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Abstract: In this study, numerical simulations were conducted for conjugate heat transfer around ice balls in an
encapsulated ice thermal storage system. Four shapes of ice balls were modeled; the default one was a sphere, and
the other three shapes were designed to enhance convective heat transfer through the ball surface. The flow around
the ball was laminar, for which the Reynolds number was 300, and both forced and natural convections inside and
outside the balls were considered. The simulations revealed that the magnitude of convective heat transfer for the
different shapes decreased in the following order: bone, dimple, hole, and sphere. For the entire simulation, the
maximum difference in the average temperatures of water inside the capsules was found to be 0.9°C. Therefore,
it can be said that the effect of ice-ball shape on the performance of the ice thermal storage system is significant,
considering that more than 0.3 million balls are used in this system.
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Case 4. Dimple

Case 3. Hole

Fig. 1 Shapes of ice capsule for simulation

Case 2. Bone

Case 1. Sphere
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Table 1 Description of the capsule modeling
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Casel | Case2 | Case3 | Cased
Diameter [mm] 98 106 101 111
Surface Area
X10'3[m2] 30.1 40.2 36.1 37.0
Fillet radius i 7 10 10
[mm]
Volume 2772 | 2772 | 2772 | 2772
X10_4[m3] . . . .
Thickness ) ) ) ) Fig. 2 Array of ice ball inside the thermal storage
[mm] tank
Table 2 Materials of ice capsule & brine
Thermal . . . . Thermal Diffusion
Conductivity Density Specific Heat Viscosity Coefficient
kE[W/m K] p [kg/mﬂ ¢, [J/kg K] 1 lkg/m s] a[m?/s]
BRINE 0.491 1042.0 3920 1.2x107
HDPE 0.33 960 2090 - 1.6x107
Distilled Water 0.568 1000 4203 14.5x10* 1.35%x107
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Fig. 6 Average temperature histories inside the
capsule for the various time-step size

WA A AY Al s LEd

Aol §les Sl 4 Qo gt 33 Jre
Al7ko] Al 10 sec®] ZI7F 1 sec?t 5 secol

Hlgl| A 2Eato] 7} AR R 2 AFoAE B
= A tiste] Ssec AlZHEAS 285k
HREk =g

A Bgdage] 5364 609

Fig. 7 Internal natural convection at both sides of
2.5C temperature

Fig. 8 Internal natural convection at both sides of
6.7C temperature

ool HW "Wxe #agE A 7]

74
thoolt A% e AAURE wAP F
4 =

ES
[¢)
=
[¢)
L
Z

gt

ol

S WA EE EE Caseoll Al Boussinesq 52

o] ofye} A7t o wet Waks AS A&

st H-E3ks At dxe X i

gz w1 dHH, Fadd (150 2= wE

x Wz} dolEE HAASHOR 23k 3]
3

p=—0.0079 T°+ 4.3860 7+ 391.2437 (1)
p density(kg/m®)
T : temperature(K)

Fig. 79 Fig. 82 =9 SA S 2 g & U
5o AU F @S #Ee] sk a7k
de] W& T Case 19 A& UHF-o 2L Fx9}
&S WolFEr) Fig 7S % Q9 L2271 25T
olil g 7hed &7k 0T We WF A
T 7IFE dHEddT & FeAs 27t
SH7HAIRE 2] HEE A T
5 FAsta ofd & 7k
e vk 2w Wgow VFI AFsta 9l
T} Fig. 82 & 99 %7} 6.7CY w Wiy 7]
F wolth. £ 4C=
A



610 ER DI

284

232
— L
< 280+
s [
% L "/ ——— Boussinesq
g_ 278 O / S density(T)
5 L — — - w/o buoyancy
= L

276

274k

g P R A

L T R AR EFETETE ST A |
0 20 40 60 80 100 120 140 160
Time (min)
Fig. 9 Comparison of the evolutions of the average
temperature inside capsules

ol As7lHE s oAl A e
2 2r7h shol dxvh & 7k RiEew s
stal vk & Z9 54 ubA Agukdle] 757}
RSl

Fig. 994+ Add#FE 1ddS wWe He
Ul fAle] Haeewste] 71&717F aeshA
%S Wro g4t S & 5 Aok T3
AAFE ZHPS wWE H|03PH  Boussinesq
S ALt 7|77 o ¥ g4%ka HE
7b eXof et WEte ohehAe] Aol 304
o] Aatd A MM 2% A7F Hu 04CHE
He s ¢ o

32 HE RO Cased 2EEXE
Fig. 10 30%°] Ay Fo Edd A5
rolr 7] 95t HE UH-o & ¥ =
A3 Fig. 119A4+= 2 A3t

Aol &gk 7ok S5 HEHE YEU
U} Spherex= A4 02 DS dojuAIRt 30

o] Awpso]

o] A

E=RR M= %

et shtel s 3l o]l EA g =
Y £ =gw, o] AIRbiel A, ey 2=
27 At A Y Aeol WoXitke A
= ¢ 5 AUk

Bone®| 74-f-ol& FAdo] dAFsta e FA
S Hon REFYE FAAH o UolAE AE&
& Ark =3 FHE T xY FYOE e Tt
S PRl wE RS HolwHA I
T9o] A¥ EAskA Fa A, F =AUt

RN R

Table 3 Surface heat transfer coefficient & ratio of
area in each case

Heat Transfer Coefficient Ratio of the
of Integral Surface Value Surface Area
[W/m” K] [4/ Ay, > 100]
Bone 9.2463 133.56
Dimple 10.0378 122.92
Hole 9.8393 119.93
Sphere 11.4385 100.00
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Fig. 10 Temperature contours & isotherms at the
each simulation case
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Fig. 11 Vector of the internal velocity at the four
simulation cases
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