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ice bed.

m Experiments were performed to investigate the melting of liquid ice
along a bundle of horizontal heated cylinders. A mixture of fine ice
particles and ethylene glycol aqueous solution was adopted as the liquid ice
for the test. In one set of experiments, the liquid ice was a quiescent layer,
whereas in a second set of experiments the liquid ice was a fluidized bed
layer. Measurements were carried out for a range of parameters such as
initial concentration of aqueous binary solution, heat flux, and airflow rate
for fluidization. The heat transfer coefficient for the fluidized liquid ice bed
was found to be more than 25 times as large as that for the quiescent liquid
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fluidized bed

INTRODUCTION

Melting phenomena are encountered extensively in nature
and in a variety of technologically important processes.
The melting phenomenon is related to a wide variety of
engineering fields: purification of metals, welding, elec-
troslag melting, thawing of moist soil, and latent heat-of-
fusion thermal energy storage are only a few of the
important applications. Melting is a phase transformation
process that is accompanied by absorption of thermal
energy. The essential features of the system that exhibits
melting phenomena are the existence of a liquid—solid
interface that separates the two phases possessing differ-
ent thermophysical properties and the absorption of ther-
mal energy at the interface. The major problem in melting
is thus to determine transport phenomena of the latent
and sensible heat of the system. There is quite a large
body of literature concerned with a variety of such prob-
lems in engineering as well as in the applied sciences.
Recent reviews are available [1-4]. For conventional ice
storage systems using common ice as a phase-change
material (PCM), it has been demonstrated [9-13] that the
melting heat transfer performance decreases with time
because the heating tube and the ice tend not to be in
contact with each other.

Recently, great attention has been paid to “liquid ice”
as a new PCM instead of common ice alone, because
liquid ice can be continuously produced and in practice
can be transported by pipe. In addition, the cold/heat
removal performance of liquid ice can be controlled.
Therefore, the use of a thermal storage system using
liquid ice [14] has been examined. However, there remain

a variety of unknown characteristics with respect to releas-
ing cold heat from liquid ice.

The objective of the present paper is to study the
melting phenomena as well as the heat transfer character-
istics along a bundle of horizontal heated cylinders im-
mersed in liquid ice. In one set of experiments, the liquid
ice was a quiescent layer, while in a second set of experi-
ments the liquid ice was a fluidized bed layer. The effects
of the initial concentration of aqueous binary solution,
heat flux, and airflow rate for fluidization on melting heat
transfer were extensively determined.

EXPERIMENTAL APPARATUS AND
PROCEDURES

Experimental Apparatus

A schematic diagram of the experimental apparatus is
depicted in Fig. 1. The essential components of the appa-
ratus are the test section, an aqueous binary solution
circulating loop, a cooling brine circulating loop, an air-
supply loop, and the associated instrumentation.

Figure 2 shows the details of the test section, which
consists of a test vessel, a distributor, and a calming
section. The test vessel is made of a transparent acrylic
box with inner dimensions of 270 X 240 X 90 mm, with
the front and back made of double-pane glass to enable
observation of the phenomena within the apparatus. A
bundle of heated cylinders (11 cylinders 20 mm in diame-
ter, three-step staggered array, and 50 mm in pitch) were
installed horizontally within the test vessel, whose center
is 100 mm from the distributor.
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Figure 1. Schematic diagram of experimental apparatus. 1,
test section; 2, ethylene glycol tank; 3, brine tank; 4, control
valve; 5, bypass valve; 6, stop valve; 7, heater box; 8, distribu-
tor; 9, fan; 10, manometer; 11, orifice; 12, evaporator; 13,
heat exchanger; P, pump; S, slidac; B, blower.

To measure the temperature within the vessel, six
chromel-alumel thermocouple probes with a traversing
device were inserted. The distributor consists of a piece of
200 mesh brass wire screen sandwiched between two per-
forated lucite plates with staggered holes 2.6 mm in diam-
eter spaced 10 mm apart center to center. To ensure
uniform airflow, a calming section of honeycomb design
was set at the bottom of the test vessel.

Figure 3 indicates schematically the details of the heated
cylinder. The cylinder was made of an acrylic pipe on
which stainless steel foil 50 pm thick and 18 mm wide was
spirally wound to ensure uniform heat flux conditions. To
measure the surface temperature of the heated cylinder,
13 chromel-alumel thermocouples (0.1 mm O.D.) were
attached to the back of the stainless steel foil through the
mica foil (10 um in thickness) at circumferential fixed
intervals of 15°. In addition, the thermocouples were in-
stalled at three locations (center and +25 mm axial
distance from the center) to confirm the axial uniformity
of the temperature. The uncertainty of the temperature
measurement, which includes both the precision of ther-
mocouples and that of the micro voltage meter, is esti-
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Figure 2. Details of test section. 1, Test section; 2, double-
pane glass; 3, heating tube bundle; 4, distributor; 5, honey-
comb.,
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Figure 3. Details of heated cylinder. 1, PTFE coating; 2,

stainless steel sheet; 3, mica sheet; 4, Lucite tube; 5, insula-

tion. (@) Thermocouple.

mated to be +0.8%. The cylinder surface was coated with
teflon for insulation as shown in Fig. 3. The temperature
difference between the surface of the cylinder and the
thermocouples is so small that it can be neglected. To
avoid heat input from the end of the heated cylinder,
thermal insulation was put into the cylinder.

Air was used to make a fluidized liquid ice bed. Dry air
was prepared in a temperature-regulated (about —20°C)
chamber whose flow rate was measured by use of an
orifice. Using an electric heater, the temperature of the
supplied air was controlled so as to be equal to the bulk
temperature of the fluidized liquid ice bed.

Experimental Procedures

The liquid ice used in the experiment was a mixture of
fine ice particles (average 500 pum in diameter), which
were made in a temperature-regulated room (about
—25°C) over a period of more than 6 months, and ethy-
lene glycol aqueous solution.

The ice particles and the aqueous binary solution, which
were each maintained at the equilibrium freezing temper-
ature corresponding to the concentration of the aqueous
binary solution, were mixed in the desired proportion just
before the experiment. An ice packing factor (IPF) of 62%
was adopted throughout the experiments. Three ethylene
glycol aqueous solutions with initial concentrations of 10,
20, and 30 wt % were used as the test liquids. The start of
the experiment was defined as the time at which the
electric input to the heated cylinders was initiated.

Photographs of the melting phenomena were taken at
appropriate intervals. The temperature of the heated
cylinder surface and that of the testing vessel were contin-
uously recorded. To avoid heat input from the environ-
ment, the test section was carefully covered with insula-
tion (styrofoam of 100 mm thickness) except during obser-
vation.

To counter the effect of air enthalpy on the heat
balance, the temperature of the air supply was controlled
so as to be equal to the bulk temperature of the fluidized
liquid ice bed by using an electric heater installed in the
mixing box.



The local heat transfer coefficient #, and average heat
transfer coefficient h were respectively evaluated accord-
ing to the following equations with 1.8% precision, which
includes uncertainties of both temperature and heat flux.

Qinput - Qloss
hy= ——— 1
T AT, - T, w
and
1 .=
h=— [ hyds. 2)
T’

It was found that heat loss from the end of the heated
cylinder, Q,,, was generally less than 0.5% of the total
heat input from the heated cylinder. The heat loss Q.
was evaluated as the temperature difference between the
thermocouples embedded in the Bakelite cylinder that
was connected to the test cylinder. Then Q,,, was ne-
glected for the practical calculations in Egs. (1) and (2).

The mean value of the temperatures at the six locations
in the test vessel was taken as the bulk temperature 7.
Thermophysical properties of both ethylene glycol aque-
ous solution and ice were based on the data of {14, 15].

RESULTS AND DISCUSSION

Melting Characteristics of Solid —Liquid
Two-Phase Quiescent Liquid Ice Bed

Figure 4 shows the melting behavior along a bundle of
horizontal heated cylinders immersed in a quiescent liquid
ice bed versus time. The results were obtained under the
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conditions of D = 0.02m, Cy; = 30 wt %, and g = 1.5 X
10> W /m?, which are represented in Figs. 4a—d at t = 30,
40, 50, and 60 min, respectively. As shown in Fig. 44, the
melting interface tends to advance remarkably in the
horizontal direction [12], which is quite different from the
common melting behavior observed when common ice [9,
16] or PCM [17, 18] around a horizontal heated cylinder
melts; namely, the melting interface proceeds mainly in
the vertical direction to become “pear shaped.” This is
attributed to the fact {12] that stratified layers that occur
in a melt region owing to double diffusion of coupled heat
and mass transfer prevent the upward movement of the
melt in the vertical direction. As time elapses, the melt
regions tend to combine with others both horizontally and
vertically and to eventually merge into a single melt
region in which a bundle of cylinders are immersed (see
Fig. 4d).

Heat Transfer Characteristics of Solid —Liquid
Two-Phase Quiescent Liquid Ice Bed

Figure 5 shows the distributions of the local heat transfer
cocfficient along the heated cylinder (central one of a
bundle of cylinders), using time as a parameter. The
abscissa denotes the angle 0 (in degrees) from the bottom
of the heated cylinder. The characteristics at ¢t = 30 min
are similar to those for a single cylinder [12]; the melting
interface tends to advance remarkably in the horizontal
direction. For time ¢ from 30 to 40 min, the heat transfer

Figure 4. Melting behavior of solid-liquid two-phase quiescent liquid ice bed.
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Figure 5. Local heat transfer coefficient behavior.

increases markedly (in particular, in the upper portion of
the heated cylinder, 6 > 60°), then decreases abruptly,
which is different behavior from that of a single cylinder
[12]. This may be due to the combining of the melting
regions shown in Figs. 45 and c.

There are stratified layers in the melt region along a
heated cylinder [12], in which both the temperature and
concentration of the lower melt region are in general
greater than those of the upper melt region; the existence
of the stratified layers obstructs smooth convection in the
melt region. Therefore, the connection of the upper and
lower melt regions (see Fig. 4b) causes a mixing of the
liquids; consequently, the liquid of low temperature and
low density around the lower cylinder rises into the melt
liquid below the upper cylinder, which destroys the strati-
fied layers and motivates convection, thus resulting in an
increase in the heat transfer coefficient (see the data for
t = 35 and 40 min in Fig. 5).

Figure 6 represents the characteristics of average heat
transfer coefficient versus time. The data for Cy; = 30 wt

1
3.6 x10* T T T T T T T T
D.=0.02m Coi Wi
30_\\ q =15x10°wm? O 30 ]
Sl 8 LPF =62 % o 20
E
= 20 ¢ .
. \ o
\ Lo
0\6‘6’0/0/ \o\
\o o
1.0+ -0 ]
O T0—0-
0—O-
0 1 1 1 1 1 1 1 i
0 20 40 60 80
t min

Figure 6. Average heat transfer coefficient behavior.

% in the figure correspond to those in Fig. 5. The general
trend through the data is that the average heat transfer
coefficient first decreases sharply with time, takes a mini-
mum, increases to obtain a maximum, then decreases
gradually to approach an approximately constant value.
The sharp decrease in heat transfer at the beginning stage
of the experiment is considered to confirm that the heat
transfer is controlled mainly by conduction; a sharp in-
crease in heat transfer after taking a minimum results
from the combination of the melt regions along both the
upper and lower cylinders.

Characteristics of a Solid —~Air —Liquid Three-Phase
Fluidized Liquid Ice Bed

Figure 7 shows the representative fluidization behavior of
the solid—air—liquid three-phase fluidized liquid ice bed.
As shown in Fig. 7, air bubbles hitting the lowest-row,
second-row, and third-row cylinders are divided into
smaller ones row after row, which confirms that agitation
of a three-phase fluidized bed for a bundle of cylinders is
improved favorably compared with that for a single cylin-
der [12]. Thus for a bundle of heated cylinders immersed
in a three-phase fluidized liquid ice bed, contact between
ice particles, which are accompanied by air bubbles, and
heated cylinders may be markedly promoted.

Average Heat Transfer Coefficient Characteristics

Representative Characteristics of Heat Transfer Figures
8 and 9 show the horizontal and vertical distributions of
the average heat transfer coefficient within a three-row
bundle of cylinders (total of 11 cylinders) immersed in the
fluidized liquid ice bed. The figures reveal that the aver-
age heat transfer coefficient for any cylinder within a
cylinder bundle is uniform both horizontally and vertically,
thus yielding quite favorable fluidization characteristics of
the current system. Therefore, the following discussion on
heat transfer characteristics is for a central cylinder within
a cylinder bundle.

Figure 10 plots the representative characteristics of
both the average heat transfer coefficient along a bundle
of heated cylinders immersed within the fluidized liquid
ice bed and the bulk temperature of the bed versus time.

Figure 7. Fluidization of solid-air-liquid three-phase liquid
ice bed.



3
w00
q W2} Q mis?| t min. [Cowt%)|
o] 15x10°| 3.8x10% 60 | 30
0034x10%] 2.0x107 60 20
i ®|0.68x10°| 3.8x10°7 60 10
30 De=0.02 m T
- —0 © O—
x
‘e
z
20 .
< g————— O ———————
1.0 n
—e . *—
0 L L .
-50 0 50
X mm

Figure 8. Horizontal distribution of heat transfer coefficient.

It is seen in the figure that the average heat transfer
coefficient may be uniform except during the early stages
of the experimental run. However, the heat transfer co-
efficient tends to decrease when the IPF becomes smaller
than about 25% owing to melting of the ice particles.

On the other hand, the bulk temperature in the flu-
idized bed (corresponding to the equilibrium freezing tem-
perature of the aqueous binary solution) is found to
increase monotonically with melting of the ice particles.
When a cylinder is heated under the condition of uniform
heat flux, the surface temperature of the heated cylinder
increases monotonically over time, thus resulting in the
heat transfer characteristics shown in Fig. 10, which were
commonly observed (see Figs. 10-13) throughout the ex-
perimental run.

Effect of Airflow Rate Figure 11 shows the effect of
airflow rate on the average heat transfer coefficient. The
three groups of data correspond to airflow rates of Q =
1.0 X 1073, 2.0 X 1073, and 3.8 X 107> m3/s. As seen in
the figure, the heat transfer increases with an increase in
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Figure 9. Vertical distribution of heat transfer coefficient.
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Figure 10. Characteristics of average heat transfer coefficient
and bulk temperature.

airflow rate. For the common solid—gas two-phase flu-
idized bed, heat transfer tends to decrease for superficial
air velocity (airflow rate) above a certain value, because
the porosity of the bed increases to decrease the particle
density along the heated cylinder [19, 20].

On the other hand, for the current solid—air-liquid
three-phase fluidized liquid ice bed, the ice particles may
float within the liquid owing to their buoyancy or may
cling to the air bubble surface. Then the decrease in
particle density in the current system appears to be small
compared with that of the solid—air two-phase fluidized
bed, thus leading to the maintenance of an efficient flu-
idized bed.

Effect of Heat Flux The effect of heat flux on the
average heat transfer coefficient is demonstrated in Fig.
12. As expected, increasing the heat flux causes an in-
crease in the average heat transfer coefficient. It is seen in
the figure that for g = 1.5 X 10°> W /m?, the average heat
transfer coefficient decreases sharply after ¢ = 60 min.
This may be due to a decrease in IPF to less than about
25% (see Fig. 10) owing to melting of the ice particles.
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Figure 11. Effect of airflow rate on average heat transfer
coefficient.
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Figure 12. Effect of heat flux on average heat transfer coef-
ficient.

Effect of Initial Concentration of Aqueous Binary Solution
Figure 13 indicates the effect of initial concentration of
aqueous binary solution on the average heat transfer
coefficient. From this figure it is seen that decreasing the
initial concentration of the aqueous binary solution leads
to an increase in heat transfer. This may be attributed
mainly to the difference in thermophysical properties; the
heat capacity of the liquid ice increases whereas the
viscosity of the ethylene glycol aqueous solution decreases
when the concentration of the solution decreases (this
corresponds to a higher bed temperature).

Heat Transfer and Its Control Characteristics
in a Solid —-Air —Liquid Three-Phase
Fluidized Liquid Ice Bed

Figure 14 shows the heat transfer performance of the
solid—air—liquid three-phase liquid ice fluidized bed. In
this figure, the ordinate variable is the ratio of the average
heat transfer coefficient for the solid—air—liquid three-
phase liquid ice bed (e.g., arithmetic mean value of the
average heat transfer coefficient for ¢+ = 15-55 min in Fig.
10), h,,, to that for the solid~liquid two-phase quiescent
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Figure 13. Effect of initial concentration on average heat
transfer coefficient.
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Figure 14. Heat transfer performance of solid-air-liquid
three-phase fluidized bed.

bed [12], hy. The abscissa variable is the heat flux, and
the parameter is the airflow rate.

It is seen from Fig. 14 that the heat transfer coefficient
for the three-phase liquid ice bed may be about 6-27
times as large as that for the two-phase quiescent liquid
ice bed. Furthermore, the figure indicates that for any
heat flux the airflow rate may be a useful factor in the
control of heat transfer.

Characteristics of Dynamic Force for Fluidization

It is well known that pressure loss through a fluidized bed
is constant irrespective of the airflow rate after fluidiza-
tion of the particle bed occurs. The dynamic power for
fluidization of the particle bed is, in general, given as

N =U,ApS. 3)

Figure 15 represents the characteristics of the dynamic
power for fluidization of the liquid ice bed. The ordinate
variable is the ratio of the dynamic power for fluidization
to the total heat transferred in a bundle of heated cylin-
ders immersed within a fluidized liquid ice bed, while the
abscissa variable is airflow rate. There are three groups of
data corresponding to heat fluxes of 0.34 x 103, 0.68 X
103, and 1.50 X 10> W/m? As shown in the figure, the
dynamic power ratio for fluidization, N/Q,,, decreases
as the heat flux increases. The figure also indicates that
for g = 1.5 X 10° W/m? the average heat transfer coef-
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Figure 15. Power characteristics for fluidization of liquid ice
bed.



ficient, which is about 20-27 times as large as that for the
two-phase quiescent liquid ice bed, may be obtained by
use of the dynamic power corresponding to about 10% of
N/Q, (see Fig. 14).

PRACTICAL SIGNIFICANCE

One way of addressing load management for air condi-
tioning is through the use of ice thermal storage. Great
attention has been paid to “liquid ice,” a mixture of ice
particles in a liquid matrix, as a new PCM in place of ice
alone, because liquid ice can be transported by pipe. In
addition, quite efficient and controllable heat exchange
can be expected.

The present extensive data on the characteristics of
cold—heat exchange between a solid—liquid two-phase qui-
escent liquid ice bed or solid—air—liquid three-phase flu-
idized liquid ice bed and a bundle of heated cylinders for
a variety of parameters provide a basis for other re-
searchers to develop additional insight into the heat trans-
fer mechanism of much more efficient cold—heat ex-
change.

Figures 11-15 should be quite useful for designers,
public utility regulators, operators, and others in the air-
conditioning community for developing more favorable
cold~heat exchange equipment.

CONCLUSIONS

Experiments were carried out to determine the melting
characteristics along a bundle of horizontal heated cylin-
ders immersed within a liquid ice bed. Both the
solid-liquid two-phase quiescent liquid ice bed and
solid—air-liquid three-phase fluidized liquid ice bed were
adopted. The following conclusions may be drawn within
the parameters covered.

1. For the solid—liquid two-phase quiescent liquid ice bed,
the melting interface between each two cylinders ad-
vances markedly in the horizontal direction owing to
the stratified layers in the melt region. As time elapses,
the melt regions along the respective cylinders tend to
be coupled, which remarkably influences the melting
heat transfer.

2. The heat transfer coefficient for the solid—-air-liquid
three-phase fluidized liquid ice bed increases with in-
creasing heat flux and airflow rate as well as with
decreasing initial concentration of the aqueous binary
solution.

3. The heat transfer coefficient for the solid—air-liquid
three-phase fluidized liquid ice bed may be about 27
times as large as that for the solid—liquid two-phase
quiescent liquid ice bed, where the dynamic power for
fluidization, which corresponds to about 10% of the
total thermal energy transferred within a bundle of
cylinders, is required.

4. The operation of heat exchange within a bundle of
horizontal cylinders by use of a solid—air—liquid three-
phase fluidized liquid ice bed can be quite useful from
the viewpoint of heat transfer promotion as well as
heat transfer control.

NOMENCLATURE
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A heat transfer area of heated cylinder, m?

C,; initial concentration of aqueous binary solution,
wt %

D diameter of heated cylinder, m
h average heat transfer coefficient, W /(m? K)
hg arithmetic mean value of average heat transfer
coefficient in free-convection region for quiescent
solid-liquid two-phase liquid ice bed, W /(m? K)
m arithmetic mean value of average heat transfer
coefficient for solid—gas—liquid three-phase
fluidized liquid ice bed, W /(m? K)
he local heat transfer coefficient, W /(m? K)

IPF ice packing factor (mass ratio of ice to ethylene
glycol aqueous solution), %

Ap pressure loss, Pa

q heat flux of heated cylinder, W/m?

Q airflow rate, m®/s
electricity input to heated cylinder, W
Q\oss heat loss from end of heated cylinder, W
Q.o total heat transferred in a bundle of heated

cylinders, W
S sectional area of test vessel, m?

T, bulk temperature of fluidized liquid ice bed, °C
we local surface temperature of heated cylinder, °C

t elapsed time from start of experimental run, min
U, supefficial air velocity, m/s
wt mass fraction ratio, %

x distance from center axis of test vessel, m

y distance from distributor, m

Greek Symbols
6 angle from bottom of heated cylinder, deg
thermal conductivity, W /(m K)
p density, kg/m?

b3
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