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Abstract

In this study, direct contact melting with an asymmetric load was investigated both experimentally and by numerical

analysis. A rectangular parallelepiped solid on a heating surface was melted under various asymmetric loads, while total

load acting on the solid and brine temperature were kept constant. In the numerical analysis, the melting process keep-

ing the force balance between the pressure in the liquid film and the loads at all times was calculated. It was found that

the average heat flux into the solid was independent of the moment acting on the solid. Analytical results of the time

dependencies of the amount of melting and the inclination of the solid agreed with experimental ones for each

condition.

� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, thermal energy storage systems have

been attracting public attention as effective methods to

preserve the environment, by promoting load leveling

of electric power. Latent heat thermal energy storage is

especially promising, since a high storage density can

be obtained in comparison to the specific heat of the

storage material. The melting process of the PCM

(phase change material) progresses while the PCM solid

is pressed against a heating plate due to gravity or buoy-

ancy force, when there is a difference between the density

of the liquid and the solid. In this case, melted liquid is

squeezed out through a thin liquid film formed between

the solid surface and the heating plate. Since heat is ex-

changed across this thin liquid film, a high heat flux can

be obtained compared with a heat transfer that is, for
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example, dominated by natural convection. This phe-

nomenon is known as direct contact melting and it is a

very important phenomenon in determining the perfor-

mance of a thermal energy storage system utilizing latent

heat.

Over the past decade, many researchers have at-

tempted to investigate the characteristics of direct con-

tact melting [1–5]. The phenomenon of pressing a

cylindrical solid onto a plate was first investigated exper-

imentally and analytically by Saito et al. They showed a

relationship between the heat flux, the Stefan number

and the pressing force using non-dimensional parame-

ters [1–3].

Many researchers, including those in the above stud-

ies, carried out their analyses by assuming that the force

acts on the center of the PCM and that the melting pro-

cess progresses symmetrically. When a realistic melting

process in a thermal energy storage capsule is consid-

ered, an asymmetric condition must be considered.

In past studies, Hirata et al. [6] investigated direct

contact melting under an asymmetric condition, both
ed.
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Nomenclature

Dimensional variables

c specific heat, J/(kg K)

F * load acting on solid per unit length of depth,

N/m

g* gravitational acceleration, m/s2

h heat transfer coefficient, W/(m2 K)

H height of solid, m

Hp thickness of heating plate, m

L latent heat of melting, J/kg

M* mass of solid per unit length of depth, kg/m

Mo* moment per unit length of depth, N

p* static gauge pressure, Pa

P* average pressure due to the gravitational

force of the sample and the weight, Pa

q* heat flux, W/m2

t* time, s

T temperature, �C
Tref reference temperature, �C
U flow rate per unit length of depth, m2/s

u* velocity in x-direction, m/s

W* width of solid, m

W �
ini width of solid at initial condition, m

x*, y* coordinates, m

x�p position of maximum pressure, m

Greek symbols

a thermal diffusivity, m2/s

d* thickness of liquid film, m

DT temperature difference (Tref � Tm)

k thermal conductivity, W/(m K)

l viscosity of liquid, Pa s

q density, kg/m3

Non-dimensional variables

c1, c2 coefficients

xF position of external force acting

xR position of resultant force acting

xs position of gravity center of solid

Subscripts

bot bottom surface of the heating plate

f medium

ini initial condition

l liquid

m melting point

p heating plate

surf top surface of the heating plate

Definitions of non-dimensional variables

Ap ¼ Hp=W �
ini

As ¼ H=W �
ini

Bi ¼ hW �
ini=kl

F ¼ F �W �
ini=lal

g ¼ g�W �3
ini=a

2
l

M ¼ M�al=lW �2
ini

Mo ¼ Mo�=lal
P ¼ P �W �2

ini=lal
p = p*/p*

q ¼ q�W �
ini=klDT

Ste = clDT/L
t ¼ t�al=W �2

ini

u ¼ u�qlLW
�
ini=klDT

W ¼ W �=W �
ini

x ¼ x�=W �
ini

y ¼ y�=W �
ini

d ¼ d�=W �
ini

h = (T � Tm)/DT
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experimentally and analytically. They investigated the

melting process of a solid leaning to one side at a con-

stant temperature at the top of the heating plate. How-

ever, in a realistic melting process, various heating

conditions must be considered.

Therefore, in this study, direct contact melting under

an asymmetric load is investigated both experimentally

and analytically. Experiments were carried out under

various asymmetric loads, while the total load acting

on the solid and the brine temperature were kept con-

stant. In analysis, non-dimensional parameters were

picked up through formulating non-dimensional govern-

ing equations. The calculations were carried out in order

to understand the effects of changes in these parameters

under three types of heating conditions—constant tem-

perature at the top, constant heat flux at the bottom,
and a constant heat transfer coefficient with constant

temperature of the medium at the bottom of the heating

plate.
2. Experimental

2.1. Experimental apparatus

For simplicity of the corresponding analysis, the

PCM of a rectangular parallelepiped and a rectangular

heating plate were used so that the flow in the thin liquid

film could be treated conformably by two dimensional

rectangular coordinates. Fig. 1 shows the main appara-

tus. The heating plate on which the direct contact melt-

ing occurred was a copper plate 240 mm in depth,



Fig. 2. Physical model.

Fig. 1. Experimental apparatus.
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80 mm in width and 10 mm in thickness. The surface

temperature of the heating plate was adjusted by con-

trolling the brine temperature blowing onto the bottom

of the heating plate. The brine temperature was kept at a

constant value throughout the experiment by using a

constant temperature bath. The aspect ratio of the melt-

ing surface was decided in such a way that the melted

liquid flowed in the width direction, and that the flow

of the thin liquid film could be treated approximately

with two dimensional rectangular coordinates. In a pre-

liminary experiment, it was confirmed that the melted li-

quid flowed satisfactorily in the width direction. Six C–C

thermocouples were installed in the heating plate, at the

center and at locations 25 mm from the center. At each

location, two thermocouples were installed at the points

2.75 mm from the top and the bottom of the heating

plate, respectively. The temperature of the heating plate

was measured by these thermocouples. The temperature

distribution in the heating plate was assumed to be lin-

ear, and the surface and bottom temperatures were cal-

culated from these measured values. A plastic plate was

placed on the PCM to measure the change in the height

of the solid at two points on the plate by two infrared

displacement sensors. The amount of melting and the

inclination of the PCM were calculated from the change

in height.

A block of ice 80 mm in width, 240 mm in depth and

60 mm in height was used as the PCM. The ice was cut

from transparent ice produced in such a way that it

rarely included unfavorable air bubbles.

The PCM on the heating surface was melted under

various asymmetric loads, while the weight acting on
the PCM mentioned below and the brine temperature

were kept at constant values for each experimental

run. Time dependencies of the height and the inclination

of the PCM were then measured, and the heat flux dis-

tribution and the amount of melting of the PCM were

calculated. At the same time, the temperature in the

heating plate was measured.

2.2. Experimental conditions

Experiments were carried out by varying the experi-

mental conditions, that is, by varying the moment acting

around the center of the solid and the brine temperature.

The magnitude of the moment was adjusted by changing

the position of the 0.464 kg weight, and the moment per

unit length of depth around the center line was set at 0,

0.19, 0.38 or 0.57 N. The total load acting on the heat

transfer surface is the summation of the load of the

PCM, the load of the measurement plate and the load

of the weight used to produce the moment. Since the total

load and the moment changed with time due to the melt-

ing, these parameters were considered as the value at the

initial state, and the initial total load per unit length of

depth was set at 92.5 N/m. In addition, the brine temper-

ature parameters were set at 4.8 and 10.6 �C.
3. Analysis

3.1. Governing equations

In the numerical analysis, the system was formulized

in two-dimensional rectangular co-ordinates that were

similar to the experimental conditions. Fig. 2 shows

the co-ordinate system used for numerical analysis.

The depth direction is perpendicular to the x–y plane.

Governing equations were derived under the following

assumptions:
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(1) The momentum term in the flow is negligible.

(2) The pressure in the liquid film is uniform in the

y-direction.

(3) The temperature in the solid PCM is uniform and

kept at the melting point.

(4) The heat transfer in the liquid film is dominated

by the heat conduction.

(5) The melting process is quasi-steady state.

(6) The heat flux is proportional to the distance along

the width direction of the heating plate.

(7) The solid does not move in the x-direction.

In previous studies by the authors, the analytical

solution obtained by using assumptions (1)–(5) agreed

well with the experimental result for symmetric loading,

if the Ste number was lower than 0.1. Therefore,

assumptions (1)–(5) are considered appropriate. The

move of the position of the resultant force in finite time

difference can be neglected, and the variation in the

thickness of the liquid film is very small compared with

the motion of the PCM due to the melting. Then, the

heat flux is proportional to the distance along the width

direction of the heating plate, because the solid PCM in-

clines due to the melting. Therefore, assumption (6) is

also appropriate, when the solid is in direct contact with

the heating plate. Using the above assumptions, the cal-

culations were carried out under three types of heating

conditions, as follows:

Condition (1): Constant temperature at the top of the

heating plate.

Condition (2): Constant heat flux at the bottom of the

heating plate.

Condition (3): Constant heat transfer coefficient and

constant temperature of the medium at

the bottom of the heating plate.

Non-dimensional governing equations and boundary

conditions based on the above assumptions are as

follows:

Governing equations

op
ox

¼ Ste
P

o
2u
oy2

ð1Þ

op
oy

¼ 0 ð2Þ

Mg þ F ¼ P
Z W

0

pðxÞdx ð3Þ

Z W

0

pðxÞðx� xRÞdx ¼ 0 ð4Þ

o2hp
ox2

þ o2hp
oy2

¼ 0 ð5Þ
The position of resultant force acting is expressed as

follows:

xR ¼ FxF þMgxs
F þMg

ð6Þ

Eqs. (1) and (2) are momentum equations in the liquid

film, and Eqs. (3) and (4) show the force balance be-

tween the pressure in the liquid film and the load. Eq.

(5) is the heat conduction equation of the heating plate.

It was assumed that the melting process progresses in a

quasi-steady state, keeping the force balance between

the load and the pressure in the liquid film at every mo-

ment. Therefore, unsteady terms are not included in

these equations, and the change in the mass of the

PCM and the deviation of the center of gravity of the

PCM in a finite time difference are neglected. Moreover,

the heating plate temperature was calculated as steady

state conduction, since it is considered that the temper-

ature variation in the heating plate is very small.

When the heating condition investigated was that of

constant temperature at the top of the heating plate,

Eqs. (1)–(4) were used, and Eq. (5) was added to Eqs.

(1)–(4) as the governing equations when the heating

plate was included in the calculation region.

Boundary conditions are as follows for each heating

condition:

Boundary conditions

Condition (1):

x ¼ 0;W : p ¼ 0 ð7Þ

y ¼ d : u ¼ 0; hl ¼ 0 ð8Þ

y ¼ 0 : u ¼ 0; hl ¼ 1 ð9Þ

Condition (2):

Eqs. (7), (8) and

x ¼ 0;W � Ap 6 y 6 0 :
ohp
ox

¼ 0 ð10Þ

y ¼ 0 : u ¼ 0; � ohl
oy

¼ � kp
kl

ohp
oy

ð11Þ

y ¼ �Ap : � ohp
oy

¼ kl
kp

qbot ð12Þ

Condition (3):

Eqs. (7), (8), (10), (11) and

y ¼ �Ap : � ohp
oy

¼ Bi
kl
kp

ðhf � hbotÞ ð13Þ

The moment that is one of the parameters in the calcu-

lation varies with time due to the inclination of the solid

and the movement of the center of gravity of the solid.

Therefore, the value of the moment at the initial condi-

tion is given as the calculation parameter. The amount
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of the moment at the initial condition is expressed as

follows:

Moini ¼ ðF þM inigÞ xRini �
1

2

� �
ð14Þ

The reference temperature to obtain the non-dimen-

sional temperature is defined as the surface temperature

of the heating plate. However, the surface temperature is

not uniform when the asymmetrical load acts on the

solid. It was found from past studies that the surface

temperature is uniform when the load acts on the verti-

cal line of the center of gravity of the solid. Therefore,

the reference temperature is defined as the surface tem-

perature when the moment is set to 0.

In this calculation, the melting process progresses in a

quasi-steady state. However, the variation in the mass of

the solid with melting and the moment generated by the

change in the center of gravity of the solid must be con-

sidered. The mass and the position of the center of grav-

ity of the solid at the next time step were calculated using

the distribution of the heat flux through the liquid film,

after obtaining a result that satisfied the governing equa-

tions. The heat flux through the liquid film is then

expressed as follows, from assumptions (4) and (6):

q ¼ hsurf � hm
d

¼ c1xþ c2 ð15Þ

The increase in the area of the melting surface, due to

the inclination of the solid with melting, was also consid-

ered in the calculation. It was assumed that the load

acted on the top of the solid. Therefore, it was consid-

ered that the position of the load varied with the inclina-

tion of the solid.

Using the above equations, the amount of melting,

the mass of the solid and the variation of the center of

gravity of the solid in finite difference time were obtained

from the distribution of the heat flux at each time step.

Moreover, the force balance was calculated using these

values as the parameters at the next time step. The melt-

ing process was calculated by repeating these steps.

Time step was set to 1 s in the calculation for the

comparison with the experimental results. In this study,

the mass of the solid and the position of the resultant

force vary with time due to the melting of the solid,

and the calculation progresses to keep the force balance

between the resultant force and the pressure in the liquid

film in each time step. The variation of the mass of the

solid is about 0.1%, and the variation of the position

of the resultant force is about 0.02% of the width of

the solid in 1 s. Therefore, these variations are suffi-

ciently small to calculate the process continuously.

3.2. Numerical method for calculation of pressure

In this study, it is difficult to obtain pressure distribu-

tions in the liquid film and the thickness of the liquid
film by numerical analysis, since the position of the load

in the system is not symmetrical. The numerical method

that was proposed by Nagakubo and Saito [7] is used to

obtain the pressure distribution in the liquid film.

Following derivations are explicitly specified in

dimensional forms. Eq. (1) is integrated twice, and velo-

city is derived by using Eqs. (8) and (9) as follows:

u� ¼ 1

2l
op�

ox�
y�ðy� � d�Þ ð16Þ

Flow rate is derived by integrating Eq. (16) with respect

to the thickness of the liquid film.

U ¼
Z d�

0

u� dy� ¼ � 1

12l
op�

ox�
d�

3 ð17Þ

Eqs. (16) and (17) can be treated as 2-dimensional

Poiseuille flow. Moreover, the flow rate at a certain po-

sition is equal to the amount of melting at the region

from a point of maximum pressure to the position under

consideration. Assuming that heat transfer in the liquid

film is dominated by heat conduction, the amount of the

melting is expressed by the thickness of the liquid film

and the surface temperature of the heating plate as

follows:

U ¼
Z x�

x�p

kl
ðT surf � TmÞ

d�
1

Lql

dx� ð18Þ

The pressure gradient at a specific position is obtained

from Eqs. (17) and (18) as follows:

op�

ox�
¼ � 12l

d�
3

Z x�

x�p

kl
ðT surf � TmÞ

d�
1

Lql

dx� ð19Þ

First, two maximum pressure points are assumed near

right and left side of the solid, and the pressure distribu-

tions between each maximum pressure point and each

side of the solid are calculated by using Eqs. (7) and

(19), respectively. Then, the values of the pressure at

each maximum pressure point are compared, and the

position having the lower value progresses to the inside.

These procedures are repeated until obtaining coinci-

dence of two maximum pressure points.

3.3. Parameters

The calculations were carried out with three types of

heating conditions. Non-dimensional parameters were

picked out from governing equations and boundary con-

ditions. Table 1 shows non-dimensional parameters and

the standard values of these at each condition. In this

calculation, only a parameter of interest was varied,

while other parameters were kept at the standard values.

The effects on direct contact melting with an asymmetric

load due to the change in this parameter were investi-

gated. For the standard condition, it is taken that the

heating plate is copper and the PCM solid is ice. The
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Table 1

Parameters

Condition (1) (2) (3)

Pini 4.61 · 1010

As ini 1.0

g 4.61 · 1011

Mini 6.82 · 10�2

F 8.38 · 109

Moini 1.61 · 109

Ste 0.051

Ap 0.1

kp/kl 714

qbot 977

Bi 524

hf 3.0
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width and height of the solid are 0.1 m, and the thick-

ness of the heating plate is 0.01 m in the initial condition.

P, As, M, Mo are decided by the mass of the solid and

the load. Therefore, these values varied with melting,

and the values of the initial condition in Table 1 were

used as the calculation parameters.

In this study, the calculations were examined by vary-

ing the values of the moment, the surface temperature

and the heat flux. In addition, the ratio of the thermal

conductivity of the heating plate was varied.
0 100 200
0

5

time, s

an
gl

e 
of

 P
C

M

(b)

Fig. 3. Time dependency of mass and angle of PCM solid:

(a) Tf = 4.8 �C and (b) Tf = 10.6 �C.
4. Results and discussion

4.1. Comparison of experimental and analytical results

Experiments and numerical analyses were performed

to confirm the validity of the analytical model. The heat-

ing conditions in the numerical analyses were set to a

constant heat transfer coefficient and two different con-

stant temperatures of medium at the bottom of the

heating plate that were similar to the experimental con-

ditions. The heat transfer coefficient at the bottom of the

heating plate that was used in the numerical analysis was

determined by preliminary experiments.

Fig. 3 shows the time dependency of the mass of the

PCM and the inclination angle of the top of the PCM, at

brine temperatures of 4.8 and 10.6 �C, respectively. The
symbols show the experimental results for each condi-

tion, and the solid lines show the analytical results.

The gradient of the change in the mass corresponds to

the average heat flux for melting. It was found that the

average heat flux for melting was independent of the mo-

ment acting on the solid, and that the heat flux was

determined by the brine temperature and the total load,

both experimentally and analytically. Moreover, it was

found that the analytical results for the time dependency

of the melting amount were independent of the moment,

and coincided with the experimental results for each

condition.
As the moment increased, the inclination of the PCM

became larger with time. It is supposed that the liquid

film becomes thinner on the side the moment acts on,

in order to keep the force balance between the pressure

in the liquid film and the loads. Therefore, the heat flux

increases on this side, because the effect of thermal resis-

tance decreases. In the experiment, it was observed that

the surface temperature of the side the moment was act-

ing on was lower than the temperature of the other side,

though the amount of melting was larger on that side.

Therefore, it was found that the effect of decreasing

the thickness of the liquid film was more significant than

the effect of decreasing the surface temperature.

The experimental results coincided with the analyti-

cal ones for all conditions. Therefore, it was concluded

that the analytical model is reasonable. In this calcula-

tion, the mass of the solid and the position of the resul-

tant force vary with time due to the melting of the solid.

Thus, the variation of the center of gravity of the solid
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and the mass of the solid can be obtained accurately for

the whole melting process, since the heat flux distribu-

tion can be calculated accurately in each time step.

4.2. Analytical results

In this study, the parameters that dominate the melt-

ing process under each heating condition were picked

out, and the effects of changing several parameters were

examined for each condition.

4.2.1. Constant temperature at the top of the heating plate

Fig. 4 shows the analytical result for the melting pro-

cess under condition (1), that is, constant temperature at

the top of the heating plate. The parameters were set at

the values in Table 1. The load acted on the top at the

right side of the solid, and it was found that the melting

process progressed as the solid inclined to the right side.

Fig. 5 shows the time dependency of the mass of the

solid and the inclination angle of the solid, when the

moment was varied. The other parameters were set at

the values in Table 1.

The mass of the solid and the time are non-dimen-

sional values. It was found that the amount of melting

was independent of the moment, and this tendency

was similar to that found in the experimental results.

Fig. 6 shows the time dependency of the mass and the

inclination angle of the PCM, when Ste was varied. As

Ste increased, the change in the mass of the PCM in-

creased, and this result corresponds to a finding of pre-

vious studies that the heat flux is determined by Ste.

However, the effect of Ste on the distribution of the heat

flux is not clear in Fig. 6, since the mass of the PCM

under each condition is different when the same amount

of time has passed. Therefore, the relationship between

the mass and the inclination angle of the PCM is shown

in Fig. 7. It is found that these relationships correspond

to each other despite the difference in Ste, and a locus of
Fig. 4. Melting process of PCM solid for condition (1).
the solid on the melting process is the same when the

moment is set to the same initial value.

4.2.2. Constant heat flux at the bottom of

the heating plate

Fig. 8 shows the time dependency of the mass of the

solid and the inclination angle of the solid when the mo-

ment is changed. Since the heat flux at the bottom of the

heating plate is constant, the variations in the mass of

the solid agree with each condition. The inclination

angle increases with the moment, but the angle is small

compared with condition (1). It is supposed that the

inclination angle of the solid depends on heating plate

properties, and that heat transfer in the heating plate

is significant in the melting process.

Fig. 9 shows the time dependency of the mass of the

solid and the inclination angle of solid, when the ratio of

the thermal conductivity of the heating plate to that of
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Fig. 10. Temperature distribution in the heating plate: (a) kp/
kl = 714, (b) kp/kl = 71.4 and (c) kp/kl = 7.14.
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the liquid is changed. The moment was set to the same

initial value. It was found that the inclination angle of

the solid became larger with an increase in the thermal

conductivity of the heating plate. Moreover, the temper-

ature distribution in the heating plate at t = 0 is shown

to reveal the effect of the thermal conductivity of the

heating plate, when the ratio is varied (Fig. 10). The load

acts on the right side of the solid in the figures, and the

solid lines show contour lines of the non-dimensional

temperature. It can be seen in Fig. 10 that the heat flow

in the x-direction increases as the thermal conductivity

of the heating plate increases. Therefore, the inclination

angle of the solid is dominated by the thermal conduc-

tivity of the heating plate under this condition.

4.2.3. Constant heat transfer coefficient and constant

medium temperature at the bottom of the heating plate

Fig. 11 shows the time dependency of the mass of

the solid and the inclination angle of the solid when

the moment is changed. The inclination angle of the

solid becomes larger as compared to condition (2),

because the heat flux distribution exists at the bottom

surface of the heating plate in the case of condition (3).
Fig. 12 shows the time dependency of the mass of the

solid and the inclination angle of the solid when the ratio

of the thermal conductivity of liquid to that of the heat-

ing plate is changed and the moment is set to the same

initial value. The heat flux decreases with decreasing

thermal conductivity in the heating plate, due to the

change in the thermal resistance between the bottom

of the heating plate and the solid. However, in this case,

it is difficult to compare the effect of the thermal conduc-

tivity on the inclination angle of the solid in Fig. 12, be-

cause the amount of melting differs at the same time

points. Thus, the relationship between the mass and

the inclination angle of the PCM is shown in Fig. 13.

It is found that the inclination angle increases with an in-

crease in the ratio of the thermal conductivity, and this

tendency is similar to the results obtained for condition
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(2). When the thermal conductivity of the heating plate

is large, the heat flux distribution becomes larger, since

the temperature at the bottom of the heating plate
becomes smaller at the side the load acts on. Therefore,

the increase in the inclination angle is caused by this

effect, in addition to an effect of heat flow in the

y-direction.
5. Conclusion

Direct contact melting with an asymmetric load was

investigated both experimentally and by numerical ana-

lysis. It was found that the average heat flux into the

PCM was independent of the moment acting on the

solid, but was determined by the total load and the brine

temperature, both experimentally and analytically. The

analytical results for the time dependency of the amount

of melting and the inclination angle of the PCM agreed

with the experimental results. Three types of heating

conditions were examined by numerical analysis, and

the parameters that dominated the phenomenon under

each condition were picked out. The effects of changing

several parameters were investigated from the points of

view of the average heat flux and the inclination of the

solid. As a result, it was found that a locus of the solid

on the melting process is the same despite the difference

in Ste, when the moment is set to the same initial value,

in the constant temperature condition at the top of the

heating plate. Moreover, it was found that the inclina-

tion angle of the solid became larger with an increase

in the thermal conductivity of the heating plate in the

heating condition at the bottom of the heating plate.
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