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Abstract
This research studies the heat transfer characteristic

during ice formation of a direct contact heat transfer
between carbon dioxide and water. In this work, the low
temperature carbon dioxide, approximately -15 to -60°C,
is injected into water at 28°C and exchanges heat directly.
The flow rate of carbon dioxide is varied between 0.003-
0.017 kg/s while the volume of water is between 1-3 L.

From the experiment, it is found that the effectiveness
of the direct contact heat transfer between carbon dioxide
and water is closed to 100%. Moreover, the lumped
model can be used for predicting the temperature of water
and the mass of ice formation quite well.
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1. Introduction
At present, air-conditioning system of commercial

building consumes approximately 60% of electrical
demand and it brings to get high electrical cost. To
overcome this problem, an ice thermal energy storage has
been used. Since, the electrical cost of Thailand during
the nighttime is cheaper than that of during the daytime,
therefore, ice thermal energy storage system of which the
ice is produced in the night and used for air-conditioning
during the daytime seems to be appropriate. Chaichana et
al [1] reported that an ice thermal energy storage can be
reduced the electrical cost approximately 55%. Moreover,
Bruan [2] and Carey et al [3] reported that the coefficient
of performance (COP) of an ice thermal energy storage
system is higher than that of a conventional air-
conditioning system.

Ice-on-coil system is a commercial ice thermal energy
storage. An evaporator coil of this system is submerged
in the water and ice is form around its evaporator tube.
Since the thermal conductivity of ice is very low;
therefore, the performance of the evaporator is reduced
with the increasing of ice thickness. To avoid this

problem, direct contact heat transfer technique is
proposed. The concept for producing ice is the injection
of cold refrigerant into the water and exchange heat
directly. Nuntaphan [4] reported that the effectiveness of
a direct contact heat transfer between R12 and water is
closed to 100%. Moreover, Kiatsiriroat et al [5]
investigated the performance of a refrigeration cycle
using a direct contact evaporator. In this study, R12 was
selected as the refrigerant. They found that the COP of
this system was around 3.4-3.6 and the ice looked like
slurry. Kiatsiriroat et al [6] proposed the heat transfer
correlation for the direct contact heat transfer between
R12- water and R22-water in the form of dimensionless
parameters which were Stanton number, Stephan number
and dimensionless pressure.

In this work, carbon dioxide, one type of natural fluid,
is used for the study of direct contact heat transfer for ice
production. The information data could serve the
applications of ice thermal energy storage for commercial
building or other industrial purposes.

2. Mathematical model
From previous studies [4,5,6], it is found that when a

refrigerant is injected into  water, a high turbulence of
water is occurred and the temperature of water is
uniform. Therefore, the lumped model could be used for
predicting the water temperature and the amount of ice
formation. In case of the direct contact between carbon
dioxide and water, the energy balance can be written as
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The left hand side of the above equation is the
enthalpy change of water with time while the first and the
second terms of the right hand side are the rate of
enthalpy change of carbon dioxide and the rate of heat
loss to the environment, respectively.

During the sensible heat period, eq.(1) is modified
and the temperature of water in the storage tank could be
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Moreover, during ice formation period, the water
temperature is constant at its freezing point and the mass
of ice during a time interval could be predicted from
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3. Experiment set-up
Fig. 1 shows the schematic sketch of the experimental

setup. Low temperature carbon dioxide from a storage
tank is injected into water in a storage tank and
exchanges heat directly. 

In this work, the initial water temperature is around
28ºC while the inlet temperature of carbon dioxide is
varied between -15 ºC to -60ºC. The mass flow rate of
carbon dioxide is varied between 0.003-0.017 kg/s. The
water is stored in a cylindrical test tube of 0.0762 m in
diameter and 2 m in height. The volume of water is
between 1-3 L.
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Fig. 1 Schematic sketch of the experimental set-up.

The temperature of water, the inlet temperature of
carbon dioxide and the ambient air are measured by a set
of K-type thermocouples having ±0.1ºC accuracy and
recorded every 10 s. Notice that the carbon dioxide is
injected into the water till most of water become ice. The
mass of ice in a storage tank is measured by a high
precision weighing machine having    ±0.1 g accuracy.

4. Results and Discussion
Fig.2 shows the effect of the mass flow rate and the

inlet temperature of carbon dioxide and the volume of
water on the decrease of water temperature in the storage
tank. Notice that the volume of water is 1-3 L, the mass
flow rate and the inlet temperature of carbon dioxide is
varied between 0.003-0.017 kg/s and approximately 28°C
respectively. The undoubtedly result shows that the

decrease of water volume is directly proportional to the
mass flow rate of carbon dioxide and inversely
proportional to the volume of water and the inlet
temperature of carbon dioxide.
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Fig. 2 The decrease of water temperature in a storage
         tank at various conditions.

Moreover, the lumped model can predict the
temperature of water in the storage tank quite well and
the example of this result is also shown in Fig. 3. It
should be note that, in case of sensible heat period the
lumped model can be predicted approximately 70% of the
experimental data within ±20% variation.
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Fig. 3 Comparison of water temperature from
      experiment and lumped model.

Fig.4 shows the effectiveness of a direct contact heat
transfer between water and carbon dioxide. Notice that
the effectiveness can be calculated from
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Fig. 4 Effectiveness of the direct contact heat transfer
 between water and carbon dioxide.
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Fig. 5 The comparison of mass of ice from the
           experiment and the model.

From Fig. 4, it is found that the effectiveness from
this work agrees well with the results of Nuntaphan [4]
which is closed to 100%. However, at the water volume
of 1 L the effectiveness is slightly lower than those of 2 L
and 3 L. This result comes from the retention time of
exchanging heat. At low volume of water, the height of
water column is a little bit short; therefore the retention
time of carbon dioxide is rather short too which results in
lower effectiveness.

In case of latent heat period, Fig. 5 shows the
comparison of mass of ice from the experiment and the
model. It is found that the lumped model can predict the
mass of ice approximately 77.3% within ±10% variation.
Notice that the ice from the direct contact heat transfer
process has high porosity. Fig. 6 shows the ice formation
at various conditions. In some conditions, there is a
blockage of ice around the injector and it obstructs the
flow of carbon dioxide.

Fig. 6 Ice formation at various states.

5. Conclusion
From this research, it could be concluded as
• The decreasing of water volume is directly

proportional to the mass flow rate of carbon
dioxide and inversely proportional to the volume
of water and the inlet temperature of carbon
dioxide.

• The effectiveness of a direct contact heat transfer
between carbon dioxide and water is close to
100%.

• The lumped model can predict the water
temperature and the amount of ice in case of
sensible heat and latent heat periods quite well.
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Nomenclatures

wCp Specific heat of water (J/kg K)

i,COh
2

Inlet enthalpy of carbon dioxide (J/kg)

o,COh
2

Outlet enthalpy of carbon dioxide (J/kg)

wh Enthalpy of water (J/kg)

icem Mass of ice (kg)

wm Mass of water (kg)

2COm& Mass flow rate of carbon dioxide (kg/s)

2COQ Heat transfer rate of carbon dioxide (W)

maxQ Maximum heat transfer rate of direct
contact process (W)

t Time (s)

aT Ambient temperature (ºC)

wT Water temperature (ºC)
tΔ Time duration (s)

icetΔ Time duration for producing ice (s)

UA Overall heat loss coefficient and area
(W/K)

ε Effectiveness

wλ Latent heat of freezing of water (J/kg)


