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Abstract

This paper presents experimental results concerning the solidification of a binary aqueous solution flowing along a

cold surface. Forced convection in the liquid phase is assumed to dominate over possible natural convection effects at

the interface and the influence of the initial solute concentration is analyzed. Solute rejection at the interface is shown to

influence the equilibrium temperature at the solidification front and the time evolution of the solid phase. Comparison

with the numerical solution of a simple thermal phase change model shows that the solidification dynamics is com-

patible with a porous structure of the solid phase (solid fraction about 0.90), accounting for dendritic structure at the

microscale.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Solidification of binary alloys has been the subject of

many studies in recent years. The presence of natural

convection due to the phase change process itself is

known to have a strong influence on the dynamics of the

process, as reported by Davis et al. [1] or experimentally

studied by Prescott and Incropera [2] or Tanny [3]. Due

to the combined temperature and composition gradi-

ents, solidification along a flat plate is affected by double

diffusive instabilities (horizontal plate) or thermosolutal

convection (vertical plate), both in terms of solidification

rate and of mush structure. Many experiments, models

and stability studies have been dedicated to this problem

in the heat transfer literature in order to characterize the

complex interaction between the flow structure and the

dynamics of the interfacial growth region. Otherwise,

many studies have dealt with features of water–ice in-

terface in external or internal forced flow during freezing

or melting processes, as referred by Epstein and Cheung

[4], but very few studies are concerned with binary

substances. The existing studies deal with the effect of an

imposed shear flow on the stability of directional solid-
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ification of binary alloys and are investigated by theo-

retical or numerical approach (Forth and Wheeler [5,6],

Chung and Chen [7] and very recently Tangthieng and

Cheung [8]).

The purpose of the present work is to partially un-

couple the heat and mass transfer mechanisms at a so-

lidifying interface, by limiting the effects of natural

convection on the phase change process. In opposition

to the usual practice where natural convection is inhib-

ited to impose a purely diffusive heat and species

transfer, the present approach aims at imposing a forced

flow at the solid–liquid interface. Thus, the influence of a

convective flow at the interface is retained, but there is

no (or little) feedback of the interface structure and

dynamics on the flow itself. More precisely, the scope of

this paper is to experimentally tackle the problem of

solidification of a binary mixture along a horizontal flat

plate in a forced laminar flow. Under moderate Rey-

nolds number laminar shear flow conditions, the heat

and species transfer at the growing interface is domi-

nated by the forced flow, although gravity effects may be

detected when considering growth either from the top or

from the bottom surface of the plate.

Accurate local temperature measurements of the top

interface have been performed. Local thermodynamic

equilibrium being assumed, those temperature mea-

surements provide experimental values for the local

front concentration and point out the importance of
ed.
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Nomenclature

C0 initial concentration of the solution (%wt.)

hðtÞ instantaneous heat transfer coefficient (W/

m2 �C)
hlim heat transfer coefficient at the end of the

experiment (W/m2 �C)
kL thermal conductivity of the liquid phase (W/

m �C)
kS thermal conductivity of the solid phase (W/

m �C)
L length of the exchanger (m)

LF latent heat of fusion (J/kg)

qLðtÞ heat flux at the solid–liquid interface (W/m2)

sðtÞ instantaneous front position (m)

smax maximal solid thickness (m)

Ste Stefan number¼ cPSDTS=LF

t time (s)

TL initial temperature of the liquid phase (�C)
TFðtÞ instantaneous front temperature (�C)
TLiqðC0Þ equilibrium interfacial temperature for a

solution at concentration C0 (�C)

TP wall exchanger temperature (�C)
TS solid phase temperature (�C)
V velocity of the liquid phase in the experi-

mental cell (m/s)

x distance from the leading edge of the ex-

changer (m)

z vertical distance from the exchanger (m)

DTL Temperature difference between the liquid

phase and the liquidus curve¼ TL � TLiqðC0Þ
(�C)

DTS Temperature difference between the ex-

changer and the liquidus curve¼ TLiqðC0Þ�
TP (�C)

Greek symbols

aS Thermal diffusivity of the solid phase (m2/s)

U Volumic solid fraction

qS Density of the solid phase (kg/m3)
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solute redistribution at the interface during the solidifi-

cation process. Thus, depending on the solidification

parameters, the time evolution of solute rejection is

known and its consequence on the local dynamics of the

interface is directly observed on the shape of the front

profile.

The experimental results, in terms of the time evo-

lution of the interface position, are compared to a simple

thermal model, and the influence of solute rejection at

the interface is exhibited through the displacement of the

interface temperature at the solidifying front.
2. Presentation of the experiments

2.1. Experimental setup

The experimental cell, presented in Fig. 1a, consists

of a horizontal cold heat exchanger (width¼ 0.04 m,

length¼ L¼ 0.20 m, height¼ 0.02 m) located in the

midplane of a channel (height¼ 0.25 m, width¼ 0.20 m,

length¼ 0.70 m) where a binary solution of NH4Cl at

uniform concentration is circulated. A set of honey-

combed structures are placed at the entrance of the

channel to ensure laminar flow and uniform velocity all

along the experimental cell. Particles have been intro-

duced in the solution and preliminary visualizations

have been performed to characterize the flow structure

and the velocity magnitude around the exchanger. The

temperature of the mixture flow is controlled and

maintained constant at TL using two vertical heat ex-
changers located upstream of the experimental cell (Fig.

1b).

The lateral walls of the channel cavity are made of

transparent sheets allowing for visualizing the front

growth. At the initial time, the horizontal exchanger

temperature is decreased below the temperature given by

the liquidus curve of the phase diagram of the solution,

and solidification starts at the top and bottom surfaces

of the exchanger. Visualizations are carried out using a

thin vertical laser sheet parallel to the mean flow, located

in the mid-width of the cold exchanger, allowing for

measurements of the time evolution of the vertical front

position. Measurements are performed at two locations

from the leading edge of the exchanger: x1 ¼ 55:2 mm

and x2 ¼ 86:5 mm (Fig. 2a).

The temperature of the cold plate is carefully moni-

tored using thermocouples embedded at the inlet and

outlet of the exchanger and the mean final stationary

value is used to define the governing parameters. A rack

of K-type calibrated thermocouples, located at x3 ¼ 150

mm from the leading edge, give the time evolution

of the temperature distribution in the liquid and the

solid phases in the growth direction, with an absolute

precision of 0.1 K. Coupled to local observations of the

solidification front position, those temperature mea-

surements allow for the determination of instantaneous

values of the local front temperature.

To visualize the effect of the solute rejection on the

liquid phase, a shadowgraph technique is used to detect

the spatial variations of the density gradient. A parallel

light beam is generated using a white light source located



Fig. 2. Visualization of the solid phase at t � 7 h, for the three experiments.
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Fig. 1. Experimental setup: (a) experimental cell; (b) thermal regulated circulation loop.
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Table 1

Parameters of the experiments

Exp. #1 C0 ¼ 0% Exp. #2 C0 ¼ 4% Exp. #3 C0 ¼ 8%

TLiqðC0Þ (�C) 0 )2.55 )5.46
TP (�C) )8.5 )11.4 )14.5
TL (�C) 6.7 3.7 0.5

DTS (�C)¼ TLiqðC0Þ � TP 8.5 8.85 9.05

DTL (�C)¼ TL � TLiqðC0Þ 6.7 6.21 5.95

Ste 0.052 0.054 0.055

DTS=DTL 1.27 1.43 1.52
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on the back of the experimental cell in the focal plane of

a lens. Images are taken through a translucent screen

placed along the front wall of the experimental cell.

2.2. Set of experiments

The thermal conditions imposed to this system are

the Stefan number based on the temperature difference

DTS between the liquidus curve and the exchanger and

the superheating parameter, the temperature difference

DTL between the fluid and the liquidus curve. In this

study, the fluid velocity is kept constant (V � 0:02 m/s

giving rise to a Reynolds number calculated with the

length of the exchanger of about 2500) and three dif-

ferent experiments have been performed to study the

influence of the initial solute concentration in the liquid

phase on the dynamics of solidification and on the in-

terface characteristics. Experiments have been repeated

to verify the reproducibility of the observations and

measurements. The reference experiment is obtained

with pure water (concentration 0 %wt.), because it refers

to a classical Stefan problem where only thermal inter-

face conditions are involved. The other experiments are

performed using 4 and 8 %wt. NH4Cl aqueous solution,

characterized by a segregation coefficient equal to zero

(in theory, the concentration in the solid phase is zero).

The objective of this study is to keep the similarity of the

governing parameters. Since the corresponding liquidus

equilibrium temperatures are 0, )2.55 and )5.46 �C re-

spectively, the operating conditions are such that the

Stefan number (the driving temperature difference DTS)
and the resisting force (the liquid temperature difference

DTL) are kept nearly constant (see Table 1).
3. Model

The analysis of the experimental results is based on a

comparison with numerical simulations performed with

a 1D finite volume code solving the conduction phase

change problem. The original version of the code was

dedicated to the Stefan problem including heat diffusion

in both phases and energy balance at the solid–liquid
interface. The classical Landau transformation tech-

nique is used in the solid phase and the interface velocity

is iteratively determined at each time step to satisfy the

energy balance at the moving front. The code has been

validated against the classical Neumann solution [9].

For the present study, the code has been adapted to

account for a convective flux condition at the interface

on the liquid side and to allow for time variations of the

interface and cold plate temperatures. As we do not

solve the heat and fluid flow problem in the liquid

channel, the flux condition at the S–L interface on

the liquid side is accounted for by the following ex-

pression:

qLðtÞ ¼ hðtÞðTFðtÞ � TLÞ; ð1Þ

where hðtÞ is the heat transfer coefficient at a given x
position along the exchanger.

The local heat balance at the interface writes, at

time t:

kS
oTS
oz

� �
interface

� hðtÞðTL � TFðtÞÞ ¼ qSLF

dsðtÞ
dt

: ð2Þ

A quasi-steady state of the phenomena under study is

assumed. This approximation is validated from the

comparison between the characteristic time of the ex-

changer temperature variation, s, and the characteristic

time of heat diffusion in the solid phase, sd ¼ s2ðsÞ=aS,
where sðsÞ is the solid thickness at s. In our experiments

s � 1800 s and sðsÞ � 14 mm (see Section 4.4), then

s � sd (s � 11sd using aS � 1:2� 10�6 (pure ice)). Ex-

cept at the very beginning of the experiment, the quasi-

stationary regime is valid providing linear temperature

profiles in the solid phase (see Section 4.3). Under this

assumption, we can write Eq. (2) as

kS
TFðtÞ � TPðtÞ

sðtÞ � hðtÞðTL � TFðtÞÞ ¼ qSLF

dsðtÞ
dt

: ð3Þ

In this equation, hðtÞ has to be estimated and since we

are interested in the analysis of a possible variation of

the interface conditions during the solidification process,

the actual interface temperature TF is not known

a priori.
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4. Experimental results

4.1. Visualizations

Visualization of the solid phase for the three experi-

ments is illustrated in Fig. 2, 7 h after the beginning of

the experiment. The global shape of the solid is similar

in the three cases: due to dynamic effects, the solid

thickness is smaller near the leading edge than in the

middle of the exchanger. We can observe a difference

in the structure of the solid phase, between experiment

#1 (pure water) and experiments #2 and #3. For pure

water, the white region near the exchanger is the con-

sequence of air bubbles trapped at the beginning of the

experiment, when the kinetic of solidification is high.

The solid becomes transparent when solidification slows

down. For salt solution, no bubbles emission has been

observed and all the solid phase remains white and
Fig. 3. Visualization of the time evolution of the solute rejection at the

(c) t¼ 1 h 58 min, (d) t¼ 2 h 54 min and (e) t¼ 4 h 01 min. The cold ex

phase corresponds to the gray region just below and the solid/liquid
opaque all along the experiment. This aspect is due to

the solute rejected during solidification, which is trapped

in the solid when the kinetic is high. Indeed, visualiza-

tions carried out a very long time after the beginning of

the experiment (typically four days after) showed salt

aggregates in a perfectly transparent solid.

The solute rejected during solidification is denser

than the initial solution and falls down due to gravity

effects. Concerning the upper part of the experiment, the

rejected solute is trapped in the growing solid or is swept

along by the forced flow. A very thin solutal layer is then

generated in the vicinity of the upper interface and

density variations cannot be detected using shadow-

graphy. On the contrary, gravity effects provide a large

solutal layer near the lower front and shadow regions

can be easily visualized. A set of images obtained by

shadowgraphy (Fig. 3) illustrates the time evolution of

the density variation region during experiment #3.
lower front for experiment #3. (a) t ¼ 14 min, (b) t¼ 1 h 13 min,

changer surface is represented by the white dotted line, the solid

interface to the white line.



0

2

4

6

8

10

12

14

16

0 5000 10000 15000 20000

Time (s)

s(
t)

 (
m

m
)

Experimental: x1 = 55.2 mm

Numerical: h(t) evaluated from exp.#1 using eq.(2) ; TF = 0˚C

Experimental: x2 = 86.5 mm

Numerical: h(t) evaluated from exp.#1 using eq.(2) ; TF = 0˚C

Fig. 4. Experimental and numerical time evolution of the front

position for experiment #1 (pure water).

1428 S. Mergui et al. / International Journal of Heat and Mass Transfer 47 (2004) 1423–1432
Similar features have been observed for experiment #2.

The resulting pattern is the combination of gravity and

solute diffusion effects giving rise to vertical solute

transport and the forced flow effect creating horizontal

solute transport. At the beginning of the experiment, the

solidification kinetic is high and a density variation re-

gion is observed all along the exchanger (Fig. 3a).

During the experiment, the solutal layer is carried along

by the forced flow and goes away from the leading edge

of the exchanger as the solidification rate decreases.

Related to that observation, we can detect a deforma-

tion of the solid shape resulting from a slowing down

of the interface progression due to the accumulation of

the solute in the density variation region, as indicated in

Fig. 3e.

If we focalize our attention on the structure of the

lower solid, it can be seen a wavy shape of the interface

due to thermal natural convective motions that develop

in the liquid phase. Consequently, mixed convection

governs the transfers at the lower interface. The problem

becomes complex and is not quantitatively tackled in

this study. The results presented in the following sections

concern the upper region only.

4.2. Heat transfer coefficient

The heat transfer coefficient is evaluated from the

experimental results related to experiment #1. Indeed,

for pure water, the interface temperature is TFðtÞ ¼ 0 �C
8t. Knowing the experimental time history of sðtÞ and

vðtÞ ¼ ds=dt, the resolution of Eq. (3) at each time yields

the time evolution of the heat transfer coefficient h1ðtÞ at
x1 and h2ðtÞ at x2:

hðtÞ ¼ kS
sðtÞ

0 �C� TPðtÞ
TL � 0 �C

� qSLF

vðtÞ
TL � 0 �C

: ð4Þ

At the beginning of the process, the accuracy on hðtÞ
is about 30% due to the lack of precision in the front

velocity measurement when the solidification rate is

high. But at this time, the solid thickness is very thin and

the temperature gradient in the solid phase is very high.

The heat flux coming from the heat exchanger,

kSðoTSoz Þinterface, is then dominating the heat balance equa-

tion at the interface and a rough estimation of h is suf-

ficient to analyze the solidification kinetics. At the end of

the experiment (t ¼ tfinal), the front velocity is zero (see

next section) and the final heat transfer coefficient is

calculated by the following expression:

hlim ¼ kS
sðtfinalÞ

DTS
DTL

ð5Þ

with a precision of 6%.

As expected from the visualizations, the final heat

transfer coefficient is larger at x1, where hlim1 ¼ 240 W/

m2 �C, than at x2, where hlim2 ¼ 209 W/m2 �C.
By introducing the experimental tabulated values of

h1ðtÞ at x1 and h2ðtÞ at x2 in the numerical model, we

obtain a numerical solution of the interface position at

x1 and x2, which is compared to the experimental one in

Fig. 4. A very good agreement is observed between the

results, validating the relevance of the heat transfer co-

efficient estimation from the experiments and the quasi-

stationary model.

The main assumption in the analysis of the results

presented below is to consider that the time evolution of

the heat transfer coefficient is the same in the three ex-

periments.

4.3. Temperature

Time evolution of the vertical temperature profile in

the direction of solidification is reported in Fig. 5 for

experiment #2. It can be seen that the temperature dis-

tribution in the solid phase is linear, validating the

quasi-stationary assumption previously used. Similar

feature is observed for the other experiments.

Fig. 6 displays time evolutions of the temperature

given by the thermocouples located on the rack initially

in the liquid phase, for experiment #2.

The interface temperature measurements performed

during experiments #2 and #3 are listed in Table 2 and

are illustrated in Fig. 6 for experiment #2. The results

show that, for both cases, the interface temperature is

approximately the theoretical equilibrium temperature

for the corresponding solute concentration, TLiqðC0Þ,
when the quasi-steady evolution of the process is

reached. In the early stage where the front velocity is

larger, the interface temperature may be lower than the

equilibrium temperature by as much as 1 �C for exper-

iment #2 and 2 �C for experiment #3, due to the effect of

the solute redistribution on the phase change tempera-

ture.
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Table 2

Experimental values of the front temperature

Time (s) Experimental TFðtÞ ¼ TFexpðtÞ (�C)
Experiment #2 (C0 ¼ 4%) 440 )3.8 ± 1.0

TLiqðC0Þ ¼ �2:55 �C 1604 )3.4 ± 0.8

5360 )2.9 ± 0.4

Experiment #3 (C0 ¼ 8%) 668 )7.5 ± 1.6

TLiqðC0Þ ¼ �5:46 �C 2533 )6.3 ± 1.0

6224 )5.6 ± 0.8
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4.4. Interface position

The experiment is stopped at t ¼ tfinal when a steady

state is reached, characterized by ds=dt ¼ 0 and, as

previously seen, TFðtÞ ¼ TLiqðC0Þ. From Eq. (3), a theo-

retical final value of the ice layer thickness can be de-

termined as:

smaxðC0Þ ¼
kS
hlim

TLiqðC0Þ � TP
TL � TLiqðC0Þ

¼ kS
hlim

DTS
DTL

: ð6Þ

Since it is experimentally difficult to impose the same

values of DTS and DTL, a slight dispersion may be no-

ticed in the values listed in Table 1. Thus, smax is not

strictly identical for the three experiments. Then, to

compare the results obtained for different experiments,

the experimental time evolution of the interface position

will be displayed in terms of sðtÞ=smax.

In Fig. 7, time evolutions of the front position at x1
and x2 for both experiments #1 (pure water) and #3

(C0 ¼ 8 %wt.) are represented. Experiment #2 (C0 ¼ 4

%wt.) behaves like experiment #3. Measurements pre-

cision is of the same order of magnitude for both loca-

tions x1 and x2. To lighten the figure, error bars are then

represented for the x1 location only.

The first significant result is that, for a given location,

sðtÞ=smax decreases when C0 increases. This feature

points out the strong effect of the solute redistribution

on the solid growth.

In that representation, the front behavior is identical

at both locations x1 and x2 for the pure water experi-

ment. On the other hand for the 8% experiment, the

curve corresponding to x1 is above the curve related to

x2. In addition, we note that the curve at x2 does not

reach the smax value at t ¼ tfinal, in spite of the fact that

the stationary regime has been reached and that the

front temperature is the equilibrium temperature. Same

feature has been observed for experiment #2.
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If our assumption that the estimation of hðtÞ is rea-

sonably correct for experiments #2 and #3, this over-

estimation of smax may arise from an overestimation of

kS, the thermal conductivity of the solid phase (see Eq.

(6)). Assuming that the formation of dendrites in the

solidification process may result in a solid phase whose

volumic solid fraction U is not strictly 1, one can suggest

the hypothesis that the conductivity of such a ‘‘porous’’

solid is a simple weighted average of the conductivities

of the solid and the liquid phases:

Kav ¼ UkS þ ð1� UÞkL: ð7Þ

So, revisiting Eq. (3), one can estimate the corre-

sponding value of U in the final stage of the experiment

by

U ¼ sðtfinalÞ=smax � kL=kS
1� kL=kS

: ð8Þ

This calculation gives U � 0:90 for both experiments #2

and #3.

Let us use the time evolution of the heat transfer

coefficient estimated from the experimental results and
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numerical time evolution of the front position at x1 and x2: (a)
x1 ¼ 55:2 mm; (b) x2 ¼ 86:5 mm.
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the temperature measurements at the interface as the

inputs of the numerical code. Figs. 8a (exp. #2) and 9a

(exp. #3) displayed the time history of the front position

given by the simulation at x1, compared to the experi-

mental results. It appears very clearly that the solution

obtained with a constant interface temperature corre-

sponding to TLiqðC0Þ does not follow the experimental

observations, especially in the initial stage of the solid-

ification process. This discrepancy and the good agree-

ment of the variable interface temperature solution with

the experiments show that solute rejection at the inter-

face has a noticeable influence on the thermal conditions

at the phase change interface and that forced convection

is not sufficient to wipe out its effects on the solidifica-

tion dynamics.

The agreement is not so clear at the x2 location,

where the experimental front positions are significantly

below the simulated curves for both the #2 and the #3

experiments (Figs. 8b and 9b). Let us assume that the

discrepancies are the effect of the dendritic aspect of the

solid phase (U < 1). Indeed, when the solid fraction

decreases, the relative contribution of the heat flux from
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Fig. 9. Experiment #3: comparison between experimental and

numerical time evolution of the front position at x1 and x2: (a)
x1 ¼ 55:2 mm; (b) x2 ¼ 86:5 mm.
the liquid in the heat transfer balance increases and a

slowing down of the front progression is expected. The

simulations performed with the previous estimation of U
(U ¼ 0:90) are displayed in Figs. 8b and 9b. The corre-

sponding curves are almost entirely within the uncer-

tainty range, except in the central part of the experiment,

which might mean that the solid fraction is not constant

all along the solidification process, that is, is lower in the

initial stage of the process where the kinetic is larger

than in the final stage where the quasi-stationary state is

reached.
5. Conclusion

This study deals with the experimental analysis of the

solidification of NH4C1–H2O solution on a horizontal

cold heat exchanger under a composition, temperature

and velocity controlled flow (forced convection). A ref-

erence experiment (pure water) allowed for the estima-

tion of the heat transfer coefficient at the solid/liquid

interface. Experiments performed in similar thermal

conditions with different concentrations (0%, 4%, 8%)

showed the effect of the solute redistribution on the time

evolution of the front temperature and position. The

solute rejected at the solid/liquid interface leads to a

significant decrease in the equilibrium temperature

slowing down the solidification process. Moreover, nu-

merical results performed with a 1D finite volume code

confirmed the role of the solute redistribution on the

solidification process and pointed out the effect of the

solid fraction on the front kinetic. Indeed, an increase in

the initial concentration leads to a decrease in the vol-

umic solid fraction giving rise to a decrease in the so-

lidification rate. Additional experiments are performed

to emphasize those results and a more realistic model-

ization is developed taking into account time evolution

of a non-uniform solid fraction in the solid phase.
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