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SUMMARY 
The freezing of water-salt solutions on a horizontal wall is investigated experimentally and theoreti
cally. The growth of the solid-liquid region is observed for NaCl — H^O and NH^Cl- H-iO systems 
under different temperature and concentration conditions. A unidirectional mathematical model is 
used to predict the solidification process. The transport of heat is by diffusion, and convection is 
absent. The mass diffusion is neglected and the growth of crystal is governed by the transport of 
heat. In all experiments, the solution salt concentration is smaller than the eutectic composition, 
and the wall temperature is higher than the eutectic temperature. The predicted temperature and 
salt concentration profiles, as well as the interface position, are compared with experimentai data. 

INTRODUCTION 

Solidification of binary systems is important in metallurgy 
[1-4], geology [5j, oceanography [6], crystal growth [7], nuclear 
reactor safety [5] and many other fields. The phase change of 
pure substances takes place at a fixed temperature and typically 
the interface is planar [9]. For multicomponent systems the 
transition from the liquid to the solid phase occurs over a range 
of temperature and concentration resulting in a complex struc
ture the interface. This phenomenon changes the concentration 
of the system while the chemical components are incorporated 
or rejected at the interface between the phases [10,11]. 

In order to better understand the solidification process in 
the mushy zone (two phase region), an experimental study was 
conducted by cooling the solidifying melt from bellow, in the 
previous work [l2j the predicted temperature profiles were com
pared with experimental data. The predicted local solid frac
tions as well as the salt concentrations were shown as a function 
of the position. 

This work was performed in order to continue the experi
mental investigations and to compare the interface position and 
the salt concentration with the predicted results. The math
ematical model developed earlier [12], is used here to predict 
the solidification of an aqueous solution of subeutectic compo
sition. Two different salt solutions were used: NaCl - H^O 
and NH+Cl - HiO. In the case of sodium chloride-water so
lution, three different concentrations (5,10 and 1598 by weight) 
were tested, involving a wide composition range. The sodium 
cliloride-watcr solution was used to validate the theory with 
two different salt solutions. In this case a 5% concentration by 
weight was investigated. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

All experiments were performed in a rectangular test cell 
with inner dimensions, 300mm in height, 150mm in width, and 
75mm in depth. Figure 1 shows schematically the experimental 
apparatus. 

The horizontal bottom consisted of multipass copper heat 
exchanger that was plated with nickel and chrome to avoid cor
rosion by the salt. Five copper-constantan thermocouples (type 
T) were placed close to the heat transfer surface continuously 
monitoring its temperature. The heat exchanger was connected 
through a valve system to a constant temperature bath. It con
tained three loops through which the cooling flow rate could 
be controled independently. By an appropriate valve setting it 
was possible to maintain the temperature at the heat exchanger 
surface uniform within ±0.1°C of the desired temperature. 

The vertical and top walls were made in ajrylie sheets in 
order to allow for visualization of the interface position inside 
the test cell. To minimize the heat gain from the ambient, the 
front and back walls were constructed from a pair of acrylic 
sheets, and the entire test section was insulated with 50mm 

thick Styrofoam. A removable window in the insulation allowed 
for the visual observations. 

Measurement of the temperature distribution inside the 
test cell were made also with (type T) thermocouples. They 
were placed in a stainless steel tubes having outside diameter 
of 0.90mm. In order to measure the salt concentration, stain
less steel needles, with the same 0.90mm outside diameter, and 
stainless steel fitted stylets (obturators) were used. By sampling 
a drop from the test cell it was possible to determine the salt 
concentration by measuring the refractive index of the solution. 
A calibrated hand refractometer was used for this purpose. The 
thermocouples and the needles were inserted through the verti
cal right and left walls, respectively, where 42 holes (21 in each 
side) allowed the installation of the probes in several positions. 
Typically six thermocouples and three needles were used in each 
experiment. The outputs of all thermocouples were recorded by 
a data logger system at preselected time intervals between two 
consecutive measurements. 

Insula t ion— i 

Acrylic 
Woll " 

liquid Region-

Neatest 

Two-Phase 
Region 

1 Expaison 
Reservoir 

á m \ Thermocouples 

Ü 4 n 0oTO UxK" 

Enchonger 

Constat 
Tempe/ofurv 

Both 

Thermocouples 
foOofo Logger 

Fig. 1 - Schematic diagram of the test cell 

Solutions of distilled water and research grade salt were 
used in all experiments with its composition smaller than the 
eutectic composition. These mixtures were carefully syphoned 
into the test cell to avoid introduction of air bubles. As it is 
possible to see in Figure 1, a reservoir was installed in the upper 
pan of the apparatus to allow for expansion and contraction of 
the phase change material. 

To start an experiment, enough time was allowed to reach 
the thermal equilibrium in the test cell. Then, by properly set
ting the temperature in the constant temperature bath and the 
valve system, the coolant (ethyl alcohol) wa§ circulated through 
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th* heat exchanger. During all the experiments it was possi
ble to mvn*?;n the desired temperature at the bottom uniform 
within ±0.1°C. Due to the transient nature of the experiments, 
the temperature bath had to be frequently readjusted. 

ANALYTICAL MODEL 

The mathematical model for the solidification process of a 
binary system is based on the basic conservation principles. A 
macroscopic model was constructed to determine theoretically 
the rate of solidification, predict the temperature and concen
tration distributions and the solid fraction in the system. 

The model assumes that the liquid phase is hydrodynami-
cally stable and there is no convective motion in the fluid. The 
growth of the two-phase region is controlled by heat conduction 
due to the fact that the thermal diffusivity of the salt solutions 
are two orders of magnitude greater than the mass diffusivity. 
The problem is one-dimensional and the thermophysical prop
erties are assumed to be constant in a horizontal plane as an 
average between the two phases. The solid and liquid are at 
the same temperature in the same horizontal plane. AH ther
mophysical properties are constant within the liquid and solid, 
but different from each other in the two phases, except for the 
density assumed constant. The mathematical model as well as 
its method of solution are shown in details in [12]. For com
pleteness of this article, part of this model is repeated. 

The equations describing the temperature distributions are 

9 , m à 
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the model equations become 
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and the superscript * denotes dimensionless quantities normal
ized by the liquid properties. 

The transformed initial and boundary conditions becomes 
as follows: 

3T . d7T 
x>6 (2) 

where the subscripts m and I denote the tv> phase and the 
liquid regions respectively and A/i/ is the latent heat of fusion. 
The local solid fraction / in the mushy zone is determined from 
the phase diagram [12] by 

/ = 
C(T)-Co 

C(T) (3) 

where the local salt solution concentration C(T) a obtained 
directly from the liquidus line while Co is the uniform initial 
concentration. 

The initial (( = 0) conditions are 

T=T0 (4a) 

i = 0 

and the boundary conditions are 

T = To , z - • oo 

T = TW , x = 0 

T = Tt , x = 6 

(46) 

(5a) 
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where Tt is the temperature at the muih-Iiquid (C = Co) in
terface. The thermophysical properties in the mushy zone are 
weighted according the local solid fraction [15] at follows: 

Cm = /(«. - <í) + «f 

*m = / ( * . - * < ) + * * 
The subscript « denotes the solid region in the mush. 

Introducing the following dimensionless variables 
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T,-Tm 

(6a) 

(66) 

(7) 

e = e0 

e = -i 

IJ - » 00 

• 7=0 

9 = 0 , 17 = a 

0(o+)=e(e.) 

(14a) 

(146) 

(14c) 

("<*) 
In equations (11), (12) and (14d) the superscript prime 

denotes the total derivative with respect to 17. 

RESULTS AND DISÇVSSIQN 

Four experiments were performed by freezing water-salt so
lutions with different initial concentrations (Co) of ammonium 
chloride or sodium chloride. Table 1 shows the initial tempera
ture (To) and concentration and the wall temperature (Tm) for 
each experiment. The initial temperature was determined as 
an average of the temperature readings from all thermocouples 
installed inside the test section. For all cases this average was 
obtained within a range of ± 0.1°C. The initial concentration 
expresses the percentage by weight of NH*Cl or NaCl in the 
solution. 

Table 1 - Test conditions for the experiments 

Exp 
# 
1 
2 
3 
4 

Salt 
Solution 
NHtCl 
NaCl 
NaCl 
NaCl 

Co 

(*) 
5 
5 
10 
15 

To 
(»C) 
23.5 
22.3 
25.8 
24.5 

Tw 

CO 
- 15.1 
- 16.3 
- 18.0 
- 18.7 

tm. 
(min) 
606 
604 
627 
623 

The temperature at the surface of the heat exchanger was 
determined also as an average of the measured temperatures. 
Typically, the desired wall temperature was reached in less than 
5 minutes and was maintained constant after that by properly 
readjusting the valve system and the temperature of the con
stant temperature bath during the experiments. The duration 
of each test was about 5 hours, and for all cases it did not ex
ceed the maximum time (tm) in with the liquid region could be 
regarded as a semi-infinite medium. The calculated value for 
t„ appears also in Table 1. 
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All the measured temperatura were continuously recorded 
by the data, aquisition system. A comparison between the exper
imental and predicted dimenstonless temperature distributions 
in the teat section, for the experiment 1, is shown in Figure 
2. The points are the experimental data while the prediction 
appears as a continuous line. In earlier work [12] the same com
parison was made for six different cases. It is possible to see 
there the same good agreement is obtained here for both the 
mushy and the liquid regions. 

The main objective of this work is to compare the experi
mental data with the predicted results for the interface position 
as well as the local salt concentration profiles in the system. 
During the tests the front window in the insulation was re
moved allowing the measurement of the interface position. Two 
scales located on the front and the back walls of the test cell 
were used for this purpose. Additional experiments were con
ducted without the interface position measurements and it was 
observed that their influence on the temperature profiles could 
be neglected. The mush-liquid interfaces were quite flat for all 
experiments, except for the case 4. However, it was very easy 
to measure the average thickness of the two phase regions for 
all cases within ± 0.5mm. 
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Fig. 2 - Comparison of predicted and measured dimensionless 

temperature distributions - Exp. # 1. 
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Fig. 4 Comparison of predicted and measured interface 
positions • Exp. # 2. 

Figure 3 shows a comparison of the predicted and mea
sured interface positions 4 at different observation times, for 
the first case. It is possible to see there that, in general, the 
agreement is good, but the discrepancy increases with the time. 
At the end of the experiment the difference is around S%. The 
results presented by Fang et al. [8] show the same trend. Fig
ures 4 to 6 show the same comparison presented in Figure 3 
for the three other experiments performed with sodium chlo
ride solutions. The agreements displayed in Figures 3 and 4 are 
very similar. The initial concentration for both experiments a 
S% and the discrepancies are slightly smaller for the experiment 
with NaCl-HtO solution. The available thermophysical prop
erties for this salt are more reliable and this explains the better 
agreement. For larger concentrations of salt in the solution, the 
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Fig. 3 - Comparison of predicted and measured interface 
positions - Exp. # 1. 
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Fig. 5 - Comparison of predicted and measured interface 
positions - Exp.# 3. 

discrepancies increase. Figures 5 and 6 show that the differences 
between measured and predicted 6 (or long time* reach 12% and 
IS% respectively for the cases 3 and 4. These tendencies agree 
well with the result» presented by [81 and [12). 

The phase diagrams of NaCl - H a 0 (13,14) and NH4Cl -
HtO [12) show that in both cases, the solidification from «solu
tion with subeutectic composition velds a solid phase consisting 
of a pure component (ice). The salt is rejected to the melt and 



needs to be pulled to another position before the next measure
ment. 

As the two-phase region in the experiment 4 was *err this, 
no concentration measurements could be taken in tb^ l ^» . 

300 

Fig. 6 - Predicted and measured interface 
positions - Exp. # 4. 

increases its concentration. In this case, the solid and liquid 
phases can coexist at the same temperature and different com
positions. With the assumption of local thermodynamic equi
librium (solid and liquid are at the same temperature at the 
same horizontal plane) and the temperature profile in the mush 
it is possible to establish a relation between the dimensionless 
position and the local concentration of the melt. Figure 7 shows 
the comparison between predicted and measured concentrations 
for the case 1 and reveals a good agreement. The experimental 
points were obtained by sampling drops with the needles and 
measuring their refractive index. For the experiment 2 the same 
comparison appears in Figure 8. It is possible to see that in this 
case the experimental data show concentrations slightly smaller 
than the predicted ones. The same trends are observed in ex
periment 3 where the discrepancies increase (see Figure 9). It 
was verified in all cases that to obtain a sample for analysis from 
the mushy region is difficult. It is very hard to introduce the 
needles among the solid crystals, and because of this they were 
installed in the trst section bclore the start of the experiments. 
Each time lh.it a measurement was made, the position previ
ously occupied by a sampled drop is filled by the liquid coming 
from the upper part of the test section, where the concentration 
is smaller. This disturbs the local concentration, and the needle 

Fig. 8 
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-Predicted and measured concentration 
distributions - Exp. # 2. 

Figure 2 shows that the mathematical model predicts we!! 
the temperature profile. More details for different salt concen
tration in the solution can be sec in 12!. From F^ii.-es t to 
9 it is possible to conclude that the predicted interface !>•>»;-
tions as well as the local concentration profiles agree -veil with 
the experimental data for the 5 ^ initi.il corrent.Mtion experi
ments (cases 1 and 2). It is clear that with the ir.crca-.e in the 
salt concentration in the solution, the discrepancies between the 

C(%) 
Fig. 7 l'rc<lictcd and measured concentration 

listribulions - Exp. # I. 

Fig. 9 -Predicted and measured concentration 
distributions - Exp. # 3. 

predictions and experimental interface positions and local con
centrations increase. The heat gain from the ambient as well as 
the mass diffusion can explain these discrepancies. 

COSCMiniWO REMARKS 

An experimental investigation was conducted in order to 
investigate the solidification from below of subeutectic aqueous 
solutions. A mathematical model is used to compare predicted 
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temperature profiles, interface positions and concentration pro-
filet with experimental results. The agreement is very good 
for the experiments with Sower concentrations (5*1) while the 
discrepancies between the predicted and measured interface po
sitions as well as in the concentration profiles increase for targe 
concentrations (10 and IS%). It should be interesting to in
vestigate the influence of the mass diffusion in the predicted 
results. 
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