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Abstract-Beads saturated with NaCl-solution used as porous medium were packed in a rectangular cell. 
The porous medium was solidified by cooling one of the vertical walls of the cell. The above solidification 
process was studied analytically and experimentally. The temperature and concentration distributions were 
measured for three kinds of heads with almost the same mean diameters. From both experimental and 
analytical results, the analysis, where permeability within the the mushy region was expressed as the n-th 
power of the volume fraction of the liquid phase, was found to simulate approximately the solidification 

process. The characteristics of the solidification process were clarified herein. 

1. INTRODUCTION 

A FUNDAMENTAL understanding of a solidification 
process of a porous medium saturated with a solution 
is important for several engineering practices. In civil 
engineering, when the ground-freezing technique is 
used in order to support ground in a tunnel near sea, 
the soil which contains sea water is solidified. In a 
latent heat of fusion thermal energy storage system, a 
solution is used as a phase change material in order 
to get a desired phase change temperature, and a high 
thermal conductivity material is packed in the cell 
with the phase change material in order to enhance 
the heat transfer rate. 

Several studies of solidification [I-5] or melting [6- 
91 with natural convection or forced convection in a 
porous medium saturated with pure water, and those 
of solidification of a binary solution [l&-12], have 
already been reported, but there are no studies of a 
solidification process within a porous medium satu- 
rated with a binary solution. In order to clarify the 
above phase-change processes, it is important to solve 
the following problems. Namely, in solidification or 
melting in a porous medium saturated with pure 
water, how does a flow in the porous medium affect 
the solidification process or the melting process? In 
solidification in an experimental cell saturated with a 
binary solution, how does a mushy region containing 
both the liquid and solid phases grow? How does 
natural convection caused by a temperature gradient 
and a concentration gradient (so-called double- 
diffusive convection) affect the solidification process? 
In solidification within a porous medium saturated 
with a binary solution, how does the permeability of 
a mushy region formed in a porous medium affect the 
solidification process? Finally, how does the double- 
diffusive convection affect the solidification process? 

In the present paper, beads packed in a rectangular 

experimental cell are treated as a porous medium, and 
the porous medium saturated with NaCl-solution is 
solidified from one of the vertical walls of the cell. 
Such a solidification problem is studied by means of 
a numerical analysis and the experiment, varying the 
material of beads. 

As stated above, in the process of solidification of 
a solution within a porous medium, it is supposed 
that one of the most important factors governing the 
solidification phenomenon is the permeability of the 
mushy region. But the permeability is difficult to mea- 
sure because the value of the permeability changes as 
the mushy region grows. Physical parameters govern- 
ing this permeability are still barely known. In the 
present paper, the permeability is expressed as the 
n-th power function of the volume fraction of the liquid 
phase in the mushy region. The process of the solid- 
ification of porous medium saturated with aqueous 
solution is clarified, by measuring and calculating the 
distributions of temperature, concentration in the cell, 
the rate of solidification and the heat fluxes passing 
through the cold and hot walls of the cell. 

2. ANALYSIS 

2.1. Analytical model 
The rectangular cell which has a height of h and a 

width of L is shown in Fig. 1. Both the horizontal 
walls of the cell are insulated and the temperature of 
the left vertical wall is TC and that of the right vertical 
wall is Th (Th > TC). In the present model, packed 
beads in the cell can be considered to be a porous 
medium, and the pores between beads are filled with 
the NaCl-solution. After predetermined initial con- 
ditions of the temperature and concentration of the 
solution in the porous medium are established, the 
porous medium is solidified from the left vertical wall 
of the cell. In the solidification process three regions, 
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NOMENCLATURE 

(I thermal diffusivity [m’ s ‘1 .Y rib 
c specific heat [kJ kg. ’ K ‘1 1 j./h. 
(cp), effective heat capacity [kJ m- 3 K ‘1 
(cp)t heat capacity of solution [kJ mm’ K ‘1 Greek symbols 

(cP)* (CP),l(CP), 
;i, 

CV,i(CV, -C,,) 
C concentration [wt(%)] volumetric expansion coefficient 
C, saturated concentration at the temperature [Mkg mm’)1 

of the cold wall [wt(%)] PT volumetric expansion coefficient [K ‘] 

C” mass concentration where 11 (T- ~I,)/(~,, - T,) 
C,. = (0.02379C’+7.05lC+999.5)C/lOO 0, (T,-T,,)I(T,, -T*) 
[kg rn-~ ‘1 0, (Tc- T,,_)/(T,,- TV/) 

C ,uI saturated mass concentration at T, (1, (Th- TL)I(TI --T,) 

[kg m ‘I (1, (T,-r,,)/(Z1.-Tw) 
C, saturated concentration at T, [wt( X)] ;., effective thermal conductivity 
D mass diffusivity [m’ s- ‘1 [Wm-’ K~‘] 

mean diameter of beads [mm] 

gi Fourier number, (t/h2)(&,/(cp),.) 

;.,* &i& 

P coefficient of viscosity [kg m ’ s ‘1 

: 
gravitational acceleration [m s .‘] \ kinetic viscosity [m’ s ‘1 
height of the cell [m] P density [kg m ‘1 

Ah latent heat of fusion [kJ kg ‘1 7[ fC,-c‘,.,)/(C,,-C”,) 
k permeability [m”] ? (c,,-C\,)/(C”,-C”,) 
k, permeability before solidification [m”] 4 stream function [m” s- ‘1 
k* k/k, YJ 4. (CPMJ.e,_ 
L width of the cell [m] CD porosity, (V,- V, )/ c’,, 
Le Lewis number. a/D = (&,/(~p)~)(l/D) X volume fraction of liquid phase when the 
n exponent of equation (21) porous medium is in a mushy state, or 
Ra, Rayleigh number, volume fraction of liquid phase and 

gB,(C\, -C,,)h3iV(n,,/(Cp)L,(ligjh2) eutectic solid when the porous medium 
Ra, Rayleigh number, is in a eutectic state, (I/, - V, - Vz)/ V,, 

g/h(T,L- T,)h’i~,(~,,,l(cp),)(k,,l~z~) m eutectic fraction, V,/ V, 
Ste Stefan number, (cP)~( TzL - T,)/p,Ah (x-w) volume fraction of liquid phase. 
t time [s] (x -(I)) = V,/ VO where V, control volume 
T temperature [’ C] in porous medium, 

TB temperature of brine at cold wall [-Cl I,, = V, + V+ V,+ Vj. V, volume of 
r, temperature of cold wall [“Cl beads in the control volume, V2 volume 

Th temperature of hot wall [‘Cl of pure ice in the control volume, V, 

TlL solidification temperature corresponding volume of eutectic solid in the control 
to the initial concentration [“Cl volume. V4 volume of liquid phase in the 

T, temperature of cold wall after T, becomes control volume. 

constant [‘Cl 
u apparent velocity in x-direction [m s ‘1 Subscripts 

C’ ((./I), ulz//l,, e eutectic point 

1 apparent velocity in y-direction [m s ‘1 i initial value 

P (cp),rhli,l. L liquid region 

.Y, y Cartesian coordinates [ml. S solid region. 

that is, solid region. mushy region and liquid region 
exist together in the cell, as shown in Fig. 1. The 
natural convection within both the mushy region and 
the liquid region, caused by temperature and con- 
centration gradients, is also considered. 

2.2. Fundamental equations 
The assumptions for the analysis are as follows. 

(1) The analytical model is two-dimensional in 

x. y coordinates. 

(2) The flow in the porous medium is governed by 
Darcy’s law. 

(3) The temperature-dependency of the properties 
is considered only in the buoyancy term. 

(4) The temperature of a liquid in a certain pore 
between beads is equal to the temperature of beads 
surrounding the liquid. 

(5) Local phase equilibrium in the mushy region is 
valid. 

(6) The relation between the solidification tem- 
perature and the concentration of NaCl-solution. is 
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FIG. 1. Analytical model. 

approximated by a straight line for the full range of 
this calculation. 

(7) Mass diffusivity is constant. 
(8) The viscous dissipation is neglected. 
(9) The properties of a eutectic solid are equal to 

those of pure ice. 
(10) Volume expansion due to phase change is 

negligible. 

On the basis of the above assumptions, the govern- 
ing equations, initial conditions, and boundary con- 
ditions are given as follows, where nondimensional 
parameters are described in the Nomenclature. 

Effective values of thermalproperties ofporous medium. 

1 =y1,,+ 1-y &s, e 
( > 

(CP). = y (CP),, + 1 - 7 (CP)&. 
( > 

(1) 

(Liquid region ; x = a, w = 0.1 

Energy equation. 

(2) 
Mass d@ision equation. 

~~+~+~=~[~(r~)+~(x~)]. 

(3) 

Momentum equation. 

Velocities. 

ay 
hay. 

aY V=-E. 

(Mushyregion;n= -0,O<x<Q,w=O.) 

Energy equation. 

(5) 

(6) 

Mass dzjiision equation. 

an xh ah i a an 
%5+ax+ar=LedXxax [( > 

a an 
+ay%T ( )1 

ax -@+4Jg. (8) 

Momentum equation. 

&(&~)-I&($~)= -Ra,g-Ra,&. 

(9) 

Velocities. 

(10) 

ay v=-z 

(Eutectic; f3 = O,, rr = n,.) 

Energy equation. 

(11) 

_ra(x-o>. (12) 

Ste aF0 

Mass d@iision equation. 

+$x--@] -(,+~~~. (13) 

(Solid region.) 

Energy equation. 

I. c. 
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B.C. 

0 = II,, x = 0 (X = 0). 

Y = 0 (on solid-mush interface). (16) 
1 

0 = Qh, Ji” ci.y = 0, CT = Y = 0 (X = L//z). (17) 

al 

;ir = 0, (f;= 0. c’=Y=O (Y=O,Y=l) 

(18) 

2.3. Estimation of permeabilitjl within mushy reyion 
For the solidification of the solution within the 

porous medium, it is supposed that the main factor 
governing the phenomenon is permeability within the 
mushy region. But at present, the vaiue of the per- 
meability during the solidification of the solution is 
unknown. 

In this paper, the value of permeability is estimated 
on the basis of Rumpf and Gupte’s report [13]. In 
Rumpf and Gupte’s report, permeability k within the 
porous medium is expressed by the following equa- 
lion, 

k = D;;@’ ‘/(5.6K) (19) 

where CD is porosity and is equal to the volume fraction 
of liquid phase before solidification. D, is the mean 
diameter of beads, and K is constant. The volume 
fraction of liquid phase within the mushy region varies 
during the solidification of solution. Since ice formed 
between the beads with a growth of the mushy region 
is dendritic, the size of crystal of ice formed between 

beads is smaller than the mean diameter of the beads. 
Namely, as the crystal of the formed ice is considered 
to be smaller beads than the beads constituting the 
porous medium, the mean diameter of the beads and 
the ice becomes gradually smaller as the mushy region 
grows, therefore, it is supposed that in the process of 
solidification the exponent of equation (19) is larger 
than 5.5. From the above mentioned reason. the 
relationship between permeability and volume frac- 
tion of the liquid phase in the mushy region is assumed 

as follows : 

I\- x x”(n > 5.5) (20) 

where x is the volume fraction of the liquid phase in 
the mushy region and if the solidification of solution 
does not occur, x corresponds to CD in equation (19). 
As, at least, the permeability in the process of solid- 
ification, depends on the volume fraction of the liquid 
phase in the mushy region, it is not so inaccurate 
physically and mathematically that the permeability 
is expressed as equation (20). Besides, in the measure- 
ment of the permeability [14], it was shown that log (k) 
was proportional to log(x). Equation (20) is nor- 
malized by using permeability before solidification. 
k,,. and the volume fraction of the liquid phase before 
solidification, Q. as follows : 

(We,) = (x/W’ (21) 

where @ corresponds to the so-called porosity within 
the porous medium before solidification. 

Naturally, when (x/Q) is equal to 0, (k/k,,) is equal 
to 0, and when (x/a) is equal to 1. (k/k,,) is equal to 
I. Therefore. the relationship between (k/k,) and 
(x/m) can be shown as Fig. 2. In this paper. the 
cwponent II of equation (21) governing the behavior 
of permeability in the process of solidification. is 
determined. as follows. The values of the permeability 
in the process of solidification is predicted conversely 
from the measured concentration of liquid region at 
the final phase of the experiment. Namely, in this 
paper the exponent n of (x/Q)” was determined by 
comparing the analytical results of concentration with 
the experimental ones in the period in which the rate 
of the concentration rise became almost stable aftct 
the initial period of solidification. 

The comparison of analytical results of con- 
centration with experimental results in the case ot 
vinyl chloride beads with 3.76 mm mean diameter and 
C = 10 wt(%) is shown in Fig. 3(a). Details of the 
analysis and the experiment will be described in the 
following sections. The exponent II was determined 
on the basis of experimental results of concentration 
corresponding to symbol x in the period from t = 300 
to 360 min when the rate of the concentration rise 

became stable, that was determined to bc 14. From 
Fig. 3(a), the present analysis simulates approxi- 
mately not only the latter half process of solidification 
but also the first half process of solidification. Similar 
comparisons under the same experimental conditions 
as Fig. 3(a), are shown in Figs. 3(b) and (c). In the 

case of Fig. 3(b), the exponent II was determined to 
bc 1, corresponding to the simplest case shown in 
Fig. 2. As clarified from Fig. 3(b). a great difference 
between the analytical and experimental results arises. 
so it is not effective that the exponent II is determined 

FIG. 2. Relationship between permeability and volume-frac- 
tion of liquid phase within mushy region. 



Beads saturated with aqueous solution 2873 

2o (a) 

r 

Exp. Cd. 

~ 

under the condition that x and the concentration were 
kept uniform, though in this model, the distribu~ons 

---- 
---_ of x and concentration are not uniform due to the 

2 
flow caused by temperature and concentration gradi- 

2 IO 
ents, the difference between the value of the exponent 

c, n shown in this paper (n = 14) and that reported in 
ref. [14] (n = 12) is small. 

As is evident from the above discussion, it is con- 
sidered to be effective that (~/~~) is expressed by 

0 
0 60 120 180 240 300 360 

(x/O)” as shown in Fig. 2 and the exponent n of (x/at)” 

Time (mid is determined by comparing the analytical results of 

FIG. 3(a). Comparison ofanalytical results with experimental 
concentration with the experimental ones in the period 

results in the case of vinyl chloride heads. (x, .Y) ; x (90 mm, in which the rate of the concentration rise becomes 

IO mm), V (90,50), A (90,90). C = 10 wt(%), K = O”C, stable after the initial period of the solidification. 
T, = - 3O”C, Ra, = -4000, RaT = 29.4, D, = 3.76 mm, 

@ = 0.362, k. = 7.04 x lo-’ m*, I? = 14. 
Naturally, the manner of ice growth formed in the 

mushy region is different, and the value of the per- 
meability changes with the difference of the thermal 

2or (b) conductivity of the beads. But in cases of steel and 

I __,__-_-.----- glass beads with almost the same mean diameters 

A--- 
,A-- ____------- 

2 
/j 

~-~~_~~~-~-~~ 
as vinyl chloride beads under the same experimental 
conditions as Fig. 3(a), the values of the exponent n 

310 ’ x BI XxXxX 
v x A were nearly equal to 14, as well as in the case of 

vinyl chloride beads. Namely, it is considered that 
the influence of the thermal conductivity of beads on 
(k/k,) is very small in the present experimental cell 
which is small in size, such as the height and width of 

120 I80 240 3Go 360 100 mm and 100 mm, respectively. 
Time fminl In the following discussion, the exponent n was 

FIG. 3(b). Comparison of analytical results with exper- determined on the basis of the experimental results of 
imental results in the case of vinyl chloride beads. (x, y) ; x 
(90 mm, 10 mm), V (90, 50), A (90, 90). Ci = 10 wt(%), 

concentration in the case of vinyl chloride beads with 

I;=OT, T, = -3O”C, Ru, = -4000, RaT = 29.4, 3.56 mm diameter and C, = 10 wt(%), and the 

Db = 3.76 mm, (0 = 0.362, k,, = 7.04 x 10S9 rn2% n =.I. numerical analysis was performed using n = 14. 

y- (c) 
2.4. ealc~la~~~n 

From the above equations, the temperature, con- 
____-------- centration, volume fraction, stream function and 

freezing front are numerically calculated under the 
2 initial and boundary conditions by means of the 
‘r 10 explicit finite difference method (FDM), varying the 
i, material of the beads. For the calculation of the tem- 

perature distribution with a phase change, the 
enthalpy method is used. Stream function is calculated 

I I I I 
180 240 300 360 

by using the SOR method, and the upwind finite 

Tfme (mid difference scheme of first-order precision for velocity 

FIG. 3(c). Comparison of analytica results with experimental 
is adopted. In the analysis, the calculations are per- 

results in the case of vinyl chloride heads. (x, v) ; x (90 mm, formed under the conditions that the number of 

10 mm), f7 (90, 50), A (90,90). Ci = IO wt(%,), T, = 0°C divisions are 20 by 20 and 40 by 40 ; the number 
TB = -3O"C, Ra,= -4000, RaT = 29.4, Db = 3.76 mm, of divisions are determined to be 20 by 20 because the 

Q = 0.362, k. = 7.04 x 10m9 m*, n = 5.5, difference between both results of the calculations 
were small, considering the experimental precision. 
Therefore, the mesh sizes are equal to 0.05 in the 

to be 1. In the case of Fig. 3(c), the component n was nondimensional coordinates X, Y. 
determined to be 5.5 on the basis of equation (20). 
As well as Fig. 3(b), a large difference between the 
analytical and experimental results appeared. 

3. EXPERIMENT 

It was reported [14] that (k/k,) was proportional 3.1. Experimental apparatus 

to (xl@) ‘* when the permeability in a state of soi- Three kinds of beads, made of glass, vinyl chloride 
idification of porous medium saturated with the solu- and steel are chosen because of their thermal con- 
tion for the case of vinyl chloride beads with 3.76 ducti~ties, namely, the thermal conductivity of steel 
mm mean diameter and Ci = IO wt(%) was measured is larger than that of ice, the thermal conductivity of 
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Copper plate 

Brine 

Table 1. Properties of beads 
~.. __ ~~~ 

Glass Steel Vinyl chloride 

& (mm) 2.56 2.76 3.76 
@ 0.380 0.387 0.362 
A,,(Wm-‘K~‘) 1.47 6.99 0.72 
A,, (Wm-‘K ~‘) 0.87 2.67 0.32 

C, = IO wt(%) T,3 = -3O’C % = I;, = O-C 

FIG. 4. Experimental cell. 

glass is larger than that of water and lower than that 
of ice, and the thermal conductivity of vinyl chloride 
is lower than that of water. 

The experimental cell is shown in Fig. 4. The cell is 
rectangular with the sectional area, 100 mm by 100 
mm, and consists of the two horizontal walls made of 
acrylic plate, both right and left vertical walls made 
of copper plate, and the other two vertical walls made 
of acrylic plate, to observe the process of the sol- 
idification in the cell. The temperatures of the copper 
walls are controlled by letting brine at a constant 
temperature flow behind the copper walls. Both cop- 
per walls, between which acrylic plates 0.5 mm thick 
are sandwiched, are used as heat flux meters to mea- 
sure the heat flux passing through the walls. In 
addition to this, the whole of the cell is covered with 
an insulation of styrene foam, 21 mm thick. The tem- 
perature is measured by C-C thermocouples of 0.2 
mm diameter inserted into stainless steel tubes of 
0.8 mm outer diameter. Fifty-five temperature 
measurement points were arranged in a staggered con- 
figuration. The temperatures of copper plates on both 
sides of the acrylic plates are also measured to obtain 
the heat flux. For measuring the local concentration 
of the solution in the liquid region, a mesh pipe made 
of the net is set vertically into the porous medium and 
about 0.25 ml of solution is sucked up by a syringe, 
and the concentration of the solution in the liquid 
region is measured by a concentration meter. The 
solution at a desired position of the mushy region 
cannot be sucked up by the syringe due to ice formed 
at the upper part of the mushy region, therefore the 
measurement of the concentration in the mushy 
region could not be performed. Namely, when the 
front of the mushy region reaches the measuring point 
of the concentration set at the upper part of the cell, 
the measurement of concentration is ended. The con- 
centration in the liquid region is measured from two 
positions in the horizontal plane and three positions 
in the vertical plane. 

3.2. Experimental procedure 

Beads packed in the experimental cell are treated as 
a porous medium. The beads in the experimental cell 

are initially saturated with a solution of a pre- 
determined concentration. The initial temperature of 
all experiments is 0°C. When the initial temperature 
distribution in the cell reaches within +0.5C, the 
lower temperature brine is allowed to flow and the 
experiment is started. The temperature is measured 
every 2 min for the first 80 min after starting the 
experiment, and every 5 min for the next 80 min, and 
then every 10 min thereafter. The concentration is 
measured every 30 min throughout the experiment. 

The above experimental procedure is repeated, 
varying the material of the beads. The properties of 
the beads used in this paper are shown in Table I 

4. COMPARISON OF ANALYTICAL RESULTS 

WITH EXPERIMENTAL RESULTS AND 

DISCUSSION 

In the following discussion, the experiment and the 
analysis were performed under the conditions of 
C, = 10 wt(%), T, = T,, = 0°C and TH = -30°C. 

Time-dependency of the temperature in the x direc- 
tion at y = 50 mm is shown in Fig. 5, in the case of 
the vinyl chloride beads. In Fig. 5, the symbols show 
the experimental results, and the lines show the ana- 
lytical results. In the analysis, the experimental results 
of temperature on the cold and hot walls are used as 

I I I I I I I 

0 60 120 160 240 300 360 

Time (min) 

FIG. 5. Relationship between temperature at y = 50 mm and 
time in the case of vinyl chloride beads. (s, y) ; 0 (0 mm, 50 
mm), A (10, 50), 0 (30, 50), V (50, SO), 0 (70,50) A (90. 
50), n (100, 50). c, = 10 wt(%), T, = OT, TB = -30°C 
Ra, = -4000, RaT = 29.4, D, = 3.76 mm, @ = 0.362. 

k, = 7.04 x 10e9 m2. 
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the boundary conditions. As is evident from Fig. 5, a 
good agreement between the experimental results and 
the analytical results was obtained, The relationship 
between tem~rature and time at x = 50 and 80 mm 
for the same experiment as Fig. 5 is shown in Fig. 
6. As clarified from Fig. 6, a temperature difference 
between the upper part and the lower part of the cell 
caused by natural convection appears. The exper- 
imental and analytical results using various beads 
showed that this tem~rature difference increased with 
the decrease of effective thermal conductivity. 

Time-dependencies of the concentration in the y 
direction are given in Figs. 7, 8 and 9, for steel beads, 
glass beads and vinyl chloride beads, respectively. The 
symbols, for example 0, show the experimental 
results. The lines, for example the solid line, show 
analytical results. As stated in Section 3.1, when the 
front of the mushy region reached the measurement 
points, the measurement of the concentration was 
ended. In the case of Fig. 7, a good agreement between 
the analytical and experimental results was obtained. 
But in the cases of Figs. 8 and 9, at the lower part of 

a x 
I I I I 

0 60 I20 160 240 300 360 

Time (mid 

Fro 6. Relationship between temperature at x = 50,80 mm 
and time in the case of vinyl chloride beads. (x, y); A (50 
mm, 10 mm), 0 (50, 90), V (SO, 20), c3 (80, 80). C, = 10 
wt(%), r, = 0°C Ta = -30°C Ru, = -4000, Ra7 = 29.4, 

Db = 3.76 mm, Q, = 0.362, k, = 7.04 x 10S9 m2. 

3 20 
u 

[ 

Case III 

IO 
II 1 I 

0 60 I20 
Time (minl 

FIG. 7. Relationship between concentration and time in the 
case of steel beads. (x, JJ) ; 0 (50 mm, 10 mm), cl (SO, SO), 
0 (50, 90), x (90, lo}, V (909 50), A (90, 90). Ci = IO 
wt(%), T, = 0°C Ta = -30°C Ra, = -53.4, RaT = 3.92. 

D, = 2.76 mm, Qt = 0.387, k. = 7.84 x 10e9 m*. 

Case (If 

0 60 120 I60 240 300 

Time (mid 

FIG. 8. Relationship between concentration and time in the 
case of glass beads. (x, y) ; 0 (50 mm, 10 mm), D (50, SO), 
0 (50, 90), x (90, IO), V (90, 50), A (90, 90). C, = 10 
wt(%), T, = O”C, TB = -3O”C, Ra, = - 1030, RUB = 7.58, 

Db = 2.56 mm, CD = 0.38, kl, = 5.00 x 10e9 m’. 

II I I I I I I 

0 60 120 180 240 300 360 

Time fminl 

FIG. 9. Relationship between concentration and time in the 
case of vinyl chloride heads. (x, JJ) ; 0 (50 mm, IO mm), D 
(50, 501, 0 (50, 901, x (90, 101, V (90, 5% A (90, 90). 
Ci = 10 wt(%), T = O”C, Ta = -3O”C, Ru, = -4000, 
Ra, = 29.4, Db = 3.76 mm, Q, = 0.362, k0 = 7.04 x 10m9 m2. 

the cell where the value of the co~~ntration becomes 
the highest among the measuring points, small differ- 
ences between the analytical results corresponding to 
the chain lines in case (2) of Figs. 8 and 9 and the 
experimental results ~~~pon~ng to symbols x in 
case (2) of Figs. 8 and 9 arise. These differences sug- 
gested that there are some factors other than (~/~~ 
governing (k,%,). From Figs. 5-9, though there are 
small differences between the analytical and exper- 
imental results, especially for concentration, the pre- 
sent analysis simulates appro~mately the process of 
solidification of a porous medium saturated with a 
solution in spite of the large difference of thermal 
conductivity of various beads. The solid line for case 
(1) in Fig. 7 rises rapidly at t = 50 min because the 
front of the mushy region reaches the measuring point 
of concentration at t = 50 min. Although for the solid 
lines shown in case (1) of Figs. 8 and 9 the rate of 
variation is smaller than that in case (I) of Fig. 7, 
because the growing rate of the freezing front in the 



cases of glass and vinyl chloride beads is later than 
that in the case of steel beads, that is. in these cases the 
amount of solute per time rejected from the solution 
is larger, the characteristics of time-dependency of 
concentration are nearly the same for three kinds of 
beads with different properties, as shown by Figs. 7-- 

9. The solute is rejected from the solution in the mushy 
region as the mushy region grows. A high concen- 
tration of the solution flows down through the mushy 
region and stays at the bottom of the cell. Con- 
sequently, a concentration stratification is formed in 
the liquid region. As clarified from the comparison of 
symbol 0 corresponding to the experimental result 
at t = 180 min in case (1) of Fig. 9 with symbol x 

corresponding to the experimental one at t = 1 X0 min 
in case (2) of Fig. 9, a concentration diff‘erence in the 
s-direction hardly appears, and from the comparison 
of symbol n corresponding to the experimental result 

at t = 360 min of case (2) of Fig. 9 with symbol x 
corresponding to the experimental one at t = 360 min 
in case (2) of Fig. 9, it is found that the concentration 
stratification is formed in the y-direction. In the cases 
of Figs. 7 and 8, similar results are obtained. 

-24.0-c 

-10°C -6°C -4°C -2°C 

For the case of vinyl chloride beads, the time-depen- 
dency of the isothe~al line is given in Fig. 10. The 
isothermal lines are calculated by means of the inter- 
polation of the experimental results and the analytical 
results. In Fig. 10(a), the Calculated results of the 
temperature (shown by dashed lines) are smaller than 

the experimental ones (shown by solid lines) at the 
lower part of the liquid region and during the early 
period of solidification. It corresponds to the results 
that in Fig. 9 the analytical results of concentration 
at the lower part of the liquid region (corresponding 
to the chain lines) were larger than the experimental 
results (corresponding to symbols 0 and x ) during 
the early period of solidification. As seen from Fig. 
IO. during the early period of the solidification. it is 
notable that the isothermal lines are inclined to the 
cold wall because of a natural convection caused by 
the temperature gradient at the upper part of the cell 
and the concentration gradient in the mushy region. 
As a natural convection zone becomes narrower and 
the thickness of the concentration stratification 
enlarges with the progress of the solidification. the 
convection is weakened, and then the isothermal lines 
gradually become parallel to the cold wall. Isothermal 
lines at i= 120 min for the cases of three kinds of 
beads are obtained as in Fig. IO(b) and Fig. 11. The 
heat conduction dominates the temperature field in 

the case where the effective thermal conductivity is 
high, therefore in the case of steel beads the exper- 
imental results shown by the solid lines and the cal- 
culated results shown by the dashed lines are nearly 
parallel to the cold wall as shown in Fig. 1 I(b). On 
the other hand, for the case of vinyl chloride beads 
that have the lowest thermal conductivity of the three 
kinds of beads, the effect of natural Convection on the 
temperature field is the strongest. as shown in Figs. 

-24.9 OC 

-IO=% -6-C -4°C -2’C 

-25.1 “C 

FIG. 10. Temperature distribution in the case of vinyl chloride 
heads. --- Ex~rim~nt~l results. - - - analytical results. 
C,= lOwt(“%).T,= -30”C,D,=3_7hmm.(a)r--60min. 

(b) t = 120 min. (c) t = 240 min. 

Time-dependencies of the position of the freezing 
front obtained analytically are shown in Fig. 12. The 
solid, dashed and chain lines show the cases of vinyl 
chloride. glass and steel beads, respectively. As is evi- 
dent from Fig. 12, the growth rate of the freezing front 
at the lower part of the cell is slower than that at the 

IO(b) and 1 I. middle section of the cell. At the upper section of the 
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FIG. 11. Temperature distribution. - Experimental 
results, - - - analytical results. C, = IO wt(%), Ts = - 3O”C, 
t = I20 min. (a) Glass beads with D, = 2.56 mm. (b) Steel 

beads with Bb = 2.76 mm. 

60 120 (mini 

240 (min) 

FOG. 12. Time-dependency of calculated freezing front. 
C; = 10 wt(%), T, = - 30°C. -Vinyl chloride beads with 
& = 3.76 mm. --- Glass heads with I& = 2.54 mm. 

--- Steel beads with Db = 2.76 mm. 

cell, high-temperature fiquid heated by the hot wall is 
transported to the freezing front due to the natural 
convection, therefore, the growth rate of the freezing 
front is suppressed at the initial time of solidification. 
But as the natural convection is suppressed by con- 
centration stratification, its growth rate at the upper 
part of the cell becomes larger than that at the middle 
section of the cell according to time. Therefore, 
geometry of the freezing front except for near the 
bottom of the cell becomes gradually parallel to the 
cold wall a~ording to time. From comparison of solid 
lines with dashed lines, it is found that the growth 
rate of the freezing front increases as the thermal 
conductivity of the beads increases, but there is no 
qualitative difference for time-dependency of the 
freezing front geometry between the different kinds of 
beads. 

The results of time-dependency of the concen- 
tration in the case of glass beads are shown in Fig. 13. 
These results are obtained by the analysis. From these 
figures, it is clarified that the thickness of the con- 
centration stratification formed in the liquid region 
enlarges upwards as time increases. Similar analytical 
results in the cases of steel and vinyl chloride beads 
are shown in Figs. 14 and IS, respectively. From Figs. 
13(b), 14 and 15, as the growing rate of the freezing 
front in the case of steel beads is faster than that in 
the other two cases, the mount of solute rejected 
from the solution in the mushy region and transported 
to the liquid region in the case of steel beads is larger 
than that in the other two cases. Therefore, the thick- 
ness of the high concentration layer (e.g. S i wt(!&)) 
in the case of steel beads is the largest among the three 
cases. 

Next the constant volume fraction lines shown in 
Figs. 13-15 will be discussed. The constant volume 
fraction tines of (x/Q) = 0.5 and 0.7 just above the 
bottom.watl are inclined to the coid wall, because the 
high concentration layer on the bottom of the cell 
suppresses the progress of solidi~~ation in the mushy 
region, although the temperature in the lower part of 
the ceti is low. A few projection-wise changes are 
observed in the constant volume fraction lines, for 
example (x/Q) = 0.5 or 0.7 in Fig. 13(a). As shown in 
Fig. 2, when (x/B) is larger than 0.7, the value of the 
~~eability increases rapidly. Therefore, the per- 
meability in the case where the value of (x/Q) is nearly 
equal to 0.7 sensitively influences the flow in the mushy 
region. The volume fraction of liquid phase is 
obtained from equations (7)-(9) and is dependent on 
the velocity, temperature and concentration, which 
are complexly connected with each other. Therefore, 
the constant volume fraction lines of (x/at) = 0.7 and 
0.5 change complexly as shown in Figs. 13(b), (c)~ 
As the high concentration layer in the mushy region 
enlarges upward with the progress of solidification, 
the projection-wise changes of the constant volume 
fraction lines appear in the higher part of the cell. 

The calculated results of the stream function in 
the mushy region and the liquid region are shown in 
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FIG. 14. Distributions of calculated concentration and val- 
ume fraction in the case of steel beads. C, = 10 wt(Tb). 

T,, = - 3OT. & = 2.76 mm. t = 120 min. 

Fig. 16. From Fig. 16, it is clarified that a natural 
convection occurs in the whole liquid region at the 
initial period, but the natural convection zone moves 
upward and the natural convection is suppressed by 
the concentration stratification after some time. The 
natural convection in the mushy region occurs only 
near the freezing front. 

- 0.4 ‘C For heat flux in the case of vinyl chloride beads. 
a good agreement between experimental results and 
analytical results was obtained, as shown in Fig. 17. 

5. CONCLUSIONS 

The solidification process from one vertical wall ot 
the rectangular cell in which beads saturated with 
NaGsolution were packed was investigated ana- 
lytically and experimentally. In the experiment. the 

- 0.6 T 

FIG. 13. Distributions of calculated concentration and vol- 
ume fraction in the case of glass beads. C’, = 10 wt(%). 
TB = -30°C. D, = 2.56 mm. (a) t = 60 min. (b) t = 120 

min. (c) t = 240 min. 

FIG. 15. Distributions of cakukated concentration and vol- 
ume fraction in the case of vinyl chloride beads. C’, = IO 

wt(%), T, = -30-C. D, = 3.76 mm, r = 120 min. 

Free:mg front 

-0.4T 



Beads saturated with aqueous solution 2879 

-24.0 *( 

-24.9OC 

-25.4 *C 

I 101 

r 
Freezing front 
/ 

Freezing front 

-0.4% 

-0.4 ‘C 

FIG. 16. Distribution of stream function in the case of vinyl 
chloride beads. C, = 10 wt(%), Z’s = -30°C I&, = 3.76 m. 
(a) t = 60 min; interval of stream line = 0.5. {b) t = 120 
mm; interval of stream line = 0.3. (c) t = 240 mm ; interval 

of stream line = 0.2. 
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FIG. 17. Time-dependency of heat flux in the case of vinyl 
chloride beads. Ci = IOwt(%), Ta = - 30°C r>, = 3.76 mm. 
0 Experimental result at cold wail ; ~ analytical result at 
cold wall. A Experimental result at hot wall ; - - - analytical 

result at hot wall. 

temperature and concentration dist~butions were 
measured for three kinds of beads with almost the 
same mean diameters. 

Comparing the analytical results with the exper- 
imental results, the conclusions were obtained as 
follows. 

(1) The present solidification process could be 
simulated approximately by the analysis, where per- 
meability within the mushy region was expressed as 
k/k” = (x/o” (n = 14). 

(2) It was found that the influence of the thermal 
~ondu~~vity of beads on the ~~eability in a state of 
solidification of porous medium saturated with NaCl- 
solution was very small for the size of the present 
experimental cell. 

(3) The natural convection occurred in the whole 
liquid region at the initial period of solidification, but 
the natural convection zone moved upward and the 
natural convection was suppressed by the concen- 
tration stratification according to time. The natural 
convection in the mushy region occurred only near 
the freezing front. 

(4) Several projection-wise changes were observed 
in the constant volume fraction lines of (x/Q) = 0.5 
and 0.7. 

Although the analysis approximately simulates the 
solidification process, the analytical results do not 
completely agree with the experimental results. It is 
considered that the difference is mainly caused by the 
assumption that the permeability in the mushy region 
is a function of only the volume fraction of the liquid 
phase in the mushy region. The authors consider that 
this permeability should be studied in more detail. 
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