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Abstract

Melting of slush ice in a horizontal cylindrical capsule has been investigated experimentally to determine the interaction
of ~uid ~ow induced by both motion of the slush ice and free convection owing to thermal and concentration di}usion[
The slush ice\ which is a mixture of _ne ice particles and ethylene glycol aqueous solution\ was utilized as a testing
material and was heated by the capsule wall[ During the melting process the slush ice is drawn by buoyancy to the top
of the heated capsule where close!contact melting occurs[ Melting behavior and melting rate of the slush ice were
observed and measured for parameters such as initial concentration of aqueous binary solution and heat ~ux[ The
results revealed that the melting heat transfer of slush ice is markedly e}ected by free convection in the double!di}usive
layers arose from the thermal and solutal buoyancy forces[ Þ 0888 Elsevier Science Ltd[ All rights reserved[

Nomenclature

C concentration of aqueous binary solution ðmass)Ł
Ci initial concentration of aqueous binary solution
ðmass)Ł
D inner diameter of cylindrical capsule ðmŁ
h average heat transfer coe.cient ðW m−1 K−0Ł
hf local heat transfer coe.cient ðW m−1 K−0Ł
I[P[F[ ice packing factor "�mass ratio of ice to ethylene
glycol aqueous binary solution# ðmass)Ł
L latent heat ðkJ kg−0Ł
q heat ~ux of heated wall ðW m−1Ł
T temperature in vessel ð>CŁ
Tb temperature of slush ice ð>CŁ
Tf fusion temperature ð>CŁ
Ts local temperature of slush ice ð>CŁ
Twf local temperature of heated wall\ ð>CŁ
t elapsed time from start of melting ðminŁ
Wi initial mass of ice in test vessel ðkgŁ
Wm mass of melted ice ðkgŁ
Y distance from top of cylindrical capsule ðmŁ[

Greek symbols
ri density of ice ðkg m−2Ł

� Corresponding author[ Tel[] ¦70 900!695!5313^ fax] ¦70
900!695!6778[

rw density of water ðkg m−2Ł
DV volumetric shrinkage owing to melting ðm2Ł
DV? expanded volume of melted liquid owing to
sensible heat ðm2Ł[

0[ Introduction

Melting phenomena are related to a wide variety of
engineering _elds] puri_cation of metals\ welding\ elec!
troslag melting\ thawing of moist soil\ and latent heat!
of!fusion thermal!energy storage are a few of important
applications which have motivated research in this area[

Melting is a phase transformation process that is
accompanied by absorption of thermal energy[ The essen!
tial feature of the systems that exhibit melting phenomena
is the existence of a liquidÐsolid interface that separates
the two phases containing di}erent thermophysical
properties and the absorption of thermal energy at the
interface[ The major problem in melting is thus to deter!
mine transport phenomena of the latent and sensible heat
of the system[ There is quite a large body of literature
concerning a variety of such problems in engineering as
well as in the applied sciences[ Recent reviews summarize
prior work in this area ð0Ð7Ł[

In previous studies pertaining to melting of a solid
contained in a con_ned vessel\ consideration has been
given to either to a melting solid which is constrained to
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prevent its possible movement owing to gravity or to a
solid which is free to fall under gravity ð7Ł[ In the _rst
case\ the melting solid is maintained at a _xed position
inside the vessel throughout the melting process\ then is
completely surrounded by the liquid melt\ and the energy
needed for the melting is transported from the heating
wall to the solidÐliquid interface by free convection
within the liquid melt[ In the second case\ the solid is free
to respond to the net force acting on it[ If the solid phase
has higher density than the liquid phase the solid sinks
to the bottom of the vessel[ On the contrary\ if the solid
phase is lighter than the liquid phase the unmelted solid
is drawn by buoyancy to the top of the vessel[ In either
case\ a region of close!contact melting arises between the
solid and the heating wall[

Utilization of thermal!energy storage system for air
conditioning has recently evoked energy saving and nor!
malizing the requirement level of the electric power sup!
ply ð8\ 09Ł[ For conventional ice!storage systems using a
pure ice system as a phase change material "PCM# it has
been pointed out ð00Ð03Ł that the melting heat transfer
performance may be reduced with time because the melt!
ing ice surface is separated more far from the heat transfer
wall[

Marked attention has recently been given to a slush ice
ð04\ 05Ł\ which is essentially a mixture of _ne ice particles
and aqueous binary solution\ as a new PCM in place of
common ice owing to demand of both high e.cient ice
producing and regulate handling of melting heat transfer
performance as well as transportability[ With respect to
the melting heat transfer performance in releasing the
cold thermal energy from the slush ice\ the melting
characteristics of a quiescent slush ice around a hori!
zontal heated tube ð06Ł and in a rectangular capsule with
a vertical heated wall ð07Ł as well as with a top heated
wall ð07Ł were determined experimentally[

In addition\ a solidÐgasÐliquid three!phase ~uidized
bed heat exchange system ð08Ł and a direct contact heat!
exchange system\ in which the slush ice is operated as the
~uidized bed\ was proposed for releasing the cold thermal
energy[ Detailed basic data on the melting characteristics
of the slush ice are highly required for developing high
e.cient heat exchanger using the slush ice[ However\
there seems to be a variety of unknown characteristics on
the melting mechanism as well as the melting behavior
for releasing both e.ciently and regulatively the cold
thermal energy from the slush ice[

This paper reports a study on the melting charac!
teristics of slush ice in a horizontal cylindrical capsule[ In
order to inspect the local heat transfer coe.cient dis!
tribution in circumference direction in detail\ the capsule
wall was electrically heated to be a constant heat ~ux
condition[ Experimental runs were carried out to inves!
tigate the e}ects of heat ~ux and initial concentration of
aqueous binary solution on both the melting behavior
and the heat transfer characteristics of the slush ice[

Photographs of ~ow patterns are presented\ and depen!
dence of the double!di}usion on the ~ow structure is
discussed[ The results obtained form present study have
great importance and usefulness not only for design of
the high e.cient heat exchanger using the slush ice\ but
also for operations of the thermal energy storage system[

1[ Experimental apparatus and procedure

1[0[ Test apparatus

The experimental apparatus consists essentially of a
test section\ a cooling!brine circulating loop\ an electric
supplying system\ optic systems\ and associated instru!
mentation[ The test apparatus is schematically depicted
in Fig[ 0[ The test cylindrical vessel is a lucite tube of 099
mm inner diameter with 58 mm length[ In order to enable
observation of the phenomena within the vessel the cyl!
indrical vessel was enclosed at the ends by 8[5 mm!thick
double!pane glass disks which were tightened against
rubber a.xed to the lucite tube[ A lucite disk of 899 mm
in thickness in place of one of the double!pane glass disks
was adopted when the distribution of the temperature
within the test vessel by use of the thermoviewer[ An
additional charging chamber\ which is _lled with the
material identical to testing slush ice and may compensate
volumetric shrinkage of the testing material based on
melting process\ was prepared[

Figure 1 shows schematically the details of the heated
wall\ which consists of both main and guard heaters[ The
heaters are made up of lucite tube on which stainless
sheet of 14 mm in thickness are a.xed\ and the surface
of the heaters was electrically insulated using a thin coat

Fig[ 0[ Schematic of experimental apparatus[
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Fig[ 1[ Details of main and guard heaters[

of the epoxy paint[ To measure the surface temperature
of the main heater\ 13 CÐA thermocouples "9[0 mm diam!
eter# with 04> intervals were situated between the main
heater and the inner wall of tube[ Moreover\ additional
19 CÐA thermocouples were attached between the outer
wall of tube and the guard heater to measure the tem!
perature of the guard heater[ A long small slender
shielded probe "a stainless tube with 9[70 mm diameter#
with thermocouples was traversed vertically from the top
of the tube to measure the temperature distribution
within the slush ice[ In addition\ qualitative measurement
of the temperature distribution within the test vessel was
performed by use of a thermoviewer "Nihon Denshi^
JTG!2099#[ The test vessel was set in a temperature!
regulated room\ as indicated in Fig[ 0[

1[1[ Test procedure

To prepare the slush ice possessing the prescribed ice!
packing!factor and initial concentration of solution\ a
liquidÐsolid mixture\ which consists of both _ne ice par!
ticles "average 499 mm diameter sphere# obtained by use
of the screens and ethylene glycol aqueous binary solu!
tion adjusted to _xed temperature and concentration\
was adopted as a testing slush ice[ The ice!packing!factor
"I[P[F[# of the testing slush ice was 54 mass) through
all of the experiments[ Four values of initial solution
concentration of 4\ 09\ 19 and 29 mass) were set in the
experiments[

Before the experimental run\ the temperature of the
test vessel was maintained at slightly less than fusion
temperature of the aqueous binary solution to avoid melt!
ing of the slush ice[ Then the testing slush ice was charged
in the test vessel[ The start of the experiment was de_ned
as when the electric power input was initiated[ As shown
in Fig[ 1\ the guard electric power input was adjusted so

that no temperature di}erence between the main and
guard heaters is detected to avoid the heat loss from the
main heater[ The heat ~uxes was set at 7[9×091\ 0[5×092\
and 1[3×092 W m−1\ and also the temperature in the
temperature!regulated room "see Fig[ 0# was carefully
adjusted to be at the mean temperature between the slush
ice and the melt pool to minimize the heat loss from the
test vessel[ During the course of the experiment\ both the
shape of the melting surface and the ~ow patterns within
the melt were observed and photographed by a shad!
owgraph method using a HeÐNe gas laser as the light
source[ In addition\ the melting rate of the slush ice and
local:average heat transfer coe.cient at the heated wall
were determined[

2[ Data reduction

The essential quantities measured during the course
of present investigation were vessel wall and slush ice
temperatures\ rates of melting\ and electric power inputs[
The procedure to evaluate local:average heat transfer
coe.cient at the cylindrical capsule wall is as follows^

The local heat transfer coe.cient at the wall hf is
de_ned as

hf � q:"Twf−Tb# "0#

in which q is heat ~ux computed based on electric input\
Twf is the local temperature along the cylindrical capsule
wall\ and Tb is the temperature of the slush ice which is
assessed by averaging the temperature distribution within
the slush ice layer[ The average heat transfer coe.cient
is given by the next de_nition^

h �"0:p# g
p

9

hwf df "1#

Mass of melted ice\ which is closely related to volu!
metric shrinkage DV that is measured by the recharging
volume of ethylene glycol aqueous solution in order to
keep a _xed free surface at the level gauge on the recharg!
ing chamber "see Fig[ 0#\ can be evaluated as follows]

Wm �"=DV=¦DV?#×"rw×ri#:"rw−ri# "2#

in which DV? is the expanded volume of the melt owing
to sensible heat that is estimated by both the mean surface
temperature of the capsule wall and the temperature of
the slush ice\ rw is the density of water\ and ri is the
density of ice[

3[ Results and discussion

3[0[ General observation of meltin`

A typical melting process against the time is shown in
Fig[ 2\ where the three sequential characteristics were
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Fig[ 2[ Melting behavior for Ci � 19 mass) and q � 1[3×092 W m−1] "a# t � 4 min^ "b# t � 04 min^ "c# t � 14 min[

reproduced from the photographs\ which were obtained
by shadowgraph method[ Because of its lower average
density the un_xed slush ice rises to the top of the cyl!
indrical capsule where good thermal contact with the
heated wall results in intensive melting[ The upward
motion of the slush ice causes the new melt to be squeezed
out of the gap between at the close!contact region into
the melt pool below[ It was quite di.cult to photograph
the liquid _lm separating the slush ice from the top of
the capsule as the gap was too thin to be detected[

Inspection of the _gure reveals that there take place
strati_ed layers in the melt pool between slush ice and
capsule wall\ which are resulted from a coupled heat and
concentration transfer\ as discussed in detail later[ In
addition\ it may be seen in Fig[ 2 that channel segregates
owing to plume containing solute!rich liquid issuing from
the mush "slush ice#Ðmelt interface "see the bottom por!
tion of the melting slush ice in Figs[ 2"c# and 4#[

Figure 3 illustrates schematically a somewhat com!
plicate mechanism of melting\ which will now be ex!
plained as follows[

"0# As shown in Fig[ 3"a#\ the slush ice is pressed by
buoyancy against the top of the heated capsule wall[
However\ direct contact between the upper portion
of the slush ice and the wall is not achieved owing to
the continuous production of melt by the melting
slush ice\ a quite thin\ liquid!_lled gap necessarily
exists between the slush ice and the capsule wall[ The
liquid produced by melting is continuously squeezed
out of the gap by the force of buoyancy which presses
the slush ice against the top of the capsule[ The energy
needed for the melting of the slush ice which borders
the gap is transported by conduction across the gap[
In addition to what was mentioned above\ it is to be
noted that some part of the melt is squeezed into the
slush ice\ which consequently results in an issuing of
the solute!rich liquid from chimney at the bottom of
the melting slush ice "see Fig[ 4#[

"1# As indicated in Fig[ 3"b#\ the heat transport is domi!

nated by thermal conduction in the initial stage of
the melting\ then the potentially stable concentration
distribution may be formed in the melt region after
some mixing process between the melt water being
produced by melting of the slush ice and the ethylene
glycol aqueous solution[

"2# As illustrated in Fig[ 3"c#\ free convection occurs as
time elapses[ Then\ a number of strati_ed layers\
which are based on double di}usion\ are formed "cf[
ð19\ 10Ł# in the melt between the slush ice and the
heated wall "see Figs[ 2 and 4#[ It was observed that
the number of strati_ed layers increases with increas!
ing initial concentration of the aqueous binary solu!
tion as well as decreasing heat ~ux at the wall[

"3# During the course of the melting the solute!rich liquid
tends to issue out of the bottom of the slush ice
because the melt liquid seeps downwards within the
liquid slush "see Fig[ 2"b# and "c##[ Hence the tem!
perature at the exit of the chimney decreases less
than the fusion temperature of the solute!poor melt
_ngering near the bottom mushÐmelt interface\
which causes the formation of the dendritic frozen
layer "see Fig[ 3"d##[

3[1[ Meltin` behavior and temperature distribution in
vessel

Figure 4 indicates the e}ect of heat ~ux on both the
melting behavior and the temperature distribution in the
vessel\ which were respectively obtained by use of a shad!
owgraph method and a thermoviewer[ It is seen in the
_gure that the number of the strati_ed layers decreases
with an increase in heat ~ux\ which results in a variety of
the shapes of the melting interface[ This fact may be
due to the following reason] the thermal buoyancy force
increases with increasing heat ~ux because of increasing
temperature of the melt liquid in the vicinity of the heated
wall^ then the equilibrium point between the thermal
buoyancy and the solutal buoyancy force moves
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Fig[ 3[ Melting mechanism[

upwards^ a decrease in number of the strati_ed layers\
which corresponds to an increase in distance between the
strati_ed layers\ results in the di}erence in intensity of
the free convection[ In addition\ it is observed that the
~ow rate of the solute!rich melt issuing out of the bottom
of the slush ice as well as the rate of dendritic ice for!
mation increases with an increase in heat ~ux[ This may
be caused by increasing seepage of melted liquid into
slush ice owing to increasing heat ~ux[

It is seen from the temperature distribution "see Fig[
4"d#\ "e#\ and " f## that the temperature in the melt liquid
in the vessel markedly changes owing to increasing heat
~ux[ This may be resulted from the fact that increasing
heat ~ux causes decrease in the number of the strati_ed
layers\ increase in temperature of the wall\ and then
increase in free convection intensity[ On the contrary\ the
temperature in the slush ice decreases with an increase in
heat ~ux[ This may be explained by considering that
increasing heat ~ux results in increasing melting rate and
then decreasing concentration di}usion in the slush ice\
namely\ the concentration di}usion in the slush ice slack!

ens with increasing melting velocity owing to increasing
heat ~ux[

3[2[ Temperature distribution in slush ice

3[2[0[ Transient temperature distribution
Figure 5 shows transient temperature distributions

along the center line from the top to the bottom in the
slush ice for Ci � 19 mass) and q � 7[9×091 W m−1[
The general feature through the data is that the tempera!
ture in the slush ice decreases monotonically as the dis!
tance from the top heated wall where close!contact melt!
ing occurs\ and then sharply increases near the bottom
of the slush ice[

The highest temperature in the vicinity of the heated
wall may be attributed to the fact that the melt liquid
with low concentration is squeezed into the slush ice\
which causes the aqueous binary solution with high con!
centration to ~ow down through the slush ice[ Inversely\
near the lower mush!melt interface "near the bottom of
the slush ice# the melt liquid with low concentration tends
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to be stagnant and hence to di}use into the slush ice from
the melt "see Fig[ 3"d##\ then the temperature of the slush
ice near the mushÐmelt interface "the bottom of the slush
ice# may evidently increase[ Besides the facts mentioned
above\ discharging of the aqueous binary solution with
high concentration results in gradual increase in mean
temperature through the slush ice[

3[2[1[ Effect of heat ~ux
In Fig[ 6\ the e}ect of heat ~ux on the temperature in

the slush ice at the heat input of 1[3×095 J m−1 is
depicted[ The _gure indicates that reducing in the heat
~ux causes increasing in the temperature in the slush ice[
This may be due to the following fact^ the melting time
increases with a decrease in heat ~ux\ which results in
increasing melt liquid with low concentration that seeps
into the slush ice and then that discharges out of the
bottom of the slush ice[

3[2[2[ Effect of initial concentration of solution
Figure 7 shows the e}ect of initial concentration of

binary solution on the temperature distribution in the
slush ice for Ci � 4\ 09\ 19 and 29 mass)[ It is seen in
the _gure that increasing initial concentration of solution
causes decreasing temperature in the slush ice as well as
increasing temperature di}erence between the maximum
and the minimum values in the slush ice[ An increase
in initial solution concentration reduces the equivalent
freezing temperature of the slush ice and then promotes
the temperature di}erence between the melt liquid seep!
ing into the slush ice and the binary solution within the
slush ice[ This may be one of the reasons for the tem!
perature characteristics mentioned above[

3[3[ Characteristics of local heat transfer coef_cient

The detailed variation of the local heat transfer
coe.cient as a function of location along the heated wall
are shown in Fig[ 8\ in which total heating rate "q×t# is
identical for all the data[ The abscissa is angle in radian
from the top of the testing vessel[ The general feature
through the data is that the local heat transfer coe.cient
sharply decreases for f between 9 and p:3\ and then
gradually decreases with local:cyclic increase and
decrease[ The sharp decrease for f from 9 to p:3 may be
due to the fact that the melt thickness "i[e[\ distance
between the slush ice and the heated wall# increases with
increasing f\ thus resulting in increasing thermal resist!
ance[ Local:cyclic increasing and decreasing for f greater
than p:3 may be resulted from both the formation of
strati_ed layers and the free convection between the
strati_ed layers[ The di}erence in heat transfer coe.cient
with di}erent value of q at the top of the vessel "f � 9#
where close contact melting occurs may be explained by
considering that the latent heat based on the melting of
ice particles suppresses the temperature increase of the

heated wall owing to increasing heat ~ux[ Namely\
increasing of the temperature di}erence de_ned as
"Twf−Tb# is quite small in comparison with increasing of
the heat ~ux[ As a result\ the local heat transfer coe.cient
calculated by eqn "0# increases with an increase in heat
~ux[

3[4[ Characteristics of avera`e heat transfer coef_cient

3[4[0[ Effect of heat ~ux
Consideration will now be given to the characteristics

of the average heat transfer coe.cient[ Figure 09 indi!
cates the e}ect of heat ~ux at the heated wall on the
average heat transfer coe.cient\ h\ for three values of
heat ~uxes\ 7[9×091\ 0[5×092\ and 1[3×092[ The abscissa
denotes the amount of heat added to the slush ice during
the time t[ From Fig[ 09\ the average heat transfer
coe.cient sharply decreases at the initial stage of melting\
keens approximately constant or quite slightly decreases\
and then decreases again\ with time[

The decrease in the value of h at the initial stage of
melting may be attributed to a sharp increase in tem!
perature of the heated wall owing to increasing distance
between the slush ice and the heated wall[ Meantime\
onset of free convection in the melt liquid enhances the
heat transfer\ which may result in a quite slight decrease
in the heat transfer coe.cient with the time[ The decrease
in h at the _nal stage of melting may be resulted from the
following fact] the buoyancy force acting on the slush ice
decreases and close!contact area at the top of the vessel
decreases\ causing an increase in the temperature of the
upper past of the heated wall[

On the contrary\ the value of h increases with an
increase in heat ~ux[ This may be due to the fact that an
increase in heat ~ux enhance natural convection\ and
then an increase in temperature of the heated wall is
suppressed[

3[4[1[ Effect of initial concentration of solution
The e}ect of initial concentration of solution on the

average heat transfer coe.cient\ h\ against the time is
presented in Fig[ 00[ The major tends of timewise vari!
ations of h for Ci � 4\ 09\ 19 and 29 mass) appear to be
quite similar to those in Fig[ 09[ However\ it is seen in
Fig[ 00 that the values of h at the range of abscissa
from 79Ð019 min for Ci � 4 and 09 mass) considerably
decrease unlike those for Ci � 19 and 29 mass)[ This
may be resulted from increasing temperature in the slush
ice during the melting time with an increase in initial
solution concentration[ In addition\ increase in initial
concentration reduces the average heat transfer
coe.cient\ which may be due to the following fact^ as the
initial solution concentration increases\ both the number
of the strati_ed layers and the viscosity of the melt liquid
increase\ which eventually may suppress the free con!
vection in the melt^ the temperature of the top of the
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Fig[ 4[ Melting behavior and temperature distribution for Ci � 19 mass) and q×t � 1[77×095 J m−1] "a#\ "d# q � 7[9×091 W m−1^
"b#\ "e# q � 0[5×092 W m−1^ "c#\ "f# q � 1[3×092 W m−1[

Fig[ 5[ Slush ice temperature[

heated wall where close!contact melting occurs is
approximately constant irrespective of initial solution
concentration\ while the average temperature in the slush
ice decreases with an increase in initial concentration of
solution[

Fig[ 6[ E}ect of heat ~ux on slush ice temperature[

3[5[ Meltin` rate

3[5[0[ Effect of heat ~ux
Figure 01 shows the e}ect of heat ~ux on the melting

rate of slush ice[ The ordinate denotes the ratio of the
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Fig[ 7[ E}ect of initial concentration of solution on slush ice
temperature[

Fig[ 8[ E}ect of heat ~ux on local heat transfer coe.cient[

Fig[ 09[ E}ect of heat ~ux on average heat transfer coe.cient[

Fig[ 00[ E}ect of initial concentration of solution on average
heat transfer coe.cient[

Fig[ 01[ E}ect of heat ~ux on melting rate[

mass of melted ice Wm to initial mass of ice charged in
the vessel Wi before the test run[ The abscissa indicates
the amount of heat supplied during the time t[ The melt!
ing rate increases monotonically as the time advances\
while the increasing rate gradually decreases[ This may
be due to the fact that close!contact area between the
slush ice and the heated wall tends to decrease as time
elapses[ On the other hand\ it was obtained from the
results that the melting rate was not a}ected by heat ~ux[
It may be considered that almost all of the heat input
from the heated wall is not spent as sensible heat for the
increasing of the melted liquid temperature but as latent
heat for the melting of the slush ice[

3[5[1[ Effect of initial concentration of solution
The e}ect of initial concentration of solution on the

melting rate of slush ice is demonstrated in Fig[ 02[ From
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Fig[ 02[ E}ect of initial concentration of solution on melting
rate[

the _gure\ it seems that the melting rate may be hardly
in~uenced by a variation of the initial concentration of
solution[ The reason for this phenomenon may be con!
sidered the following e}ects which are contrary to each
other] the latent heat of fusion of the slush ice decreases
with increase in the initial concentration of solution due
to the decrease in the equilibrium temperature of the
solution "see Fig[ 03#\ thus resulting in an easy melting of
the slush ice^ increasing initial solution of concentration
causes an obstruction of the free convection due to the
increasing of the viscosity of the melt layer and of the
number of the strati_ed layers\ therefore\ temperature of
the melt layer for 19 mass) is about 1[4>C higher than
that for 4 mass) because of the heat ~ux which is mostly

Fig[ 03[ Latent heat of ice in aqueous solution[

utilized to increase the liquid temperature as sensible
heat[

4[ Conclusions

Experiments were performed to determine the melting
characteristics of slush ice in a horizontal cylindrical cap!
sule[ The following conclusions may be drawn within the
experimental range of parameters covered in the present
work[

"0# During the melting process the slush ice is drawn by
buoyancy to the top of the heated capsule where
close!contact melting occurs\ which results in inten!
sive melting[ The upward motion of the slush ice
causes the new melt to be squeezed out of the gap at
the close!contact region into the melt[

"1# As the time advances\ the free convection is gener!
ated\ by which a number of strati_ed layers are for!
med in the melt between the slush ice and the heated
wall[ The shape of the melting interface is markedly
in~uenced by both the location and height of the
strati_ed layer as well as the number of the strati_ed
layers[

"2# The local heat transfer coe.cient is greatest at the
top of the vessel and tends to decrease along the
vessel wall with local:cyclic variation due to the
strati_ed layers and the free convection[ The average
heat transfer coe.cient increases with an increase in
heat ~ux\ while it decreases with decreasing initial
solution concentration[

"3# The melting rate of the slush ice increases mon!
otonically as a function of melting time\ irrespective
of the heat ~ux and initial solution concentration[
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