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Abstraet--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 cyliader than that for the two cylinders, but the reverse is true for T+ >/4°C. Copyright © 1996 

Elsevier Science Ltd. 

1. I 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 cylinde:rs is needed for design of efficient 
latent heat-of-fusion energy storage systems. These 
important applications 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 
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NOMENCLATURE 

A~ total cross-sectional area of cylinder(s) 
As solidified area 
a thermal diffusivity 
c specific heat 
d diameter of the cylinder 
g gravitational acceleration vector 
hf latent heat of fusion 
(id) grid point 
K permeability 
P dimensionless pressure, d2p/(pa 2) 
p pressure 
T temperature 
t time 
U, V x-, y-direction dimensionless velocity- 

vector component, d" u/at, d" v/a~ 
u velocity vector 
u, v x-, y-direction velocity-vector 

components 
X, Y dimensionless coordinate axes, x/d, y/d 
x, y coordinate axes (see Fig. 2). 

Greek symbols 
7 volume fraction 

porosity 
A dimensionless thermal conductivity, 

),/2t 
2 thermal conductivity 
v kinematic viscosity 
0 dimensionless temperature, 

(T-- Ti)/(Tw- TO 

Op. dimensionless fusion temperature, 
(TpH- Ti)/(T,~- Ti) 

~, ~ transformed coordinate axes (see Fig. 
2) 

H dimensionless density, plp~ 
dimensionless specific heat, c/ct 

l)s dimensionless specific heat ratio, Cs/Ct 
As dimensionless thermal conductivity 

ratio, 2s/2~ 
p density 

dimensionless time, a~t/d 2 
rs dimensionless time, aJ/d 2 
~b variables, U, V, P, 0, or 7 in equations 

(13) and (14). 

Subscripts 
i initial 
( liquid phase 
m melting 
p porous particles 
PH fusion point 
ref reference value 
w cylinder surface 
s solid phase or solidification 
x, y derivatives with respect to x, y 
~, t/ derivatives with respect to ~, q. 

Superscript 
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 t = 0 s, the temperature of the cylinders is 
suddenly changed and maintained at a prescribed 
value, Tw, 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. 
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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 fo:r a single domain model [11-13] as 
follows : 

continuity 

V - u = O  (1) 

momentum 

0u 
P~S +p(u. V)u 

v. 
= - V p + p v : A u - p ~ u + ( p , . e r - p ) g  (2) 

energy equatio~L 

c~T 07i 
p c ~  + pct(u" V)T = V "(2VT)-p~hf--~.  (3) 

These conservation equations were obtained by sum- 
ming conservatiorL 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 : 

; = ( l  - -  5)p o + (5-- re)P, + 7,P, (4) 

pc = (1 -- e)ppCp + (5 -- ?e)P,C, + 7ePeCe (5) 

2 = (1 - ~)2p + (5-- ~.)2~ + 7.2.. (6) 

The porosity e is defined as the ratio of the volume 
occupied by the solid and liquid phases of the fluid to 

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, K, is a function of 7~- 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, 

pc : 

pC = P / m a x ( l  --og[T-- Tmaxl q) (7) 

where pem~x=999.972 kg m -3, m=9.297173× 
10-6°C -q, Tmax = 4.0293°C and q = 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 ?c in the control volumes undergoing 
phase change can be evaluated using the following 
iterative expression [15]: 

(PC)"( T" - Tr, H). (8) 
77+1 = 77+ pehf 

The limitation imposed on the equation is that the 
condition 

0 ~< ~ ~< e (9) 

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, 

00 1 1 
d~ + f i (U 'V)O = ~ V ' ( A V O ) + S h  (lO) 

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

O 0  1 
~ + ~ { (Y ,U-  X, VIO¢ + (X~V- Y~U)O~} 

1 
- nflJ:  {(Y,A~- Y~A,)(Y.O~- Y¢O,) 

+ (X,A~-X¢A,)(X,O~ -X~O,)} 

1 
+ Hf~J 2 {(X 2 + Y2,)0¢¢ -2(XeX, + Y~ Y,)O~, 

+ (X~ + Y~)O..} 1 

+ B( X,O¢ - X¢O,) } + Sh. (11) 

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

f l't~ Or,.- 1 ~7~ H-~ Ste~ & for solidification 

Sh = 1 1 --  0pH 07d 
- -  ~1-/ Stem " ~ -  for melting 

where 

StG G(T~. -- Tw), and Stem - @(Tw - Tpn) 
hf hf 

In equations (10-12), 

x y x = 2  Y=~ ~ = a t  

d d T-T~ 
U = - - u  V = - - v  O = - -  

a, ae Tw - Ti 

n = K = (1 - ~ , )  p' Pl ~ +7e = 1 

c 1 
f l -  - [ (1-~,)f l~+7,]  

ce FI 

2 
A = ~ =(1 -T t )As+?e  

cE ,~d 

(12) 

(assuming Ps = P~) 

J=XeY . -X~Y¢  

A = (X.: + r~)x¢¢- 2(x~x~ 

+ Y¢ Y.)X¢~ + (X~ + Y~)X~,, 

B (X~ + = Y.)Y~¢-2(XeX,+ Y~Y.)Y~. 

+ (X 2 + Y~) Y~,. 

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 : 

(X~ + Y~)X~ - 2(X~X, + Y~ Y.)X¢~ + (X~ + Y~)X,, 

+ J2(PX¢ +QX,) = 0 

(X~ + Y~) Y~ --2(XeX¢ + Y~ Y,) re. + (X~ + Y~) Y,, 

+ j2(py~+Q y.) = 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(4) × 1010/) uniform mesh in the 
computational plane for the single-cylinder-case and 
a 31 × 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 : 
• for the dimensicnless velocities U and V, and the 

dimensionless pressure, P, 

maxldp"+l(i'J)-c~"(i'j)l< 10- '  (14) 
maxl~b "+l (i,j)[ 

• for the dimensionless temperature, 0, and the volu- 
metric liquid fraction, ~¢ 

max(l~P'~(i'J)-49"(i'J)[-~< 10 -4 . (15) 
k, [qS"+ ~ (i,j)l J 

3. RESLILTS 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, 
e, is set to unity, and the permeability, K(vt), in the 
third term on the right-hand side of equation (2), was 
assumed to be giwm by 

1 (1 - T e )  
- -  - -  X 103°.  ( 1 6 )  

K()'t) d 2 

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, Tw, 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°C at t ~ 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 cyl- 
inder(s), respectively. Figure 4 illustrates the timewise 
variations of the solid volume ratio, AJAc, 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 
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Fig. 5. Timewise variations of the solid-liquid interface pos- 
itions for T~ = 0°C and Tw = -10°C: (a) single-cylinder; 

(b) two-cylinder arrangement. 

3.2. Results f o r  Ti = O°C 
In order to examine in detail the effect of the initial 

temperature of water in the solidification, calculations 
were performed for Ti = 0, 4, 8 and 12°C. The cylinder 
temperature was set at - 10°C for t >~ 0 s. 

Figures 5 and 6 show the timewise variations of 
the interface shape and the solid volume ratio for 
TI = 0°C, respectively. In Fig. 6, a dimensionless time 
zs is used as an abscissa in addition to the physical 
time t. 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 
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Fig. 4. Comparison of timewise variations of predicted and 
measured solid volume ratios for Ti --- 4°C and Tw = - 10°C. 
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Fig. 6. Comparison of timewise variations of solid volume 
ratios for Ti = 0°C and Tw = -- 10°C. 

lower cylinders at early times (e.g. see the solid layers 
at t = 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, As/Ao, 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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Fig. 7. Timewise variations of temperature field and solid- 
liquid interface position for the single-cylinder with T~ = 4°C 

and Tw = - 10°C : (a) t = 1920 s ; (b) t = 6960 s. 

3.3. Results f o r  Ti = 4°C 
The numerical :~esults 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 Ti --- 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 
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(b) 
Fig. 8. Timewise variations of temperature field and solid- 
liquid interface position for the two-cylinder arrangement 
with Ti = 4°C and T~, = -- 10°C : (a) t = 1920 s ; (b) t = 6960 s. 
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Fig. 10. Comparison of timewise variation of solid volume 
ratios for Ti = 4°C and Tw = - 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. At t = 6960 s (Figs. 7(b) 
and 8(b)), the water temperature is almost uniform in 
the entire cavity, except in the bot tom 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 t ~> 3000 s (Fig. 10). It should 
be noted that the reverse trend was true for T~ = 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 AUAo 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. l l(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. l l ( b )  at t = 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. l l (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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inder with Ti = 8°C and Tw= -10°C: (a) t = 4 8 0  s; (b) 
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arrangement with T~ = 8°C and Tw = -- 10°C : (a) t = 480 s ; 

(b) t = 1920 s; (c) t = 6960 s. 

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 T~ = 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 variat ion of As~At is different from that  
for T~ = 4°C. In the case of Ti = 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 t ~ 4000 s, and from then on it 
decreases gradually,  as is shown in Fig. 13. 

3.5. Results for Ti = 12°C 
Next,  the results for the largest ini t ial- 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 
downftow. At  t = 3840 s (Fig. 14(b)), a weak upward 
flow emerges, and the flow under the cylinder almost 
disappears due to the thermal stratification. In 
addit ion,  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. 17. The effect of the initial water temperature on time- 
wise variation of solid volume ratios for the single-cylinder. 

region where the temperature between 0°C and 4°C is 
contained by the upper and lower stratification layers. 
Even as time progresses to t = 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 unifolmly reduced to approximately the 
fusion temperatule, 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 t = 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 Ti = 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, AsIAn, 
for the single-cylinder and for the two-cylinder 
arrangements appears at an earlier stage as the initial 
water temperature, Ti 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 Ti = 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, T~ 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, As/Ao with respect to 
time) is smaller for the two-cylinder arrangement than 
that for the single-cylinder. On the other hand, for 
Ti >/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 T~ = 12°C 
two thermally stratified fluid layers appear at the top 
and bot tom 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 T~ = 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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