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NOMENCLATURE

A area of melting surface
a~ deflned by eq 4
a0 defined by eq 6
B a constant
c specific heat of water
g gravitational acceleration
Gr Grashof number, ~L3

~fl.,(T~-T.,)IIs’~
h average heat transfer coefficient
k thermal conductivity of water
L, hel~~t of the Ice sample
L latent heat of fusion of ice
M melting rate
Nu1 Nusselt number (hL)/k with melting
Nu0 Nusselt number without melting
Pr Prandd number as cp/k
q~ heat used for mel ting
q~ sensible heat
R radius
Re1 Reynolds number , (vpL)/p
T, initial ice temperature
T_ bulk water temperature
Tm melting temp erature
T~ plate tempera tu re

~ T temp erature difference (T..~Tm)
watcr velocity

v,~ velocity along the plate
H’ amount of ice melted
x coordina te along the plate
y coordinate perpendicular to the plate
a thermal diffu sivi ty of water

defined as c(T,,-.Tm) / L f

~,
o tIme
p viscosity of water

v kinematic visGosity
p density of water

density of ice
r
~ 

shear stress at the interface without melting
r,,~ shear stress at the interface with melting
A a dummy variable
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SUMMARY

An experimental device was developed to simulate the heat transfer behavior of a rather large proto-
type ice-water heat sink. Since both the laboratory setup and the prototype heat sink used the same
fluid medium (i.e. ice-water), It would have been nearly impossible to provide the dynamic similarity
needed to ensure that the laboratory work would reproduce heat transfer characteristics of the proto-
type. This difficulty was circumvented by Installing belts on two opposite sides of the square rest col-
umn. The belts were designed and adjusted to move at the same direcuon and velocity as the water
flowing througi~ the test chamber. In doing this, the laboratory setup could be considered as a sc~
mental ring cut from the proposed prototype.

The e*perlments covered bulk water temperatures ranging from 1.11° to 7.SOC and water velocities
from 1.7 to 9.8 mm/s. The experimental results can be expressed In terms of Nusselt, Prandd and
Reynolds numbers as NUL/Pr 3.275(Re1)°~~° with a moderate correlation coefficient of 0.843. The
results were also compared with those computed from the case of laminar heat transfer over a horizontal
melt ing plate . It was found that the results were four to five times higiser than those for the horizontal
plate.

From this study it was also concluded that, for the case of forced convective melting heat transfer,
the effect of buoyancy force created by maximum density at 4°C on heat transfer appeared insignifi. 

V

cant even at the lowest velocity (i.e. 1.7 mmfs) conducted In th is investiption. The heat transfer was
drastically reduced in the vicini ty of about 5.6°C in the case of free convective melting heat transier for
a wide variety of melting geometries .
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V .

HEAT TRANSFER OVER A VERTICAL
MELTING PLATE

Yin.Chao Yen and Mark N. Hart

INTRODUCTION investigated this problem further by conducting a
larger scale experiment using an ice cylinder 3.0 m

Problem in height and 1.83 m in diameter. Both studies have
Ice has been considered as a heat dissipating medi- provided a quantitative description of the melting

urn for enclosed generating systems, and considerable pattern as a function of operating lime.
interest has been devoted to investigating the feas ibil- In a more recent study, Grande4 presented an analy-
ity of using ice in heat sinks for underground hardened sis and development of the conceptual design of an ice-
military installations. These sinks would be used in water heat sink system to accommodate the closed cycle
an emergency situation to absor b the waste heat cre- operation of a 1 500-kW nuclear power plant in a hard-
ated by an underground power generating stati on and med underground inst allation. This study provided a
its associated support facilities. During most of a critical review of previous work on ice-water heat sinks.
power plant’s operation, heat rejection is accomplished It also extended the analytical description of the sink’s
at the ground surface with typical cooling towers and thermal performance and assessed the available options
water reservoirs , but a system that is capable of ab- for varying the flow path of coolant waler within the
sorbing all the waste heat for a short period of time sink. Computer programs were developed for predict-
must be available at a moment ’s not ice. A typical in- ing the time histories of heat sinks in conjuncti on with
staff ation would consist of a nuclear steam turbine power plants, and a pract ical sink design was developed
generator , a steam condenser and three ice-water heat based on the power plant perform ance constraints.
sinks. One concept in particular uses cylindrical ice The present study was conducted in order to simu.
columns of 33.5 m height and 19.8 m diameter, with late the exact flow conditions found within the proto-
a circu lating coolant rate of 9 08x 10’ kg/h and a typ e. An inherent problem with scaling a flow si tuation
minimum anticipated heat rejection rate of 6.13x 10’ such as this is that the flow dynamics of a scale model
kcal/h (see reference 2). cannot be exactly reproduced in the prototype. To cir-

Brown and Quinn2 studied such a heat sink by geo- cumvent this difficulty, the present experiment al setup
metrically scaling their experimental setup to the actual is designed in such a manner that it is essentially a seg-
33.5-x 19.8-rn prototype with a cylindric al block of ice ment of the prototype. A melting ice plate is used to
1.83 m in heigh t and 1.22 m in diameter . Since the simulate the vertical ice face of the column while the
same fluid (ice-water) was used for both the model and back wall of the test tank acts as the containment wall
the prototype sink, it was impossible to devise a model of the prototype. Since a segment within the annular
with total similarity to the prototype. They developed space of a prototype would be bounded on both sides
a scale model taking into consideration temperature , by water flowin g downward at the same rate, the de-
heat transfer and time factors, in addition to geo- sign of the experimental setup includes continuous belts
metrical and performance characteristics, as a basis at the opposing sides of the test tank moving at the
of analysis for the prototype. The results of the same velocity as the water.
experimental model studies were compared with those
predicted from numerical computation of the system. General review of the subject
Favorab le comparison was obtained, providing confi- Most of the previous work involving melting of ice
dence in using model study results to calculate the was on free convective heat transfer. This work is corn-
prototyp e performance . Stubstad and Quinn ’ pf icated by wat er’s intriguing feature of reaching a
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maximum density at about 4°C. Since existence of associated equipment for easy and accurate assembly
maximum density implies that the thermal expansion of the apparatus, were specified to eliminate the need
coefficient fi changes its sign, the use of an averag e for organic lubricants which could contaminate the
value of ~ then becomes physically unrealistic. More water and affect its physical properties. Apparatus cons-
important is the possibility of dual (or “ split ”) flow ponents containing oil, such as gear reducers and fleal-
due to the change in direction of the buoyancy force. ble shafts , were separated from the rest of the sys tem.
Another factor is the change of phase at the solid! This precluded the possibi lity of Introducing detergent
liquid interface, whic h introduces an inter facial oils that would combine with any trace metal salts in
velocity and may distort the flow field , thereby affect- the water to create detergent soaps, which would have
ins the heat transfer rate . Tkachev ’was the first to altered the viscosit y and surface tension of the water
obse rve the minimum Nusse lt number at 5.5°C in his and introduced unknown factors into the melting
experimental work with melt ingcylinders. He attributed characteristics of the test ice samp le.
this minimum to the possibility of two opposing flow Figure 1 shows the schematic of the experimental
regimes within the boundary layer. Schechter and setu p. It essent ially consists of four major parts, i.e.
Isbin’ experimentally demonstrated the existence of the water reservoir, test chamber assembly, and pump-
dual flow. From their measurements of the velocity ing and control systems. The entire assembly was de-
profiles near a warm plate immersed in water , they signed to accommodate a test sample of ice with an
showed that , at certain temperatures , the inner portion exposed vertical face 0.914 m In height and 0.305 m In
of the boundary layer moved upwards while the ou ter widt h.
portion moved downwards. Merk5 solved the problem
by using an integral method with a moving coordinate Water reservo ir
system and by considering water as a high Prandt l num- The 1 22 x 1.22 x 0.46 m high tank is constructed
ber fluid. For the case of ice spheres, Merk s analysis of welded 4.76-mm aluminum plate. It is supported
indicated that there was a minimum Nusselt number above the floor by a channel aluminum footing to re-
and a complete inversion of flow at a bulk tempera- duce the heat transfer between the bottom of the tank
ture of 4.8°C. and the coidroom floor. Both the bottom and side of

the tank are insulated externally by 1 ‘/,.4ri thick Styro-
foam sheeting. The tank has an operating capacity of

EXPERIMENTAL APPARATUS 0.473 m3 and is equipped with a ‘I~ horiepower mixer.
This mixer, through the aid of the baffle system within

General considerations the reservo ir , draws water past the seven 750W heaters
By the nature of this experiment, there is a need for on the two adjoini ng sides of the tank , pulling it through

the maintenance of a constant water temperature and a passage in the baffle plates into the major open section
a minimum heat loss in pumping water at a desired rate of the reservoir where it is thoroughly mixed. A therm-
through the flowmeter to the inlet of the test assembly. istor probe, placed within this area, is connected to an
P~vC pipe was selected for use in all pipi ng because of on-off controller for the haters. This probe registers
it~, low thermal conducti v ity . Clear Plexiglas was used temperature change to within ± 0.05°C.
for thc cons tr uction of the test tank because of its
optica! c ’~rity and easy fabrication . Test chamber assembly

The other factor to be considered was the mainte- ihe test chamber is constructed of 19.mm clear
nance of water quality at constant comp osition Plexiglas with its external dimensions of 0.495 x 0445
throughout the experiments. The high corrosion re- x 1.238 m high. It contains the ice frame , ice-frame
sistance of aluminum , stainless steel, and brass made baffles, internal frame belt assembly, drain system and
their use practical in various load bearing frames and inlet flow distribution box . Figure 2 shows the ice-frame
components that were in contact with the water . A and the baffle device which has the general dimensions
small piece of magnesium was placed within the of 0.425 m wide x 0.914 m long x 0.152 m thick. The
reservoir as a sacrificial metal to protect the aluminum ice frame is also constructed of 19-mm Plexiglas with
from cathodic reaction with the brass and stainless 8.5-mm aluminum plate mounted in back. The ice sam-
steel. Distilled water was used to eliminate the problem pIe has a surface area of 0.914 x 0.305 m exposed to
of chlorine corrosion found in tap water and the pro- melting. The weig ht of the Ice frame is about 19.96 kg
duction of metal salts that could influence the melting and the ice sample weig hs about 42.64 kg. The ice-frame
rate of icc. Designs using Teflon and nylon bushing and slips down within recessed surfaces on the inside of the
bearing surfaces , as well as close sliding fits between test chamber and rests upon a baffle arrangement at the

~~~~~~~~~~~ VV V~~~~~~~~~~~
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1 Rossmetsv 6. Heaters tram. belt .sembly
2. Mixer motor 7. Test chamber *ljn valves 12. Belt drive assembly
3~ Flow control valves 8. Control tox 13. Test chimbqr
4 . Pump assembly ~~ . ~. 14. Thermocouple tubas
6. Reservoir 10. Overflow pipe

Figure 1. Schematic of the experimental setup.
3



bottom and the removable upper perforated plate .
7/ ..L~ ii 

Both plates have 1 2.7.iiim.diam drilled holes arranged

~~~~~~~ ~~~~ ~j in a mutuall y staggered fashion so that no flow goes
Bof II. 7/ /x~j 4~4~ 

directly throu gh both plates without being diverted at
Ii’ /~~ IIlI right angles to reach the hole of the bottom plate . The

// //~ 1fl~r net effec t is to provide an even water flow throug hout

~U // ~~1IIV I the entire cross sect ion of the test chamber. Similar ly
the drain syste m is designed to provide an even with-
drawat of water throug hout the cross section . This was
accomplished by installing six 34-in . I D. PVC pipes,
evenly spaced, running horizontally ou~ both sides of
the test tank. A slit , 0.305 m long and 25.4 mm wide,
was cut in each pipe In the side facing the chambe r bot-
tom, and 12 PVC gate valves were installed at the

to. ~~ ends of the pipes for adjustment for equal flow rates
out of each pipe.

Lead The internal frame belt assembly is situated within
/ 1  the perimeter of the test chamber. The belts, made of

Aluminum . -
Bockplats , , ~ 

0.089-mm-thick Mylar , are set up such that there exists
,, ~‘j 

ex actly a 0.305 x 0.305-rn-square cross section for the
, ~

‘/ water flow . The belts are driven downwards (inside the
/ belt frame) at the velocity of the water flow to simulate

A 14’ ~ an infinite medium of water flow on both sides of the
test chamber. This assembly is driven by a ‘/12 -horse-

Plexiglas I power variable speed d.c. motor with a speed range of
Ice-tram. lOO to 1750 rpm. The speed is reduced by a 10:1 ratio

gear reducer with a single takeoff which in turn drives
IC. a 20:1 ratio gear reducer with two t.akeoffs. Two flexi~ble shafts connect the final gear reducer to the belt

roller of 38-mm diameter. The belt drive rollers are
capable of operating anywhere within the range of 05
to 8.75 rpm.

I End- plots The entire test chamber and belt drive assembly is
I supported by the externa l frame centrally situated in

• the reservoir . This frame is mounted on threaded brass
Figure 2. Schematic of the Ice frame, studs on the reservoir bottom and can be adjusted such

that the entire frame and assembly are vertica l. The
test chamber is hinged on the external frame so that it

bottom of the chamber , which reduces unwanted may be tilte d bac k for easy removal of the belt drive
erosion on the end of the ice sample. A similar arrange- assembly ice frame and samples.
ment on the top end of the ice trame serves the same
purpose. Uniform flow is achieved by evenly distribut - Pumping system
ins and draining the water ove r the entire cross section , The reservoir water is pumped by a rotary gear pump
and simulated water flow on both sides of the chamber operating at its maximum rate of 4.52x iO~ kg/h. The
is accomplished by the use of belts (made of plastic pump assembly is connecte d to the reservoir by a flexi .
sheeting) moving down at the same velocit y as the ble reinforced rubber hose This reduces the vibration
water flowing past the ice, that would have been transmitted to the tank if a solid

The flow distributor , constructed of Plexiglas with pipe had been use d, eliminating considerable noise and
a perforated bottom , sits on top of the test chamber; associate d fatigue of we lds. The desired amount of water
it has 0.1 52-m.high sides to control splashing and is discharged to the test chamber is regulated by a bypass
fed by a fou r-outlet header pipe. The water is intro- and a main line flow control system. It consists of 1-in.
duced at right ang les to the bottom for even wate r dis - PVC pipe with thc man line flow controlled by a 1-in. -
t ribution over the top perforated plate . Spacers are ID. brass gate valve leading to the Rotameter and a
used to vary the distance between the perfora ted bypass line upstream of the valve returning the excess

4 
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• water to the reservoir . The Rotameter is rated from ensu re that the frame and the ice are conditioned to a
1.388 x 10~ to 1.388x 10 3 m3/s. uniform temperature of —1 .0°C.

Prior to the experiment , the end plates and plugs for
Electrical control system the ice anchor are removed and the silicone elastomer

All electrical controls for the experiment are arranged cleared from the ice frame. Then two stainless steel rods
together within a control box as an integral part of the are passed down throug h the tubes of the ice anchor and
experimental setup. Both 120- and 208-V power is threaded into the Plexiglas block to create a handle for
supplied through individual disconnect switches . A placing the ice frame in and removing it from the test

• variable speed control unit is used to regulate the ~~~~~ reservoir .
horsep ower d.c. motor for the belt drive , A thermistor In the meantime, the apparatus Is being prepared for
on.off control connected to the probe in the reservoir the experiment. Before the test , the 12 drain valves are
tank operates three relays for the seven heaters in the calibrated for a specific flow velocity by volumetric
reservoir. The switch panel provides indep endent flow timing with each one adiusted to equal flow rates
manual control for each of the seven heaters , as well as at the test temperature. Then the coidroom tempera-
the mixer motor , rotary gear pump, and temp erature tore is raised to 20°C to dry out the water remaining in
control unit. the va lve seats and other parts of the piping system to

prevent possible freezeup when the room temperature Is
brought down to —1 .0°C during the experiment. To

EXPERIMENTAL PROCEDURE assure a plug fl ow in the test chamber , the variable speed
drive is adjusted so that the timed movement of the belts

• The ice samples are made by first preparing the ice matches the calculated water velocity in the chamber .
• frame for freezing the distilled wdw r . During this The temp erature for the test is set by bringing the

process, the end plates of 12.7-mm-thick Plexiglas are reservoir to the desir ed temperature and maintaining it
attached to both ends of the ice frame. The plates are at that level with the on-off thermistor control.
held in place by scre ws with all mating surfaces between Prior to the experiment , the coldroo n tempe ratu re is
the ice frame and end plates being temporarily sealed adjusted to that of the conditioned ice sample (—1 .0°C).
with silicone elas tomer. The ice anchor , made of two With the reservoir mixer running, the heater control sys-
PVC tubing s leading to threaded holes in a bloc k of tern is turned on to establish the desired steady state
Plexiglas , then is put into a position within the ice frame temperature in the reservoir, Once the room is at
with the ends of the two tubings plugged with rubber —1 .0°C, the ice frame is broug ht to the room and

• stoppers and also sealed with silicone elastomer to pre- weighed, the test tank tilted back, and the ice frame
• vent water from entering (see Fig. 2). The anchor is placed into the chamber. The handle attached to the

kept from moving out of place by lead weights , and the anchor is removed and replaced with two rubber stoppers,
plugged ends of the tubings rest against the end plate . and the internal fram e belt assembly is slipped into the
The ice frame is then placed and leveled on the alumi - chamber . The inlet flow distribution box is attached to
num cold plates; this enables the ice surface to be level the side wall of the test chamber and two thermistors
with the fram e’s front surface . Ethylene glyco l at are then inserted throug h the perforated plate and left
—20°C circulates throug h the 0 28-m.diam co ldplates hanging more or less one-third and two-thirds down the
from a constant temperature bath cooled by trich loro- ice frame to measure the variation of temp erature in the
ethylene at —73 .0°C. In fil ling the ice frame with dis- water duri ng the experiment (the original design with
tilled water , the expansion factor in forming ice from thermoco uples was not used ). A 1 .6-mm Plexiglas sheet
water is also taken into account . During the entire is inserted between the belt assembly and ice frame (to
freezing period, the ice frame is covere d with an in- prev ent melting during rapid filling of the chamber) and
verted , tig htly fitting 38-mm-thick Styrofoam box the top ice frame baffl e is installed. The test chamber is
(without top) and the co ldroom temp erature is kept at then erected into vertical position and the inlet header
1.67°C. This allows the ice to form in an upward pipe and fl exible drive shafts are connected.
direction only and eliminates the ice expansion problems An experiment is initiated by starting the pump and

• associated wi th the phase transition, Once the ice sam- closing the bypass valve. The belt drive is turned on
pIe is made (which usually takes four days) the su rface while the test chamber is being filled . As soon as the
is smoothed and evened with a warm copper billet. The water reaches the overflow level , the Plexiglas sheet is re-
excess ice is removed , making the ice surface flush with moved and the experiment started. The flow rate is
the ice frame. The ice frame is then placed in a cold- adjusted by use of the mainline and bypass va lves until

• room maintained at —1 .0°C and rema ins there for at there is a small trickle coming out the overflow pipe.
least 36 hours with a fan blowing on the backpl ate to The desired flow rate in the test cham ber is regulated by
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F i~j r e  3. Melting rate as a function of bulk ~uter temperature.

setting the Rotameter reading. The thermistor readings Ice melted, the variation of the extent of ice melting is
are recorded periodically to see if any variations in measured at various points on the surface .
temperature exis ted during the test. The duration of
the experiment is determined primarily by the water
temp erature. For temp eratures as low as 1.1°C, experi- EXPERIMENTAL RESULTS
ments last as long as six hours and still do not have an
excessive amount of melting. For higher water temp era- In total, 46 experiments were conducted covering
tures, the duration is usually about two or three hours, test chamber water velocities v of 1.7 to 9.8 mm/s and
The experiment is terminated by turning off the gear bulk water temp eratures T_ of 1.1 1° to 7.50°C. The
pump and unplugging the two auxiliary drains located ice sample prior to the exper iment had a smooth surface
at the bottom of the test chamber. Then the inlet flush with the ice-frame, but after the experiment , the
water pipe is disconnected , and the thermistor leads ice surface was found to be relativel y flat with some
removed from the chamber . The test chamber is tilte d extra melting along the side near the top . This is
back as soon as the water level reaches the bottom of attributed to the turbulence created by the inside edges
the chamber and the inlet flow distributor , top ice of the ice-frame as ice melts away. In most cases, with
frame baffle and belt drive assembly are removed, the exception of the highest water velocity used in the
Since the ice and the room are maintained at —1 .0°C, experiment , the ice surface at the termination of the
a thin layer of ice forms between the backplate of the experiment remains flat indicating even melting. For

• ice frame and the test chamber during the test. To the case of 9.8-mm/s veloci ty and the highest tempera-
ease removal of the ice frame from the chamber , usually tore (i.e. 7.50°C) there is a greater melting near the
a small amount of hot water is poured directl y on this water entrance to the test chamber. Experiments 12-13
inte rface . As soon as the ice frame is removed from the and 14-15 were run to determine the reproducibility of
test chamber and weig hed to determine the amount of data under identical conditions . It can be noted that

6
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Table I. Experimental parameters and computed results.

Bulk water Experiment Water Melting Nuuelt Prondtl Reynolds
Expetlment temperature duration velocity rate number number number

number 1’,, (‘C) 8(h) v(mm/s) m(kg/h) NUL Pr RCLXI(r 3

1 2.2 6.00 5.1 1.60 396 13.0 3.03
2 1.94 3.00 5.1 1.21 342 13. 1 220
3 2.22 6.00 L7 1.07 264 13.0 0.87
4 2.22 600 1.7 1.20 296 13.0 0.94
5 4.72 4.00 1.7 2.09 241 12.4 1.02
6’ 4.72 4.00 1.7 2.25 259 12A 1.02

• 7 1.94 5.00 9.8 1.49 419 13 .1 6.00
8 1.94 5.00 92 1.60 452 13 .1 6.03
9’ 1.94 5.00 9.8 1.69 478 13.1 5.65

10 1,83 5.00 9.8 1.47 44 1 13.1 5 3 3
11’ 1.83 5.00 9.8 133 462 13.2 5. 46
12 730 1.25 92 6.11 443 11 .8 7.07
13 730 1.25 9,8 6.10 442 11.8 7.07

• 14 4,72 2.50 9.8 3.76 437 12 ,4 6.50
15 4.72 2.50 9.8 3.67 424 12.4 630
16 2.77 400 9.8 207  408 12 ,6 6.10
17 3.61 3.00 9.8 2.75 416 12,1 6.64
18 5.83 200 9.8 4.65 433 12.2 7.32
19 5.83 230 5.1 3.68 344 12.2 3.40
20 720 2.00 5.1 4.64 350 11.9 334
21 4.44 300 5.1 2.95 362 11 .9 3.25
22 3.33 4.50 5. 1 2.10 343 12. 3 3.15
23 1.11 7.00 Si 0.76 377 13.3 2.91
24 5.83 2.50 1.7 2.92 290 12.2 1.13
25 7.22 2.00 1.7 3.88 308 11 .9 1.1$
26 4.44 300 1.7 232 329 123 1.12
27 5.56 1.75 L7 2.76 268 12.3 1.12

• 28 5.80 2.75 1.7 2.71 252 12.2 1.17
29 3.47 5.00 L7 1.79 280 12.7 L10

• 30 242 5.00 Li L02 227 13.0 1.05
31 2.25 5.00 1.7 0.92 222 13.0 1.05
32 3.84 3.00 1.7 123 258 12.6 1.10
33 4.41 3.00 13 2.33 285 123 1.13
34 4.95 3.00 Li 2.43 265 12.4 1 .1$
35 6.18 230 1.7 3.27 284 12i 1.19
36 2.25 4.75 1.7 1.14 277 130 1.05
37 134 5.00 1.7 0.73 261 13.2 1 .28
3$ 3.30 2.50 6.1 2.35 370 12 .8 4.68
39 5.50 2.17 6i 4.08 379 122 3.74
40 5.75 3.00 3.4 3.66 343 12.2 2.08

• 41 724 238 3.4 4.49 341 11.9 2.12
42 3.64 4.42 3.4 2.17 324 12.7 1.92
43 2.40 5.00 3.4 1.47 334 13.0 1.84
44 4.43 230 5.1 2.59 352 123 2.9S
45 4.43 2.50 5.1 3.09 376 12.5 2.95
46 4.43 2.50 Si 3.25 369 12.5 2.95

Exp.rkn.nts wIthc~t belts operating.

the apparatus was able to provide consistent data . A calculated results. Figu re 3 shows the variation of
few experimental runs were also conducted without melting rate M w,~h T,,, using v as a parameter. All
the belts mov ing to assess the effect of the buildup of the curves are extrapola ted to point zero for no melting
side boundaries on the melting rate. To simulate the at 0°C. The data show a great deal of scattering,
prototype operation conditions more closely, all other demonstrating the possibility that vary ing extents of
experiments were conducted with the belts moving. turbulence were introduced at the entrance of the test
Table I shows the experimental conditions and the chamb’r, As mentioned earlier , the water must be 
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FIgure 4. RelatIon between NUL/Pr and Re1.

maintained at an overflow level during the entire test recorded. The amount of ice melted W is used to corn-
period. Otherwise, there will be a gap between the pute q1 = W c1(T~ 

- T1), and Q~ 
= WL~ where c1, T1

• inlet water distributor and the water level in the rest and L, are the specific heat, initial temperature, and
chamber, and the water will be running down to the latent heat of fusion of the Ice, respectively. Figure 4
chamber, thus cieating turbulence and promoting a shows a correlation between Nu1/Pr and Re1 in which
higher rate of heat transfer. Also the low sensitivity NUL and ReL are evaluated based on height of the plate.

• of the weighmg scales has contributed to the incon- The relation can be fairly represented by
sistency of the data. Regardless of the scattering of
the data, however, the trends clearly show that the 

= 3 275 ‘Re ~0.270 ‘2ice melting rate has a strong dependence on bulk water 1’
temperature and water velocity.

The experimental results are expressed in terms of with a correlation coefficient of 0.843. The relatively
an average heat transfer coefficient h defined as low value of the correlation coefficient is essentially

due to the difficulty in ascertaining the accuracy in

h - q5 + q
~ the temperature measurement, especially when the bulk

• 

- 

A~ TO waler temperature is near the melting temperature. For
AT 1°C, a 0.1°C error introduces a 10% variation in

where q5 = sensible heat required to raise the ice from the heat transfer coefficient, assuming that the ice
initial temperature T1 (<0°C) to the melt- weighing is reproducible. A few experimental data
ing temperature Tm ( 0°C) without the belts moving are also indicated in FIgure 4.

= heat of fusion associated with melting It can be seen that, although there seems to be some
A = area of the melting surface effect of the moving belts on the ice melting rate, the

AT temperature difference between T,, and effect of the two side plates (belts) does not reduce the
Tm (since Tm 0°C, ~ T T,.) heat transfer rate noticeably, and in fac t the data

U = the time duration of the experiment. are all within the experimenta l range from one to
another. A partial explanation is that there would be

A Reynolds number (Re1 = vpLIM) based on ice plate minimal frictional resistance to flow wi th a very thin
• height is used to define the flow characteristics , where boundary layer buildup because the belts are made of

• p and p are the water density and viscosity, respectively, smooth Mylar sheets. Another explanation is that the
The physical properties are evaluated at the arithmet ic ice plate is wide enough to consider the boundary effect
mean of bulk water temp erature 7.. and melting tern- insignificant.
perature Tm or T_/2. For each experiment , the weig ht
of ice melted W, as well as T_, 0 and the flow rate are

8
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DISCUSSION AND COMPARISON OF RESULTS Therefore , the Nusselt number in case of melting is

As indicated in the Introduction, there have been /
~ 

\ ‘~‘
no experimental forced flow studies of a vertical Mu1 0.664 (~2) (Pr)1!3 (Re1)1!2 . (9)

melting plate. However , Yen and Tien” solved , in an Il

analyt ical study, the laminar heat transfer problem over
a horizontal melting plate w ith a linear boundary layer Figure 5 shows a com parison of eq 8 and 9 and the
veloci ty distribution , i.e. v,~ = By where v,~ is the experimen ta l data of the present investigation. Experi.
velocity along the plate. The equation of energy was mental conditions are used to evaluate the valuc of the
solved analytically and the Nusselt number can be parameter (ao/a~

)4I3 in eq 9, which depends on
expressed by c T,,/L1. Since c TjL~ varies in the experiments bc~

tween 0014 and 0.094, the effect of (°0/~n)413 on thc

N — L I B \ 1/3 values of NUL is rather small. However , for c T ,/L1
• uL — 

~~ 
‘ ‘ ‘ 1.0 the reduction in heat transfe r can be quite large,

approximately amoun ting to 42%. As can be noted
where L is plate length . The value of a~ Is evaluated from the figure , the present experimental results arc
from the integral about four to five times greater than those predicted

from a horizontal fiat melting plate . The results can be
fairly represented by

= f CX~ ( X ~ + ~~/ o~) dA (4)
0 

1/3 
= 16.5 (RCL )° 279 (10)

• where ~ = c(T.. — Tm) ILf and can be regarded as a
• melting parameter. The value of a~ is found to be a

function of ~~. By approximating the val ue of B with with a moderate correla tion coefficien t of 0.895.

~~Ii~ 
where r

~ 
is ice-water interface shear stress and A few data points from Stubstad and Quinn’ are

p Is the dynamic viscosity of water , the ratio of NuL shown in Figure 4. The disagreemen t with the present
(with melting) to Nu0 (without melting) is fou nd to data is apparent. In their experime nt , a cylindrical
be column of ice 3m in height and of 1.83 m initial diameter

was used. For a given mass flow rate , the annular space
NUL 00 /rw \h13 between the tank wall and ice surface increases as melt-

~~~~

‘ L~’~’) “ ing progresses; therefore , for a given experimen t the
value of RCL is reduced . In thei r computation of an

where average heat transfer coefficient , the assumption was
made that there was no change in height during the
experiment. (In reali iy, this is not true .) The valu e off  exp (—X3)dA. (6) h is computed from

h — IP~A/ M \
Since the veloci ty profile is assumed to be corn- çr’)~7’) (1

parable to the temperature profile and r~ is pro-
portional to the velocity gradIent, eq 5 can be reduced where T. is average bulk water temperature. The value
to of increment al change of ice radius R with time, ob- -•

tam ed by cons idering the volume and mass change of

= f~~ \4I3 
- (7) ice, can be finally expressed as

Nu0 Ian I
‘ / = R(0 1) — s,/R2(01). (AOIp1wL)(dMj/dO) (12)

For the case of flow over a flat plate with no pressure
gradient and no mass transfer across the plate , the where M1 is the initial ice mass in the tank. From this
Nusselt number is given by Sthlichting’ as relations hip it is possible to determine the average

change of the radius of the ice cylinder during any time
Mu0 = 0.664 (Pr)1!3 (ReL)’12 . (8) interval from 0 1 to 0 2 . The discrepanc y between these

data and the present data can be attributed largely to

9
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obtaining the variation of R with the water level change = ____________

associated with the phase change. The higher values
of Nu1 are also due to the high degree of turbulence
of the entering water spraying directly down from the where T~ is plate temperature, and v the kinematic
nozzle into the annular gap. viscosity. ~~,. is defined by

As mentioned in the Introduction, quite a few in-
vestigators have worked on the free convective melting + 2p~ T + 3~3 7~heat transfer problem. Vanier and Tie&° studied the = (1 

~1+p T +B,i-’+$  Tproblem both analytically and experimentally. By 1 — — 3

studying a combination of plate and bulk water tem-
peratures , they were able to identify the various flow in which 

~~ ~2 and 
~ 

are the coefficients in the cubic
regions created by the unique property of water which expression of the density-temperature relationship of
exhibits a maximum density at about 4°C. With water and I1’(O) is the dimensionless temperature gra-
boundary layer approximat ions, including the effect dient at the plate. For the case of T,, — 0°C (equiva-
of densi ty inversion, and the use of similarity trans- lent to the case of melting Tm = 0°C), Vanler and
formation, they solved the equations of motion and lien ’s numerical results (after scaling to the present
energy numerically. The Nusselt number was found and experimental plate height) are shown in Figure 6.
expressed as The most recent experimental study of natural

convection flow over a vertical ice slab immersed in
NUL = 2~l(Gr)hI4 [— H ’(o)J (13) cold water has been reported by Bendell and Gebhart.’

In this study, the effect of the bulk water temperature,
• especially in the vicinity of the density extremum, on

where the Grashof number is always positive and is heat transfer was determined. Also, the effect of the
• defined as density maximum on flow direction and bulk water

10



l v i
Cuf v$

~ 
mm/ s

E A I ?

E 8
• . C 5 1

D 6.1
[
~ 

E 98 
-E~ !

l1 !~~~Geb~ort Ffl
500 • ‘ i • • I I

4
-

. 

~~~ 

.

400 - -

300 - . 
. 

-

Nu1 A

200 - -

0 0

0 ~

-

0~

• 
• 

8
T (°C)

Figure 6. ComparIson of present data with those from free con-
vection studies.

temperature where upflow changes to downflow was The greater scat ter ing of data, especially at the lower
determined. They compared their experimental results extreme of the temperature used in thi s experiment ,
with the analytica l work of Gebhart and Mollendorf 3 can be partially attributed to the inaccuracy in the
and found a mean magnitude of deviation of 5.6%. temp erature measurement . A smal l error In the
Their experimental results are also shown in Figure 6 absolute temper atu re measurement can cause a great
along with the present results. It can be seen that the percentage of devi ation and thus create a much greater
work of Bendell and Gebhart agrees with the analytical magnitude of scattering. However , the effect of flow
work of Vanier and lien ’0 fairly well . It also can be on the melting heat transfer can easily be visualized in
noted that , for the case of forced motion , there is a Figures 3, 4 and 5. For the temp erature range covered
significant increase in heat transfe r rate over free con - in this study it seems that the change in the direction
vect ion even with a minim al veloci ty of 1.7 mm/s. of flow due to buoyancy forces has exhibited no
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significant effect on melting rate, as is indicated 6. Schechser. R.S. and H.S. isbln (1958) Natu ral convic tion
numerically by Vanier and lien,’0 and experimentally hUt transfer in regions of maxImum fl uid density.

by Bendell and Gebhart.’ ~~~~~ 
of Am.sic*, insiltute oJChemk~ ~nglnsers,

vo l. 4, p. 1119.
7. Schil chti ng, H. (1968) Sound y leyer teeafy. New York :

McGraw-Hill Book Company.
CONCLUSIONS 8. Stubss~d, I.and W.F. Quinn (1977) An experimental scaling

study of an annular flow ce-water heat sink. CRREL
1. An experimental device to simulate the rather Report 77.1$.

9. Tkachev, A.G. (195 3) Heat exchange In melting of Ice.large dimensions of a prototyp e heat sink has been Awm k Energy Commission Translation 34O~.developed. This was accomplished by installing belts 10. VanICr,C.R. and C. TIm (1967) Effect of max imum den-
on two opposite sides of a square column. The belts stry and melting on natural conviction heat transfer
were designed and adjusted to move at the same froi~’ a vertical plate. Ninth National Heat Transfer
direction and veloci ty as the water flowin g through Conference , American Inst itute of Chemical Enginsers,

prsprlnt no. 3.the test chamber. In doing this, the laboratory Setup 1;. Yen, Y .C. and C. lien (1963) LamInar heat transfer over
could be considered as a segmental ring cut out from a melting plate the mod ified L.vequl problem.
the proposed prototype. Jownal of GeophysJc~ Res.erch, vol . 61, no. 12,

2. For bulk water temperatures ranging from 1.11 p. 3673.3678.
to 7.5°C and wate r velocities from 1.7 to 9.8 mm/s,
the present results could be fairl y represented by

F 

= 3.275 (RCL)°-27°

with a moderate correlation coefficient of 0.843. Al-
thoug h the experimental runs were onl y conducted for
one specific plate height, this equati on will probably
predict the actual heat transfer cha’acteristks of the
prototype.

3. From this study it can be concluded that, in the
case of forced convective melting heat transfer , the
eff ect of buoyancy forces caused by the densi ty maxi-
mum at 4°C on heat transfer appeared insignificant .
This is true even at very low flow veloci ty, as the heat
transfer is drastically reduced in the vic inity of 5.6°C
in the case of free convective melting heat transfer.
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