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AN EXPERIMENTAL STUDY ON SOLIDIFICATION
OF PURE WATER OR A DILUTE SALT SOLUTION
IN A HORIZONTAL COPPER TUBE

Hwa-Chong Tien*, Sih-Li Chen** and Bing-Shiang Yang***
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ABSTRACT

Solidification of pure water and NaCl-H,O solutions in a
copper tube is investigated experimentally. The morphology and
growth of the two phase region is observed photographically. In
the experiments of NaCl-H;O solutions, the salt concentrations
in the solutions are smaller than the concentration at the eutectic
point. The coolant temperature is higher than the eutectic tem-
perature. The supercooling phenomenon and the effects of the
coolant temperature, initial temperature of water or NaCl-H,0
solution, and the concentrations of the solutions are studied in
detail. In addition to the photographs, results presented also
include the temperature responses of water and NaCl-H,O solu-
tions at various positions inside the tube as well as the mass fraction
of solid. A comparison is made for the mass fraction of solid
between the present study and the numerical results in the litera-
ture. Possible reasons for explaining the discrepancy are discussed.

INTRODUCTION

The solidification of pure water and aqueous
salt solutions represents two categories of applica-
tions. Water is usually used as an energy-carrier
fluid in off-peak air-conditioning systems in industry
and commercial buildings. The common operation
of such air-conditioning systems is to solidify water
in the nighttime by utilizing off-peak electricity and
then melt the ice in the daytime to provide the cooled
air for air conditioning. Since most electric utilities
offer special rates for nighttime electricity users,
thermal storage air-conditioning systems become
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more and more popular in the recent years [1].

One of the major problems encountered in the
thermal storage air-conditioning systems is super-
cooling. Usually, ice crystals will not form until
the temperature of water falls far below 0°C (such as
-7°C). The supercooling phenomenon will consume
more electricity and thus decrease the coefficient of
performance (COP) of the air-conditioning systems.
Therefore, it is essential to study the supercooling
phenomenon of solidification of water and find ways
to depress such phenomenon.

There are a number of studies which investigate
the growth of the ice crystals as well as the supercool-
ing phenomenon of solidification of water such as
[2-6]. Due to the close relationship between super-
cooling and nucleation temperature, there are also
some papers focusing on possible variables which
affect the nucleation temperature. The variables be-
ing studied include the cooling rate of the coolant
[7,8], surface roughness of the cooling surface, strength
of natural convection [4,9], vibration induced by
the external forces, and the purity of water.

Solidification of aqueous salt solution is also
of both fundamental and practical importance. It
can be applied to many engineering fields, such as
antifreeze materials, biological purification, and
heat exchanger design, etc. A rigorous work was
performed by Fang et. al. [10] where freezing of a
dilute NaCl-H,O solution on a cold ice surface was
studied experimentally and theoretically. The mor-
phology of the mush zone was observed and a sim-
ilarity model was developed for the prediction of
the freezing rate. Since in [10] the temperature of
the ice surface was not constant, Braga and Viskanta
[11] investigated solidification of a binary solution
on a cold stable isothermal surface. A simplified
model was developed to predict the solidification
of an aqueous solution (either NaCl-H,O solution
or NH,4Cl1-H,0 solution). Burns et al. [12] numeri-
cally studied the solidification of the NaCl-H,0
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solution in a circular cylinder. A simple 1-D heat
conduction model accounting for phase change was
proposed in [12]. However, the supercooling and
the natural convection effects were not included.

In the present work, solidification of pure water
or NaCl-H,O solution in a horizontal copper tube is
studied. Attention is given to the supercooling
phenomenon as well as effects of the coolant tem-
perature, initial temperature of water or NaCl-H,0
solution, and the concentration of NaCl. A com-
parison is made for the results of the solid fraction
between [12] and the present study.

EXPERIMENTAL SET-UP AND PROCEDURE
Experimental Set-Up

Figure 1 shows the schematic diagram of the
experimental apparatus. The test cell consists of a
copper tube with 8.28cm ID. The copper tube is
initially filled with water or NaCl-H,O solution,
and cooling process followed by solidification will
occur later on. There are two thick acrylic circular
disks attached to the forward and backward faces
of the copper tube, respectively. An O-ring is used
on each side of the tube for seal purpose. It should
be mentioned that these thick acrylic disks are trans-
parent for easier observation. The heat loss of the
test section is minimized due to the fact that the
outer wall of the copper tube is wrapped with insula-
tion materials and also the acrylic disks possess
good insulation property. The outer surface of the
copper tube is circulated by low-temperature metha-
nol coming from one of the constant-temperature
baths. The combination of the tube wall with the
cold methanol is used as the thermal boundary condi-
tion for cooling and solidification of water as well as

Fig. 1. A photograph of the experimental set-up.

NaCl-H,O solutions. There are four thermocouples
(type T) installed inside of the copper tube, where
one is located at the center, the other three thermo-
couples are close to the inner wall of the tube. They
are separately, at the upper, middle and lower posi-
tions. These thermocouples are used for recording
the temperature responses of water or NaCl-H,0 so-
lution as well as ice at above-mentioned locations.
There is a hole drilled at the upper location of the
acrylic disk which is attached to the back of the
copper tube. This hole is used for the sake of volume
expansion or contraction of water or NaCl-H,0
solution during the solidification process.

Experimental Procedure

Distilled water is first boiled to remove the
small amount of gases resolved in the water. The
boiled water is mixed with certain amount of NaCl
when the NaCl-H,O solution is to be used. The boiled
water or NaCl-H,O solution is poured into a con-
tainer which stands high and the valve is turned on
to direct water or NaCl-H,O solution into the copper
tube. The outer surface of the copper tube is circu-
lated with coolant (methanol) coming from one of
the constant-temperature coolant tank to cool down
the boiled water or NaCl-H,O solution until the
liquid inside the tube reaches the desired temperature
which is served as the initial temperature of the water
or NaCl-H,0 solution. In the meantime, the second
constant-temperature coolant tank is set to a pre-
scribed temperature for cooling and solidifying the
water or NaCl-H,O solution in the tube later on.

The data acquisition system is composed of a
PCLD-889 signal amplifier, and a PCL-818 A/D
card which is connected to a personal computer. The
solidification process is observed by taking photo-
graphs at representative times. A lamp behind the
test section provides the light source which is able to
penetrate through the acrylic disks into the camera.
The solid ice will absorb part of the light and it
will form the dark region of the photographs. On
the other hand, the liquid water or NaCl-H,O solution
is almost perfectly transparent to the light, and the
bright region is formed on the photographs. As a
result, the solid/liquid interface can be easily seen
from the photographs.

When the water or NaCl-H,O solution inside
the tube reaches the prescribed temperature, i.e.,
the initial temperature, the solidification experiment
is right on the way. Methanol from the second con-
stant-temperature cooling tank is introduced to the
outer circumferential area of the copper tube, and
then the data acquisition system starts recording
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the temperature readings. Photographs are taken
during the solidification process at selective times.
Each run is terminated at a certain time, which cor-
responds to a specified Fourier number, Fo, then
the solid phase and the liquid phase are weighed
separately in order to determine the mass fraction of
the solid phase, F. Some experiments need to be
repeated several times to get enough data of solid
fraction. In the present study, controlling variables
include the coolant temperature, the initial tem-
perature of water or NaCl-H,O solution, and the
concentrations of NaCl-H,O solutions. For sim-
plicity, the inner diameter of the copper tube is
8.28cm, which is unchanged during the entire course
of study.

RESULTS AND DISCUSSION

In the results presented below, the initial tem-
perature of water or NaCl-H,O solutions is chosen as
0°C or 23°C, and the temperature of the coolant
(methanol) is either —10.5°C or —16.5°C. As for the
concentrations of the NaCl-H,O solutions, three
concentrations, 0°C (pure water), 3.4% and 5% of
NaCl by weight are selected for the sake of com-
parison with literature. It is noted that the eutectic
point for the NaCI-H,O solution is 23.3°C at —21.1°C.
Therefore, the concentrations mentioned above are
assumed to be hypoeutectic.

Solidification of Pure Water

The experimental results for solidification of
pure water are first presented due to its direct applica-
tion on the ice-storage air-conditioning systems and
its fundamentality relating to the solidification of
NaCl-H,O solutions.

Effect of Coolant Temperature on Solidification

For the coolant temperature of —16.5°C and the
initial temperature of 23°C, it can be seen in Fig. 2
that the temperature of the lower thermocouple which
is adjacent to the inner wall of the copper tube
decreases quickly and then starts to solidify. The
supercooling phenomenon was not observed for
this case. Figure 2(a) is the photograph taken at
504 seconds after cooling process began. It can be
seen that in Fig. 2(a) a ring of ice formed next to the
wall, and ice dendrite was not found for this case.
Figure 2(b) depicts the temperature readings of the
thermocouples at various locations. It shows that
the water temperature decreases almost monotoni-
cally. The recalescence phenomenon was not ob-

served. However, when the coolant temperature is
raised from —16.5°C to —10.5°C, as shown in Fig. 3,
the results for the coolant temperature of —10.5°C
turn out to be quite different from that for the coolant
temperature of —16.5°C. It is very hard for the water
temperatures close to the wall to reach the nucleation
temperature. As a result, solidification does not
occur until the water temperature decreases to about
—6°C. Once the ice dendrite appears, the water tem-
perature around it soon increases to 0°C due to the
evolution of latent heat. Since then, the water tem-
perature around the dendrite maintains at 0°C for
quite a long time (13 minutes for the upper position)
due to the fact that the supercooled water continu-
ously absorbs the latent heat which results from the
growth of the ice dendrite. It is also noted that in
Fig. 3(a), some ice dendrites appear in the upper
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Fig.2. (a) A photograph during solidification, (b) temperature re-
sponses at various positions for pure water with initial tempera-
ture of 23°C and coolant temperature of —16.5°C.
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region inside of the tube. Based on the above discus-
sion, it is demonstrated that the supercooling phe-
nomenon is greatly enhanced by the increase of the
coolant temperature.

Effect of the Initial Temperature of Pure Water

The effects of initial temperature are examined
by choosing two initial temperature 23°C and 0°C,
while the coolant temperature is fixed as —10.5°C.
Figure 4 shows the photographs and the temperature
at the upper positions for both cases. It can be seen
from Fig. 4(b) that supercooling appears in both
cases. Moreover, the supercooling for initial tem-
perature of 0°C is slightly larger than that of 23°C
although the duration of supercooling for both cases
are about the same. It is also noted from Fig. 4(a)

25

#-ksks upper position
GE8890 center position
&rfesA lower position
O-4-0-60 side position

1G]

C = 0% (Pure water)
= 0545

108

Temperature (°C)

-5

=10 T T T T T e e ey
0 500 1000 1500 2000 2500 3000
Time (sec)

(b)

Fig. 3. (a) A photograph during solidification, (b) temperature re-
sponses at various positions for pure water with initial tempera-
ture of 23°C and coolant temperature of —10.5°C.

that the upper region occupied by the solid dendrite
for the case of initial temperature of 0°C is larger
than that of 23°C. According to [5], it can be attrib-
uted to the difference in the strength of natural
convection for both cases. The lower initial tempera-
ture yields smaller temperature difference between
the initial temperature and the coolant temperature,
and hence weaker natural convection. Solid dendrite
under the circumstances of weaker natural convection
tends to form and grow more slowly so that the
supercooling effect is more pronounced.

Solidification of NaCl-H,O Solution
Effect of Concentration of NaCl on Supercooling

Two cases which correspond to concentrations

25

Stk 23°0
[e2=2=T=Rs] Tg = p°C

L

20

5 C = 0% (Pure water)
Tf SSIORSEE

Temperature at upper position GoC)

0 500 1000 1500 2000 2500 3000
Time (sec)

(c)

Fig. 4. Effects of initial temperature on solidification of pure water with
coolant temperature of —10.5°C, () a photograph for Tg=23°C,
(b)aphotograph for Ty=0°C, ( c) temperature responses at upper
position.
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of 3.4% and 5% of NaCl are examined for com-
parison with the initial temperature of the NaCl-H,0
solution and the coolant temperature being fixed as
23°C and —10.5°C, respectively. The photograph and
the temperature responses for the case of NaCl of
3.4% are first shown in Fig. 5. It can be seen from
Fig. 5 that the lower position of NaCl-H,O solution
inside the wall is supercooled, and the time for
supercoolong lasts about 11 minutes since the liquidus
temperature for NaCl-H,O solution of NaCl of 3.4%
is —2.04°C. Figure 5(a) shows that the solid dendrite
occurs at the lower position. The solid dendrite
grows and then occupies more region inside the
tube. For brevity, the pictures afterwards are not
shown. When the concentration of NaCl is raised
from 3.4% to 5%, it is shown in Fig. 6 that solid
dendrites occur in most region inside the tube. It is

Temperature (°C)

25 4
i #-4--k ypper position
EL G566 center position
7 Aprdid lOower position

20 46960 side position
E
E

15 7

10

59

0

,SE

0 T w0 e e |

0 500 1000 1500 2000 2500 3000
Time {sec)
(b}
Fig. 5. (a) A photograph showing solid dendrite, (b) temperature re-
sponses at various positions for NaCl-H,O solution with C=3.4%,
coolant temperature of —10.5°C and initial temperature of 23°C.

Temperature (°C)

noted that relatively large degree of supercooling
is found on the lower position. The time for super-
cooling for this case lasts about 24 minutes, noting
that the liquid’s temperature is —3.04% for NaCl of
5%. By comparing the temperature at the upper
position for pure water with those at lower positions
for NaCl of 3.4%and 5%, it can be seen clearly from
Fig. 7 that an increase in concentration of NaCl
yields an increase in degree of supercooling. This is
due to the fact that the liquid’s temperature decreases
as the concentration of NaCI-H,O solution increases.
Therefore, it becomes more and more difficult for
the NaCl-H,O solution to solidify, and thus the super-
cooling phenomenon is enhanced.

Effect of Coolant Temperature on Solidification of NaCl-
H,0 Solution

(a)

253
E #——+ ypper position
G6969 center position
203 % atcaaa lower position

46640 side position

Sgel

T T T T T T T T T T T T

0 500 1000 1500 2000 2500 3000 3500
Time (sec)

(b)

Fig. 6. (a) A photograph showing solid dendrite, (b) temperature re-
sponses at various positions for NaCl-H,O solution with C=5%,
coolant temperature of —10.5°C and initial temperature of 23°C.
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As for the cases of pure water, two representa-
tive coolant temperatures, —16.5°C and —10.5°C are
selected for comparison while the concentration
and the initial temperature of the NaCl-H,0O solution
are 5% and 23%, respectively. Figure 8 depicts the
temperatures at the lower position based on these
two coolant temperatures. It is found that supercool-
ing occurs for coolant temperature of —10.5°C where
as no supercooling appears for coolant temperature
of —16.5°C. So the effect of coolant temperature on
supercooling for NaCl-H,O solutions is similar to
that for pure water. However, it should be mentioned
that solid dendrites can be found for the NaCl-H,O
solutions at both coolant temperatures. This is due
to the fact that the solidification of NaCl-H,O
solution is similar to that of common alloys, which
usually solidify with dendritic structures. Figures 9
and 10 depict the representative pictures in the
course of solidification for coolant temperatures
of —10.5°C and —16.5°C, separately. It can be found
by comparing Fig. 9 with Fig. 10 that more solid
dendrites exist for coolant temperature of ~10.5°C
than for that of —16.5°C.

Effect of Initial Temperature of NaCl-H,0 Solution

The effect of initial temperature of NaCl-H,O
solution is investigated by choosing two typical
temperatures of 0°C and 23°C while the concentration
of NaCl-H,O solutions and the coolant temperature
are fixed at 5% and —-10.5°C, respectively. Figure 11
depicts the temperature responses at the lower posi-
tions for these two cases. It can be seen that both

25

&s44A ( = 0F, upper position
20 @668 C = 3.4%, lower position
me8e8 C = 5%, lower position

G

15

(]

Temperature (°C)

0 500 1000 1500 2000 2500 3000 3500

Time (°C)

Fig. 7. Effect of concentration of NaCl in NaCl-H,O solutions with
initial temperature of 23°C, and coolant temperature of -10.5°C.

cases reveal the existence of supercooling, and the
degree of supercooling for initial temperature of
23°C is higher than that of 0°C. Furthermore, the
time of supercooling for initial temperature of 23°C
is much longer than that of 0°C. It is noted that

" the effects of initial temperature on the duration

time of supercooling for NaCl-H,O solutions are
quite different from that for pure water. A possible
explanation is attributed to the decrease in liquid’s
temperature due to an increase in concentration of
NaCl-H,O solutions, specifically, 0°C for pure water
down to -3.04°C for concentration of NaCl-H,O
solution of 5%. The coolant temperature of —10.5°C
is not low enough for the NaCl-H,O solution, com-
pared with pure water, to quickly arrive at the nucle-
ation temperature (say, —8°C), and therefore much
longer time of supercooling was found for the NaCl-
H,0 solution.

Results of Solid Fraction for Pure Water and NaCl-H,0
Solutions

The results presented above are essentially re-
lated to the supercooling phenomenon. In addition
to that, the total mass fraction of solid, F, is also
quite important in directly characterizing solidifica-
tion. Figure 12 depicts the results of solid fraction
for NaCl-H,0 solutions with NaCl concentrations of
0% (pure water), 3.4% and 5% under the conditions
that the initial temperature and the coolant tem-
perature are 23°C and —10.5°C, respectively. For
comparison with literature, the abscissa in Fig. 12
is chosen to be the Fourier number, Fo, which repre-

254

204 dbiesk T_ = =10.5°C
E ee88a T, = -16.5°C

153
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T = 23°C]
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Temperature at lower position (°C)
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Fig. 8. Temperature responses at the lower position for 5% NaCl-H,0

solution with initial temperature of 23°C, and coolant tempera-
ture of —10.5°C and —16.5°C, respectively.
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sents the dimensionless time. The solid lines with
various symbols denote the present results while the
dashed lines denote the numerical results from [12].
It can be seen from Fig. 12 that the solid fraction
increases with time and the slopes of the solid fraction
curves decrease as time goes by. Due to supercooling,
the time delay for the NaCl-H,O solutions to start
solidifying increases as the concentration increases.
It should be mentioned that for the NaCl-H,O solu-
tions, the solid dendrite is composed of a single
component (ice), and the salt is rejected to the liquid
increasing its concentration. Since the coolant
temperature —10.5°C is higher than the eutective
temperature —21.1°C, complete solidification for

Fig. 9.

Photographs during solidification of the NaCl-H,O solution
with C=5%, initial temperature of 23°C and coolant temperature
of —10.5°C (a) photograph right after the occurrence of dendrite
ice, (b) photograph at two minutes after (a).

79

the NaCl-H,O solutions can’t be achieved. Figure 13
is the same as Fig. 12 except that the initial tem-
perature of 0°C is used. Figure 13 looks similar to
Fig. 12; however, the influence of the concentration
of NaCl-H,O solutions on the time delay for solidifi-
cation is not so apparent. Both figures display a
significant difference between the present results
and the results from [12]. Three possible reasons are
stated as follows. Firstly, the supercooling effect

was completely ignored in [12], and this fact is be-
lieved to be the main reason for showing such dis-
crepancy. The second reason is maybe due to the fact

that natural convection effects were also neglected
in- [

More accurate mathematical models are

(a)

(b)

Fig. 10. Photographs during solidification of the NaCl-HyO solution
with C=5%, initial temperature of 23°C and coolant temperature
of —16.5°C (a) photograph right after the occurrence of dendrite
ice, (b) photograph at 29 minutes after (a).
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needed in studying the solidification of NaCl-H,O
solutions. Thirdly, experimental uncertainty may
cause minor effect on the discrepancy. It should
be mentioned that the thermocouples used in the
present study have been calibrated with errors £0.7°C.
The difference between the coolant temperatures
at the exit and the inlet was found to be about 2°C.
Therefore, the coolant temperature used in this study
is based on the average of the coolant temperatures

Temperature at lower position (°C)

Time (sec)

Fig. 11. Temperature responses at the lower position for NaCl-H,O
solution with C=5%, coolant temperature of —10.5°C, and initial
temperature of 0°C and 23°C, respectively.

1
—r— 4
—e— ) Present work
———— Ref, [12]
F O. A T, = -10.5°C I
23°C |
] L L N . ]
0 0.5 1

Fo

Fig. 12. Mass fraction of solid as a function of Fourier number for three
concentrations, coolant temperature of —10.5°C, and initial
temperature of 23°C.

T T r T
—— 1
_._>-Present work
“““ Ref. [12]
F 0. T -10.5°C ]
0 L . . R ! . . N 1

[V 0.5 1
Fo

Fig. 13. Mass fraction of solid as function of Fourier number for three
concentrations, coolant temperature of —10.5°C, and initial
temperature of 0°C.

at the inlet and the exit. In addition, the thermal
resistance of the tube wall is neglected.

CONCLUSIONS

Solidification of pure water and NaCl-H,0
solutions in a copper tube was experimentally inves-
tigated in this paper. Attention was given on the
supercooling phenomenon as well as the effects of
the coolant temperature, the initial temperatures
of pure water or NaCl-H,O solutions, and the con-
centrations of NaCl-H,O solutions. The results ob-
tained from the present study can be concluded as
follows.

1. Lowering the coolant temperature makes the water
close to the wall easier to reach the nucleation
temperature and hence to depress the supercooling
phenomenon.

2.At medium coolant temperatures, for example,
—10.5°C, a decrease in the initial temperature of
water will increase the degree of supercooling.

3. For NaCl-H,O solutions with hypoeutectic concen-
trations, the effect of the coolant temperature on
supercooling is similar to that of pure water.
However, the effect of the initial temperature of
NaCl-H,0 solutions on supercooling is quite dif-
ferent from those of pure water. _

4. An increase in the concentrations will increase
the degree and the duration of supercooling .

5. A comparison between the results of solid fraction
from the present study and [12] shows significant
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discrepancy. The possible reasons are mainly due
to the fact that the effects of supercooling and
natural convection were not included in [12].
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'~ NOMENCLATURE

C concentration of NaCl in a NaCl-H,O solution

F mass fraction of solid = (mass of solid phase) /
(total mass of water or solution)

F,  Fourier number=a, ¢/ r?

I'w inner radius of the copper tube

T coolant (methanol) temperature

To initial temperature of pure water or solution

t time

@,  thermal diffusivity of water=1.368x10"7m’}
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