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Experimental and Analytical Study of Contact Melting in a
Rectangular Cavity
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This paper reports on a detailed investigation of analytical and experimental findings for contact melting in
a rectangular cavity with phase change materials (PCM) of n-heptadecane and n-eicosane (research grade purity).
Specifically, consideration is given to the rectangular cavity with inside dimensions of 100 X 60 x 50 mm. The
temperature of the two side walls and bottom surface of the cavity are maintained constant by circulating water
through a highly sensitive thermostat. The other surfaces are subjected to adiabatic conditions. The time-
dependent solid-liquid interface contour is measured photographically during the melting process. According
to the shadowgraph technique, the maximum displacement on the screen represents the temperature gradient.
This temperature gradient on the wall is measured by the shadowgraph method, which results in calculation
of the local Nusselt number. This local Nusselt number is used to show the difference between contact melting
and fixed melting in the rectangular cavity at the same boundary conditions. Based on observation of the melting
phenomena and data obtained, a theoretical model is developed and its solution is derived analytically. For the
purpose of data reduction, a scale analysis method is used to find the functional dependence of the dimensionless
parameters. The theoretical prediction is compared with experimental data and an excellent agreement is
obtained. It is concluded that heat conduction in the melting phase is the controlling effect in the rectangular

cavity.

Nomenclature
Ar = Archimedes number, Ar = (p, — p,)/p. gL3v?
C = specific heat, J kg-? K~!
Fo = Fourier number, Fo = at/L?
g = gravity, m s™2
h = local heat transfer coefficient, W m—2 K1
h,, = latent heat-of-fusion, J kg—?!
hy = modified latent heat-of-fusion, Eq. (7)
H = instantaneous height of solid, m
H* = dimensionless height of solid, H* = H/L
k = thermal conductivity, W m~! K-!
L = characteristic length, m, L = W in the modeling
and L = % in the scale analysis
M = factor defined by Eq. (11)
Nu = local Nusselt number, Nu = hz/k,
Pr = Prandtl number, Pr = uC/K
Sc = subcooling parameter, Sc = C/(T,, — T,)/h,,
Ste = Stefan number, Ste = C(T,, — T,)/h,,
Ste* = modified Stefan number, Ste/(1 + Sc)
t = time, §
T = temperature, K
u, v = velocities in x and z directions, m s~!
U = dimensional decending velocity of solid PCM, m
s~ 1
u* = dimensionless descending velocity of solid
| %4 = volume of melted liquid, m?
v, = total volume of liquid PCM, m?
v* = dimensionless melting rate, V* = V/V,
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w = width of the rectangular cavity, m

X, y, z = coordinates

x = instantaneous width of solid, ¥ = W — 2§, m

a = thermal diffusivity, m? s~!

a* = aspect ratio of solid PCM in initial state, a* =
H,/W

8 = dimensional melting layer thickness at the bot-
tom, m

8, = melting layer thickness on the vertical wall, m

8F = dimensionless melting layer thickness on vertical
wall, 8,/L

A = dimensionless melting layer thickness at the bot-
tom, &6/L

A = coefficient defined by Eq. (13)

ns = dynamic viscosity, kg m~! s~!

P = density, kg m~3

p* = solid-liquid density ratio, p* = p/p,

6 = temperature difference for PCM, K

v = kinematic viscosity, v = u/p, m*s~'

Subscripts

¢ = liquid phase

s = solid phase

m = melting

o = initial state

w = wall

Introduction
T is widely recognized that solid-liquid phase change phe-
nomena (melting and solidification) exist in many engi-
neering applications, such as casting, welding, thermal control
of spacecraft, nuclear reactor safety analysis, crystal growth,
and thermal energy storage. In fact, inspection of literature
surveys by Eckert,' ? Kakac,* Shah and London.® Soloukhin
and Martynenko,” Martynenko,” Habib and Dallman.* and
Viskanta®'" reveals that solid-liquid phase change material
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has received significant attention in recent years. This, of
course, is evident by the numerous publications in the open
literature.

There are two kinds of melting phenomena: fixed melting
‘and contact melting. When fixed melting occurs, the solid
phase change material is forced to remain stationary and the
melted liquid takes up the space between the solid-liquid in-
terface and the heat source surface. On the other hand, in
contact melting, the solid phase change material, or heat source,
is free to move, or forced to move. Therefore, a microchannel
exists between the solid-liquid interface and the heat source
surface, and the melted liquid is forced to flow out of this
channel. Accordingly, the study of contact melting is much
more complicated than fixed melting. Investigations on con-
tact melting for different geometries were performed and re-
ported by several scientists experimentally, as well as theo-
retically. Among those, Emerman and Turcotte!! reported on
spherical geometry using Stokes’ problem with melting. Moal-
lemi and Viskanta'>'* and Moallemi et al.,'* reported on an
experimental and analytical study of close contact melting for
circular and rectangular cross sections. In their work, exper-
iments were performed by placing a solid block on a horizontal
planar heat source maintained at a constant surface temper-

ature. Saito et al.»>-'7 studied analytically/experimentally con--

tact heat transfer with melting for cylindrical geometry.
Analytical studies for tube geometry were performed by Saito
et al.,'® Bareiss and Beer,'® Riviere and Beer,? Sparrow and
Myrum,?' and Sparrow and Geiger.?2 An analytical study of
solidification and melting heat transfer to an unfixed phase
change material inside a horizontal tube is reported by Betzel
and Beer.”? The study of contact melting in a rectangular
cavity is completed by Dong.?*

The main focus of this study is to report the experimental
findings for contact melting in a rectangular cavity, and to
present a complete theoretical model based on these exper-
imental results. The temperature in this experiment is kept
constant in two vertical walls and the bottom of the cavity,
the other walls are subjected to adiabatic conditions. The
time-dependent solid-liquid interface contour is measured
photographically during the melting process. According to the
shadowgraph technique, when a parallel light beam travels
through the liquid phase, it will refract due to nonuniformity
of the temperature gradient in the liquid. This temperature
gradient is maximum on the heat source surface. Thus, the
light beam near the surface will have a maximum refraction
and a maximum displacement on the screen.?® This maximum
displacement represents the temperature gradient on the wall.
This temperature gradient is measured by the shadowgraph
method, which results in the calculation of local Nusselt num-
ber. For data reduction, the scale analysis method is applied
to find the dependence relationship of the dimensionless pa-
rameters related to the contact melting in the rectangular
cavity. Finally, the theoretical prediction from the model is
developed in this paper and compared with experimental data,
and an excellent agreement is obtained. For the geometry
considered, it is observed that heat conduction is the dominant
mechanism in contact melting.

It is believed that the availability of this solution is impor-
tant for the design of heat storage element and potential ap-
plication of electronic package cooling. This solution will, in
turn, lead to a better understanding of contact melting, as
well as fixed melting in a rectangular cavity.

Experimental Design

In this investigation, as shown in Fig. 1, the experimental
system consists of eleven components. The beam from the
He-Ne laser tube at section (1) travels through a pin hole (2),
condenser (3), then it is reflected by two mirrors located at
sections (4) and (5), and eventually forms a parallel beam.
This beam passes through the test section (6) by properly
aligning the mirrors (4) and (5). The shadowgraph on the
screen (7) is measured by using a Nikon® camera at section
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5) spherical mirror, (6) test section, (7) screen, (8) cemerq,

1) laser, (2) pin hole, (3) condenser, (4) refiect mirror,
9) thermostat, (10) dots ocquisition system, (11) power supply.

Fig. 1 Schematic diagram of the experimental set-up.

(8). A highly sensitive thermostat (9) is used to supply water
at constant temperature. By circulating water from the ther-
mostat in the multipass countercurrent channel installed in
the vertical and bottom walls of the rectangular cavity, the
temperature of the vertical walls and the bottom walls of the
rectangular cavity is kept constant. The wall temperature is
measured by a calibrated thermocouple and recorded by using
an HP-85B data acquisition system at (10). A special trans-
parent coated electric heater is used to achieve contact melting
at the beginning of the process. The heat will cause the sep-
aration of the solid PCM from the glass. Finally, this heater
is connected to a power supply at section (11).

The experimental set-up is applied to the rectangular cavity
with a cross section of 100 mm X 60 mm and a depth of 50
mm (Fig. 2). This test cell consists of the top cover (1), the
auxiliary frame (2), the vertical cover (4), seat (6), and flanges
(7) and (8), which are made of plexiglass. The vertical and
horizontal heat exchangers (3) and (5) are made of copper in
which the multipass countercurrent channel is machined. Fur-
thermore, the surface of the heat source is grounded and
polished to provide precise planar surfaces. Two layers of
glass with 6 mm thickness at (9) are installed on each side of
the test cell to form a window. This window allows optical
and photographic observation of the melting zone. Therefore,
the air gap between the two layers of glass is 10 mm thick.
This is created to reduce the overall heat transfer coefficient
between the test cell and the ambient. A special electric heater
is formed by coating a layer of transparent electric conducting
material on the glass. This heater is only used at the beginning
of the experiment to separate the phase change material (PCM)
from the glass. The temperature of the heat source at the
surface is measured by calibrated copper-constentan ther-
mocouples inserted beneath the surface about 1 mm deep.
The solid-liquid interface location is determined photograph-
ically at different time intervals. Research grade n-heptade-
cane, C,,H,,, and n-eicosane, C,,H,,, are chosen as phase
change materials. This is because their melting temperatures
are close to ambient temperature and also are transparent in
the liquid phase.

In the experiment, the solid-liquid interface position was
determined photographically. The local Nusselt number on
the vertical side walls during melting was determined by the
shadowgraph technique. Different aspect ratios were obtained
by filling the test cell with different liquid PCM levels. Since
liquid paraffin possesses a high dissolving capacity for air, the
phase material must be degassed carefully prior to each ex-
periment. For this purpose, the PCM had undergone a solid-
ification and melting cycle under vacuum, then it was carefully
poured into the test cell, while its temperature was well above
the melting point. To prevent the formation of internal voids,
the solidification before melting was performed from bottom
to top by cooling the bottom surface and maintaining the
vertical side walls at a temperature slightly higher than the
melting temperature of the phase change material used. When



JULY-SEPT. 1991

1
IR
= o
Toi /5
i o=
s 28

()

CONTACT MELTING IN A RECTANGULAR CAVITY 349

(1) top cover, (2) auxilary frame, (3) vertical heat exchanger,
(4) vertical cover, (5) horizontal heat exchanger, () set, (7) flange, (8) flange,
(9) glass window, {10) coated electrical heater.

Fig. 2 Schematic diagram of the test cell.

solidification was completed, the test material was heated to
a desired uniform initial temperature. Later on, the coated
electrical heater started to work, until melting near the glass
plate occurred. Then, the experiment began by circulating
water from a thermostat at the desired wall temperature.

Experimental Results

The important feature of contact melting is that the solid
phase change material descends in the melting process by
gravity. Six different solid-liquid interface shapes are shown
inFig. 3. Although each is taken at different time and different
experimental parameters, as specified by the figure, they have
common characteristics, e.g., the descending solid phase change
material is almost in contact with the heat source surface at
the bottom. A very thin melting layer, which could not be
measured and could not be drawn in the above figure, formed
between the solid and the bottom surface. The newly melted
liquid is forced out of the channel and forced to flow to the
top along the vertical walls. On the vertical walls, the thick-
ness of the melting layer is almost uniform in height, in spite
of having different time ¢, Stefan number Ste, subcooling pa-
rameter Sc, aspect ratio «*, and phase change materials. At
the top, the solid-liquid interface is very planar; therefore,
except for the corners, the solid shape in the cavity is nearly
rectangular.

The difference between contact melting and fixed melting
in the rectangular cavity for the local Nusselt number on the
vertical wall is shown in Figs. 4a and 4b. The local Nusselt
numbers on the vertical wall are obtained by the shadowgraph
technique.? The error associated with this type of experiment
is estimated to be less than 15%.2® Figure 4a is the typical
result of a contact melting experiment. The parameters used
in this experiment were a * = 1.39, Ste = 0.0427, Sc = 0.0795.
The curves 1, 2, 3, . . . in Fig. 4a represent the instantaneous
distribution of the local Nusselt number on the vertical wall
at different time intervals. As can be seen, the local Nusselt
number for different time intervals is uniform at first and then
decreases with increasing height. The distance on which the
Nusselt number remains constant is equal to the unmelted
solid height in the rectangular cavity. At any time and height
below the solid height, the local Nusselt numbers are uniform
and have a maximum value, otherwise, they decrease. Figure
4b illustrates the typical results of fixed melting in the rec-
tangular cavity. Fixed melting is completed by inserting a
slender rod into the phase change material at the time of
freezing and simultaneously fixing the end of the rod to the
top of the rectangular cavity. This prevents the solid phase
change material from dropping in the melting process. The
fixed melting experimental parameters for Fig. 4b are a* =
1.24, Ste = 0.0971, Sc = 0.0722. As in Fig. 4a, the curves 1,
2,3, ... in Fig. 4b represent the instantaneous distribution

] Mt | o
_ Liquid Liquid Liquid
{Solid_ {Solid__ | Solid I
C17H3e C17H3e Cq7H3g

Ste = .2862 Ste = .0849 Ste = .0286

Sc = .0692 Sc = .0660 Sc = .0267
o*= .5600 o*= .5000 o *= ,4900
t =517 s t = 1024 s t = 1240 s

2
Y Liquid Liquid
Liquid

‘ Solld ] | Solid Solid
CooHaz CooHa2 CaoHs2

Ste = .0243 Ste = .0963 Ste = .0427

Se = .1135 Sc = .0748 Sc = .0795
a*= .5500 o*= 1.0100 o= 1.39

t = 1476 s t = 523 s t = 2358 s

Fig. 3 Solid-liquid interface shape.

of the local Nusselt number on the vertical wall at different
times. It must be noted that, as with PCM, n-eicosane is used
in both contact melting and fixed melting for these two figures.
Furthermore, it is seen from Fig. 4b that, in the initial period
of fixed melting, the local Nusselt numbers do not change
greatly in the height direction. However, as melting continues,
the local Nusselt numbers decrease quickly with increasing
height.

In comparing Figs. 4a and 4b, there is a significant differ-
ence between the instantaneous distribution of the local Nus-
selt number on the vertical wall for contact melting and for
fixed melting. The shape of the solid-liquid interface for con-
tact melting is nearly rectangular, whereas, for fixed melting,
it is pear-like.?” This is known as convection-controlled melt-
ing. Thus, it is inferred that conduction is the main mechanism
of heat transfer in contact melting in the rectangular cavity.

Theoretical Modeling Analysis for Contact Melting

In order to observe the melting at the top of the solid, the
following procedure is used. A very thin needle is solidified
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Fig. 4 Local Nusselt number on the vertical wall.

at the top of the solid PCM, and one of its ends is exposed
beyond the top of the solid PCM. When contact melting is
nearly finished, it is observed that the length of the exposed
end of the needle has hardly increased and, thus, the solid
liquid interface is maintained planar. This implies that less
melting occurs at the top of the solid PCM. These experiments
were conducted for several cases, and the same phenomenon
occurred; therefore, in the following analysis, the melting at
the top of the solid PCM is ignored.

A schematic of this model is shown in Fig. 5, along with
two different coordinate systems. At time ¢ = 0, the solid
phase change material of height H, in the rectangular cavity
is at a uniform temperature T, < T,.. As melting begins (at
t = 0) and proceeds, the solid is assumed to descend vertically
because of its own weight with a scale velocity of U(¢). The
melting layer thicknesses at the bottom and on the vertical
walls are denoted by & and §,, respectively. The rest of the
variables are shown in Fig. 5, or in the Nomenclature. Math-
ematical descriptions are presented for three different re-

In this region, the flow in the channel is considered as
quasisteady and, also, natural convection is neglected. The
channel is very thin, /W << 1; therefore, the lubrication-
approximation method used by other researchers is applied
here. The inertia terms are negligible compared to the pres-
sure gradient term, and also

# @
nz o 9z

©)

Based on these assumptions, the governing equations in the
bottom region are written as follows:

U o
inuity: — + — = 4
Continuity w32 0 €]
Pu dp
: —_— 5
Momentum: pn Py (5)
T aT 2T
Energy: u ™ +v > = %2 6)

These equations are subjected to the following boundary con-
ditions:



JULY-SEPT. 1991

@z =0, u=v=20 and T
@z = 8(x,1), u=0, v=-0@F) and T

T,
T,

m

™)

i
1l
1

and z=8, —k(1+ &7 g = pUnx

where b}, = h,, + C(T,, ~ T,) and 8’ = 86/dx. In addition,
* the subcooling of the solid phase change material is considered
in the above equation.

Solid Region
For this region, the kinematic équation can be written as

dH 38

o = -5 - 3 ®)
with the initial condition of
@t =0, H=H, and 6=0 9)

Also, the dynamic equation for this region can be written as

W2 - 81 .

Mg —2| [P~ Pun ~ pg(H, — H)p*] dx

dU0
=M ry (10)

where

M = pH(W — 28,) an
The method used by Moallemi'* is extended here to solve the
above combined equations. Accordingly, the dimensionless
melting layer thickness on the vertical wall of the cavity is
given by

87 = 2Aa(Fo)'”2 (12)

where A is determined by the equation,

A exp(z\Z)erf()«) = Ste*/(m)"? (13)

The instantaneous dimensionless height of the solid phase
change material is

3/4
a* 3 1
H* = {<'—*> - Z [Ar Pr Ste*3]' [W Q1

P
- (1 - 4AFo?)?) — %_F—o (1 - 4 \/Fb')]} ‘

(14)

The dimensionless descending velocity of the solid phase change
material can also be written as

U* = [Ar Pr Ste*> H*(1 — 4AFo'?)# (15)
The dimensionless melting layer thickness at the bottom is
A = f(Ste*)/U* (16)
where
f(Ste*) = %[(400 + 200 Ste* + 9 Ste*2)'2

- 3 Ste* — 20] (17)
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The melting rate is obtained as
V*=1~- p*H*(1 — AFo"?)/a* (18)

where V* represents the melting rate, including the bottom
and the two vertical walls. Inspection of Eq. (15) indicatés
that A is not a function of x. This has been verified through
experimental observation. In this analysis, the width of cavity
(W, distance between two vertical isothermal walls) is used
as the characteristic length in the above equation.

Scale Analysis

It is difficult to clearly identify the functional dependency
of the dimensionless parameters concerned with contact melt-
ing in a rectangular cavity. This leads to the question of what
kind of function should be chosen as the basis for data re-
duction. In this paper, the scale analysis method is used to
find the dependence relation among the parameters governing
the contact melting in the rectangular cavity. Therefore, the
experimental data can be reduced based on the results of the
scale analysis. This method is a classical one, as described
systematically by Bejan.?® This scale method has been used
to analyze the solid-liquid phase change problem since 1988.
Jany and Bejan®-*° analyzed the fixed melting in a rectangular
cavity, with and without porous media, using the scale analysis
method. Moutssoglou®! presented the results of the scale anal-
ysis of solidification on the moving plate. The following scale
analysis is applied in the case of contact melting in a rectan-
gular cavity to find the functional dependence among the
parameters. The scaling is performed on the model developed
earlier, and executed as described by Bejan.? Physically, the
following variables have the scale order of

X""(W—'261)» z~ 9, v~U
0 -~ (Tw - Tm)’ y -~ 61 (19)
From Eq. (1), one can write
0 «b
PR (20)
Therefore
8 ~ Vat (1)
Also, from Eq. (5)
P5?
U~ 22
W(W = 25,) @)
and from Eq. (4)
u v U
W-25 & o (23)

Upon substitution of Eq. (22) into Eq. (23), one obtains

U , ,
P~ (W - 25) (24)
and then by substitution of P into Eq. (21)
u -~ %{ (W - 28) (25)

Assuming d&/dx << 1, from Eq. (7)

Q —~ p( Uh;:

5 & (26)
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and from Eq. (6)

ué vl af
W — 28, PR (27)

Substituting Eqgs. (25) and (26) into Eq. (27), it becomes

Uo Ukl _ p.Uhta
5 k k5 @8
from U6/6 ~ p,U?h}/k, one obtains
- ko .
U~ 5 (29)

In the melting process, the acceleration of the solid is much
less than gravity acceleration g, and the term dU/dt in Eq.
(10) is omitted. Basically, the scale order of Eq. (10) is as
follows:

H(W — 28,)g(p, — p.) ~ P(W — 28,) (30)
Combining Eq. (24) with Eq. (30), it follows that

Hg(p, = pe) ~ gy (W = 28)° (1)

Substituting Eq. (29) into Eq. (31)

Ot (W = 28)%phr)e
glp, = p.)0°k>

(32)

Since 88/3t << dH/dt, one can obtain U ~ H/t from Eq. (8)
and substitute it into Eq. (32). Thus,

'gp;, — p)0%k’

H3 ~ > 33
WGv — 25)oih ) )
Here, we choose (W — 28,) as the characteristic length noted
by %, and so obtain the functional dependence between the

dimensionless parameters. The final dimensionless forms of
H* U*A, 8, V* are

H* ~ (Ar Pr)"3Fo*? Ste* 34
or
H* ~ (Ar Pr)V3Fo*? _Ste (35)
1+ Sc
and
- Ste
* 173
T+ Sc (Ar Pr Fo) (36)
A ~ (Ar Pr Fo)'» 37
&) ~ Fo'? (38)
p* Ste
* - 1/3 a3
| 4 1 o (Ar Pr)"”*Fo T+ s 39)

Although different characteristic lengths, W and £ are used
in the analytical solution and the scale analysis. This does not
produce a severe difference in quality, because §, is smaller
in quantity. '
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Fig. 6 Comparison of melting rate data with theoretical modeling.

Comparison of Experimental and Analytical Results

The timewise variations of the melting rate are determined
by measuring the area occupied by the solid and liquid phases,
using the area meter with a precision of 0.1 mm?. The un-
certainty of the melting rate obtained by this measurement
method is estimated to be less than 1%.% It must be noted
that the melting rate includes all the melting in the rectangular
cavity. The instantaneous solid height and some of the melting
layer thickness on the vertical wall are also measured from
the location of the solid-liquid interface. Based on the results
of the scale analysis, the data for contact melting of n-eicosane
in the rectangular cavity is reduced. Comparison of the contact
melting rate data with theoretical prediction is given in Fig.
6. Curve 1 in this figure refers to the theoretical prediction
of Eq. (18) and curve 2 is the experimental curve matching
all the data, that is,

V* = 0.8665 p*(£/w)!'2Ar=032(Ar Pr Ste**)1"Fo! 1%
(40)

The standard deviation associated with this equation is about
10.7%. The width of the cavity, the mean temperature of the
wall, anid the melting temperature are chosen as the charac-
teristic dimensiont and the reference temperatures, respec-
tively. Figure 7 is a comparison of the predicted dimensionless
height of the solid with the experimental data for different
experimental parameters. The solid line in Fig. 7 presents the
theory of Eq. (14), corresponding to the experimental con-
dition. It can be further seen that the maximum deviation
between predicted and experimental data in Fig. 7 is about
17%. It is shown in Figs. 6 and 7 that the predicted values
from the model agree well to some extent with the experi-
mental data. There does exist some deviation, probably caused
by measuremerit error and prediction model. In the model,
the subcooling of the solid phase change material is considered
in the modified latent heat, H?, instead of in conduction.
However, this is not valid for large Sc values. In this case,
conduction in the solid should be taken into consideration.
Also, melting at the top of the solid is not considered in the
model, since melting it is small. This is another reason leading
to the discrepancy between predicted values and experimental
data.
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Fig. 7 Comparison of solid height data with theoretical modeling.
Conclusion Convective Heat Transfer, Wiley Interscience, NY, 1987.

Contact melting experiments in a rectangular cavity are
performed, and a predicted theoretical model is developed
based on those experiments. The experimental data (e.g., the
melting rate and the dimensionless height of the solid) are
compared with predicted values of the theorétical model, and
a good agreement is observed. From the analysis and obser-
vation of the melting phenomena, it is evident that the height
of the microchannel at the bottom is constant. This demon-
strates that heat transfer across the channel is dominated by
conduction, although the melting liquid is still flowing in the
channel. On the other hand, the melting layer thickness on
the vertical wall is constant and the instantaneous local Nusselt
number distribution is uniform below the height of the solid
in the cavity. This indicates that the melting on the vertical
wall is controlled by conduction. It is, therefore, concluded
that heat conduction is the main mechanisin of contact melting
in a rectangular cavity.

The scale analysis is performed in order to find the func-
tional dependence among the parameters of contact melting
in the rectangular cavity. Hence, it is accurate to correlate
the experimental data based only on the results of the scale
analysis, and, thus, the scale analysis can provide the frame
for data reduction.
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