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Abstract

This paper is concerned with the development of a new method for making and separating ice and saving floated ice
by installing an evaporation plate at underwater within a storage tank. In a conventional harvest-type ice storage
system, a tank saves ice by separating a formed ice from an installed evaporation plate, which is located above an ice
storage tank as an ice storage system. A new harvest-type method shows better heat transfer efficiency than a con-
vectional method. It is because the evaporation panel is directly contacted with water in a storage tank. Also, at a
conventional system a circulating pump, a circulating water distributor and a piping are installed, but these components
are not necessary in a new method. In this study two kinds of ice storage systems are experimentally investigated to
study the thermal characteristics of ice storage tanks. The results show the applicable possibility and performance

enhancement of a new type. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Ice storage systems, which store thermal energy, are
one of useful types used in refrigeration and air-con-
ditioner applications [1]. Ice storage systems can be
classified as a static type and a dynamic type. An external
melt ice-on-coil type, an internal melt ice-on-coil type
and an encapsulated ice type are static types, and an ice-
harvesting type and an ice slurry type are dynamic types.
Specially, an ice-harvesting type among ice thermal
storage systems, which are actively studied in recent
years, periodically separates ice generated at the surface
of an evaporator, and stores ice at a thermal storage tank
installed beneath a heat transfer plate. During the dis-
charge mode water is circulated at a thermal storage
tank. Typically, an ice-harvesting system shows higher
discharge efficiency, easy maintenance, and long dura-
bility of the machine [2,3]. However, water must con-
tinuously circulate around an evaporator installed at the
upper part of a storage tank requiring extra equipment
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such as a circulation pump and piping. Also, electric
power is necessary to run a circulation pump and the size
of a system is not compact enough. This system provides
bad heat transfer due to ice produced at an evaporator
plate installed at the upper part of a storage tank [4-6].
To overcome this problem an evaporator plate produc-
ing ice is located at underwater of a storage tank. This is
a new ice-producing type which produces formed ice at
underwater. After ice is produced from an evaporator it
is harvested by sending hot refrigerant gas into the
evaporator. Then, ice separates from the surface of the
outer evaporator plate, and floats by the density differ-
ence and is stored at the upper part of the storage tank.

In this study, a conventional and an underwater ice-
harvesting system are applied to the same equipment.
Heat and performance characteristics during ice gener-
ation and discharge modes within a storage tank are
experimentally conducted. The results of a set of ex-
perimental data can be used for system maximization
and performance enhancement.

2. Experimental apparatus and method

Fig. 1 depicts a schematic of the experimental facili-
ties. The apparatus is composed of a refrigeration
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Fig. 1. Schematic diagram of experimental apparatus.

apparatus of a compression type and an ice storage
tank, which accumulates ice. During the generation of
ice, ice is formed at the surface of the plate type evap-
orator located at the bottom of the ice storage tank. The
charge mode changes to the discharge mode when the
exit temperature of the evaporator is —2 °C. At this time,
by a four-way valve installed at the inlet of an expansion
valve, hot gas is injected to the inside of the evaporator.
Then, ice is separated from the surface of the outside of
the evaporator. Ice floated from the bottom of the tank
by buoyancy effect is stored serially at the topside of the
tank. In the new type the buoyancy of ice in water is
weak compared to the ice—gravity—stripping in air of the
conventional type. To make the stripping of ice, water
jet nozzles are installed at the bottom of the evaporator.

The refrigeration apparatus is composed of a com-
pressor, a condenser, an expansion valve, a filter-drier,
an electric valve, and flow meters. The ice storage tank
has many vertical plate type evaporators at the bottom
of the tank, water injection nozzles and a circulation
pump (PH-255A, 1/3HP) to increase the discharge
velocity at the discharge mode. A compressor is a small
screw type, and an evaporator can be used for water-
and air-cooling types. In this experiment only the water-
cooling mode is used. Thermocouples are installed to
measure temperature profiles, and a water flow meter is
installed for the flow rate of cooling water. At a uni-

form-temperature tank the constant temperature of
cooling water is supplied. To control the ice generation
mode and discharge mode, on—off switches and elec-
tronic valves are installed. To measure temperature
distributions during the ice generation and discharge
modes, 4 thermocouples are installed at each section (see
Fig. 2). At the positions of 20, 140, 260, 380, 500 and 620
mm, thermocouples are installed (see Fig. 3). Totally, 24
thermocouples are installed to measure the temperature
distributions in the storage tank. The experiment is
conducted at the ice generation mode after the tem-
perature in the storage tank becomes a constant value.
When the inlet refrigerant temperature of the evaporator
reaches the predetermined value, the temperature is
measured at each position of thermocouples. The ex-
periment is conducted at the ice generation mode first
and at the discharge mode next. In the ice generation
experiment, the refrigerant temperature at the inlet of
the evaporator satisfies each experimental condition.
The discharge condition starts when the refrigerant
temperature at the exit of the evaporator reaches the
predetermined temperature. Temperature controller in-
stalled at the exit of the evaporator is set to —2 °C, the
temperature occurring the discharge of the thermal
storage. In the ice discharge experiment, the inlet/outlet
water temperature distributions at the storage tank and
fan coil unit (FCU) are studied when the circulation flow
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Fig. 2. Schematic diagram of ice making tanks: (a) new
method, (b) conventional method.
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Fig. 3. Schematic diagram of ice storage tanks: (a) detailed
configuration, (b) photograph.

rate of cooling water varies. In the discharge mode, re-
turned water from the load part used FCU for cooling is
constantly injected to the tank and exchanges heat with
ice. Cool water flowed from the load part exchanges
enough heat at the thermal storage tank. Table 1 shows
the experimental conditions for the present experiment.

Table 1

Experimental conditions
Parameter Conditions
Refrigerant HCFC-22
Refrigerant flow rate, Ry (kg/h) 57.6
Defrost refrigerant temperature, 7y (°C) -2
Initial water temperature, 7; (°C) 25
Cooling water flow rate, 7, (°C) 20+0.5
Cooling water flow rate, T (I/min) 12
Cooled water flow rate, Q. (I/min) 35
Charging processing time, R, (h) 10
Using limit temperature, 7o (°C) 10

3. Experimental results and discussion

After 10-h operation in the ice generation mode with
the conditions of 57.6 kg/h refrigerant circulation rate,
-2 °C ice generation set temperature, and 25 °C initial
water temperature, the temperature distributions within
the storage tank are shown in Figs. 4 and 5 for a new
type and conventional type, respectively. Ice amount in
the storage tank and ice packing factor before dis-
charging are not measured, because ice amount and ice
packing factor can be changed by initial water tem-
perature or water amount of the storage tank. In com-
parison of experimental results between two types the
experimental conditions are the same (see Table 1). In
Figs. 4 and 5, the temperature distributions of each
position are average values at 20(F), 140(E), 260(D),
380(C), 500(B), and 620(A) mm starting from the bot-
tom part of the tank. In Fig. 4, with the increase of
heights, temperature difference is clear. Above the mid-
dle sections (380, 500 and 620 mm) of the tank, the
initial water temperature maintains almost up to 2 h.
However, at the lower parts (20 and 140 mm) the
evaporator plate becomes cool rapidly. The water tem-
peratures at 260 mm are a little lower than those above
middle positions due to heat diffusion coming from the
bottom part of the tank. The cooling of the evaporator
plate installed at the bottom of the tank makes the
temperature at the lower part of the tank decrease rap-
idly, but heat diffusion and convection do not occur
actively to the top of the tank. After 2-h operation, the
discharge of ice starts, and simultaneously, the tem-
peratures above the middle section become low by mixed
convection as ice separated from the lower part of the
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Fig. 4. Temperature distributions of the new method in the
storage tank on the charge process.



1410 LS. Choi et al. | International Journal of Heat and Mass Transfer 45 (2002) 14071412

30

—e— : Sensor F
L —o— : Sensor E
—— ; Sensor D
—v— : Sensor C
—o— : Sensor B

. Sensor A

Temperature (°C)

01 2 3 4 5 6 7 8 9 10
Time (h)

Fig. 5. Temperature distributions of the conventional method
in the storage tank on the charge process.

tank goes to the upper part. After the first discharge of
ice, discharges occur continually with a constant time
interval, and stepladder temperature profiles above the
middle part and mixed phenomena occur. This is be-
cause the ice at the upper section of the storage tank
absorbs the latent heat of fusion by the temperature
difference between ice and water. Due to the latent heat
of fusion, the temperature distributions are constant.
After 4-h operation, the temperature at the upper part
becomes lower than that at the lower part. From this
moment, absorption capacity of the latent heat of fusion
of ice decreases. Ice in the upper part makes convection
flow to the lower part of the tank. With the same ex-
perimental conditions in Fig. 4, the temperature distri-
butions for the conventional method are shown in
Fig. 5. As time increases, the temperature in the tank
decreases linearly. It is because a circulation pump
continuously supplies water from the bottom to the top
within the tank. While water falls down on the surface of
the evaporator plate, ice is produced. However, the
needed time for producing ice by exchanging heat be-
tween the evaporator plate and circulating water in the
tank is not enough in the conventional type, and ice is
produced when water circulates in the tank. This delays
the producing and growing of ice. In the new type, water
exchanges heat directly with the evaporator plate at the
bottom of the tank, In Fig. 5, the temperature at the
upper part becomes lower after 1 h passes, but over
the entire operation, the temperature difference between
the bottom and top does not occur largely. After the
completion of the ice generation mode in the new type,
the temperature distributions with varying heights at 35
I/min circulation flow rate in the storage tank for
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Fig. 6. Temperature distributions of the new method in storage
tanks on the discharge process.

discharge progress are shown in Fig. 6. At the beginning
of the discharge mode, the temperature is the highest at
the very bottom part, and the lowest at the very upper
part of the tank. It is because the ice stored at the upper
part of the tank absorbs the latent heat of fusion when
the ice exchanges heat with circulating water. Thus, the
temperature profiles keep constant for 60 min as 0 °C at
the upper part and 6 °C at the lower part of the tank.
With the same conditions in Fig. 6, Fig. 7 shows the
temperature distributions in the conventional method.
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Fig. 7. Temperature distributions of the conventional method
in storage tanks on the discharge process.
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Up to 1-h discharge of cold, the temperature difference
in the tank does not occur clearly except at the bottom
surface of the tank. After 30-min operation, the tem-
perature differences in the whole domain of the tank
become constant. Fig. 8 shows the comparison of the
inlet/outlet temperature variations of FCU for two dif-
ferent types in the discharge mode. Discharge experi-
ments of FCU are conducted at the same experimental
conditions between two different modes. For 35 I/min
circulation flow rate in the new type, the exit tempera-
ture profile of FCU does not change to 65 min, and
during this period, the system is operated at 3.5 °C.
About 100 min takes to reach 10 °C which is the usable
limit temperature used in the experimental condition. In
the conventional method with the same conditions, the
exit temperature increases linearly. It takes about 60 min
to reach the usable limit temperature. Compared to the
new type, the temperature of the conventional type
reaches fast to the setting temperature. Fig. 9 shows the
discharge capacity and inlet/outlet temperature differ-
ences in FCU in the discharge mode for two different
types. The quantity of discharge is not calculated by an
air volume flow rate and inlet air temperature of FCU. It
is calculated by a water flow meter installed at the inlet
of FCU, because inlet temperatures and wetness condi-
tions of FCU continuously vary. As time passes, both
discharge capacity and temperature differences decrease.
The temperature difference is about 2.5 °C in the new
type, and 1.2 °C in the conventional type. The discharge
capacity in the new type shows about 60% higher than
that in the conventional type.
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Fig. 8. Inlet and outlet temperature distributions of fan coil
unit on the discharge process.
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Fig. 9. Discharge capacity and temperature difference distri-
butions of fan coil unit on the discharge process.

4. Conclusions

In ice-harvesting type systems, the conventional type
and the new type producing ice at underwater are ex-
perimentally conducted. The temperature distributions
and performance characteristics in the tank for two
modes, ice generation mode and discharge mode, are
investigated. Before the first discharge of ice in the new
type, the vertical temperature differences are very clear.
However, in the convention type, the temperature dif-
ferences vary linearly. In the discharge mode, the tem-
perature distributions in the new type keep the initial
temperature to 90 min. The temperature difference in the
conventional type is not large, and it varies linearly with
the increase of time. About 100 min is needed to reach
the 10 °C usable limit temperature in the new type.
However, in the conventional it takes about 60 min. The
discharge capacity and temperature difference of FCU in
the new type show about 60% higher than these in the
conventional type.
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