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Abstract

The kinetics of melt crystallization of binary eutectic forming organic mixtures in non-flow systems with cooling from below for
the preferential crystallization of one component alone have been studied experimentally. The effect of subcooling, superheating
and the initial concentration of the melt on the crystallization kinetics have been studied. Based on the experimental data, a
correlation for the instantaneous height of the crystal (volume fraction of the solidified mass) has been proposed. The
experimental results were also analyzed based on a model from the literature, which considered simultaneous heat and mass
transport. The analysis shows that in the present experiments, the melt crystal interface was very close to the initial melt
composition, i.e. concentration equilibrium was maintained. This is attributed to the very low cooling rates used, even though the
thermal diffusivity is much greater than the mass diffusivity of the melt. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Melt crystallization is a process for the separation of
a binary mixture of organic compounds. It is the pro-
cess where a molten mixture is cooled to a little below
its freezing point when some of the material solidifies.
In binary mixtures, that form a eutectic, this will be a
pure component. The remaining melt, called the
residue, will contain some of the unsolidified pure
(desired) component. The purified product is recovered
by separating the solid from the residue and remelting
it. It is an attractive method for separation of binary
organic mixtures where the boiling points of the two
components are very close to each other and distillation
is not so easy. This is distinct from the solid solution
systems where the phase diagram is similar to the vapor
liquid equilibrium diagram of ideal systems. Unlike the
eutectic forming systems, the crystal phase growing in
equilibrium with the liquid of a given composition is
not a pure substance and hence multistage operations
are required to attain high purities.
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2350509.
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Wynn [1] has classified melt crystallization processes
into two categories — suspension processes and pro-
gressive freezing. In suspension processes the crystals
are suspended in the melt and the density difference
between crystals and melt causes a relative counter-cur-
rent motion between the two. Progressive freezing, a
technique unique to melt crystallization, involves the
growth of the crystal layer on a cold surface immersed
in the melt. The rather limited literature on melt crys-
tallization has been reviewed by Ulrich [2] and Rittner
and Steiner [3].

The kinetics of melt crystallization (rate of crystal
growth) is a basic characteristic of the process. The
present study focuses on the separation of binary or-
ganic eutectic mixtures by melt crystallization in non-
flow or stagnant systems. The experimental data
obtained in the present study is used to examine the
effect of subcooling, superheating and the initial con-
centration of the melt on the crystal growth rates. The
experimental data was also used to develop empirical
correlations for estimating the melt crystallization ki-
netics. The experimental results are also examined using
a model from the literature based on heat and mass
transfer theory.

0255-2701/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0255-2701(00)00113-6



72 K.B. Radhakrishnan, A.R. Balakrishnan / Chemical Engineering and Processing 40 (2001) 71-81

Fig. 1 shows the phase change diagram of binary
organic eutectic forming mixtures. If the initial
composition of the melt is below the eutectic point, as
it cools, it will reach the liquidus line when pure
naphthalene (in the benzene—naphthalene system
shown in Fig. 1a) will crystallize out. As further cooling
proceeds the composition will move along the liquidus
line, while pure naphthalene continues to crystallize
out, until the eutectic point is reached. At this point no
more separation is possible and the solid forming
will be a mixture of the binary at the eutectic composi-
tion. Similar behavior is observed with other two sys-
tems.

2. Experimental

The experimental set-up consists of a test section and
two auxiliary devices. These auxiliary devices are a
circulating cooling bath with a temperature controller
and a power supply unit. The test section is a vertical
glass cylinder covered with a 50-mm-thick styrofoam
insulation. The insulation could be easily removed to
facilitate the visual observation of crystallization pro-
cess as and when required. The plate at the bottom
which serves as the heat transfer surface is made of
brass and was provided with a circular groove so that
the 3.5-mm-thick glass cylinder can fit exactly in it. Fig.
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Fig. 1. Phase diagram of the binary mixtures, (a) benzene—naphthalene system; (b) benzene—p-xylene system; (c) o-nitrotoluene—m-nitrotoluene

system.

® 93

3 THERMOCOUPLES
(120° EACH)

1. HEAT TRANSFER SURFACE (BRASS)

DIMENSIONS ARE IN mm

2. GLASS CYLINDER 3. RAKE ASSEMBLY

4. THERMOCOUPLES (15 Nos) 5. BOTTOM CHAMBER (persPex) 6. COOLANT INLET

7. COOLANT OUTLET 8. TOP LID (HYLAM)

9.

INSULATION

Fig. 2. Test section details.



K.B. Radhakrishnan, A.R. Balakrishnan / Chemical Engineering and Processing 40 (2001) 71-81 73

Table 1
Experimental conditions

Number Binary system Range of variables T.(°C) C; (mol%)
C, (mol%) T, (°C) T, (°C)
1 Naphthalene—benzene 20-25 Naphthalene 6-16 25-58 —-3.5 87.5 Benzene
2 p-Xylene-benzene 2.5-10 p-Xylene 6-10 25-58 —22.2 62.7 Benzene
3 m-Nitrotoluene-o-nitrotoluene 5-15 o-Nitrotoluene 4-10 25-60 —31.5 52.0 o-Nitrotoluene

2 shows the details of the brass plate. Another cylindri-
cal chamber made of Perspex and with an o.d. of 200
mm is attached to the bottom of the brass plate. This is
tightly fitted to the brass plate with rubber gasket and
bolts. The cooling water from the chiller flows through
this bottom chamber. A rotameter and two control
valves are used to regulate the flow rate of the cooling
water through the chamber. The brass heat transfer
surface between the cooling water and the melt is 2-mm
thick. The test section itself is 93-mm i.d. and 185 mm
high. The top of the cylinder was covered with a Hylam
sheet, which fits tightly on to the cylinder. A thermo-
couple rake assembly is attached to this sheet at the
center with 16 Teflon coated copper-constantan (type
T) thermocouples. This is used to measure the tempera-
ture distribution of the melt/solid along the vertical
direction from the cooling plate. The bottom plate has
three thermocouples with a junction diameter of less
than 1.5 mm, carefully embedded in the lower surface
of the plate at approximately 120° from each other
circumferentially. Highly conductive silicon paste was
used to ensure good conduction between the beads and
the cooling surface. The accuracy of the temperature
measurement was =+ 0.1°C. The liquidus temperature
for each composition can be determined from the phase
diagram (Fig. 1). The cooling water lines, the top and
bottom of the test section were insulated with 50-mm-
thick styrofoam insulation.

Experiments were performed at different initial con-
centrations, all of which were below the eutectic com-
position and at different values of subcooling and
superheating of the melt. Table 1 gives a summary of
the experimental conditions. In all the experiments, the
surface temperature was maintained well above the
eutectic temperature and above the crystallization tem-
perature of the undesired product. This facilitates the
separation of one component alone. At the beginning
of each experiment, cooling water was circulated
through the lower chamber to reduce the temperature
of the heat transfer surface to the desired level. The
binary melt at a known composition and temperature is
then filled in the test-section (glass walled insulated
cylinder above the heat transfer surface) upto a height
of about 80 mm. During the filling process, a sudden

jump in the temperature of the heat transfer surface
was noticed, but this was found to stabilize within
about 2 min. The temperature of the heat transfer
surface was kept constant throughout the experiments,
and the variation observed was =+ 0.2°C. The solidifica-
tion process was observed to proceed from the bottom
upwards with the crystal/melt interface parallel to the
base and was morphologically stable. The instanta-
neous location of the crystal/melt interface was mea-
sured using a probe, which was a thin glass rod. The
probe was immersed through a 4-mm hole on the top
lid. Care was taken to avoid the formation of the
impression of the rod on the crystal/melt interface. The
formation of such impressions on the crystal surface
leads to inhibition of further crystal growth at such
locations and affects the measurements. The instanta-
neous location of the crystal/melt interface was also
noted by observing the interface height measured from
the bottom wall through the glass cylinder. This was
done by removing a small strip of styrofoam insulation
from the cylinder surface. The temperatures along the
vertical axis were measured using the thermocouples
provided on the rake at preselected heights from the
bottom brass plate.

2.1. Standardization of the experimental set-up

To standardize the experimental set-up, experiments
were conducted to measure the crystal/melt interface
location using p-xylene without any initial superheat
and at four different values of surface temperature.
These were compared with the data of Hale and
Viskanta [4], whose experiments were conducted using
n-octadecane. In order to facilitate the comparison to
one figure, the location of the interface as shown in Fig.
3 is represented by a dimensionless distance S, defined
as

§="" (1)

where, / is the initial height of the liquid melt. S also
gives the ratio of the volumes of the crystallized mate-
rial to the total volume of the melt. The x-axis is
represented by Ste. 7, a dimensionless time multiplied
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by the Stefan number, thereby taking into account
the thermophysical properties of the two binary
materials. Good agreement can be observed in Fig. 4
between the present data and the data of Hale and
Viskanta [4].

3. Results and discussion

3.1. Morphological stability

The subcooling, T(C,) — T, used in the experiments
was carefully controlled to ensure a flat and planar
surface. The surface temperature has to be kept below
the crystallization temperature of the desired compo-
nent but above that of the other component and well
above the eutectic temperature of the binary mixture.
This helps in the preferential crystallization of one
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Fig. 3. Comparison to present data on crystallization of pure p-xylene
with literature data on pure n-octadecane.
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Fig. 4. Temperature trace with time at different locations during
crystallization of the o-nitrotoluene—m-nitrotoluene system.

component alone without freezing of the undesired
component entrapped within the crystal interstices.
Furthermore, the instability at the interface due to
constitutional supercooling (supercooling due to
change in composition caused by the preferential so-
lidification of one constituent) will lead to dendrite
formation and this may in turn lead to crystallization of
the undesired component. Worster [5] defined a crite-
rion to avoid supercooling and subsequent linear insta-
bilities at the interface (i.e. non-flat and non-planar
interface)

> o @
I —[1 = (4/¢CpI(D e )(1/Cy)]

where, ¢ is the slope of the liquidus line and C, is the
initial composition of the melt. The above criterion was
checked with the thermophysical, transport, phase equi-
librium (solid-liquid) data and the experimental
parameters used in the experiments and it was confi-
rmed that linear instability would not be a problem in
the present study. Furthermore, observations during
the experiments also showed that there was no dendrite
formation. The physical properties of the binary mix-
tures are given in Table 2.

k.

3.2. Free convection effects

The temperatures were measured at different loca-
tions in the test cell and are shown in Fig. 4. The
random oscillations of temperature that can be ex-
pected from fluid motion driven by buoyancy effects
were not noticed during the crystallization process, even
when the initial melt superheat was as high as 13.5°C.
This shows that free convection effects are minimum
and conduction is the dominant mode of heat transfer.
Furthermore, Worster [5] has pointed out that the bulk
temperature and the solute fields are statistically stable
to convective motion if the system is cooled at the
lower horizontal boundary and if the less dense compo-
nent is crystallized. In the systems studied in the present
investigation, the less dense component was crystal-
lized, except for the benzene—naphthelene system.
However, even here free convection effects were not
noticed. This is due to the crystal/melt interface being
colder than the bulk melt above it. This was noticed
visually also. In Fig. 5 the sudden drop in the melt
temperature at the beginning of the experiment is due
to the high thermal gradient, the melt was subjected to
at the start of the experiment. This was because the
surface temperature was kept slightly above the crystal-
lization temperature of the melt prior to charging the
melt. This was done to prevent the supercooling of the
melt in the region adjacent to the cooling surface
immediately on charging the melt into the container.
The melt temperature was found to stabilize within the
first 15 min.
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Table 2
Physical properties of the binary mixtures used

Properties C, Benzene-naphthalene Benzene-p-xylene

o-Nitrotoluene-m-nitrotoluene

(mol%)
75% 80% 2.5% 5% 10% 5% 10% 15%
(benzene) (benzene) (benzene) (benzene) (benzene) o-Nitrotoluene o-Nitrotoluene o-Nitrotoluene
P (kg/m?) 917.6 913.5 861.11 862.3 863.6 1162.06 1162.36 1162.7
Cp,, J/kg K) 1679.9 1680.81 1677.43 1677.8 1678.0 1591.14 1591.14 1591.14
kyn (W/m K) 0.190 0.198 0.133 0.135 0.135 0.138 0.138 0.138
1 x 103 (kg/m 0.810 0.798 0.667 0.669 0.673 2.566 2.567 2.571
s)
Ax107° (J/kg) 1.492 1.584 1.23
Cp, J/kg K) 12234 1679.84 1591.14
k, (W/m K) 0.367 0.143 0.139
p, (kg/m?) 1158 869 1174
D x 10° (m?/s) 1.218 1.457 0.361

3.3. Crystal growth rates — effect of
subcooling [superheating and initial concentration

Fig. 5a shows the height of crystal layer with time,
using subcooling as a parameter. The crystal growth
rate decreases with the progress of crystallization due to
the additional resistance of the crystal layers. The crys-
tallization rates were appreciably higher when the sub-
cooling was raised from 2.5 to 12.5°C for the
naphthalene—benzene system. Similar effects were no-
ticed with the other two systems.

The growth rates of the crystal layers are shown in
Fig. 5b with initial superheat as a parameter (with
constant subcooling). The growth rate decreases with
the increase in initial superheat, which is due to the
higher cooling load that has to be met. However, it may
be noted that the effect of superheat on crystallization
rates is less pronounced than that of subcooling.

Fig. 5¢c shows the growth of the crystal layer at
constant wall temperature, with initial concentration as
parameter. The maximum crystal layer growth obtained
was highest for the lower concentrations of non-crystal-
lizing component (25 mol% naphthalene in benzene—
naphthalene  system, 2.5 mol% benzene in
benzene—p-xylene system and 5 mol% o-nitrotoluene in
o-nitrotoluene—m-nitrotoluene system). For lower con-
centrations of the non-crystallizing component, the
higher equilibrium temperature results in a higher tem-
perature driving force (or a higher subcooling) at a
constant wall temperature.

4. Correlation of the experimental data
4.1. Transient crystal height

Using the experimental data on the kinetics of crys-
tallization from the present study, the solid—liquid

phase equilibrium data, the transport and thermody-
namic properties of the binary melt, a correlation in
non-dimensional form for the height of the crystallized
solid (transient crystal growth) for eutectic forming
binary organic mixtures for low subcoolings (also called
undercooling) has been developed

S = 1.77(Ste.t)3(1 — Ste*)°35(C,) ~ 031 3)

where, Ste, Ste* and Cj are the Stefan number, a
modified Stefan number (degree of initial superheat)
and a non-dimensional concentration, respectively. The
ranges covered by the parameters are:

0.022 < Ste < 0.12 0.13 < Ste* < 0.41
0.086 < C,, < 0.92
The Stefan number is defined as

_ CPs(Tl(Co) B Tw)
A

where, Cp, is the specific heat of the crystallized compo-
nent; 7y(C,), the liquidus temperature corresponding to
the initial melt composition; 7, the temperature of the
cooled boundary; and 4, the latent heat of the crystal-
lized material. Thus, Ste represents the ratio of the
sensible heat of the crystal to the latent heat needed for
phase change. The modified Stefan number is defined as
T,— T
_ Cpu( 0)v 1(Co) (5)
Ste* represents the ratio of the sensible heat (initial
superheat) of the melt to the latent heat needed for
phase change. The non-dimensional concentration is
defined as

_ |Ce_ C0|
C

S

Ste 4)

Ste*

Co (6)

C}, represents the non-dimensional melt composition.
Here C, is the initial melt composition and C, is the
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eutectic composition. This dimensionless number gives
the relative concentration difference of the initial com-
position to the eutectic composition. The performance
of the correlation is shown in Fig. 6.
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The present correlation under the limiting conditions
of no initial superheat and for pure substances (that is
C, i1s 0) was compared with the data of Hanumanth [6]
on the solidification of n-hexadecane in a rectangular
enclosure with cooling at the top surface in Fig. 6. The
correlation was found to overpredict the data of
Hanumanth [6] by about 25%. This is due to the
dominant natural convection effects that occur when
the cooling is from the top. This natural convection in
the liquid melt retards the growth of the crystal/melt
interface.

Gau and Viskanta’s [7] experimental data on the
solidification of Lipowitz metal (an alloy of Bi, Pb, Sn
and Cd) in a rectangular enclosure with no initial
superheat and at its eutectic composition (Ste* = 0 and
C., =0) is shown in Fig. 6. The correlation overpredicts
the data by about 30%. This is attributed to the initial
mixing of their experiments, which would have had a
retarding effect on the crystal growth. The correlation
has also been compared with the data of Hale and
Viskanta [4], who studied the freezing and melting of
n-octodecane in a rectangular enclosure (again with
Ste* =0 and C;=0) with slightly better agreement
than with the data of Gau and Viskanta [7]. Gau and
Viskanta’s [8] experimental data on the solidification of
pure gallium on a vertical wall with initial superheat is
also shown in Fig. 6. Gau and Viskanta [8] studied the
solidification in a rectangular enclosure with freezing
from one of the vertical walls. The correlation appears
to show good agreement with this data, the overpredic-
tion being less than 10%. The overprediction may be
attributed to natural convection that will exist if the
freezing surface is one of the vertical walls. This will
have a retarding effect on the solid layer growth. In
using the data of Gau and Viskanta [8] with the present
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correlation, Cj is set equal to 0 (pure substance). The
total number of data points shown in Fig. 6 is about
200 including the present data. The present data
matches the correlation within + 20% and S.D. = 0.08.

Huppert and Worster [9] stated that the crystal layer
height varied with the square root of the growth time.
The present correlation also shows a similar depen-
dence. Tanny [10] also reported a similar dependence
for the diameter of a growing crystal. The present
correlation with the exponent of the dimensionless time
being 0.5 indicates the existence of a morphologically
stable interface. On the other hand, according to Tanny
[10], the exponent would have been closer to 0.7 if the
interface had a spiky form.

4.2. Average growth rate of crystal layer

A correlation has been developed for the average
growth rate of the crystal layer in dimensionless form
from the time required for growth to level off asymp-
totically. The crystal growth height versus time data
from the experiments were fitted by a second order
polynomial and differentiated to determine the instan-
taneous crystallization rate. The average crystallization
velocity was obtained by integrating this instantaneous
crystallization velocity over the time required for it to
level off asymptotically. Subsequently, the average crys-
tallization velocity is non-dimensionalised in terms of a
Peclet number defined as

Vo
)

Pe (7
where, V. is the average crystallization velocity, ¢ is the
boundary layer thickness where a concentration and
temperature gradient exists. The boundary layer thick-
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Fig. 7. Performance of the correlation for the average crystal growth
velocity (velocity of the melt/crystal interface).

ness ¢ is determined using the approach of Zief and
Wilcox [11], who analyzed the free convection mixing
during zone melting of organics in vertical glass tubes
and this is given by

5= aR
- ’F‘(R/I)OM( VcrI/D)O‘%

(®)

where, ¢ = 66 when the interface density > bulk density
of the melt. The parameter F is obtained from

Pr 1/2 0.25
F=Pr 0'2SSCO'ZS[G;’ + (S) Gr’:| )
c

for Pr< Sc. To use the above equation, the interface
concentrations are required to determine Gr', the mass
transfer Grashof number. The interface concentration is
obtained from an equation due to Huppert and
Worster [9] for (D/a)'? « 1 and is given by

zen - _G—=Gy
[1 T Tw)] e (10

where, ¥ is the slope of the phase diagram at the initial
composition of the melt C,, and C; is the interface
composition. The mass transfer Grashof number is
defined as

_ (gR*2")(x; — X))

Gr! = (11)

m

where,

(L)%
(), =

and the Grashof number is given by

Gr = (gR3ﬁ/)‘fZ| - Tbl) (13)

m

where,

(L%
r=(le):

The average crystallization velocity so obtained in
terms of the Peclet number is correlated with the exper-
imentally obtained crystallizing conditions such as Ste-
fan number, the modified Stefan number (a
dimensionless superheat) and the initial concentration
as

Pe = 6.46Ste™%(1 — Ste*)*2%(Cp) ~ ! (15)

The performance of the correlation is shown in Fig.
7. The ranges of parameters are

0.022 < Ste < 0.12 0.13 < Ste* < 0.413
0.086 < C, <0.92

The correlation predicts the experimental data within
+25% and with S.D.=0.26. It is seen that the Peclet
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Fig. 8. Co-ordinates of the system for analysis.

number depends on the subcooling raised to the power
of 0.6. Matsuoka et al. [12] observed a square root
dependence while studying solidification rates. Similar
dependency of the average crystal growth rate on sub-
cooling was noticed by Libby and Chen [13] while
studying the condensation of a gas stream on a cold
surface.

5. Theoretical analysis of experimental data

Consider a binary melt of sub-eutectic composition
at a temperature above its equilibrium temperature at
that composition in a cylindrical container as used in
the experimental part of this study and described ear-
lier. The co-ordinates of the physical system are shown
in Fig. 8. It is assumed that the solid/melt interface
remains flat and parallel to the bottom surface. The
transport of heat and solute takes place by molecular
diffusion only. Heat is conducted through the liquid
melt towards the interface and from there towards the
cooling surface through the solid crystal layer. The
solute diffusion takes place in the melt zone and that in
the crystal region is neglected. The governing equations
for heat transport in one-dimension are:

oT o°T

I 16
a2 (16)
in the solid zone 0 <z < s(¢) and

oT 0T

in the melt zone z > s(¢).
The governing equation for solute transfer in the
melt zone z > s(¢) is given by

(—»
6—C=D62—C (18)
ot 0z?

The boundary conditions are:
T=T, at z=0, >0
T=T, at z— o0, t>0
C=C, at z— o0, t>0

The initial conditions are 7= T, and C = C, at t = 0.
A heat balance at the interface at z = s(¢) gives the heat
flux which results from the latent heat released on
solidification

0s(t) oT

10;“ :ksi

oT
—k
7ot 0z

=0 0z
where, A is the latent heat of fusion and s™ and s~
represent the regions immediately adjacent to the inter-

face of the liquid melt and the solid crystal, respec-
tively. Conservation of the solute at the interface gives

.
C@s(t) _ 0C(s™t, 1)
ot 0z

The solute diffusivity D, the thermal conductivity &,
density p and the specific heat Cp are considered to be
constant in each phase but different in the two phases.
Solution of Egs. (16)—(20) gives the temperature and
the concentration fields in the two phases. Huppert and
Worster [9] solved these equations and the results are

at z=s(t) (19)

(st+.0)

at z=us(t) (20)

TG, 1) = Ty + (T, — Ty es!) 1)
erf(egy)

in the domain z < s(¢).

T(z, 1) = Ty + (T, — Ty rlenl) 22)
erfc(e,,y)
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in the domain z > s(¢).

erfc(n)
erfc(y)
in the domain z > s(¢). And €,, = (D /o,,))"?, €, = (D /o))"
2, n=1/2(Dt) = "?z. The thermal diffusivity of the crys-
tal phase and the melt phase are given by «, and o,

respectively. The parameter y is given by Huppert and
Worster [9] as

Cliz,t)=Co+(C— ) (23)

80
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Fig. 9. Temperature profiles along the vertical direction estimated
theoretically (Eq. (22)) for the benzene—naphthalene system, (a)
t =20; (b) =80 min.

F(y) PuCPm  psCps
M[l - F(y)L(emy) * G(em]

_ pscps(’rl(c()) B TW) _ mepm(TO B ’TI(CO))

Gley) Fewy) -
where,
F(x) = I'2xe*erfe(x) (25)
and
G(x) = IT'2xe*erfe(x) (26)

The interface concentration is obtained from the
following equation

G-6G

F(y)= G,

27
and subsequently the interface temperature is obtained
from the phase diagram.

In order to use the above solutions due to Huppert
and Worster [9], the parameter y was determined from
Eq. (24), using the experimental conditions encountered
in each run in the present study together with the
physical and transport properties of each binary mix-
ture. It is then used in the form of F(y) to estimate the
interface concentration from Eq. (27). The values of
F(y) obtained from the conditions encountered in all
the runs of the present experiments were in the range
0.001-0.1, indicating that the interface concentration,
C,, was extremely close to the initial concentration, C,
(Eq. (27)). This means that the interface temperature
does not vary appreciably with the equilibrium temper-
ature corresponding to the initial concentration of the
melt (as obtained from the phase diagram).

As cooling proceeds, phase change will occur when
the temperature of the melt reaches the equilibrium
temperature corresponding to the concentration at the
interface, which has been shown at or close to the
initial concentration of the melt. Using Eq. (22), the
temperature profile in the melt region has been esti-
mated at different time instants for each run. Represen-
tative plots of the system benzene—naphthalene are
shown in Fig. 9 for two time instants. Similar profiles
were obtained for the other two systems also. The
height obtained from the melt temperature profile at
the equilibrium temperature corresponding to the initial
concentration is shown by point one in the figures. The
interface heights measured at different times during
each run matched exactly with the height obtained from
the temperature profile. This shows that the interface
temperature does not vary significantly with the equi-
librium temperature corresponding to the initial con-
centration. It also shows the existence of near
equilibrium freezing conditions without appreciable
subcooling at the interface.

The instantaneous heights obtained from the temper-
ature profile (Eq. (22)) corresponding to the equi-
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Fig. 10. Comparison of the measured interface heights with theory
(Eq. (22)) corresponding to T7,(C,) for the benzene—naphthalene
system, (a) T, =6; (b) T, =8.5°C.

librium temperature of the melt at the initial concentra-
tions are shown in Fig. 10 for different wall tempera-
tures for the system benzene—naphthalene. The
experimentally measured interface heights are also
shown in the figure. It can be seen that there is good
agreement between the present experimental data and
the theoretical heights obtained. Similar agreement was
noticed with the other two systems used in the present
study.

6. Summary

The crystallization of a sub-eutectic binary mixture
has been studied both experimentally and analytically.
Under the conditions investigated, the systems were
thermally stable and buoyancy induced motion in the
melt zones was not noticed. The crystal/melt interface
was flat, planar and morphologically stable. A one-di-
mensional moving boundary model for the solidifica-
tion of pure substances from the literature was used to
describe the process. In comparison to the experimental
data, it was found that the interface concentration was
close to the initial concentration of the melt. Using the

equilibrium temperature corresponding to the initial
concentration, the solidification height was obtained
which matched with the experimentally obtained inter-
face height. The experimental data shows that the
degree of subcooling, superheating and the initial con-
centration of the melt influence the rate of crystalliza-
tion. The instantaneous crystal height and the average
crystallization velocity vary approximately with the
square root of time and degree of subcooling. Based on
the present data a correlation has been proposed for the
instantaneous crystal/melt interface height in melts
cooled from below. The correlation has been validated
with literature data for the limiting conditions of no
superheat and for pure components.

7. Nomenclature

C composition of the melt (mol%)
Cp specific heat (J/(kg K))

D mass diffusivity (m?/s)

F parameter in Eq. (21) (—)

Gr Grashof number (heat transfer), gf'R3(T,—
To)/v? (=)

Gr' Grashof number (mass transfer), go’R3(x;—
Xp)/v? (=)

k thermal conductivity (W/(m K))

/ height of melt (initial) (m)

Pe Peclet number (defined by Eq. (7)) (—)

Pr Prandtl number, v/a (—)

R radius of the cylinder (m)

R’ pseudo steady state velocity of the interface
(m/s)

s height of the interface (m)

S dimensionless height of the interface (m)

Sc Schmidt number, v/D (—)

Ste Stefan number, Cp(T(C,)—T,)// (—)
Ste* modified Stefan number, Cp,(T,— T(C,))/A

(=)

t time (s)

T temperature (°C)

T(C,) liquidus temperature corresponding to C,
Q)

Ve, average crystallization velocity (m/s)

X co-ordinate in the direction of crystal
growth (m)

X composition of the melt (mol%)

X dimensionless height, x// (—)

AT,,,, subcooling of the melt, (T}(C,)—T,) (K)
AT, initial superheat of the melt, (7,— T,(C,))

sup

(K)
Greek symbols
o thermal diffusivity (m?/s)
o volumetric coefficient of concentration ex-

pansion (1/(mol%))



K.B. Radhakrishnan, A.R. Balakrishnan / Chemical Engineering and Processing 40 (2001) 71-81 81

B’ volumetric coefficient of thermal expansion
(1/K)

parameter used in Eq. (4) (—)

parameter used in Eq. (5) (—)

parameter used in Eq. (20) (m)

porosity or void fraction (—)
dimensionless temperature, (7— T,)/(T,—

T,) (-)

=

A latent heat of fusion (J/kg)

v kinematic viscosity (m?/s)

¢ slope of the liquidus line

0 density (kg/m?)

p* bulk density of the crystals (kg/m?)
7 dimensionless time, at/* (-)
v parameter defined in Eq. (24)
Subscripts

bl bulk

e eutectic

i interface

m melt

0 initial value

s solid (crystal)

W wall (surface)
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