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Abstract—In the present study, a new numerical model is proposed to analyze solid-liquid phase change
heat transfer in a complicated geometry. The present model can treat the solid/liquid phase change heat
transfer with)without porous media, as well as conventional transient natural convection with/without
porous media. Solidification calculations of pure water (without porous media) around a single cylinder
and two cylinders were performed to check the validity of the model. The interaction of two solidification
layers were examined, and the effects of natural convection in the melt on the solidification process were
also studied. The numerical results were found to be in excellent agreement with experimental data. It was
also shown that for the initial water-temperature, T;, of 0°C the solidification progresses more rapidly for
the single cylinder than that for the two cylinders, but the reverse is true for T; > 4°C. Copyright © 1996
Elsevier Science Ltd.

1. INTRODUCTION

Solid-liquid phase change heat transfer around cyl-
inder(s) occurs in many systems and in nature includ-
ing latent heat thermal energy storage, freezing/
thawing of soil, and others. Recently, for the
purpose of effective load levelling of electric power at
night, much attention has been given to ice thermal
energy storage systems. Understanding of the solid—
liquid phase change heat transfer phenomena around
two or more cylinders is needed for design of efficient
latent heat-of-fusion energy storage systems. These
important applicaticns have motivated recent studies
on the subject. Using fluids without density inversion,
solidification studies have been conducted around a
single cylinder [1] as well as melting/solidification
around two or more cylinders [2-4]. Using water,
which is a very important phase change material
(PCM) for ice thermal energy storage, solidification
around a single cylinder [5, 6] as well as solidification
or melting around two or more cylinders [7-9] have
been investigated.

Past studies of solid-liquid phase change heat trans-

fer around two or more cylinders were restricted to
experimentation because of complicated coordinate
systems needed for numerical analysis. Recently, Lac-
roix [10] proposed a numerical model for analyzing
phase change heat transfer around two cylinders in a
rectangular cavity and numerically simulated cyclic
melting and resolidification of a paraffin wax, which
was experimentally studied by Sasaguchi and Vis-
kanta [3]. However, since Lacroix uses a stream func-
tion-vorticity formulation, it is difficult to determine
the vorticity at the solid-liquid interface with this
model. In addition, his model can not treat the solid/
liquid phase change heat transfer in porous media,
which is a very important application for freezing of
water saturated soil.

The authors have proposed a numerical model [11]
to simulate the solid—liquid phase change heat transfer
in water saturated porous media confined in a rec-
tangular cavity using the primitive variables, i.e. vel-
ocities, pressure and temperature. In the present study,
the previous model [11]} has been extended to a gen-
eralized coordinate system, to enable analysis of com-
plicated phase change heat transfer problems around

1343



1344 K. SASAGUCHI et al.
NOMENCLATURE

A total cross-sectional area of cylinder(s) fen  dimensionless fusion temperature,
A,  solidified area (Tou—TH/N(TW—Th)
a thermal diffusivity &, n  transformed coordinate axes (see Fig.
c specific heat 2)
d diameter of the cylinder 11 dimensionless density, p/p,
g gravitational acceleration vector Q dimensionless specific heat, ¢/c,
he latent heat of fusion Q. dimensionless specific heat ratio, ¢/c,
(i) grid point A dimensionless thermal conductivity
K permeability ratio, A,/ A,
P dimensionless pressure, d*p/(pa;) p density
p pressure T dimensionless time, a,t/d*
T temperature T, dimensionless time, a,t/d*
t time ¢ variables, U, V, P, 8, or y in equations
U,V x-, y-direction dimensionless velocity— (13) and (14).

vector component, d* u/a,, d-v/a,
u veloc1ty vegtor . Subscripts
u,v  x-, y-direction velocity-vector . L.

components ! initial
X, Y dimensionless coordinate axes, x/d, y/d d hqm.d phase

. . m melting
x,y coordinate axes (see Fig. 2). .
p porous particles
H i int
Greek symbols P fusion poin
. ref  reference value

Y volume fraction )
. orosit w cylinder surface

D Y .. s solid phase or solidification
A dimensionless thermal conductivity, . .

4, X,y der¥vat%ves w¥th respect to x, y

thermal conductivity ¢, n derivatives with respect to &, 7.
v kinematic viscosity
0 dimensionless temperature, Superscript

(T-T)T,—T) n the number of iterations.

two or more cylinders in a rectangular cavity. The
primitive variables were also used in the extended
model to eliminate the complicated determination of
the vorticity at the solid-liquid interface. The present
model can treat solid-liquid phase change heat trans-
fer with/without porous media and can also handle
the conventional transient natural convection
with/without porous media. With the new model, cal-
culations were performed for freezing of pure water
(without porous media) around a single cylinder and
two cylinders. The results were compared with exper-
imental data to check the validity of the model, and
the effects of the initial temperature of the water and
the number of cylinders on the solidification process
were systematically examined.

2. PHYSICAL/NUMERICAL MODEL AND
GOVERNING EQUATIONS

A proposed model can be adapted for both sol-
idification and melting processes as well as for various
tube arrangements and different geometries of the sur-
rounding boundaries. However, the model is explai-
ned using a specific physical system for which the

numerical analysis was performed in this paper to
facilitate easier understanding. Figure 1 shows the
physical system. It consists of a rectangular cavity
which contains two horizontal, vertically spaced cyl-
inders with diameter d, and all the walls (left, right,
top and bottom walls) are assumed to be insulated. In
this study d is set at 0.0254 m, and the height and
width of the enclosure as well as the position of the
cylinders are arbitrarily set without considering a par-
ticular device, as shown in Fig. 1. The cavity is filled
with water as the PCM. For comparison, calculations
for a single cylinder (i.e. the upper cylinder was
removed) were also performed. Initially, the PCM is
in the solid (liquid) phase at a uniform temperature,
T.. At time ¢ = 0 s, the temperature of the cylinders is
suddenly changed and maintained at a prescribed
value, T, which is smaller (larger) than the fusion
temperature, and the solidification (melting) process
is initiated.

For simplicity, the following assumptions are made
in the analysis: (1) the flow is two-dimensional, lami-
nar and incompressible ; (2) the liquid density varies
only in the buoyancy term, i.e. PCM is the Boussinesq
liquid; (3) the solid phase is at rest; (4) the density
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Fig. 1. Physical model.

change due to solid-liquid phase change is negligible.
With these assumptions, the dimensional governing
equations, which can also treat solid-liquid phase
change problems in a liquid saturated porous media,
may be derived for a single domain model [11-13] as
follows:

continuity
Vou=0 0

momentum

ou
—_ .V
5 +p(u-Viu
Uy

= —Vp+pv,Au— U+ (Presr— 2
p+pou—pprs (Per—pg ()

energy equation

pcaa—f +pc,(u VYT =V-(AVT) —p,hfa—;ti. 3)
These conservation equations were obtained by sum-
ming conservation equations for all phases in a control
volume. The density, specific heat and thermal con-
ductivity in the equations (1)—(3) for a porous medium
are defined as follows:

p=U—&)pp+(E—7)p:+7eP: )
pc=(1- E1)/’;,% +(e=p)psCs+V.pCo &)
A==+ (E—r)A+7.4,. (6)

The porosity ¢ is defined as the ratio of the volume
occupied by the solid and liquid phases of the fluid to
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the total control volume considered, and it is taken to
be a constant. The volumetric liquid fraction, y,, is the
ratio of the volume occupied by the liquid phase of
the fluid to the total volume, it varies during phase
transformation. The expression, equation (6), for the
averaged thermal conductivity derived in the present
model is the same as that based on the so-called ‘par-
allel model’ which gives an upper limit. If we consider
a system which contains a PCM and a porous medium
whose thermal conductivities are not largely different,
equation (6) gives a reasonable value, but if the differ-
ence is very large, some modification seems to be
needed. For a system without porous media, as con-
sidered in the calculations described later, if the ther-
mal conductivities of the solid and liquid phases of
PCM are not largely different, which is true for a large
number of PCM, the expression gives good approxi-
mation for the averaged thermal conductivity.

The single set of governing equations (1)—(3) is
solved in the entire region, meaning that no special
consideration is needed on the interface. The third
term on the right-hand side of equation (2) is the
Darcy term expressing the resistance to the fluid flow,
which is caused by the porous media and the solid
phase in the solid—liquid coexistent control-volumes.
The permeability, X, is a function of y,. Inclusion of
the Darcy term automatically ensures that the velocity
in perfectly-solidified control volumes vanishes, since
the permeability becomes zero in the volumes. There-
fore, the Darcy term itself becomes infinite, resulting
in zero velocity. In the buoyancy term (i.e. the fourth
term on the right-hand side of equation (2)), the fol-
lowing density-temperature relationship of water pro-
posed in ref. [14] was adopted for the liquid density,

Pe:
Pr = plmax(l —U)lT— Tmaxlq) (7)

where  pyma = 999.972 kg m~3, o =9.297173x
1075°C 79, Thue=4.0293°C  and g = 1.894816.
This relationship takes into account the nature of
the density-inversion in water, and it is introduced
into the fourth term in equation (2) with equation
(4). The second term on the right-hand side of
equation (3) is a source term related to phase change.
With this term in the energy equation (3), we do not
need special treatment to track the interface motion.
The value of y, in the control volumes undergoing
phase change can be evaluated using the following
iterative expression [15] :

c n
Yt = it (p"lT)fm T, @®

The limitation imposed on the equation is that the
condition

O<y <e ®

is satisfied.
Introduction of the Cartesian coordinate system (x-
y-system) into a complicated physical domain requires
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interpolation of the variables, i.e. velocities, tem-
perature and pressure, on some boundaries since the
grids are not necessarily coincident with them. To
eliminate the errors and complexity due to this
interpretation, the governing equations are trans-
formed into a generalized coordinate system, and cal-
culations are performed on the transformed plane.
For example, the energy equation (in dimensionless
form) in the Cartesian coordinate system,

a0 1 1

is transformed into the following equation in the gen-
eralized coordinate system,

0 1
art Q_J{(YﬂU_XﬂV)efJf'(XEV_ Y. 1)é,}
R

T IIQU?

+ (XnAé _XéAn)(Xngi _Xéer:)}

{(Y,A:— YA NY,0:—Y,0,)

+

HQJZ{(XZ + Y0 —2(X X, + Y Y,)0,,

1
noJ
+B(X,0,— X.0,)} + Sh.

+(X§ + Yg)grm} + {A(Yéerl— YWGE)

an

The source term, .Sy, in the above equation is defined
as follows:

Qs QPH —1 (7)}, s q: .
- g Ste. 7 for solidification
Sh -
b 1=0pm 07 for melti
QIT Ste, o1 ormeiting
(12)
where
Tou—T, T,—T,
ste, = &I =T g e = ST Ten)
hf hf
In equations (10-12),
I )
X= p Y= d T dzt
d d T-T
U=a—{u V=;1;v (9=TW_Tl

P Ps T
O="=1-y)=+y,=1 (assuming p, = p,)
P P

c 1
Q= o= ﬁ[(l—?z)Qs+v/]
A
A= ;1' = =y)A,+7,
L
¢ As
Q. = ;; A = Z
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J=X.Y,—X,Y;
A= (X;+ Y X —2(X:X,
+Y X)X+ (XE+YDX,
B=(X24+Y)Y:—2XX,+ Y. Y)Y,
+(XI+YHY,,

A complete set of the dimensionless governing equa-
tions and the transformed equations to the generalized
coordinate system can be seen in reference [16].

In addition to transforming the governing con-
servation equations into the generalized coordinate
system, it is necessary to adapt the grid lines in the
generalized coordinate system to the physical bound-
aries of the system by properly generating the grids in
the physical domain. In the present study, we adopted
a numerical, grid generation technique proposed by
Steger and Sorenson [17]. The following equations are
used to generate the computational grids:

(X7 + YD) X —2(X X, + Y Y ) X + (XE+ YE)X,,
+JX(PX;+0X,) =0

X7+ Y)Y = 2(Xe X, + Y. Y,) Yo, + (XE+ YD) Y,
+JHPY,+QY,) =0
(13)

where P and Q in equation (13) are functions related
to the grid density control. The transformation of the
governing equations into the generalized coordinate
system makes the governing equations in the com-
putational plane more complicated. However, the cal-
culations can be performed in a simple computational-
plane, e.g. a rectangular domain, with a uniformly-
spaced grid system. In addition, since the boundaries
in the computational plane are coincident with the
physical boundaries, the interpolations on the bound-
aries are not needed. Therefore, accurate results can
be obtained.

Figure 2(a) and (b) shows the grid systems gen-
erated by using the technique described above for
the single cylinder and the two-cylinder arrangement,
respectively. Experimental results (flow patterns and
solid-liquid interface shapes) showed that fluid flow
and heat transfer were symmetrical about the vertical
center line of the cavity. Therefore, we need to con-
sider only half of the domain. The right panel of each
figure represents the grid system in the computational
plane. The left of it shows the transformed grid from
the computational plane into the physical plane.
Points indicated by the numbers in the physical and
computational planes correspond each other. In this
study, we chose a 31(£) x 101(x) uniform mesh in the
computational plane for the single-cylinder-case and
a 31 x 121 mesh for the two-cylinder-case. With these
mesh systems, we can obtain satisfactory agreement
between the numerical predictions and experimental
data as will be shown in Section 3.1. The governing
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Fig. 2. Grid systems: (a) single-cylinder ; (b) two-cylinder arrangement.

equations in the generalized coordinate system, such
as equation (11), were discretized based on the MAC
algorithm [18], and they were solved iteratively.
Detailed numerical procedure is given in ref. [16]. The
calculations are repeated at the same time-step until
the following criteria are satisfied :

o for the dimensicnless velocities U and V, and the

dimensionless pressure, P,

max|¢" ' (G,7) — " (G, /) <
max|¢"" ' (i,5)]

o for the dimensionless temperature, 6, and the volu-
metric liquid fraction, y,

ax<l¢" ") —(i)"(l)]')l)< 10-4.
l"* ' (@]

10-*

(14)
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3. RESULTS AND DISCUSSION

3.1. Comparison between numerical predictions and
experimental data

Since solidification of pure water without porous
media is considered in the present study, the porosity,
g, is set to unity, and the permeability, K(7,), in the
third term on the right-hand side of equation (2), was
assumed to be given by

1 =y,

=—"7 x10°°,

Koy~ & (16)

In the above equation, we adopt a similar relation
used in the literature [13, 19].

To check the validity of the present model, we first
performed several validations by comparing model
predictions with experimental data. The diameter of
the cylinders was 0.0254 m, and we used the measured
value as the cylinder temperatures, 7,, in the cal-
culations in order to use the same temperature bound-
ary-conditions between the numerical calculations
and the measurements. In the experiments, the cyl-
inder temperatures reached a prescribed value of
—10°Cat ¢ =~ 60 s (see ref. [9] for details of the exper-
iments).

Figure 3 shows timewise variations of solid-liquid
interface shapes for an initial water temperature of
T, = 4°C. Figure 3(a) and (b) shows the development
of the solid/liquid front around a single and two cy!-
inder(s), respectively. Figure 4 illustrates the timewise
variations of the solid volume ratio, 4,/4,, which is
defined as the ratio of the solidified area to the total
cross-sectional area of the cylinder(s). Note that for
the two-cylinder arrangement, the total area of the
cylinders is twice as large as that of the single-cylinder.
The predicted interface shapes and the solid volume
ratios are in excellent agreement with the experimental
data in the entire time range. The predicted flow pat-
terns (not shown) also agree well with experimental
results. From these findings, we conclude that the
present numerical model is valid even for the freezing
of water on the complicated geometry.
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Fig. 3. Timewise variations of solid-liquid interface for
T, = 4°Cand T,, = — 10°C: (a) single-cylinder ; (b) two-cyl-
inder arrangement.

3.2. Results for T, = 0°C

In order to examine in detail the effect of the initial
temperature of water in the solidification, calculations
were performed for T}, = 0, 4, 8 and 12°C. The cylinder
temperature was set at —10°C fort > Os.

Figures 5 and 6 show the timewise variations of
the interface shape and the solid volume ratio for
T, = 0°C, respectively. In Fig. 6, a dimensionless time
7, is used as an abscissa in addition to the physical
time z. In this case, no flows arise in water, and con-
duction is the sole mode of the heat transfer. Hence,
only the energy equation was solved in which the
convective terms were absent. For the solidification
around a single cylinder (Fig. 5(a)), the solid layers
develop concentrically around the cylinder. In the case
of the two-cylinder arrangement (Fig. 5(b)), the solid
layers develop concentrically around the upper and

10 ™ T T T T T T T T T 71

. Cal(Two-cylinder-case) -
Exp.(Two-cylinder-case)

N

Exp.(Single-cylinder-case)|

Cal.(Single-cylinder-case) -

L 1 1 1 L . |

0 1800 3600 5400 7200 9000 10800

t (s)
Fig. 4. Comparison of timewise variations of predicted and
measured solid volume ratios for 7; = 4°Cand T,, = —10°C.

K. SASAGUCHI et al.

t=10800s

t=69@\s\_3_

+=10800s i
t=6960s o

t=1920s

1=3840s
(a) (b

Fig. 5. Timewise variations of the solid-liquid interface pos-
itions for 7; = 0°C and T, = —10°C: (a) single-cylinder;
(b) two-cylinder arrangement.
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Fig. 6. Comparison of timewise variations of solid volume
ratios for T, = 0°C and T,, = —10°C.

lower cylinders at early times (e.g. see the solid layers
at 1 = 480 s). At later times (¢t = 1920 s), the solid
layers around the two cylinders interact with each
other, but they are still symmetric about the horizontal
midline between the cylinders. It is seen from Fig. 6
that the solid volume ratio, 4,/ 4., for the two-cylinder
arrangement is coincident with that for the single-
cylinder at early stages, but the former becomes gradu-
ally smaller than the latter as time progresses
(t > 1920 s). This is because the surface area of the
interface for the two-cylinder arrangement becomes
smaller than that for the single-cylinder due to the
interaction of the solidification layers developed
around the cylinders.
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1°C
(a) (b)

Fig. 7. Timewise variations of temperature field and solid—
liquid interface position for the single-cylinder with T; = 4°C
and 7, = —10°C: (a) t = 1920 s; (b) £ = 6960 s.

3.3. Results for T, = 4°C

The numerical results for T; = 4°C are shown in
Figs. 7-10. The density of water increases with tem-
perature in the range between 0°C and 4°C (the den-
sity-inversion) ; therefore, for 7; = 4°C upward flow
arises along the solid-liquid interface at which the
temperature is 0°C. As is seen from Fig. 9(a) and (b)
at ¢t = 1920 s, the upward flow is rather strong, and
the cooled water along the interface accumulates in

/ Solid
; Tw=—10°C
; Tw=-10°C
3°C e
’
1°C
(@ ®

Fig. 8. Timewise variations of temperature field and solid-
liquid interface position for the two-cylinder arrangement
withT; = 4°Cand T, = —10°C: (a) 1 = 1920s;(b) t = 6960s.
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for T; = 4°C and T, = —10°C: (a) single-cylinder ; (b) two-
cylinder arrangement.
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Fig. 10. Comparison of timewise variation of solid volume
ratios for 7, = 4°C and T, = —10°C.

the upper part of the cavity. Consequently, a thermally
stratified region is gradually established (Figs. 7(a)
and 8(a)). As time progresses, the water temperature
in the upper part of the cavity decreases to near the
solidification temperature (0°C) and consequently the
upward flows are suppressed. Atz = 6960 s (Figs. 7(b)
and 8(b)), the water temperature is almost uniform in
the entire cavity, except in the bottom part of the
cavity, and almost no flows are evident at this time
(not shown). It is seen from Figs. 7(b) and 8(b) that
the solidification is slightly faster about the upper part
of the cylinder for the single-cylinder and about the
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upper cylinder for the two-cylinder arrangement, due
to the thermal stratification.

In the case of T; = 4°C, the solid volume ratio for
the two-cylinder arrangement is larger than that for
the single-cylinder after > 3000 s (Fig. 10). It should
be noted that the reverse trend was true for 7; = 0°C
(Fig. 6). This is because for T; = 4°C cooling of water
in the upper part of the cavity is much faster for the
two-cylinder system due to the strong upward flow
than that for the single-cylinder. This prevents the
solidification rate (increasing rate of A;/A4. with
respect to time) for the two-cylinder arrangement
from decreasing, even after the solid layers interact.

3.4. Results for T; = 8°C

When the initial water temperature is 8°C, the tem-
perature and velocity fields become much more com-
plicated since the maximum water density (at ~4°C)
is located at the mid-point between the fusion tem-
perature and T;. Figures 11 and 12 show the results for
the single-cylinder and the two-cylinder arrangement,
respectively. At an early times of the solidification
process for the single-cylinder (Fig. 11(a)), only a
downward flow near the solid/liquid interface is evi-
dent since the region where T > 4°C is much larger
than that where T < 4°C (the density-inversion
region). The water temperature is reduced as the flow
descends along the solid—liquid interface, and thus the
ice thickness is greater on the lower than on the upper
part of the cylinder.

It is seen from Fig. 11(b) at ¢ = 1920 s that the
cooled water descending along the interface has
accumulated around the cylinder, and the region in
which the water temperature is below 4°C has been
spread. Hence, the density of water near the interface
becomes smaller than that on the remote regions away
from it. This density field results in a relatively strong
upward flow along the interface. However, this flow
cannot penetrate into the upper part of the cavity,
because the water is thermally stable there. The
upward flow becomes weaker with time, but the tem-
perature in the upper part of the cavity is gradually
decreased to near the fusion temperature, so that the
solidification becomes faster about the upper part of
the cylinder. In the bottom part of the cavity, the water
temperature is near 4°C and the fluid is stratified. The
flow is very weak and the solidification rate is slow.

For the two-cylinder arrangement (Fig. 12), a stron-
ger descending flow is evident along the interface at
an early stage than that for the single-cylinder (com-
pare Fig. 12(a) with Fig. 11(a)). Thus, water in the
bottom part of the cavity is cooled faster for the two-
cylinder arrangement. The accumulation of the cold
water changes the direction of the main circulation
(Fig. 12(b)), as is also seen for the single-cylinder (Fig.
11(b)). However, the flow is relatively complicated for
the two-cylinder arrangement. That is, in addition to
an upward flow along a large part of the interface two
convection cells appear in the upper region of the
cavity. As time progresses, the water is cooled gradu-
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fields and solid-liquid interface positions for the single-cyl-

inder with 7, = 8°C and T, = —10°C: (a) 1 = 480 s; (b)
t=1920s; (c) t = 6960 s.
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Fig. 13. Comparison of timewise variation of solid volume
ratios for 7, = 8°C and T,, = —10°C.

ally and the flow is weakened. Therefore, no strong
and complicated flows are observed at t = 6960 s (Fig.
12(c)) and only a very weak counterclockwise cir-
culation remains. The water temperature is reduced
to nearly the fusion point in the entire cavity.

Figure 13 shows the timewise variations of the solid
volume ratios for 7; = 8°C. It is seen that the ratio for
the two-cylinder arrangement is larger than that for
the single-cylinder. In general, the trend is similar
to that for T; = 4°C (Fig. 10). However, a detailed
comparison of the two figures reveals that for
T, = 8°C the variation of 4,/A. is different from that
for T; = 4°C. In the case of T; = 8°C for the single-
cylinder, the cooling in the upper parts of the cavity
is delayed for a while after the flow direction is chan-
ged, due to the small cold surface area, and, therefore,
the solidification rate for the single-cylinder is
decreased. But, the rate is increased after the water in
the upper part of the cavity has been sufficiently cooled
down. Therefore, in the case of T; = 8°C, the differ-
ence between the solid volume ratios for the two-
cylinder arrangement and for the single-cylinder
becomes maximum at ¢ =~ 4000 s, and from then on it
decreases gradually, as is shown in Fig. 13.

3.5. Results for T, = 12°C

Next, the results for the largest initial-temperature
(T; = 12°C) examined in this study are shown in Figs.
14-16. In Figs. 14 and 15, the difference between any
two isotherms is 2°C. For the single-cylinder, down-
ward flow arises at early times (Fig. 14(a)), and the
dense water with a temperature of about 4°C accumu-
lates under the cylinder, reducing the strength of the
downflow. At ¢ = 3840 s (Fig. 14(b)), a weak upward
flow emerges, and the flow under the cylinder almost
disappears due to the thermal stratification. In
addition, hot water with temperature ranging between
8°C and 12°C forms a thermally stable layer above
the cylinder. Thus, the upward flow is restricted to a
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Fig. 16. Comparison of timewise variation of solid volume
ratios for 7; = 12°C and T,, = —-10°C.

region where the temperature between 0°C and 4°C is
contained by the upper and lower stratification layers.
Even as time progresses to f = 6969 s (Fig. 14(c)), the
stratification in the upper region still persists.Thus,
the upward flow becomes only slightly stronger and
effective mixing does not occur, compared with the
case of T; = 8°C (Fig. 11).

For the two-cylinder arrangement (Fig. 15), a
strong downward flow at early times changes to an
upward flow (compare Fig. 15(a) with (b)) as for the
single-cylinder. However, the upper cylinder for the
two-cylinder arrangement effectively cools down the
upper stratified layer. Therefore, the water tem-
perature is uniformly reduced to approximately the
fusion temperature, as is illustrated in Fig. 15(c).

From Fig. 16, it is seen that the solidification rates
for the single-cylinder and the two-cylinder arrange-
ment are increased at ¢ = 1200 s and 1000 s, respec-
tively. This is because the cooled water surrounding
the solidified layer(s) prevents the hot stratified fluid
layer in the upper part of the cavity from approaching
the cylinder(s). The solidification rate for the single-
cylinder becomes smaller than that for the two-cyl-
inder arrangement at late times. This is due to the fact
that the hot stratified layer above the cylinder remains
for a longer period in the single-cylinder than that in
the two-cylinder arrangements. It is also found that
the solidification rate for T; = 12°C is smaller than
those for T; = 4°C (Fig. 10) and §8°C (Fig. 13) at early
stages of the freezing process because of the strong
flow of warm water towards the interface. In addition,
the difference between the solid volume ratios, 4,/A4.,
for the single-cylinder and for the two-cylinder
arrangements appears at an earlier stage as the initial
water temperaturs, T, is increased.

Finally, in order to clarify the effect of the initial
water temperature, Figs. 6, 10, 13 and 16 are replotted
together in Figs. 17 and 18 for the single-cylinder and
for the two-cylinder arrangement, respectively. It is
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Fig. 18. The effect of the initial water temperature on time-
wise variation of solid volume ratios for the two-cylinder
arrangement.

seen that the solid volume ratio is smaller for larger
initial water temperature for both arrangements. The
solidification rate varies in a more complicated man-
ner for the single-cylinder (Fig. 17) with T; = 8°C
and 12°C compared to the case of the two-cylinder
arrangement (Fig. 18). This is because water with a
temperature of about 4°C surrounds the cylinder for
a longer time in the case of the single-cylinder, a shown
in Figs. 11 and 14.

4. CONCLUSIONS

Extending a numerical model perviously proposed
by the authors [11] and using the general coordinate
system, a new numerical model is proposed to analyze
solid-liquid phase change heat transfer in a com-
plicated geometry. The present model can treat the
solid/liquid phase change heat transfer with or with-
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out porous media and it can also treat conventional
(without phase change) transient natural convection
with or without porous media filling the cavity. With
the new model, numerical calculations were per-
formed for solidification of pure water in the absence
of porous media around a single and two cylinder
arrangements to validate the model and to examine
the effect of the interaction of two solidified layers on
the freezing process. Based on the results obtained,
the conclusions are summarized as follows:

(1) The numerically predicted interface shapes
around the single and two cylinder(s) for the initial
water temperature, 7; of 4°C were in excellent agree-
ment with experimental results, validating the present
numerical model.

(2) For T, = 0°C the solidification rate (increasing
rate of the solid volume ratio, 4,/A4., with respect to
time) is smaller for the two-cylinder arrangement than
that for the single-cylinder. On the other hand, for
T, = 4°C the solidification rate is greater for the two-
cylinder arrangement than that for the single-cylinder.

(3) For T, = 8°C and 12°C, the flow direction is
changed as time progresses so that the solidification
rate is greatly affected. In particular, for 7; = 12°C
two thermally stratified fluid layers appear at the top
and bottom parts of the cavity, and the flow patterns
and the temperature distributions become very com-
plicated.

(4) The solidification rate varies in a complicated
manner for the single-cylinder with 7; = 8°C and 12°C
compared to the case of the two-cylinder arrangement.

In this study, we performed calculations only for a
enclosure with a specific height and width as well as a
specific position of cylinders, as shown in Fig. 1. If we
consider an enclosure with a different size or with
a different arrangement of cylinders, the feature of
natural convection may largely change and therefore
the solidification process may be considerably affec-
ted. The proposed numerical model can also treat
other interesting solid-liquid phase change heat trans-
fer problems in complicated geometries including
melting and solidification of PCM around many cyl-
inders embedded in porous media. The authors will
conduct numerical simulations to examine these sub-
jects in the near future.
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