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Melting of Ice Inside a Horizontal Cylinder under the Volume Change
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ABSTRACT: Heat transfer phenomena during melting process of the phase change material
(ice) was studied by numerical analysis and experiments. In a horizontal ice storage tube, the
natural convection caused an increase in melting rate. However, the reduction of the heating
surface area caused a decrease in melting rate. Therefore, during the melting process of ice in
a horizontal cylinder, the reduction of the heating surface area should be considered. Under
the same heating wall and initial water temperature condition, the melting rate became higher
for Vo/Vir=0545 than that for Vo/Vir=1.00 due to the d.fference in the reduction of heating
surface area. A modified melting model considering the equivalent thermal conductivity of
liquid phase and volume reduction was proposed. The results of the model were compared
with the measured values and found to be in good agreement.

Key words: Equivalent thermal conductivity(3% GHE&), Ice storage(*}%), Melting(5 ),
Phase change material(Zd ¥ 312 3)

JlsaAdy Ke fFE 9AZE, 43
Keg : A% 9AESE, 4(Q2), B), 6), (7
¢ : H9g [k]/kegT] L 933 A3FAHEA]Y tE [m]
Foor WEY gadd, ¢/¢; ' Mo A (ke
g FENEE [/ Nu : HT Nusselt 4
K : @A=L [W/mK] . Rr: 943v3 vAZH [m]
Rar : Rayleigh &, A (4), (6)
* Corresponding author T 2= [T]
Tel.: +82-031-490-6052; fax: +82-031-490-6050 Vo AFE [m’)

E-mail address: chonc@ansantc.ac.kr



FEYEN AHHEE n2F de] §84 WIS B A7 1267

aaja 2x

a g gikg
8 AHed A

A FHEF [kJ/kel

v . SR A

4 9%

r, i A, FRAAZ, A4)

¢ EA R

5t & Xt

i %27

in 7 A

1 A

m |5

s A

tot AA(F)

W kil
.M 2

E-d59 Ads HAA JEEALA #E o
T 95E A"y AN B olys, A
Az 4A4E Mol e F2 2 &3 59
ek A2 iy 2 A IFEE F9 9%
ol AF s 2 WE AR 59 T Bl
vlaet & HWAke) AF 59 AT E8E Eopd
o

A o]2¥t} Neumann! o] 29 SAHAEAZ o

2402 A (L) o2 Sparrow et al-(2,3)"

Viskanta et.al“” & steluis Azstgd ge
Auigl BEde 4§ 2 SaHAAY AEEAHNS
AEHQ A AU WHoR AFse
v}, FZo]= Fomin and Saitoh®, Ghasemi and
Molki” So] ZAH YA e AHszsize &
B T 1 & % old wEE JEHEE
of B3 A7 APHAG, T, AREEAR
24 BL dEe # - 77 EAE 9y 448
o Wt 4o AxHT A FdAF ds)
SaA A0 FAART AW, 4T FI2A &
o dzAgo] EAsle] L9 &84 A4 W =
AUF FFol wWe EZsA dvetvde S4E
e IR =

Zeol S0 £-2e9) 48 HHE Ho and

Chu(g), Rieger and Beer(g), Brewster and

Gebhart™® Fukusako and Yamada' 9| ¢
AFAE o3 FE3] AFHI glen, HI
Wi#A FEsta e B9 29 ¥ SugA"
of e AFE st B gy a%d g
+9 E8EAG U AFE FRHFA H4A
g dddMe AAUF E€de 7|FE 7EEe
AA g RgEde

i’l °§§Ja 1S dFE obF 1

o2 §8% o) 429 §4SEE /A
4902 Agats A4 AT
g ohld, $4EEE AL 2

ANsel ol& £AHY Whoz 7T F
2 A%E 492%s WE FEsnA Bt

£—

Kuehn and Goldstein*®& o3 43w
A BAHE Z4HF FA9 AAdF d4dY §
g dTstd A4 W AddFol T A
7472l H71E Ra ¢ olF 9% Alele uhi
7 Zolate] 9% F+YE ok E3 Hirata
and Nishida"® & olg]& A7 AHE o3t
THAHY AWEEL S5A A4 A9
AddfF gAES e FE FIEE
(effective thermal conductivity: K,)& o233 2
o] AHefste] AWstEHY EHAAE HAMA
t}.

|

O

1/15

Nu= [ Netoons )+ ( Notgom, )] M

K. (D) = Nu/ Notgy 2)
K 0 = K. (7 K, (3)

21(1), (2)ell 4
2 BAEla Ax gA

Nteong, € 44 W BIFRA
AL e
Nusselt $201™, Nupp, = A4 Ul B

o+
25 13RS o F I Nusselt $20]T}. 2(2),

i

gwe mes

-

ot

o]
=

)



1268 294 P5E oA 9

(3YNA Keo(7) £ A3 st o] A Fol
2% dAgd H&HE 4% EHEE(equivalent
thermal conductivity of natural convective liquid)®]
t}. Hirata and Nishida™® = #3943 4
28 59 £84 459 4 AHEHAA

3 2 2 BAHDE
A Axte} vl
-’F d H*—i A7 A8 v

o

1 o 1
K (D=0.28¢" Raj(n)* [1——71&]%3] 4
with ¢*=0.9, L =R—7r,(1), 4
pot = BTy TL® K(T,— Tt
aL= (av) i o AR?

a2}, Hirata and Nishida® 29 h’——‘%oﬂlﬂ
a7k AXNE A PAdEARZA BEE AMS
e ASde HELErE 10T o4l A4
o AEE ¢ Qlgn #Rlt o
A Y=ol 4T 2o EA
SEE 4T ol4e= s9 <
de A4 W FEGA) ZAHI Wi
, ool wWE AQUF dAgY o] #HAE
E 2744 wg M2 g24 49
Eo Hu UEH 4T AFoMe UE 9H
3 Ad i gdHE T #BE dFEE
Seki et al"” 3 Nguyen et al™® o] o]% $39
2 29 71 2 ¥z 24 dsglel w2 A
dENE AT, A4 U B9 BT Nu §&
olF 9% UM UE 9% HHe 2=7 0T

2 9AE g 92 A% ¥ LxUF 4T &
ﬁfﬂl/“i Adz HY, o4& €94 2x7 6C ~
7C 29 =AM Harr g8 ZEIAC
Rieger and Beer”E 19 =EdA WA}FP A
T AFRE B3g v gew, I Ly
g U §54 HE 257} 4C °7 Z79)
A g9d F99 Eo] gFgoz HFEHe g
ol fEol BEEHY, HRB 27t 4T ol
A 10T Aol AN E &80 APHd o
g B9 2% 4T o4 4993 ¢ &= 4T
ol&}ql gdoA F71X] FEHY A2 UE fF

o
=
al
o
2

ro B o¥ J& o

0T<Te< 4T|C< T s 16 Egq. (5)
10 -Riegver( [ o . -
Seki"” A a a N
g a 4 '™ ﬁofg
(54 A o o0m -t ©
ta ’05 =3 )
A Q,AQ’AO‘ ©
y -
P _ o5 o3 2% °
1 L o-.°% L L L
10 10° 10°
in
Ra.(1- R )
Fig. 1 Correlation (Eq.(5)) for K, as a function

of the Rau(l-riw/R) by

investigators.

previous

o] AEe] BMH2EI 8C ¢ oA A
W AR 9& dAdoe] mosltn 4%
o

olg} o] $HAF/Y AAREAZ B AE
& 7%d W stde®st 10C ol 234
A Ray o wet A¥Hoz Bisly e Hirata
and Nishida 7} AA13 33 SAEE(Ke)ol
3 A@)E ogdtd Fx AL PaA 1
As4e] Azgho) AP L7t WA
o oeE oz +PABY 489 uEg §44
W 2%7t 10T ol ASdME ¥1 74g
T 27, & 29 Ho YA 4C AF=2 39
of M%}“Z‘ 4G ATE(K.)e 2
ety A "), ool E AFeME Fig. 1 oA
HE vhgh gol da W A diFe) 3§ A
g9 A71E VEhE 4% ALY AFEL
W 2% 4C & A%¥3 Rieger.and Beer®,
Seki et al'”e] AFATe v - FEsY 4(5)
o} o] 2234}

fo & dt >

K (1) =¢ Ray (D" [1 - ———7"’}(? 2 ]
with ¢’=0.252, n=0.25 (at 0C<T, <47)
¢’=0.238, n=0.20 (at 4T<T, <10T)

AG)= Bo £gA%d wEE AHEA
A% ALY pie FPe nHA Fe AS
A2 4 W A% AAEES Jebd Holth
ol9} o] AR AT T 4% AR



FHEWN AHgE n2F I3 A HESY BF A7 1269

2o 23 I AAUFE A4 YW ¥
FA7le HHETD /RARE € FHE 59
AH] Z2HRE 45" FE Yo duA F
= % E4% HAEY AAEL 43¢ rod A

B3 gols 3 ¢ 4 AT
3. ol2X &y

3.1 282EN NMNIH zAAXHFs)

TRLAER 25 UF L&A HA 2§ F4
ERE REHE A4 W AAFd 9% A
29 ¥ &1 Y W} 8§ A} ARz
ZEHe FHAEN FRAM AEE #Z29
FEE AY AEEA A nHHRE A B
FAHHAN HHe ¢4 FFRYS Fig. 2 9
Uetdch 28 Be ube} o] £ 3y
Ax HEF §FELANE AR I et &
T dHos BEAY 259 HAAAHLE F&
Sdez FAF £3 H4de Ao Aoz
FUHA UAY 5 vk BN FEARN Q
9 WE && AFAdE d4d 29 424
HELo g4 AddFal ¢ FHd AR
oyt €& AFAMY HIdW #H2x a#E
Blle AAHFDE ERHAACK 39, 43 9=
T O3 22 AW BANOLE YEE F
dct.

id

) Vs / Vi =1.00

(a) Vs/Vmc = 0545

Fig. 2 Schematic illustration of modified melting
model.

Vs/Vm = 0.545

1.00 \

0.95

0.90

@2 0.85 |
Vs / Vit

0.80 |
0.75 }
0.70 L —_— R —
V] 0.20 0.40 0.60 0.80 1.00
Me/ Meat
Fig. 3 Variation of decreasing factor(Fs) of
heating surface area as a function of
the molton mass fraction(My M) for
Vy/'Via=0.545 and 1.00.
¥in
Ky = f(RdL, R Fs) (6)
T,— T, °L? :
Ra;_ — gBTl w | , Fs=__Q
a,v ¢i

Fig. 3 & #3434 489 Wy &84 ¢
9 %7] ARUVS V)7t 742 1.00, 0545 <
AL 259 £§F Yo W= F &
(M/Mi) 57t gk Agd 24 39
e AAHF)YY #FE yEbd Aol
71 ARu(Vy/Vie)7F 1.00 22 A YA
L850 AP o F, 7} F48A F23A
Ho] §§ gE2AdE 9 075 2 A 99,
L 27 AUV V)7t 0545 = AHA
AE Ffols 8§39 met F 7F g9
428 Hol £¢ ¢aAdE ¥ 095 FL Z
A €rh olz2HY £HYEY WE2adzy 4
o WY LBgAldE FIx9 rlstetd Ao
ZIdHE e d¥ozE 289 271 ARV Vi
WM3lol] W} Y 7o Fgo] ) &g
ggde &4 = 3

ol B £z HMHA AFAME ¥ 94
E&(Ke)oll &3 g AG)e $§ Ao wf
2 YW #FA2EAE YehUs AAHE)E ¥
gt olael A(7)& Al¢ra T

AR
&
2

o
A



1270 2334 - %% AT - 4%

Ku(D=c Ra(d"[1-22] "F(n @

AstelA A0

48 229 HWFEE AA *‘ﬂr?} A] o
KX

HAAg o Ao A xselA 9% AFA .
2 =&sd A4da adelAMy dyAggy e
k7] 2(8), (98 Zon, 943 FAAM oYy

A AT AAAY $RAL 4310), UDF
2o 24 2 2715 23 22 4312), (13)
3 gon, 9ge z7] AHulgel 545% ot
100%2 22 3 98 A9 27 ¢ o W9E
Aash 2ok 2, §40 LSS A
gastgdel Ruzsz cdstel ¥ 99z o
& Qe ¢ W yehgoh

T, #*T, 10T, 1 8T,
ar a’“(t)( a2 Ty ar T a4’ )
(at 750 < r< R 8

a;, (1) = K1) [ o, ¢,

T, #* T, 1 0T, 1 9T,
ar‘“s(a#*”r r 7 a¢2)
(at 0 <7< 7r,(0) 9
2
aa];f = as(z aarsz) (at » = 0) Q0
d n
—ps/l-—za-:t—) (at r = ry,() A

= K (9 aTz(gf),T) _k, 3T$(£r),t)
7’=R; T,= Tw
(12)
r=ru(t); T= 0, T,= 0
=0 T, =T; (13)

0$¢,s(—-9427r) 0< ¢ <21 (19)

Ak A gutsialy) Yetd gEdolE 4
BG4 R UBERXEE HHUAEE (Ty- Tw)
2 Aot A S T3 st en, 4AM
o QEAEAZ vEbA AujtA o] Aatg o
dukgtg FaAEH(FDM scheme)o] I3 &
N7 7N 7F Eb LR olE B WPNor ©
238 7)d &0 AATLRAYE o] &3t FEHY
A Z k.

N2 AEAE 25 99 4
227t STuse AgHe
ol Fe st

29H> <gE%d

< o>
” _X=X(1) g =—X
1-X(o) X (1)

AoAA Ao NZE HEAL ANIFLS
FHNME 07 <1, d& FolME 0s€=1
o, Fxgd X uiwAAe olgd FEAES E
3to] ZEAEPF T AR23eg

#d W dEo] AMAuE H46%E AAA
AL (&EEERA] 50%e E) AAHHE
100%2 F&ol AFA Ue B (EEFEEA
91%9] 8)2 FE3} 43L& P £EY &
o HdE=HA 4T F-2ZoA §&FAG vA
T Addie 2L uFsr] A Lge
z7] FYEEE A4 - 5T, - 10T, #H¥ 7+g



FEAAN AAWE 1A T D39 F5A HEEAA 2R A7 1271

-
4 _<_B5 %
1
8%
I [/
Y
P-4
Y — 6
9 ! L
O
| | 7
L F’ _ —d
|
|
Lo
1. Refrigerator 7. Pump
2. Heat exchanger chamber 8. Valve
3. Heating chamber 9. Test section
4. Brine chiller system 10. Data acquisition
5. Cooling chamber system
6. Flowmeter 11. Computer
Fig. 4 Schematic diagram of experimental

apparatus

SEE 47 7T, 4T, 1TE AFAAG

AYPAAY NFEe Fig. 49 Ton, £H4
£ WadzE WA 635 mm, Zo] 121 mm,
7 2 mme £FAZE FHLBY &9 2
7] AAexge At £ 005C ol @ WHE
48y ez tAdstd £44ES AFEAH.

FHAFN ¥ ERY 2EE data acqui-
sition system(Fluke 2280B)2 %3to o] 30x 7+
Aoz 2439 E, EFAAA ANNAE T e
ARAT FAL £HYD FHo e
24 lamp® HAT F HFAAA CCD camera
(Panasonic WV-BP100)Z # 43ttt

olgigt &xe HAANEELS RS-232C port7t
A2E PCol At 715314

5 23 & ¥

o

sHATN AAAF 22
Z2IN%
Astol A
AR AR

Fig. 5“5‘ oé'%a
(a) 545%, (b) 100%2 AL F&°
€ - 5T, 89 7Id_E8 7CY £
FEE ARE W AMBEFA HE

140 min.

/ 120 min.

80 min.

40 min.
% 20 min,

140 min.

100 min.

(@) Vs / Via = 0545 ) Vs/ Vi = 1.00
Fig. 5 Timewise motion of water-ice interface
during melting process(T:=-5TC,Tw=7TC)

FAHEE dygoziyg A ved Aol
b AFE(V/ V)7t 05452 Ao} £§%7|
oF 108 AFAlclE AxzgAge] AujHez F
A Hol AAARY 4. dtd FEAAY A
A&E7F v LA %Xéo}ﬂl 22 ¢ ¢ . 2
AU £go] A4 A RAddFel 9%
dAgH &§218 vﬂrE% AYFLE 9T 2
AAE AFEREo Mo AdW HBAgdHrt w4
Hol &5 APEFE AF AW JGFEEAA
9 AAAE ARLEE/ AdFEEAAM R w2
A A9 Z71AA (Ve Via)7F 1002
BLME Qg AaFoAeyg FAAH A
£57b oM rT ®olx AMAu 05459
A%e fAS A3E 2odFa gk agu F
A LExAA d2e AFHY 1002 AHLS
B47F 05452 ARNE AAMETG E5ARF
St £ APgRRPoMe Adw #ZAFHs o
2A ZAgsA Hol AL AEF N &§0]
=A dojndrl

oo J

[o2 =2}
=27

¢

Fig. 68 #3984 100% 2 A9A 2= 2
2ol WFESE W AR 2
AHELE meARA Fe 4T

= 8888
45@“’“ w3k



1272

N(B)E Agste] £3 ANHQ
%, o2 4927 w@ste] vebd Aol 1
Yold mE whel Zo] 880 U APA7
SAN49 ARARGE A B ¢ & 3
ot AA FHABY Aol WF §42 o
25099 we A4 BAREAY AHol Fa

H3, A4l Eo] HaA He F3LBY 99
dAe HAdwW L s 2AEHY HRo=R
Alg @,

Fig. 7¢ %7) ¥<0°] 545% 2 AAA A&

A9z AFu(Vy/ Vi) 1008 Fig. 62 HA$94=
gel 24 ARAG YA A YA

T .9tk o)2ld Yoz A8 (Ve Vi) 0545

10
09 " -
08 /,,f”’

. 07

é 0.8

= 05

= 0

Ti=-3C, Twv=7C
Ti=-5C Tw=4C
analysis with eq.(5)
— | pure heat conduction

o
T e

o 5‘0 l(;O l.’;O 2(;0 25‘0 3(;0 3.")0 4(;0
T, min.

Fig. 6 Comparison of the molten mass frac-

tion between the analytical(using eq.

(5)) and for

Vs Vier=1.00

experimental resuits

2

=

>

=
Ti=—5C,w=7C
Ti =-5C,Tw=4C

analysis with eq.(5)
pure heat conduction|

300 350 400

n
250

200
T, min.

1] 50 100 150

Fig. 7 Comparison of the molten mass frac-
tion between the analytical(using eq.
(5)) and experimental results for
Vo Vi = 0.545

TEES

PyE

d AANE FHABY AAGHA 7
o2 Ase] §4AWA WY F2EII} vl
A 2§37 gl

53 MEZAE 12s A

Fig. 8& AH8)(Vy/Ve)E 100, &9 =71
FyesE 27 - 10C, 4d 749 LEF 7T,
4T, 10 ZAsA NE §4ARL W F4
H4e Fotd TV S 8EM/MDE AFAS)
d@ete el Zolth WweEst zz 7T,
4T Q) ASNNE G $84 A PUSE
49 ANE223 DA SN AHA A
A7 amd 2 YA U £ F
ol £48L £8 Mt HA AU
ARZ2E BAHE ¢4 dERLA T
Aajde ARARYG AA G, £8o) W
2 oy o AR I 94T 3 &
2 e 24 AE RUANH P S4ER

20

oMo o

aA g €99 tdLeEs} 1c A BEoME
T A=z 7 §§80 AdE P&

EHE zesteE A4 éi}iliﬂ} A v
el glo). .

Fig. 95 AAH(Vy/Ve)E 0545 2 A5 4
9 %7 FPLXEE - 10T, ¥H 7= E
7C, 4C, 1T ¢ =AM W £5ARE 1
N7 e e S48 M/ Mw)S YEH R2
2 S Axast d¥xe v I o
et stk ¥§HW ZFELESF 4T ¢ AN

Ml/Mtol

Ti==-5C, Tw=7T

Ti=-5C, Tw=4TC

Ti=-§C, w=1T
present analysis
pure heat conduction|

!
250 350 400

n
200

L L L
[ 50 100 150 300

T, min.
Fig. 8 Comparison of the predicted molten
mass fraction with experimental

results for various wall temperatures
for Vo/Vir=1.00



1.0
09 P -7
- .
08 A P
0.7 -7
-] “2d
g 0.6 y =
~ 05 @ - e
= Z. - L
o4t o -
03 - ® | Ti=-10T, T™w=7T
- f = Exp.| @ | Ti=-10T, Tw=4T
0.2 # A | Ti=-10C, Tv=1T
7 —_|present analysis
Lol /4 Num, _ _ pure heat conduction

0o 50 100 150 200 250 300 350 400
T, min.

Fig. 9 Comparison of the predicted molten

mass fraction with experimental
results for various wall temperatures

for Vo/Via=0.545

Ti=-5C, Tw=7T

5] [ Vs/Vtet = 0.545
L] Vs/Viot = 1.00

Ti=-5T, Tw=4T

=} ’ Vs/Vtot = 0.545
-

Bxp.

Va/Viot = 100
; present analysis

Num,

0 50 100 150 200 250 300 350 400
T, min.

Fig. 10 Comparison of the predicted and
experimental molten mass fraction for
Vs/Vtot = 0.545 and 1.00

N7 o) mE= L£55L 2
7C 4 o 2eh A4 f AddFol o g

gutat A AEsEz §§ g m=
ANZERD AHELE BEAE ¢&F
Edol 33 F£x e AXEY £Fo
AP+ E 24 Jeva gl

Fig. 10& 9% dg9 272 ¢ ¥drt
4 2xzAFNA, d&9 Z7HAAU (VY Vi
e AR gz2E £4&8 v FHo
o FYd 49 2] €5 ¢ ¥9 Jid &=
ZAs AN L£5EL A 0545 Q) FA] A
Au] 1.00 ¢ =ARG ZA Yepdzn o

Fig. 8~Fig. 10 o2& 9L g &4
AN &§ Ago] W2t AdE P29 9T

=

2
%
~_9-,

dgo 484 A5G B AT 1273

A= o u }?i m%er

47} &F % g
A9 T8 Asug 44 ¢ T FUI
£ 25 A

6. 2

$4 AR 1 5
e AW +2 AYHQ Yoz nIY 2
3 e 2

do
A
o)
&
a1
2
=R
i

;ﬂ ?——1736}711 AAHY &
dgul zAddife o €dg ¥ oy A
HEhe Yoz ARAAR - FFAMg A
AR Aol MZ th2A Yeytth T A
HAELd Wa2e JEW F2EdAE TEE 2&
ZAA AAY (Vd/Vi) 1.00 1 73F7F 05459
ZSeA 2ok o 32A #4434 9o

(2) BFELAEE (Kol 259 $87F o
2 HNEYE #FaY J¥FEIE X HJNDE
AR om, A4 ARG APA I v
ny dA A

(3 &8 APl W2e FEH 29 ¥
a2 3 WNHez FH AHS
v 44 U Ad dEee 2y
g 32 Mo AR AA U
o F FE¥AJS.  wA #%%{M <
W &§Ad= €59 &8
4oz Ag3te 44 W A
°}‘43} EEEEE AT €

= 2usEde MY Fad Eﬂrc
4 FEE melsteior gt

(12
% 2
nﬁi

24 Jl')

Breoshoedorff oo 1 ol

l\,‘-ObF-l‘é.\Eﬂlo

Z 7|
o] =82 199915 #Fq&NEATY AT
Hlo] ol3ld A AHUYES. (KRF-99-003-E00010)
olo] AR A EA FA=HUD
Hangs

1. Lunardini, V. J, 1990, Heat Transfer with



1274 Z23d - AFE - oAT - 94

Freezing and Thawing, Elsevier, pp. 30-35.

2. Sparrow, E. M., Ramadbarri, S. and Parta-
nkar, S. V., 1978, Effect of Subcooling on
Cylindrical Melting, ASME J. of Heat
Transfer, Vol. 100, pp. 395-402.

3. Sparrow, E. M. Broadbent, J. A. 1982
Inward Melting in a Vertical Tube Which
allows Free Expansion of the Phase-Change
Medium, ASME J. of Heat Transfer, Vol
104, pp. 309-315.

4. Bathlet, G., Viskanta, R. and Leidenfrost,
W., 1979, Latent Heat-of-Fusion Energy Sto
rage ; Experiment on Heat Transfer from
Cylinders During Melting, ASME J. of Heat
Transfer, Vol. 101, pp. 453-458.

5. Gau, C. and Viskanta, R., 1986, Melting and
Solidification of a Pure Metal on a Vertical
Wall, ASME J. of Heat Transfer, Vol. 108,
pp. 174-181.

6. Fomin, S. A. and Saitoh, T. S, 1999,
Melting of unfixed material in spherical
capsule with non-isothermal wall, Int. J. of
Heat and Mass Transfer, Vol 42, pp.
4197-4205.

7. Ghasemi, B. and Molki M., 1999, Melting of
unfixed solids in square cavities, Int. J. of
Heat and Fluid Flow, Vol. 20, pp. 446-452.

8 Ho, C. J. and Chu, C. H,, 1993, The Mel~-
ting Process of Ice from a Vertical Wall
with Time-Periodic Temperature Perturbati-
on inside a Rectangular Enclosure, Int. J. of
Heat and Mass Transfer, Vol. 36, No. 13,
pp. 3171-3186.

9. Rieger, H. and Beer, H., 1986, The Melting
Process of Ice inside Horizontal Cylinder :
Effects of Density Anomaly, ASME ]. of
Heat Transfer, Vol. 108, pp. 166~-173.

10.Brewster, R. A. and Gebhart, B., 1988, An
Experimental Study of Natural Convection
Effects on Downward Freezing of Pure
Water, Int. J. of Heat and Mass Transfer,
Vol. 31, No. 2, pp. 331-348.

11.Fukusako, S. and Yamada, M., 1993, Recent

Advances in Research on Water-Freezing
and Ice-Melting Problems, Int. J.° of
Experimental Heat Transfer, Thermodyna-
mics and Fluid Mechanics, Vol. 6, No. 1,
pp. 90-105.

12.Suh, J . S., Kim, M. G,, Ro, S. T. and Yim,
C. S, 1998, Ice-formation phenomena for
laminar water flow in a stenotic tube,
Korean J. of  Air-Conditioning  and
Refrigeration Eng., Vol. 10, No. 1, pp. 11-21.

13.Bak, Y. D., Cho, H. C,, Choi, B. I. and Kim,
K. S., 2001, An Experimental Study for the
Liquid Freezing Phenomena in a Pipe
During Ice Plugging, Transactions of
KSME(B), Vol. 25, No. 3, pp. 366-372.

14.Kuehn, T. H. and Goldstein, R. J.,, 1976,
Correlation Equatibns for Natural Convection
Heat Transfer between Horizontal Circular
Cylinders, Int. J. of Heat Transfer, Vol. 19,
pp. 1127-134.

15.Kuehn, T. H. and Goldstein, R. J., 1978, A
Experimental Study of Natural Convection
Heat Transfer in Concentric and Eccentric
Horizontal Cylindrical Annular, ASME ]J. of
Heat Transfer, Vol. 100, pp. 635-640.

16.Hirata, T. and Nishida, K., 1989, An Analy-
sts of Heat Transfer Using Equiyalent The-
rmal Conductivity of Liquid Phase during
Melting inside an Isothermally Heated
Horizontal Cylinder, Int. J. Heat Mass
Transfer, Vol. 32, No. 9, pp. 1663-1670.

17.Seki, N., Fukusako, S. and Nakaoka, M,
1975, Experimental Study on Natural
Convection Heat Transfer with Density
Inversion of Water between Two Horizontal
Concentric Cylinders, ASME ]J. of Heat
Transfer, Vol. 97, pp. 556-561.

18.Nguyen, T. H., Vasseur, P. and Robillard,
L. 1982, Natural
Horizontal Concentric
Density Inversion of Water for Low
Rayleigh Numbers, Int. J. Heat Mass
Transfer, Vol. 25, pp. 1559-1568.

Convection between

Cylinders with



