
£4o] %71410“*1 *ﬂﬂil
A%y & 4 3t
%zﬂvﬂﬂ“@%%%bw 2% o
A Foll 3 o] Fo]A
40| FHo g3 45
"VAOLo] PEN

F

>
o
miﬁhﬂ

S elfol,

ig 2 73%011—;— sl sl el
o, 1Are]

Hepd, &

%‘:‘7&‘%‘ S Al o3 011‘.
&5 2k, Az RO g
3Hi'+zé°ﬂ gk dFE ®ub opzh, E A79lA
At nat s THEIINS AAY FHol sl
A B2 oy glelth, Mooregl Bayazitogiu®™
= 249 ARFFoR s HAdE FEUe
273t 484552, Royst Senguptat'®
z28]3 Bahrami & Wangt®2 auhiie] Ax §
#uks aeidte] A AS +HUFH TS
of s Roy s Sengupta®& %3 Faia4e
VA 29E AN RoOFe golel A

Z.
=
4[’:;{;} o_] 54_(8—12)0 [<]

Heoll sl gHE-E A3 FH, Roy o
Sengupta‘“”gl AT A E Aaledad L Alz Mol 3

#2 v, dERds AN Aead
iﬂ, FEPolde FRIEE T $A Y

s, zv, A7 dE otﬁi -
ro] g e g 5 dHde diA)o)
A& odeirba B8 M ES =4sgled,
AFANNE 25 AT AAAH] Ago] A=t
wWel galubE meidt ATAFHAWe] vls wizo
2 A& zH vi§ & o5 Holx gleh, o
23 A7 & A7E #HesA d 5715,
2 dFelAe o ZEed AL Axdgrh
AA AAd AN mAfe]l 27 g3 A o]

=3,



FHE7W 249 ABEF

32 A= v A7t geon, dAHe 2

€elA 2el FAdSgdzst 2o FelA o] sl
A #AEHE A2 442 4+ Y. Ghosal 7
Sengupta®= B AA WA mAbe 27 Jr‘*‘”—l
E3-E FANANN e, 252 AL 2

7} izl Z4E Fale Aol T xR
, Al FAA e 24 GIFE PR B3
3tich, Roy 9} Sengupta®™: 78-& 7] ulol A
249 27 AYAEAE oz AT
252 AP Arsl B 3y ol AelAE
T A Aoz & J3g nAEs AAE
At e, 28 o AFWeME F3 L7
W 2o 27 AL ass sidsigal, 2,
THE7IH] A7Y ol nAe 27 Al
Eol] gt ool A5 vha =igalx 3}

ua

[

i

gich
2 AFol e 24 27 HItE I} gy
8 7‘]"’c}‘:ﬂ'rr #*E

EE TR %M-él?dv}. a4

PO
—o2 Ure %7 ge
TF-9}= = =R 75_.,].% oz
H S7EE 5223 sA S o)
. @, e dFeld AAR SIHE
H =, Bareiss®53 Bahrami®®%& Alzx
Aol A AAARS dALA S st A}
Aot S o5 WAL Freigoen, 4y
Ash wsstel A4% wARRT, Roytsros
2 9FEL de) Wate LSS Do) o
2 4% P42 g5 FaHEL dS3shdd
ey, ol d A ES A Held i o
Fol AZH, 2 dFoAE A Sl elute
A7t AR SHgegen, o sEd
T4 oute] FAUS} A9 gichn Lug
Atdell A £ AT Ao FE ofukEa

2
S
>
o2
ofo 82
@
N, 2
o
g,
o
Jvi
JR

<
[o
Eh

2

2

B

oo
2
il
_?_l.'.

ru]o

0

o 9%, delMe 5yl Y Rayleigh 49}
g4 A= gooll vlAe ko] ated A4
shsd et
2. 8o
21 BAHAME ¢ FxnY

Fig. 1 ux

ol Rwd TYE71Me A7
¥ sHA4E A= 2

t4oz A% oo

T nYd

3234 4 2603

oA AFE-E A 3ILEA-L n-octadecane £ 24 o
EAAE] vlmd & gz gloh, As Aame
Z7)e) #4¢ &= T(<KTHE A3 =0
A4 o &l 2xst U4HE T,(>THR 7
A7) AgdtaA nddH e AugEde) %7 4
2k gt APHAA 242 FHo 3] A
Ea|A FAsAl =lw, g2 Aol ;AFElEH ol
YA}, Fig 1(a)= o9 AzelA g3
o HEAHA P FE eERA Aol 3], Fig 1
b & oldfE F71 Al 2719 zAFAE T3
719 FAF Ao ZA AAFAA AEH
9} slERAAe FHAN(H, v, )T AF Y
ehdigich, EEHd A4S A AL
o3 2ol A (a) FAHAAFL 230
=, "33‘“?*0“ o &) %ﬂ%"“l"% (b) AL v
GEH FLE S, T 249 5ol
(c) &5 ¥l 8ol ug_._\ﬁgp} Boussinesq &A}
£ wa=, F4AES A sddH (d
FEH A FoNA A2t T (foco) & Al Zbol| =
gt 443, Hold (a)~(c)o AeH /IFEL
oldel ATEANA ElFAol HEEJUSL ey
(9 714 F, Se=0d TT ZAITE AL
AdPAoz RE G0 2Z7E AATE oA
of oi¢ vtz olejd AAE A 2 iAol
dsidE FHed Rz @ 2 A3y F
Ede uxday AxdAads Aoy oF
BAGE NHTezy 2ot AAH GFAANE
)= Sloh

ol & &l wA, Uty AwiykFAL Amztd
Al el 2EA] FeiP2 e

A d 9%
o (xpd) + o xpup—xl™ ax)+

%(xpv¢—x]“%§>=x$ (x, ) n

Solid

Liquid

o0
(@ ®)

Fig. 1 Schematic representation of the physical model.



2604

ock. ol7lelAl ¢ AubAdal F4soln, Ish
St ¢ol wet B3 eAn,

FALE,
Py v =,y w=tRe,
o URw 4 QR% '=£§. ‘—Lki
v a’ » T pal®’ ¢ c’ k ke’
0_ ( s Tf) 0_ TL_TL
s (Te—1y) * 7+ Tu—Ty
Ste CL(Tw Tf) S.= C.s(Tf“ 73)
h.g)' ’ hsf ’
Ro=88To= TR p, ¥ @
vaL ! aL
& s, AW Yol 4D AU Ao
HA5% Table 1o] Festglch &3, & ol

A Seco 3t AAL Z1E9 dFolA IFF Al
vpel}bE Archimedes =9} 43¢ dlAlshe Ao
2 AAE 4 9. wels Re, Ste zela Sl
&) & a3 mg EAHE ¢ Utk

B dgmde A I of2 g A7}l
utel o|FaE AAAR Ast xAAI Aol
Wsted, Fabol BAAY o Ak oA, ol@
AL S8 A Az EA4A ZAHFAEA,

x=x(&2,1), (3)

Z =9%t ()& Hasd

a5 0 ald” 0
L Jow +F{ous—2L22)

+A( vp-al 9)

y=y(& nt)

=Tsten =55 58) 5 G- )
4)
o2 Ho A714
Uzaeue—ﬂeurz“)zn
V=ayur— Brtte— Y't

Col2A - x5

Xe=x(yoxe—xa32),
=% (Xeye— yexe)
ue= (xett+vev) / in,
uy= (Xt + y,0) [ by
ol5y, 4 (4), (5)lA e} o AF
DEHPo) AAF Ao Qe
Fig. 1049} 722 7|3lstd AL agHdoz
457 S8 FAEAS L2342 GE3 3o
=43k
x=rsing,
o] 7)ol A
_ {rfé (0<£<1)

Tl (6~1) (ru—7y) (1<€<2)
(0<p<n)

(5)

e 3

y=—7CcosS¢ (6)
n
(8)

E=

=7
o=, olm VD (& DAIANA BAAE
12 330 Fu,
AAARAN B3P
ARGE5 oA g
ARz Soldh %,

T.
2AF

rE

oo
u
et

Ts= TL= Tj

(oU)s={(pU).L (10)
(ovo-4L38) ~(ovo-45), o
u=0, v=uvp (12)

olch, of7lellA A1 ¢+
£ ez 0 (<0)= 249
o Azke) Folst,
&2 3H g o] W FrHH AARAER
T8 =Ty, u=v=0
BT v _

oz FojAeh

olg|d =

Table 1 Variables in the dimensionless governing equation

& r g+

Solid Gs k*/c* 0

Liquid 1 0 0
ut Pr —apt/oxt—Pr - ut/x*?
v* Pr —ap*/oy*+Ra- Pr- 6,
73 1 0




FYEAN 2 HFEFL AR AP A4

F B b, ue 2EI w, T2 HAHFH T
of 8y, o7l AW A=A

2.2 siAjuy

ARARAAE 24dqFH Badddel A 22
egkoz 234, oz 61749 ARE=R
EqdsA FA=HS glen, A AL A7)
~(8)% E3l AAAde] YHYZ AAH L, olu)
$= 9 229 Wi A% 4AAYA $71494
Aol e AR Sl ol =UsA wAHh
B9 FAL g7t A3 AP Folx AL?—*!;-]]

o F7o] BolFES 14 sHE%e] 4AHK
o, W32 Aol e=0.5RolA FHHAE,
ol A olu] ﬂ%s}%%l Somt WA BThT
ARARoH, B AFANAE do0=0.02Ry Z 3}

o A4 FPssch, 76 A HelM =
A3 AFstrl= s, Al =l faled ool
0.02R, o 572 JA=Ucte 7Psel 23
x5 ¥zl LR Aojo) AYHoR §
2A ez Azsigch, ArdAlel A 410)
9 (119 AAA=AEZYH HAHE AAE
o, olo] W& FAR)EL kY QATEP A
A5 AdsEle] gl

242 §7tEs e A Sl ot FAlgt
A FAHEE (X,=0, 7=0) 41022 ¥
AAHAL, &,

— (2 7=0 (15)

%)’

4}757414 ol F& *l?&%—\-‘i—% HPozH =

A5, 33ANA vg A4 FAADE 293
AN 1FFEE AR ARG A% A
HgelA 71w e Fosle Foluxdat 4dl

23]
8o ARH YA £4EHE A9 oy
A FHo] 0.5% ool HEHL sk,

B o ol 4 18§ n-octadecaneo)] ™ Pr=
50, ¢*=0.86, £*=2.489) -3 WP & A
Aboll ALg-slgicl, B Aol AAAFHE F2 2
AE Ste=0.10l4 dlen, dA Re=1.49X10",

2605

Ste=0.20014 A A3} 59-0=0.015Rw, 0.02R.,
0.025R,9] Z7tol] digt AxAAE M2 vmslg
}, Se=00l4 Ra=0, 10% 10°E =i3}A)7)=A
ZAdelFol Fg FAstg o, Re=10%4 S,
=0, 0.1, 0.39] ZALol sl APz EAE F4
3o},

2 AT AAdAIE AAEA] olAe] YA
AFE ool AAo| whs] Uol¥ A, Fig. 2=
Ra=1.49X10", Ste=0.20914 A@AADY 5o,
=0.015Ry, 0.02Ru,, 0.025R,o} 74$o 48 +
A 7ZA# 7 Roy™ 59 siAAAE Azl & &
g9 #Habo] &) wlmste] e, 23l
A AAARE B fe-ovt TFE FAEC] =9
As & & Yot dE5AANE AgAASe} wim
2 @], Je=o?} 0.015R,3Q1 7-fol= AWH R ¥

A vhehdn gles, 0.02R,d Aol $327)
1.0 / Y
14
wi /
Vo Exp.
[ Ro et al. (1990)
05+
1 89=0/Rw
----- 0.015
—0.02
- — -0.025
Sengupta (1987)
0.0 O VU WY SN T WA W WA S N S SIS
0.02 0.03

0 0.01 T

The molten volume fraction as a function of
dimensionless time for Ra=1.49x10" and Ste
={.2.

Fig. 2

Fig. 3 Velocity distributions in the liquidfilmregion
for the case of Ste=0.1, S.=0 and Ra=1(°,



2606

(a) 7=0.001

(b)T=0.005
Fig. 4 Contour plots for isotherms (right)andstream lines (left) at
several times for Ste=0.1, S.=0 and Ra=10%,

o & dxsx, g8 FabrolAdE 0.025R.
$7 2 AdAGD, ofr dEAAS de- o/Rw
0.02~0.025 9] W9jolx APAze} vimd 2 &
A &g 9vjdtc}, Roy“5eo] AAd A4z
8 G-z A4S A So-0/ Rw=0.0080~0.011 ol
A A= gond el 2B SAdAIN} AY
ZAztel wlmsle] wE LS ol AL FL
3 ol A= Adjolr), £ AFME 7|EY A+
ol A AAIZE 86=0=0.02/Ru] 7450l thdte] A4
ARE AA LA g,

Fig. 3= Ste=0.1, Sc=0, Ra=10° 7%l
7t 2838 o)FolA r=0.01 Y] =&
Uehd Hojoh, zdelA stz w27
s o wskyt Ad 2715 727 depdeh A
e f5e AZY Fale HEHA FHE e
Wi ek 3], oiutejed s AehsiAe = Aol
Q= #Ae JAYh F, A4 5Fo] A7
Aol FHwgtez sasieirl AAAHeR
2g dojxmA WIS upFo] AAAHA HPs}
= owgom AL dahe LxEETE
A& e X7} fute] Fofyoh ¥wos
$+3 2 ehta 9ok o] & g3 3
Aol s7-gFolA vl ERch v, oA

TR ¥7 AAH o8 Poiseuille F%
=}

fr wy ofo

2 oo Mo b

i
= 2+
2 x)u}, Poiseuille §E2o2 242 4 3l
o F3 eh
Fig. 4 & Ra=10°% Ste=0.1, S.=02
$5A 2R FHEAL AH A5 s
b Roleh, A7 ad-elA 94&—3— %*i'% A4
= &
1 3

o

@ $0Aez dehd Aelw,
UTu—T)S A2 ekl Ao
& #54% LRl Eeda ¥

Jﬁ.o

(c) 7=0.008  (d)7=0.015

W) gasgel Fig da)el 2 vent ek
o474, Lael ez A Aae FA 43
3w Aa3eld WA dedz geh 2oy
28 o4} 35 Aetel FesA PR
o, AAERAAE o= AdREIt G450
o 2ot UF ol ddge) F2 Axel o
o] #ol A gk Fig. 4(b)~ (el usl
A7k F0 AAsEA 43Y Q433 Aol
A FEE, 45¥ A43olH PP
S5 B0l Aol Het ol olFEn
ook el & 4 YAAL, olAd 54 A
FaaRRA%e A7l GE Wste} AU

ox.

o rir ol

1

o §o

S S
_?L'
K32 o oo

L S
gn e 3y
&‘ -_—
o }11
ox
o
e
22
ox
ol
2
R

Ll

o @ f ek oo 30 fr 2
o
4>
0\4
" uo
2
u
5
2
n
2
4‘3‘-
2

2 |o
b
o

w, ol o] AHelA dATe] A3l
o, galaAe miAY gAelME 14
doz uvehid, ol AL olHe
W0 A FAY A LAk
AAFoh AAAR AY}A e
otol 8 7} 93 Ste=0.1, Sc=0°1 A Ra=0,10°,
107 & ZA=% Fig. 5~8 0l A|A3tgict. Fig. 4

EENCL S

(a) (b) (c)

Fig. 5 Contour plots for isotherms (right) and stream
lines (left) at r=0.01 for Ste=0.1, S.=0in
(a) Ra=0 (b) Ra=10° and (c) Ra=10",



FREH 249 SFEFS 1AL SRS o4

of $U47 r=0.014 W) F533 LE3EL
Jepigieh, Fig 5(@)& Ra=02
o, 24el d7ez Mt izl wAsn o
Aol F2 W=l oaf olTolAch olad A
o #EHE 2 FAol BF Anhie Aol
A Ase] odutg gt Agsthl 453 o

Joiold ZEAL 22wl F5A9 F4slel 4%
3 2ol 4AdA SRk fAol 45Y 4
AARANA 43 o2 S AL 240 o
o8l #7337 WEolsh e Fig 5(b)% Ra=
1000 A$24 2EHAel 43
Aoz FaASAT e F4ol
Aok o)k mAe e :
Wl AddiFol 98 f5ol 4AHez d$ 2

|

ox .H
]‘; [=
ez
o
o,
X
a: )
2
>

o A vtk ALRRY FEI 45 ol
98 Wbl H% FAsl vehe Fig 5ol
A A 4 ek,

Al 432 AAE Fig. 6(a)ell vt
Ask Azl Al Aol Ao A
A AEst A Aol o, ot Aol A

AU FUel F2 A=A Ao o|FelFE
gujgte, Alzko] AURA Redrt 245 453
AAAF B% w2 Asa glem, Fig 6(b)
AME WBeA B2AE 4 Utk BE, Redr}
245 47 Ado) W AL AAHFI} 4
2304 vk BpalA o TolAYA FHE £

A1717) W Eolet, o2& AL TR A
Fig. 7°ﬂ Alzkell & FAHAYE  AFF(s0) S

S5 (so)ol sl A7 dEhigie, 2ol x
W sk Ratol weh Ad wWehA gov s
Retrh 345 A% £ dohia o Al
Aol $HAES nlate so7b Radol A9l F
Belthe AL Ashhel g7t AdeiFel A9
FEuA e guldeh 43 AAE 47
A ABADE s} 9 Fo= vrhte, A
Fig. 6ol4 Ra47b 2718 4 47374 Aol
WzA dEhte ARE 434 AT B
8 o) FoixA g Heh whas A o
A MER AYe BAL 4 A Ra=03 A
oAl AzEld §37 dojuhd, 53 Ra=10
o Aol 425 F7 AAFAY 30%H =7
A ol $oiAch o2 AFNE Rasr} ¥ AS
of AFLoIAY FAE FAL 4+ §ee AulD

o @A, 7129 B AT pgE L

2607

TANE FAE A 48 AAE RaFrl 2 7%
o Fsoiol Bt
Fig 8 & Bzadgd4s] Wste =4 (New) 3}

AR A (Nu) ol A& A2kl whel vebd slolch,

1.0
i Ra -
-0
Wl W,
A //'/
05
....... b
M
-y
Ra=0 IRa=lO6 o’ §’ [
i ,
Il
004 7 001 0.02

@ ®
Fig. 6 The history of the melting front for Ra=0
{solid lines), Ra=10° (dashed lines) and Ra=
107 (dotted lines) and the molten volume frac-
tion as a function of dimkensionless time for
Ste=(.1 and S.=0,

1.0 1.0

Fig. 7 The melting distances along the lower (sp) and
upper (sy) lines of symmetry vs. the dimension-

less time for Ste=0.1, S¢=0 and Ra=10°,

50

50 —0 -]40

Fig. 8 Timewise variation of the overall hear trans-
fer coefficients at the capsule wall (Nu,) and
the solid-liquid interface (Nu,) for Ste=(.1
and S.=0,



2608 A4 -

Nuw$t Nuss 77 A3

——_1 (08 A
Nuy= AJon™™
1
Nu; (Z') an dlqi | (16)

oleh, 7ol At Ai(n)E A7 Hust A
Wel HAYo|n], i HEAZY FAurd cloju
go|tt, §3 27|ole Nuw & Nu: 257} FA st
A Fasle, dAdo] F2 Ao 9 o]FoiA
t}, Ra 7} F71E42 H5o] u&iAdA A
za9} ¥el=lE AA o wzA dojvia g, A
AefF-9 g3ke] el olFolE Rag7t T4
42 AddFe g4 sl Nuw 9 Nu: 7t ¥
A vetdz Yo, @, A7ke] AdFE Nuy 9
Wt SlubdlAl 4 Qe =z
Nu: & A3 713

Fig. 9€ Ste=0.1, S:=0, Ra=10°9% 7ol
A 7oA FadA LA s At BXE
o (Nuw) 3 AAAD (Nuy ol el 2zt ehiigd
o, Nupt HAF A (O=0)o14 73
Hag g} g Ax gaste A%E 2elxn
9l A zkol Abutsl 723 Fol Alxd o}]ALog
Foll A dAe] A glow, of AZHE A4ty
27 AHEslolA v]EEch dbE, Nu© Nuw
Mg Agoz AAANL st Bas
2oold Aade AR, Azl de Haz
bl olEaln gk oleiw A4 oFL
oA olu] AgHgEe] BFFUH FF4Y %
3 AR Dol Jow, AT 4FY A4GS
o ARFolA HxAo| dehde Fig dol4 2
¥ 4 9ok

Bl

£ 2

2
O
O

=
-3

}‘—|~

RS

45 90 © 135 180

Fig. 9 Angular distribution of the localheattransfer

coefficients for Ste=0.1. S.=0 and Ra=1¢°.

Col24 - x58

oA $elE mae 27) el gl =l
g doluzma @b 2t 5% ¥ &
=% 59 Felsl dold d#D AHEF 44
22 $AE7) Aol drlol e AA Aeel]
2 @ shizke] AAAY ABel PIAE A
bobrr] s HYAANAS 4A3A AXE Ra
=10°o4 S.=0, 0.1, 0.30f =3 Fig. 10 o}
BisiEh AAARY gease wold ANY 2
3sp vigahe aeu, dasdsel 27 Huz
o) 245 §a27llAE 47AR Aol =)

rr

Fig. 10 The temporal positions of the interface sub-
ject to changes in the subcooling number. The
cases shown are for Ste=0.1 and Ra=10° The
subcooling numbers vary S.=0(solid lines), S
=(.1 (dashed lines) and S.=0.3 (dotted lines).

0.0 A==
i ,O ----- 409
—~ -
| r-—- -~
7 S i
—_— b ¢ 7 .t .
L ’ (e -
Os C s 7. oL
A5 1S 77 C 407
b v . by
K N ¢
i Yy 7 — 0.0
r . -—=0.1 .
- /‘,' ------ 0.3
b ——'
_30 -t e . " 1 2 —_ 05
0 T 0.01 0.02

Fig. 11 Variation of dimensionless mean temperatur-
es of the liquid and solid phases for Ste=0.1
and Ra=10°,



FY4710 249 #3452

27 397 &} GAAR) 49T 3%

T 98 o 4+ ek oleld ARAS A
Mﬁ}cﬁoﬂ Awd Ao A nae L=
A zoldA w2 Aolch ole e A
Ao Aol B AFLEe) WEHE
»oon W Fig 11| veiisieh Gt

<

I:l

oo ®
}F

Y s
¥

ox
I
Jz:.

) ki mo e ot mo B

,.
de

T 1
0s= osVs

g]_:

psesd VS’

an

EREREPe
Z7baher

2 Aose, o474 V% Ve
3o}, esL 2710 FAMA Bz
gole) FARE A4 gALER
e y.ou St olele ABe 249 271 3
Wrto] galel 2ddeld 4E dE A}
B o3 E A AEE ool
e A7l @ A4Aez Fotn gl
Frbgol vlnd ks 53, a7
gozsl AR U FrHgel e @

4. 2 £

FH LI el A A FHe o3 ke A
A% AR Y +AHAL SRS o
Ae AQUESG s4Ne 27 FhAE 223
gom, ofF Y3 AAGdE WAz HF
she] AuiwtAAS ALslgch 7)Ee AT
A g Aol 2AF ] B AFelAE HAF
o] AEALE YAt AAGdHe, Je—o=
0.02R, 74Soll gt AAAASS AASAS &
goll sl 71Ee APAAPE Foo/ Rw=0.02
~0.0259) WSl AxATS wmH & A
Aok, ARl duhe SERZ} uF
Poiseuille $-%o02 A E 4+ glov) tia o=
A et &, ARAEAA sEFEel sl
o, Azhy A=Y AA7L He TR
e grgdZoz %A Uk AFT A4
o dhte f-EAol s, ol& oM ATA
Fool wj&3dlcy, Ra 57t F55 §d 2AFe]
wh2 A o] FojAui, ol Ae T2 AFH 2
Ao gall7)l wlazAd dojube o 7]QdS ok
o E3, Atelde e F
$oiAsl, Radol Asl FBosich 47AR

Ha a5 A4

A TaEARASE dutD 453 A4 AR
ol H£AL vehigith @4, 4 27 3}
Yo F4-5 A7AHe] A APs3ich

2609

z 7

2 d7e Aol g AdTAN
o Astoll o) Foigond, olof sl AAAAA
A=,

ZHozs

(1) Viskanta, R., 1983, “Phase-Change Heat Tran-
sfer,” in: Solar Heat and Storage: Latent Heat
Material, G.A. Lane et al.,, Eds., CRC Press, Boca
Raton, FL, pp. 845~877.

(2) Viskanta, R., 1988, “Heat Transfer During
Melting and Solidification of Metals,” J. Heat
Transfer, Vol. 116, pp. 1205~1219,

(3) Sparrow, E. M., Patankar, S. V. and Ramad-
hyani, S., 1977,
Presence of Natural Convection in the Melt

J. Heat Transfer, Vol.99, pp.520

“Analysis of Melting in the

Region,”
~526.
(4) Viskanta, R., 1985,
Melting and Solidification,”

“Natural Convection in

in: Natural convec-
tion: Fundamentals and Applications, S. Kakac
et al., Eds., Hemisphere, Washington, DC, pp.
845~877.

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

{6) Kim, C.J., Ro, 8. T, Lee, J. S. and Kim, M. G,,
1992, “Two-Dimensional Freezing of Water
Filled Between Vertical
Involving Density Anomaly and Volume Expan-
sion,” Int. J. Heat Mass Transfer, Vol. 36, pp.
2647~ 2656,

(7) Yoo, H. and Ro, S. T., 1990, “Melting Proc-
ess with the Solid Bulk Motion in a Rectangular

Heat transfer 1990, Vol. 4, pp.

Concentric Tubes

Cavity,”
283~288.

(8) Nicholas, D. and Bayazitoglu, Y., 1980,



2610 A A4 -

“Heat Transfer and Melting Front within a

Horizontal Cylinder,” J. Solar Energy, Vol.
102, pp.299~232.

(9) 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.

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

(11) Prasad, A. and Sengupta, S., 1987,
ical Investigation of Melting inside a Huor-
izontal Cylinder Including the Effects of Natural

J. Heat Transfer, Vol. 109, pp.

“Numer-

Convection,”
803~ 806.

(12) Webb, B. W., Moallemi, M. K. and Viskanta,
R., 1987,
Ice in a Horizontal Cylindrical Capsule,” J. Heat
Transfer, Vol. 109, pp. 454~ 459,

(13) Moore, F. E. and Bayazitoglu, Y. 1982,
“Melting within a Spherical Enclosure,” J. Heat
Transfer, Vol. 104, pp.19~23.

(14) Roy, S,K. and Sengupta, S., 1987, “The
Melting Process within Spherical Enclosures,” J.
Heat Transfer, Vol. 109, pp. 460~462.

(15) Roy, S. K. and Sengupta, S., 1989, “Melting
of a Free Solid in a Spherical Enclosure: Effects

“Experiments on Melting of Unfixed

ARG o2 - x5

of Subcooling,” J. Heat Transfer, Vol. 111, pp.
32~36.

(16) Bahrami, P. A. and Wang, T. G., 1987, “Anal-
ysis of Gravity and Conduction-Driven Melting
in a Sphere,” J. Heat Transfer, Vol. 109, pp.
806 ~809.

(17) Roy, S. K. and Sengupta, S., 1990, “A
Generalized Model for Gravity-Assisted Melting
in a Enclosures,” J. Heat Transfer, Vol. 112, pp.
804 ~808,

(18) Ro, S. T, Lee, J. S. and Sub, J. S., 1990,
“Experimental Study on the Melting Process in a
Spherical Enclosure,” ICHMT-22, Dubrovnik.

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

(20) Ghosal, S. and Sengupta, S., 1987, “Melting
within a Horizontal Cylinder : Effects of Sub-
cooling and Natural Convection,” AIChE Sympo.
Seri. Pittsburgh, pp. 163~170.

(21) Patankar, S. V., 1980, “Numerical Heat
Transfer and Fluid Flow,” Hemisphere, Washin-
gton, DC,

(22) Kim, C. J., Ro, S. T. and Lee, J. S. 1993,
“An Efficient Computational Technique to Solve
the Moving Boundary Problems in the Axisym-
metric Geometries,” Int. J. Heat Mass Transfer,
to be Published.



