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Abstract

Lateral freezing of a porous medium saturated with an aqueous salt solution was investigated experimentally and
theoretically to obtain the improved understanding of the solute redistribution during solid/liquid phase change. The
emphasis was on the interaction between hydrodynamics and transport of energy and species in the solidifying and
unsolidi®ed regions and on the e�ect of the ¯ow characteristics possessed by the porous matrix and dendrite arrays.

Freezing experiments were performed in a square cross-section enclosure chilled and heated from the side by
imposing uniform but di�erent temperatures, and ®lled with the arti®cial porous structure. The latticed structure of
the porous matrix phase and the shadowgraph enabled the ¯ow visualization and the observation of the solidus and

liquidus positions. Simultaneous measurements of local temperature and liquid composition at selected locations
were also made. An analytical model based on heat and species conservation and relations from the phase diagram
is suggested, and the predictions are compared with experimental data. The e�ect of porous matrix permeability was

examined over a wide range of parameters by performing numerical experiments. The porous matrix phase a�ected
the freezing of an aqueous salt solution by o�ering an additional resistance to the motion of the ¯uid and migration
of separated crystals. The amount of macrosegregation was found to be mainly controlled by the porous matrix
permeability in the direction of gravity. Macrosegregation was decreased when the permeabilities of the porous

matrix phase and/or dendrite arrays were decreased. 7 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Solidi®cation of a liquid saturated porous medium

occurs in a wide variety of situations in geophysics and
engineering. Examples include seasonal freezing of soil,

arti®cial freezing of ground as a construction technique

for supporting poor soils, insulation of underground

buildings, latent heat of fusion thermal energy in por-
ous media, and production and storage of frozen foods
[1]. Metallurgical applications include manufacturing
of composite materials and puri®cation of metals, and

biomedical applications include cryopreservation and
banking of biological cells and tissues [2].
While the solidi®cation of a mixture without the

porous matrix phase has received considerable
research attention, very few works have been
reported on the subject of alloy solidi®cation in the

presence of porous matrix phase. The literature
dealing with the freezing of a pure liquid saturated
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porous medium is abundant and an extensive review

is available [1]. Therefore, the review of previous

research focuses on the few studies devoted to the

phase change of solution saturated porous medium.

Cao and Poulikakos [3] experimentally investigated

the downward solidi®cation of aqueous ammonium

chloride solution saturating the packed bed of glass

beads. As the initial compositions tested were on the

water rich side of the eutectic composition, the distri-

bution of the liquid density destabilized the ¯uid

motion both thermally and solutally. Disagreements

between measured and predicted interface locations

were attributed to the neglect of ¯uid motions in the

theoretical model. Okada and Murakami [4] and Mat-

sumoto et al. [5] studied the solidi®cation of porous

medium saturated with aqueous sodium chloride sol-

ution from a vertical side wall in a rectangular test

cell. The solutal and thermal buoyance forces augment

each other as the liquid in the mushy region is colder

and richer in NaCl (and thus heavier) compared with

the initial solution. In the analysis, the buoyancy dri-

ven convection resulting from both the temperature

and concentration gradients was taken into account.

The permeability of the mushy region, where the liquid

phase coexists with the porous matrix (glass beads)

and ice crystals, was evaluated through the simple re-

lation in which the ratio of the permeability in the

mushy region to that in the unsolidi®ed region is some

power of the ratio between the volume fractions of the

liquid and void among the glass beads. The predicted

distributions of the temperature and liquid concen-

tration were strongly dependent on the value of the

exponent in the permeability model, and good agree-

ment with experimental data was obtained when the

value of the exponent was 14. Upward solidi®cation of

aqueous NaCl solution saturated packed beds of glass

beads has been investigated by Song et al. [6]. As the

¯ow ®eld was both thermally and solutally stable, the

energy and species transport equations employed in

the mathematical model were of the di�usion type.

The behavior of the dimensionless temperature under

di�erent initial temperature and concentrationcondi-

tions could be explained by the relation between the

local freezing rate and nonequilibrium undercooling.

Choi and Viskanta [7] reported the experimental results

under the same physical situation except that the sys-

tem was cooled through the top surface and heated at

the bottom. The experimental data of simultaneously

measured temperature and concentration in the mushy

region also con®rmed that the undercooling due to the

deviation from the phase equilibrium can be as large

as several degrees Celsius despite the slow freezing rate

encountered during the solidi®cation of the nonmetallic

alloys. Okada et al. [8] conducted an experimental and

Nomenclature

C concentration of solute, wt%
cp speci®c heat, J/(kg K)
D di�usion coe�cient of NH4Cl in water, m2/s

Da
�!

volume average interfacial force exerted on
liquid, N/m3

G local temperature gradient, K/m

h total enthalpy, J/kg
K permeability, m2

k thermal conductivity, W/(m K)

L speci®c latent energy di�erence between liquid
and ice phases, J/kg

M speci®c latent energy di�erence between pri-
mary solid and ice phases, J/kg

m slope of liquidus in phase diagram
N speci®c latent energy di�erence between eutec-

tic solid and ice phases, J/kg

P pressure, Pa
R ¯ow resistance coe�cient
SQ segregation quotient in Eq. (29)

T temperature, 8C
t time, s
x horizontal coordinate, m

y vertical coordinate, m

V volume or growth velocity, m3 or m/s
~v ®ltration velocity, m/s
b volume expansion coe�cient, /K

g surface energy, J/m2

e volume fraction
Z dimensionless vertical coordinate, y/H

l primary dendrite arm spacing, m
m dynamic viscosity, N s/m2

x dimensionless horizontal coordinate, x/H

f angle between primary dendrite and positive x-
direction

r density, kg/m3

Subscripts
e eutectic solid phase
eff e�ective value

in initial value
l liquid phase
s solid phase

a primary solid phase
k parallel direction with primary dendrite arm
? normal direction to primary dendrite arm
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theoretical study of the downward and lateral freezing
of a packed bed of glass beads saturated with an aqu-

eous sodium chloride solution, which was initially
undercooled. The convective motion of the interdendri-
tic liquid signi®cantly in¯uenced the growth velocity of

solid phase under the tested conditions.
Studies on the solidi®cation of an alloy in the pre-

sence of a porous solid matrix phase concerned with

the opposing thermal and solutal buoyancy forces or
dealing with the anisotropic ¯ow characteristics of the
porous matrix phase could not be identi®ed in the lit-

erature.
The present paper reports on an experimental and

theoretical investigation of the lateral freezing of a por-
ous medium saturated with an aqueous salt solution.

Major attention was directed to the in¯uence of the
porous matrix phase on the interaction of hydrodyn-
amics and advective heat and species transfer and on

the solute redistribution during phase change. The dif-
®culty in the ¯ow structure visualization, which is com-

mon in the experiments involving a porous medium,
was resolved by the latticed structure of the porous
matrix, and the monitoring of the liquid composition

at multiple locations were performed by utilizing the
experimental diagnostics based on the electrochemical
principles.

2. Experiments

2.1. Test cell and porous matrix

Solidi®cation of a porous medium saturated with an
aqueous salt solution was made to occur within the
square cross-section test cavity having the dimensions

of 148 mm height and width and 74 mm depth. The
sketch of the test cell assembly is shown in Fig. 1.
The vertical end walls were 6 mm thick copper

plates of heat exchangers and served as the hot and
cold walls. Ethyl alcohol (200 proof) was circulated
from the constant temperature bath through the chan-
nels formed by the outer surface of the copper plates

and the passages milled in the 33 mm thick carbon
plastic (Lexan) blocks. Each heat exchanger, which is
an assembly of a copper plate and a machined carbon

plastic block, had three coolant passages which
extended over the upper, middle and lower thirds of
the copper plates. The vertical front and back walls

and the horizontal top and bottom walls were made of
25 mm thick acrylic plates.
All the acrylic walls were covered with 25 mm thick

Styrofoam insulation during the test run except for the
brief moments of visualization. When the insulation
was removed for the visual access, the convective air
motion at the outer surfaces of the front and back

walls was needed to be minimized to prevent conden-
sation of the moisture in the ambient air and to main-
tain the thermal insulation. A pair of 3 mm thick glass

plates was placed outside the Styrofoam layers which
covered the front and back walls. During the visual
access, only the central square portion of the insulation

�148mm� 148 mm large) was removed so that the
gaps between the glass and acrylic plates were kept
sealed with the remaining Styrofoam. The glass plate
at the back wall was translucent to serve as the di�us-

ing screen for the shadowgraph images. Liquid-tight
holes to allow for the insertion of thermocouples, con-
centration probes and ®lling/draining lines were placed

in the top and bottom walls. The entire test assembly,
including the test cell, heat exchangers and the insula-
tion, was placed on an aluminum frame with leveling

screws.
The porous matrix, which occupied the test cavity,

was a rectangular latticed framework of evenly

Fig. 1. Schematic diagram of experimental apparatus: 1. test

cavity; 2. reference cavity; 3. salt bridge; 4. data logger (ther-

mocouples); 5. data logger (concentration probes); 6. data log-

ger (chloriding electrode); 7. heat exchanger; 8. over¯ow port.
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spanned permeable plates which were either perpen-
dicular or parallel to the heat exchanging end walls
(Fig. 2). The permeable plates were 3.18 mm thick per-

forated Polypropylene plates chosen among the few
commercially available materials (distributed by
McMaster-Carr Supply Co.). The perforated holes
which provided about 25% open areas were staggered-

centered, 2.38 mm in diameter, 4.76 mm in spacing,
and were aligned to allow for the insertion of probes.
The macroscopic characteristics of the porous media

such as the porosities and permeabilities depended on
the spacings of the permeable plates and are given in
Table 1. The detailed explanation about the porous

matrix con®gurations and the measurements of the
macroscopic ¯ow characteristic are given by Song and
Viskanta [9].

2.2. Phase change material

The void of the porous matrix phase within the test

cavity was ®lled with 27 wt% ammonium chloride
aqueous (H2O±NH4Cl) solution, which has been used
as a phase-change material in numerous previous soli-

di®cation studies owing to the well established prop-

erty data base and the manageable range of phase-
change temperature [10]. The phase change process of
aqueous ammonium-chloride solution is brie¯y

reviewed to describe the terminology for the phases
and regions adopted in the current study.

The H2O±NH4Cl mixture is a simple eutectic system
with eutectic temperature of ÿ15.48C and eutectic
composition of 19.7 wt% NH4Cl, i.e., the two con-

stituents neither combine to produce a compound nor
form a solid solution but are miscible in all pro-
portions in the liquid phase [11]. Two di�erent types

of solidi®cation are recognized. The solidi®cation of a
liquid at a eutectic composition resembles that of a

pure substance in some respects. The net rejection of
species is absent at the macroscopically smooth solidi®-
cation front, and the phase change temperature is ®xed

at a discrete value (eutectic temperature). Solidi®cation
of an o�-eutectic composition aqueous ammonium
chloride solution di�ers signi®cantly from that of pure

substances or that of eutectic composition liquid and is
characterized by the dependence of the solidi®cation

temperature on the liquid concentration and by the
solubility di�erence between the liquid and solid
phases. When the aqueous ammonium chloride sol-

ution of concentration greater than the eutectic (hyper-
eutectic) composition solidi®es, solid NH4Cl forms and

water is rejected into the liquid phase at the solid/
liquid interface. In the immediate vicinity of the solid/
liquid interface, the rejected species build up to change

the interfacial liquid concentration closer to eutectic
composition. The liquid in front of the moving inter-
face is undercooled and the resulting morphological

instability leads to a pattern formation. Among the
most common modes of crystal growth are the dendri-

tic patterns in which tree like microscopic structures
develop over a volume having the much larger spatial
extents than the length scales of the array of the den-

drites [12]. This region is called the mushy region and
is usually treated as a porous medium in the macro-
scopic solidi®cation models. The temperature of the

liquid in the mushy regioncan be signi®cantly lower
than what is depicted by the liquidus of the equi-

librium phase diagram due to the presence of under-
cooling.
The solid phase forming at eutectic composition is

distinguished from the solid phase forming from an
o�-eutectic liquid. The former is referred to as eutectic

solid phase, which is a ®nely mixed composite of ice
and solid NH4Cl and forms at the colder boundary of
the mushy region. The latter is referred to as primary

solid phase, as it precipitates at the temperature higher
than eutectic temperature along the liquidus of the
phase diagram, mainly within the mushy region. When

the solidi®cation of a mixture in a saturated porous
medium is considered, there is an additional solid

Fig. 2. Con®guration of the porous matrix (see Table 1 for

the values of a, b and t ).

Table 1

Characteristics of porous structures �Ko � 8:37� 10ÿ9m2)

Porous structure a (mm) b (mm) em Ko=Kx Ko=Ky

I no porous structure

II 36.4 18.2 0.256 0.116 0.208

III 18.2 18.2 0.199 0.232 0.232
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phase consisting of the solid matrix of a porous
medium, namely the porous matrix phase.

During the solidi®cation of the porous medium in-
itially saturated with an o�-eutectic liquid alloy, three
distinct regions are found: the already solidi®ed, the

unsolidi®ed, and the solidifying region. Throughout
the discussion, these three regions will be referred to as
the solid, liquid and mushy regions according to the

entities occupying the void of the porous matrix phase.
Therefore, the solid region is composed of the porous
matrix, primary solid and eutectic composition solid

phases, and the mushy region is composed of the por-
ous matrix, primary solid and liquid phases, while the
liquid region has only porous matrix and liquid phases.
The thermophysical properties of all phases are pre-

sented in Table 2.
The boundaries between the liquid and mushy

regions and between the mushy and solid regions will

be referred to as liquidus and solidus interfaces, as
these boundaries con®ne the regions where no solid
phase or liquid phase exist.

2.3. Test procedure

The preparation of each experiment included: (1) the
assembly of the test cell with the porous structure
inside, (2) saturation of the porous matrix with the
aqueous NH4Cl solution of the predetermined concen-

tration, and (3) establishment of the uniform initial
temperature condition.
The solution of the predetermined concentrations

�2720:02 wt% NH4Cl) was obtained by mixing de-
ionized water of a resistivity larger than 15 Mohm-cm
with a requisite amount of research-grade ammonium

chloride grains (manufactured by J.T. Baker Inc.). In
order to avoid entrapment of air bubbles in the small
pores of the porous structure and blocking the ¯ow

passages, the solution was degassed and slowly (0.6
cm3/s) siphoned into the test cavity. The initial uni-
form temperature condition was reached by controlling
the temperatures of both end walls. Due to the poor

heat transfer rate dominated by conduction, there was

a di�culty in attaining the uniform temperature pro®le

within a reasolable time period by simply maintaining
the wall temperatures at the predetermined initial tem-
perature, especially when the initial temperature was

lower than the room temperature. Therefore, the wall
temperatures were set a few degrees below the prede-

termined initial temperature at ®rst, and were later
readjusted to be the same as the center temperature of
the test cavity when it reached the predetermined in-

itial temperature (which took about 10 h). The desired
uniformity (initial temperature 218C) was reached

within several more hours, but the initial temperature
obtained in this manner had to be a few degrees higher
than the equilibrium liquidus temperature of the initial

solution since the wall temperature must be higher
than the liquidus temperature of the initial solution all

the time.
The heat exchangers were connected to two con-

stant temperature baths (NESLAB ULT-80DD for

the cold coolant and HAAKE A82 for the hot
coolant) through a valve system. The temperature

of the hot wall was maintained at the initial tem-
perature throughout the run, while the cold wall
temperature was rapidly dropped to initiate the soli-

di®cation of the porous medium within the test cav-
ity. A 0.1 hp booster pump (Cole-Parmer L-07002-

72) was installed on the discharge side of the cold
temperature bath to increase the coolant ¯ow rate.
The cold wall temperature reached the desired value

in less than 4 min with the cold bath temperature
108C below the desired cold wall temperature. With

the help of the booster pump, the center tempera-
ture of the cold heat transfer surface was main-
tained within 218C of the desired temperature. The

uniformity of temperature on the heat transfer sur-
face was insured with the ®ve thermocouples, placed

close to the test cavity along the centerline of each
copper plate, as the heat transfer rates between the
phase change medium and copper plates were

noticeably nonuniform along the height. The coolant
¯ow rate in the passages in the upper third of the

cold wall was adjusted to be larger than that of the

Table 2

Thermophysical properties of each phase

Phase Liquid Solid NH4Cl Ice Eutectic solid Porous matrix

r 1082 1530 920 998 910

cp 3324 1496 1950 1861 1520

k 0.408 2.5 2.0 2.1 0.22

L, M or N 333.7 68.7 0 13.5 0

m 1:43� 10ÿ3

D 1:0� 10ÿ9 0 0 0

b 3:23� 10ÿ4

b ÿ0.279
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coolant passage in the middle, while the ¯ow rate

of the lower passage was adjusted to be smaller

than in the middle coolant passage. The opposite

adjustment was needed for the coolant ¯ow rates of

the hot wall, but the amount of adjustment was

smaller. With the adjustments of the ¯ow rate made

manually and intermittently, it was possible to

maintain the temperature distribution along the

height of the hot and cold walls within 20.58C of

the wall-center temperature during the ®rst 30 min

of solidi®cation and within 20.28C afterwards.

Measurements of the temperatures inside the test

cavity were made with type-T thermocouples, cali-

brated within an accuracy of 20.18C. Due to the

highly corrosive nature of the aqueous NH4Cl sol-

ution, the copper and constantan lead wires were

sheathed by a 1.65 mm O.D. stainless steel tube, and

the thermocouple bead was grounded inside the closed

end of the sheathing tube (Omega TMQSS-62).

Measurements of the local liquid concentrations in the

liquid and mushy regions were made with the concen-

tration probes which has an uncertainty of 22.5% of

the solute concentration reading. A probe to measure

the local liquid concentration was a 0.8 mm O.D. sil-

ver wire electrically insulated from the solution by a

0.3 mm thick Kynar layer, except at the plain cut tip

cross-section. As the electrochemical potential of the

chloride ion in the solution is mainly determined by

the local temperature and chemical composition, the

local liquid concentration could be determined from

the relative electric potential of the working electrode

and the local temperature data measured with thermo-

couples. The simultaneous measurement of the tem-

perature and liquid concentration is also preferred for

the more accurate estimation of the local undercool-

ings. For each measuring position, a pair of tempera-

ture and liquid concentration probes were inserted

from the opposite directions through the liquid-tight

holes placed in the top and bottom walls, and the sen-

sing tips were separated from each other with a gap

less than 1 mm. A detailed discussion of the theory,

fabrication, calibration and uncertainties of the con-

centration probe are found elsewhere [13].

The qualitative observations of the ¯ow structures in

the liquid region were made possible by the latticed

arrangement of the porous structure and the shadow-

graph technique utilizing the mercury arc lamp as a

light source. The shadowgraph images of the test cav-

ity were visualized on the translucent glass plate,

which is the last component of the test cell assembly in

the light path. The images were photographed at about

15, 30, 60, 120, 120, and 480 min after the initiation of

cooling.

3. Analysis

3.1. Model equations

Consideration is given to the porous medium within
a square cross-section cavity undergoing phase-change.
The analysis assumes that the transport processes are
two-dimensional and laminar. The thermophysical

properties of all phases are assumed to be constant,
but may di�er from phase to phase. The solid phases
are considered stationary and rigid. Also, the Boussi-

nesq approximation is assumed to be valid for the
buoyancy force term exerted on the liquid phase. Fur-
thermore, it is postulated that the interfacial force

exerted in the liquid phase by any of the solid phases
can be represented by the D'Arcian expression. With
the assumption of local thermal and phase equilibria
and neglecting the viscous dissipation, the volume

averaged transport equations utilizing the single
domain approach [14] are as follows;
Continuity:

@r
@ t
� r � ÿr`~v� � 0 �1�

Momentum:

@

@ t

ÿ
rl~v
�� r � �r`

e`
~v~v

�
� ÿe`rP� r � �e`m`, eff � � e` ~Da� e`r`~g

�
bC�C`

ÿ Cref � � bT�Tÿ Tref �
� �2�

Energy:

@

@ t
�rcPT� � r �

ÿ
r`cP`~vT

�
� r � �keffrT� � ra�LÿM�@ ea

@ t
� re�LÿN�@ ea

@ t
�3�

Species:

@

@ t
�rC` � � r �

ÿ
r`~vC`

�
� r � ÿe`r`D`, effrC`

�� @

@ t
�rC` ÿ rC� �4�

In the above equations, the subscripts `, a, and e
denote the liquid, primary solid and eutectic solid
phases, respectively, and ek is the volume fraction of

the phase k.
Since solidi®cation is relevant to the physical

phenomena occurring on di�erent length scales ranging

from atomic rearrangement to heat extraction at the
system level [14], a macroscopic model requires consti-
tutive relations, which depict microscale phenomena in
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terms of the macroscopic variables. The term ~Da in the
momentum equation (Eq. (2)) represents the volume

averaged force exerted on the unit volume of the liquid
at the microscopic interface between the liquid and the
other solid phases. During the solidi®cation of the por-

ous medium saturated with an o�-eutectic composition
solution, the porous matrix phase coexists with the
liquid phase in the liquid region and it also coexists

with the primary solid and the liquid phases in the
mushy region.
The expected range of the ®ltration velocity is

smaller than a few mm/s under the conditions con-
sidered in the present study. The linear relationship
between the ®ltration velocity and the average inter-
facial force for the relatively small ®ltration velocities

has been con®rmed by numerous experimental and
analytical studies since the original experiments on the
¯ow of water through a packed sand by D'Arcy.

When the linear relationship is valid, it can be shown
using dimensional analysis that the relevant physical
variables of the proportionality coe�cient are the ¯uid

viscosity and the characteristic lengths of the porous
matrix, so that the average interfacial force is
expressed as

~Da � ÿm`R~v �5�

where R is the second order resistance tensor and is
the inverse of the permeability. The model for R

should depict the ¯ow characteristics of the solid struc-

ture created by the superposition of the solid matrix
and primary solid phases. Discussion concerning the
¯ow characteristics of the porous matrix, formed by
superposing arrays of solid particles having greatly

di�erent morphology, is premature. Research on the
macroscopic transport characteristics of multidisperse
medium is underway [15]. Under the assumption that

the structure of the porous matrix is relatively coarse
compared with that of the primary solid phase so that
the size and shape of the pores are close to those of

the pores formed only by the primary solid phase and
are little a�ected by the existence of the porous matrix
phase (except that the pore velocity is increased by the

factor of 1=�1ÿ em�, the resistance tensor for the
medium simultaneously occupied by the primary solid
and porous matrix phases as well as the liquid phase is
determined from

R � max
�
Rm,jRaj=�lÿ em �

	 �6�

where Rm and Ra account for the ¯ow resistance
o�ered by the porous structure and the primary solid
phase, respectively. The maximum value operator is

intended to insure smooth change when the liquidus
interface is passing the local medium.
The resistance tensor of the porous matrix phase in

the absence of the other solid phases is de®ned as

Rm �
�
Rx, m=Ko 0
0 Ry, m=Ko

�
�7�

where the coe�cients Rx, m and Ry, m are

Rx, m � Ko=Kx, m �8�

Ry, m � Ko=Ky, m �9�

The empirically determined values of Rx, m, Ry, m

and Ko for the present porous structures are given in

Table 1. In the numerical experiments, the e�ect of
porous matrix ¯ow characteristics on the predicted
results was investigated by varying the values of coe�-
cients Rx, m and Ry, m:
The resistance tensor of the primary solid phase in

the absence of the porous matrix phase in terms of the
interdendritic permeabilities is given by

Ra �

266664
sin 2f

1

K?
� cos 2f

1

Kk
sin f cos f

�
1

Kk
ÿ 1

K?

�
sin f cos f

�
1

Kk
ÿ 1

K?

�
cos 2f

1

K?
� sin 2f

1

Kk

377775
�10�

In the above equation, f is the angle between the

primary dendrite and the positive x-axis. It is assumed
that the direction of primary dendrite arms is deter-
mined at the beginning of the primary solid formation

and parallel with the direction of the local temperature
gradient. Permeabilities in the parallel �Kk� and normal
�K?� directions to the primary dendrites are deter-

mined from the liquid volume fraction and the primary
arm spacing through the following equations, which
are adopted from Felicelli et al. [16]:

Kk � 7:425� 10ÿl 2
1

(
ln

1

1ÿ en

ÿ 1:487� 2�1ÿ en �

ÿ �1ÿ en � 2
2

)
�11�

K? � max

(
l 2
1

"
5:563� 10ÿ2

�
en

1ÿ en

�0:25

ÿ5:955

� 10ÿ2
#
2:104� 10ÿ3l 2:08

1 e3:32n

)
�12�

In the above equations, en is the modi®ed liquid
volume fraction considering the presence of the porous
matrix phase and is de®ned as
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en � e`=�1ÿ em � �13�

The detailed discussion of the ¯ow characteristics of
the columnar dendrite arrays is available in Poirier [17]

and Felicelli et al. [16]. The theoretical models, which
quantify the primary arm spacing as a function of
growth rate, temperature gradient and local compo-

sition, have been developed and are presented in the
metallurgy textbooks. The following equation which
relates the primary arm spacing to the local tempera-

ture gradient (G ), the growth velocity (V ) and the
local liquidus temperature �Tliquidus� is obtained by
combining Eq. (9) of Somboonsuk et al. [18] and Eqs.
(7), (8) and (10) of Trivedi [19],

l41G
2V � ÿ1344gD`m�C` ÿ Ca �Tliquidus

r�LÿM� �14�

where g is the surface energy of the interface between
the liquid and primary phases, and m is the slope of
liquidus line in the phase diagram. It is assumed that
the local primary arm spacing is determined at the

beginning of the primary solid formation and does not
change unless complete remelting occurs and is fol-
lowed by resolidi®cation. Neither the empirical corre-

lation nor the theoretical model which provides
reliable values of secondary arm spacings during the
solidi®cation of NH4Cl±H2O system is available.

The macroscopic transport equations (Eqs. (1)±(4))
have the phase volume fractions �ek� as unknown vari-
ables, in addition to the main dependent variables such

as ~v, P, T and C`: The other quantities can either be
determined from these dependent variables or are
given as the transport properties. Three additional re-
lations are required to solve for e`, ea and ee as m is

speci®ed and does not change. One of the relations is
self-evident from the de®nition of the phase volume
fraction:X
k

ek � 1 �15�

The other two are obtained from the equilibrium
phase diagram and constitute the phase-change model:

ea � 0, ec � 0 in liquid region �16�

T � mC` � dT, ee � 0 in the mushy region �17�

T � Teut, C` � Ceut at solidus interface �18�

e` � 0 in solid region �19�

Only one relation is required for the solid region
because liquid concentration need not be determined.
The species equation for the solid region becomes

@

@ t
�rC� � 0 �20�

The values of m and dT used in Eq. (17) are ÿ87.11
and 1.76, respectively.

3.2. Thermophysical properties

The average density, composition and speci®c heat
are de®ned as

r �
X
k

ekrk �21�

C � 1

r

X
k

ekrkCk �22�

cp � 1

r

X
k

ekrkck �23�

Also, ~v represents the ®ltration velocity, and L, M and

N are the latent energy of phase `, a and e, respect-
ively.
The analytical determination of the e�ective di�u-

sion coe�cients, ml, eff , Dl, eff and keff are very compli-
cated even for the simple geometries. As the predicted
¯ow ®eld is a�ected little by the moderate change in
ml, eff , the e�ective viscosity is assumed to be the same

as that of liquid phase. The e�ective di�usion coe�-
cient for the NH4Cl solute in the liquid phase �Dl, eff�
is assumed to be the same as that of the liquid solution

since the di�usive transport of species is negligibly
small compared with the advective transport. For the
e�ective thermal conductivity, the volume weighted

conductivity model (or parallel resistance model)
de®ned below is utilized,

keff �
X
k

ekkk �24�

Even though the transport equations allow for the
spatial and transient changes of the phase densities as

well as the discrete di�erences between them, the
volume expansion or shrinkage due to the phase
change and resulting ¯uid motion are assumed to be

negligible:

ra � re � r` �25�
At the bounding walls, the no-slip hydrodynamic

boundary conditions and the null species ¯ux con-
ditions are imposed. The adiabatic boundary con-

ditions were imposed at the top and bottom walls, and
the vertical end walls were held at constant tempera-
tures.
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3.3. Method of solution

The governing transport equations (Eqs. (1)±(4)) are
partial di�erential equations parabolic in time and
elliptic in space coordinates. The numerical procedure

based on the SIMPLEC [20] is used to predict the
¯ow, temperature and liquid concentration ®elds. In
obtaining the solution of descritized algebraic

equations for the pressure correction, the polynomial
preconditioned conjugate gradient (PPCG) numerical
algorithm [21,22] is employed. To solve the algebraic

equations for the velocities, temperature and liquid
concentration ®elds, SIP [23] is employed as the coe�-
cient matrices are not symmetric.
After the ¯ow, temperature and liquid concentration

®elds are determined, the phase volume fractions are
updated utilizing the phase-change model equations.
The predictor±corrector type algorithm, which takes

into account the direct coupling among the tempera-
ture, liquid concentration and phase volume fractions
not only through the phase-change model equations

but also through the energy and species equations, is
developed and employed in the numerical implemen-
tation. In this algorithm, the phase volume fractions

are updated in such a way that the nodal values of
total enthalpy and average composition remain
unchanged. At ®rst, the nodal values of the total
enthalpy and average composition per unit volume are

calculated from the most recent values of temperature,
liquid concentration and phase volume fractions using
the following equation and Eq. (22):

rh � rcpT� e`r`L� earaM� eereN �26�

Then, it is determined whether the control volume
belongs to the solid region or not by comparing rh to
the total enthalpy of the fully solid medium ��rh�s� hav-
ing the same average composition when the solidi®ca-
tion has just completed �T � Teut). For the control
volumes which do not belong to the solid region, rh is

compared with the total enthalpy of the medium hav-
ing the same average composition when the eutectic
composition solid phase is about to form ��rh�m]. If rh
is smaller than �rh�m and larger than �rh�s, the solidus
interface is passing through the control volume, and
the phase volume fractions are calculated under the
constraints for the solidus interface (Eq. (18)). For the

control volumes which do not belong to either the
solid region or the solidus interface, the phase volume
fractions are calculated under the constraints for the

mushy region (Eq. (17)).
At a given time step, the successive update of ¯ow,

temperature, liquid concentration and phase volume

fractions are continued until two convergence criteria
are satis®ed. The ®rst criterion requires that the rela-
tive changes in the average solid volume fraction of

the system �es� is smaller than 1� 10ÿ6, which is
de®ned as

es �
hX
�ea � ee �rV

i
=
X
rV �27�

The second criterion requires that the largest value

of the mass imbalances at the node control volumes be
smaller than 1� 10ÿ6: When the second criterion is
satis®ed, the maximum mass imbalance is smaller than
the one caused by the error of 1� 10ÿ7 m/s in the ®l-

tration velocity.
For the results discussed in the paper, the calcu-

lation grid has 67� 63 node points. The time step is

about 1 s initially and is gradually increased using the
relation

Dt � 0:0589�t� 288�0:5 �28�
to insure that the changes in the dependent variables

are small. For each time step advance, the change in
the solid fraction of the system �es� was smaller than
0.01% and the number of iterations needed for the

converged solution ranged between 20 to 100. Calcu-
lation times ranged from 6,000 to 80,000 CPU seconds
on a CYBER 205 computer for a simulation time of 8
h. Additional computational details can be found else-

where [24].

4. Results and discussion

4.1. Experimental conditions

Solidi®cation experiments were conducted for three
di�erent porous matrix con®gurations as well as for

di�erent combinations of hot and cold wall tempera-
tures. Table 3 summarizes the experimental conditions
which are discussed. Additional experimental results
can be found elsewhere [24]. During the lateral solidi®-

cation of a 27 wt% ammonium chloride aqueous sol-
ution, the thermal and solutal buoyancy forces oppose
each other in the mushy region as the interdendritic

liquid is colder and richer in water compared with the
initial solution. Even though the change of the liquid
density along the liquidus of equilibrium-phase dia-

Table 3

Experimental conditions

Experiment Porous structure Th (8C) Tc (8C)

1 I 20 ÿ30
2 II 20 ÿ40
3 II 40 ÿ40
4 III 20 ÿ40
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gram is dominated by the solutal expansion, the ¯ow

in the mushy region is not unidirectionally upward,

since it interacts with the ¯ow in the liquid region

(which is generally downward near the liquidus inter-

face). The interaction of the momentum, energy and

species transport with the separation, migration and

growth of the equiaxed crystal also presents another
and di�erent aspect to the phenomenon from the lat-

eral solidi®cation of the hypoeutectic solution. The ex-

perimental studies on the lateral solidi®cation of a

hypereutectic aqueous ammonium chloride solution in

the absence of a porous structure have been made and

have revealed the nature of the double-di�usive trans-

port process [25,26]. The discussion focuses on the

transport features revealed by the newly developed

concentration measuring diagnostics and the e�ect of

the porous structure under di�erent temperature con-
ditions.

4.2. Experiment 1: absence of porous matrix

In Fig. 3 the shadowgraph images taken during Ex-
periment 1 are shown, in which the porous structure
was absent and the hot wall temperature was slightly
higher than the equilibrium liquidus temperature of the

initial solution (19.38C). A large fraction of the pri-
mary solid phase initially formed on the vertical cold
wall separated, migrated downward and stranded

along the bottom wall, as the density of the NH4Cl
crystal is signi®cantly larger than that of the liquid
phase, and the initial ¯uid motion near the cold wall

was downward driven by the thermal buoyancy force.

Fig. 3. Shadowgraph images taken during Experiment 1: (a) t � 30 min, (b) t � 60 min, (c) t � 120 min, and (d) t � 480 min.
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At 15 min after the initiation of cooling, the separation

of primary solid phase from the cold wall did not
occur, and the columnar mushy region had developed
past the measuring probes at x � 0:07: Judging from

the con®guration of the ascending plumes carrying the
water-rich ¯uid, the solidi®cation was intense in the
mushy region along the bottom wall as well as near

the cold wall. A number of crystals, small in size com-
pared with the initially separated primary solid phase,

were being ejected into the liquid region and were car-
ried by the plumes [24]. After 30 min into the exper-
iment (Fig. 3(a)), multiple pairs of dark and bright

strips appeared near the top wall. Some of the large
plumes, which emanated from the oblique liquidus

interface, became distinguishable. Around the probe
tips at Z � 0:07 in the liquid region, growth of NH4Cl
crystals was observed. According to the temperature

and the liquid concentration data shown in Figs. 3(a),
the liquid around the measuring positionsat Z � 0:07
and 0.50 was signi®cantly undercooled (03.58C during

the ®rst three hours of the experiment). As the magni-
tudes of the undercooling at two di�erent heights were

not noticeably di�erent, the seed crystals which trig-
gered the growth of equiaxed dendrites around the
probe tips near the bottom are considered not to have

nucleated locally but to have originated from some
remote site. The growth direction of the dendrites
along the bottom wall was toward the cold wall and at

the same time toward the top wall. At t � 60 min
(Fig. 3(b)), the dark and bright strips near the top wall

had separated into three distinct double di�usive inter-
face (DDI) images. As these DDI moved, the ®rst and
the second highest ones merged (t 1 90 min), and

accordingly the liquid region was divided into three
¯uid layers. From this time on the number of ¯uid
layers did not change throughout the experiment. The

vertical extent of the upper and middle ¯uid layers
kept on increasing as the lower DDI descended at the

greater rate than the upper one (Fig. 3(c) and 3(d)).
The shapes of the plumes, which carried the water-

rich ¯uid through the liquid region, were di�erent

from one ¯uid layer to the other. In the lower ¯uid
layer, the major discharge of the interdendritic liquid

was across the liquidus interface just below the upper
bounding DDI, since the liquidus interface was almost
vertical and the thermal ¯ow was relatively weak

(Fig. 3(c)). In the middle ¯uid layer, the discharge of
the water-rich ¯uid was along the entire liquidus inter-

face due to the slope of the interface. The downward
distortion of the small diameter plumes was in¯uenced
by the thermal ¯ow of intermediate strength. In the

top ¯uid layer, the interdendritic liquid was discharged
across the liquidus interface near the lower bounding
DDI and was carried by relatively thick plumes associ-

ated with the channels. The water-rich ¯uid which
reached the top portion of the upper ¯uid layer was

redirected towards the cold wall and descended along
the liquidus interface, drawn by the rather strong ther-

mal ¯ows. Note that remelting of the primary solid
phase occurred near the upper left corner of the test
cavity. The stronger thermal ¯ow in the upper ¯uid

layers was due to the larger temperature di�erences
between the hot wall and the liquidus interface, which,
in turn, was a�ected by the solutal strati®cation in the

entire liquid region.
The temperature and liquid concentration data

measured at Z � 0:07 during Experiment 1 indicated

that signi®cant undercooling existed both in the liquid
and mushy regions near the bottom [24]. The extent of
the undercooling in the liquid region was fairly uni-
form and almost unchanged, as both of the tempera-

ture and liquid concentration were uniform and
decreased continuously. The extent of the undercooling
in the mushy region was close to that in the liquid

region but tended to increase as the solidus interface
was approached. At Z � 0:52 (Fig. 4), the temperature
and liquid concentration in the liquid region di�ered

little from those at Z � 0:07, when the measuring pos-
itions belonged to the lower ¯uid layer. This indicated
that both the temperature and concentration distri-

butions in the lower ¯uid layer were rather uniform.
When the lowest DDI passed the measuring positions
at Z � 0:52, both the temperature and the liquid con-
centration in the liquid region decreased drastically.

Since the liquid in the middle ¯uid layer was not
undercooled, the equilibrium liquidus temperatures

Fig. 4. Transient liquid and equilibrium liquidus temperature

readings (Experiment 1) at Z � 0:52:
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dropped by a larger extent compared with the tem-
perature drop. The temperature distributions in the

middle and upper ¯uid layers were also fairly uniform
and the transient changes were much smaller than
those in the lower ¯uid layer (Fig. 4). The di�erence

between the medium temperature and the equilibrium-
liquidus temperature at x � 0:07 and Z � 0:93 reversed
at t 1 95 min, as the growth of the primary solid

phase ceased and remelting started to occur.

4.3. Experiments 2, 3 and 4: presence of porous matrix

The porous structure obstructed the migration of the
separated crystals as well as the ¯uid motion during

Experiment 2. Initially, the NH4Cl crystals separated
from the mushy region near the cold wall could not
descend to the bottom wall but were captured by the

porous plates surrounding the voids adjacent to the
cold wall [24]. Unlike the single layer of mushy region
grown from the separated crystals encountered in Ex-

periment 1, which extended along the bottom, the
buildup and growth of separated crystals occurred
along the horizontal porous plates near the cold wall.
The shapes of the rising water-rich plumes suggested

that the cell-type ¯ows developed within the voids near
the cold wall. At t � 30 min (Fig. 5(a)), a couple of
DDIs appeared below the top wall. As the primary

solid phase growing around the second vertical porous
plate from the cold wall linked the primary solid phase
around the horizontal porous plates, the mushy and

liquid regions were not simply connected. The growth
of the primary phase within the voids between the sec-
ond and third vertical porous plates from the cold wall

was not active until the major portion of the voids
next to the cold wall were ®lled with the mushy region.
For the remaining duration of Experiment 2, the for-
mation, motion and merging of DDIs were qualitat-

ively the same as those observed in Experiment 1,
where the porous structure was absent. However, the
number of DDIs was larger in the presence of the por-

ous matrix phase due to the reduced intensity of ther-
mally driven ¯ow, and the velocity of descending
DDIs was greater due to the lower cold wall tempera-

ture and enhanced formation of the solid phases
(Fig. 5(b) and 5(c)). After the liquid concentration in
the top ¯uid layer reached about 21 wt% NH4Cl
(1100 min), no additional DDI (or ¯uid layer)

formed, and the vertical extent of the ¯uid layers
above the lowest DDI kept on increasing. The images
of streak arrays, branched out from the horizontal

porous plates found near the top wall in Fig. 5(b),
were made when the DDI passed the horizontal porous
plates and indicated that the mixing between the bulk

¯uid and remaining solution trapped by the porous
matrix phase was not complete. The same type of
images could be also made when the water-rich ¯uid

Fig. 5. Shadowgraph images taken during Experiment 2: (a)

t � 30 min, (b) t � 120 min, and (c) t � 240 min.
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was swept through the horizontal porous plates by the
thermally driven ¯ow and were found around the por-

ous plate near the mushy region.
The transient variation of the temperature and liquid

concentration measured during Experiment 2 showed

similar qualitative trends as those during Experiment
1. The horizontal distribution of the temperature and
liquid concentration in the liquid region was less uni-

form compared with that in Experiment 1, since the
advective transport of energy and species was reduced
by the ¯ow resistance o�ered by the porous structure.

Similar to the data of Experiment 1, the medium tem-
peratures measured in the liquid region were lower
than the equilibrium liquidus temperatures (the
medium was undercooled) below the lowest DDI, and

were either higher than or almost equal to the equili-

brium liquidus temperatures in the ¯uid layers above
the lowest DDI. The undercooling of the interdendritic

liquid also existed, but the extent was no larger than
the ones in Experiment 1, despite the larger cooling
rate caused by the lower cold wall temperature. Due to

the di�erent cold wall temperatures, a direct compari-
son of the measured concentrations was not made.
In Experiment 3, the test cavity was solidi®ed under

the same conditions as Experiment 2, except that the
hot wall temperature was higher (408C). Due to the
intense thermal ¯ow, the overall volume fractions of

the solid phases were smaller and the formation of
DDI was retarded in comparison with Experiment 2.
The streak-type images found below the lowest DDI
(Fig. 6(a)), suggest that a considerable amount of the

water-rich ¯uid discharged into the liquid region was
swept away from the liquidus interface and was mixing
with the bulk liquid over the liquid region. Only one

DDI persisted to the end of the run, and the liquid
region was divided into two ¯uid layers having similar
vertical extent at t � 480 min (Fig. 6(b)). The tempera-

ture of the medium in the mushy region closely
matched the local equilibrium liquidus temperature
during Experiment 3, indicating that the undercooling

of the interdendritic liquid was substantially reduced.
The undercooling of the bulk liquid in the liquid
region did not occur.
The trends with time of the liquid concentration

measured at three di�erent heights along x � 0:68 are
compared in Fig. 7. The time rate of the liquid concen-

Fig. 7. Comparison of the measured concentration for Exper-

iment 2 and 3 at x � 0:68:
Fig. 6. Shadowgraph images taken during Experiment 3: (a)

t � 60 min, and (b) t � 480 min.
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tration change below the lowest DDI was almost con-
stant for both cases but was larger when the thermal

¯ow was relatively intense (Experiment 3). The
decrease of the liquid concentration near the top wall
�Z � 0:93� was initially fast, but gradually decelerated

with time as new DDIs ceased to form, and the verti-
cal extent of the ¯uid layer just below the top wall
started to increase. The overall decrease in the liquid

concentration at Z � 0:93 was smaller in Experiment 3
due to the smaller amount of solid phases formed.
During Experiment 2, the liquid concentration at Z �
0:52 and 0.07 rapidly approached the values at Z �
0:93 whenever the DDI passed the measuring position.
The amount of these decreases was larger at the higher
measuring position �Z � 0:52� for the same DDI and

smaller for the higher DDI at the same measuring pos-
ition. For Experiment 3 the measured liquid concen-
trations at Z � 0:52 were slightly higher than those at

Z � 0:07 until the DDI passed the measuring position
at Z � 0:52:
The vertical distributions of the liquid concentration

along x � 0:68 at t � 480 min are compared in Fig. 8.
For both cases, the measured concentrations were
fairly uniform within a given ¯uid layer. In Experiment

2, the di�erence in the liquid concentration across the
higher DDI was larger compared with that across the
lower DDI. The bright and dark strips in the shadow-
graph images of the DDI were caused by the decrease

and increase of the liquid concentration gradient across
the DDI.
The experimental conditions for Experiment 4 were

the same as those of Experiment 2, except that a di�er-
ent porous structure was employed. The permeability
of the porous structure occupying the cavity in Exper-

iment 4 was isotropic and it was about 50% smaller
compared with the x-directional permeability (or about

90% of the y-directional permeability) of the porous
structure employed. The number of DDI and the
advance rate of the liquidus interface were greater in

Experiment 4 due to the reduced thermal ¯ow in the
liquid region (compare Figs. 5 and 9), but the slope of
the DDI increased as the horizontal permeability

decreased by larger extent. The trends in the tempera-
ture and liquid concentration during Experiment 2 and
4 di�ered little from each other [24]. At all measuring

locations, the liquid concentrations measured in Exper-
iment 4 were closer to the eutectic composition as
compared with those in Experiment 2, probably due to
the larger amount of solid phases associated with the

less intense thermal ¯ow in the liquid region. However,

Fig. 9. Shadowgraph images taken during Experiment 4: (a)

t � 120 min and (b) t � 240 min.

Fig. 8. Comparison of the measured concentration distri-

butions for Experiment 2 and 3 along x � 0:68 at t � 480

min.
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the di�erences between the measured liquid concen-
tration, under the given change of the porous structure

permeability, were generally smaller than the measure-
ment uncertainty (5% of the reading).
The distribution of the measured liquid concen-

trations along the vertical line at x � 0:68 during Ex-
periment 4 are presented in Fig. 10. According to the
shadowgraph image in Fig. 9(a), each measuring pos-

ition along the upper half of the line x � 0:68 belonged
to di�erent ¯uid layers, while those along the lower
half were in the same ¯uid layer. The liquid concen-

tration data indicated that the di�erence between the
concentrations of the adjacent ¯uid layers was about
the same at t � 120 min. The piecewise uniform pro-
®les at later times �t � 240 and 480 min) con®rmed

that the vertical distributions of the liquid concen-
tration were fairly uniform within a ¯uid layer, but the
discrete changes in the liquid concentration existed

across the DDIs [24]. The magnitude of the discrete
change in the liquid concentration across the DDI
increased from the bottom toward the top wall at later

times. The average liquid concentration of a given
¯uid layer slowly increased with time.

4.4. Comparison of predicted and measured data

In order to validate the mathematical models, the
conditions for Experiment 4 were numerically simu-

lated and the predicted results compared with the ex-
perimental data. The thermophysical properties for the
model input were the same as those in Table 2, except

that all the phase densities were assumed to be the
same and ®xed at the value of 1082 kg/m3.
The time evolution of streamlines predicted by the

continuum porous medium model is shown in Fig. 11.

During the ®rst hour, the lower portion of the liquid
region was occupied by the convection cell which was

mainly driven by the thermal buoyancy forces, while
the ¯uid motion in the mushy region and the upper
portion of the liquid region was mainly driven by solu-

tal buoyancy force, and the solutal convection cell
existed across the liquidus interface. The vertical extent
of the liquid region occupied by the thermal convec-

tion cell decreased with time, whereas that occupied by
the solutal convection cell gradually increased. At t �
2 h, a number of convection cells appeared above the

solutal convection cell. The vertical extent of the liquid
region containing these cells gradually increased, and
the number of cells in this layer decreased as they
merged. At later times, the thermal convection cell

near the bottom and the solutal convection cell disap-
peared, in turn, and the liquid region was occupied by
a single counter-clockwise rotating convection cell,

which is mainly driven by the thermal buoyancy force.
In the experiment, the solutal convection ¯ow was less

Fig. 11. Time evolution of predicted streamlines for Exper-

iment 4 (equal increments).

Fig. 10. Measured concentration distributions for Experiment

4 along x � 0:68:

M. Song, R. Viskanta / Int. J. Heat Mass Transfer 44 (2001) 733±751 747



stable, and the liquid region above the lowest thermal
convection cell was divided into multiple double-di�u-

sive layers. The remelting of the primary solid phase
near the top started earlier and was greater in extent
compared with the predictions. The horizontal extent

of the mushy region near the top wall was thus over-
predicted.
The predicted temperature pro®les are compared

with the experimental data in Fig. 12 at t � 1 h. A
good agreement was obtained except near the top wall,
where the temperature of the medium was underpre-

dicted owing to the overprediction of discharge of the
cold interdendritic liquid into the liquid region across
the top portion of the liquidus interface. It is believed
that the permeability of the mushy region in the direc-

tion normal to the primary arms was overestimated.
The strong solutal strati®cation resulting from this vig-
orous discharge of interdendritic liquid into the liquid

region may have suppressed the division of the liquid
region into multiple double-di�usive layers which
occurred in the experiment. Further research is needed

concerning the ¯ow structure resulting from the
double-di�usive instability for more complete under-
standing of solidi®cation of a solution.

A comparison of the predicted concentration distri-
bution with experimental data along the vertical line at
x � 0:68 also indicated that the discharge of interden-
dritic liquid into the liquid region was overpredicted

(Fig. 13). The measured concentration pro®le at t � 2
h revealed the gradual variation between the initial
concentration and the eutectic composition in the

upper half of the liquid region, whereas the predicted
pro®le had the uniform portion near the top wall for

which the predicted concentration was within 2 wt%
from the eutectic composition. At t � 8 h, the pre-
dicted concentration pro®le was uniform throughout

the liquid region, while the measured values varied
between 20% and 25%, due to the di�erence in the
predicted and actual ¯ow structure.

The discrepancy between the predictions and exper-
imental data are partly due to the uncertainties in
determining the ¯ow characteristics of the dendrite

array and partly due to the di�erence in the ¯ow struc-
ture in the liquid region which has comparable tem-
perature and concentration gradients in terms of
equivalent buoyancy forces. For accurate prediction of

mixture solidi®cation, a dependable mathematical
model which accounts for the dendritic permeability
from the local solidi®cation parameters within an

acceptable uncertainty needs to be developed.

4.5. E�ect of porous matrix ¯ow characteristics

In order to investigate the e�ect of porous matrix
¯ow characteristics on the predictions of solidi®cation,

numerical experiments were performed with the coe�-
cients Rx, m and Ry, m as the variable parameters. The
initial and boundary conditions of Experiment 4 were
used, and the values of Rx, m and Ry, m were varied

between 0.01 and 100 either simultaneously or indi-
vidually.

Fig. 13. Comparison of liquid concentration distributions

along the vertical line at x � 0:68 for Experiment 4.

Fig. 12. Comparison between the predicted and measured

temperature pro®les at t � 1 h for Experiment 4.
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In Fig. 14 the predicted streamlines and isopleths of
liquid concentration at t � 4 h for two extreme cases

are contrasted to the intermediate one for which the
permeability of the porous matrix phase was 8:368�
10ÿ9 �Ko). When the permeability of the porous matrix

phase increased by the factor of 100, the distribution
of the concentration in the liquid region was almost
uniform, and the ¯uid motion was mainly driven by

the thermal buoyancy force (Fig. 14(a)). The horizon-
tal extent of the liquid region decreased toward the
bottom due to the thermal strati®cation. The predicted

macrosegregation pattern indicated that the compo-
sition of the solid region was fairly uniform except in
the narrow region along the solidus interface near the
bottom, whereas the strong positive segregation existed

in the entire mushy region. This implies an active
exchange of species between the mushy and liquid
regions. The maximum local composition was close to

unity, and the maximum was located in the middle of
the mushy region just above the bottom. When the

permeability of the porous matrix phase was smaller
than Ko by two orders of magnitude, the solidus and
liquidus interfaces were nearly vertical and the ¯uid

motion was mainly driven by the solutal buoyancy
force. The isopleths of liquid concentration (Fig. 14(c))
indicated that the in¯uence of solutal convection on

the distribution of liquid concentration was insigni®-
cant, and the solidi®cation was almost unidirectional.
A noticeable di�erence existed between the predicted

macrosegregation when the porous matrix phase per-
meability decreased by two orders of magnitude from
Ko: The entire medium within the enclosure had the
average composition within 23.5 wt% from the initial

composition, except for the small regions just above
the bottom wall and just below the top wall. The maxi-
mum positive segregation waslocated just above the

bottom wall and further away from the cold wall com-
pared with those predicted with the higher porous
medium permeability.

The e�ect of dendritic permeability on the macrose-
gregation is quanti®ed in terms of segregation quotient
de®ned below:

SQ �
ÿ
DCea, max

�
=ea �29�

where

DC �
�X
jCÿ CinjrDV

�
=
X

rDV �30�

Fig. 15. E�ect of porous matrix permeabilities on the segre-

gation quotient for the conditions of Experiment 4.

Fig. 14. E�ect of porous matrix permeabilities on the ¯ow

streamlines (left panels) and liquid concentrations (right

panels) for the conditions of Experiment 4.
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ea �
�X

eaDV
�
=
X

DV �31�

ea, max � �Cin ÿ Ceut �=�Ca ÿ Ceut � �32�
In the above equation, the ea and ea, max are de®ned

to accommodate the e�ect of the incomplete solidi®ca-
tion due to the presence of the hot wall. If an adiabatic

thermal boundary condition is imposed at the vertical
bounding wall opposite to the cold wall, the porous
medium within the enclosure would solidify completely

and the values of ea would be the same as ea, max: The
predicted e�ect of porous matrix permeability on the
segregation quotient is presented in Fig. 15. The most
signi®cant in¯uence on the segregation quotient was

caused by the decrease in the y-direction-permeability
of the porous matrix. The decrease in the segregation
quotient resulting from the simultaneous decrease in

the permeabilities of the porous matrix in the x- and
y-directions was almost equivalent to the change
caused by the decrease of only the permeability in the

y-direction by the same factor. The decrease in the
porous matrix permeability in the x-direction also
results in a comparable decrease of change in the seg-

regation quotient. In contrast, the increase in the por-
ous matrix permeability beyond the value of Ko did
not cause any signi®cant increase in the macrosegrega-
tion. Finally, the amount of macrosegregation occur-

ring during the solidi®cation of an o�-eutectic
composition solution can be reduced by placing a por-
ous matrix phase. In order to obtain a signi®cant

decrease in the amount of macrosegregation, the per-
meability of the porous matrix phase must be smaller
than the critical value, which is determined by the

solutal buoyancy and viscous forces exerting on the
melt, the dimension of the enclosure and the ¯ow
characteristics of the dendrite array. Under the con-
ditions studied, the critical permeability of the porous

matrix phase was about 8:37� 10ÿ9 �Ko). The amount
of macrosegregation was insensitive to the permeability
of the porous matrix phase smaller than this critical

value and was mainly controlled by the porous matrix
permeability in the gravity direction for the range
larger than the critical value.

5. Conclusions

An experimental and analytical study on the lateral
freezing of a porous medium saturated with an aqu-

eous salt solution has been performed to obtain the
improved understanding of the solute redistribution
during phase change. Major attention was directed to

the in¯uence of the porous matrix phase on the inter-
action of hydrodynamics and advective heat and
species transfer.

Solidi®cation of an aqueous ammonium chloride sol-
ution was made to occur within a square cross-section

test enclosure, which was cooled and heated at a pair
of vertical end walls by imposing uniform but di�erent
temperatures. Arti®cial structures compatible with the

¯ow visualization were constructed and served as the
solid matrix of the porous medium. The ¯ow structure
in the liquid region was characterized by the double-

di�usive interfaces and multiple ¯uid layers even in the
presence of porous structure. When the porous struc-
ture was absent (Experiment 1), a considerable portion

of the primary solid phase initially formed on the verti-
cal cold wall separated and stranded along the bottom
wall. The porous structure obstructed the migration of
the crystals and o�ered an additional resistance to the

motion of the ¯uid both in the liquid and mushy
regions. The presence of the porous structure notice-
ably altered the distribution and the growth kinetics of

the primary solid phase. When the hot wall tempera-
ture was lower and/or the permeability of the porous
structure was smaller, the advance of the liquidus

interface and the number of double-di�usive interfaces
increased due to the reduced ¯ow intensity in the
liquid region.

Mathematical models based on heat and species con-
servation and relations from the phase diagram were
suggested, and the predicted results for the representa-
tive conditions are compared with the experimental

data. The discrepancy between the predictions and ex-
perimental data are partly due to the uncertainties in
determining the ¯ow characteristics of the dendrite

array and partly due to the di�erence in the ¯ow struc-
ture in the liquid region.
Parametric studies examining the e�ect of the ¯ow

characteristics possessed by the porous matrix phase
were also conducted. The predicted amount of macro-
segregation decreased when the permeabilities of the
porous matrix phase decreased. In order to obtain a

signi®cant decrease in the amount of macrosegrega-
tion, the permeability of the porous matrix phase must
be smaller than the critical value, which is determined

by the solutal buoyancy and viscous forces exerting on
the melt, the dimension of the enclosure and the ¯ow
characteristics of the dendrite array. Under the con-

ditions studied, the critical permeability of the porous
matrix phase was approximately 8:37� 10ÿ9 �Ko). The
amount of macrosegregation was insensitive to the per-

meability of porous matrix phase smaller than this
critical value, and was mainly controlled by the porous
matrix permeability in the gravity direction for the
range larger than the critical value.
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