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A Two-Temperature Model for
Solid-Liquid Phase Change in
Metal Foams
Transient solid-liquid phase change occurring in a phase-change material (PCM) em-
bedded in a metal foam is investigated. Natural convection in the melt is considered.
Volume-averaged mass and momentum equations are employed, with the Brinkman-
Forchheimer extension to the Darcy law to model the porous resistance. Owing to the
difference in the thermal diffusivities between the metal foam and the PCM, local thermal
equilibrium between the two is not assured. Assuming equilibrium melting at the pore
scale, separate volume-averaged energy equations are written for the solid metal foam
and the PCM and are closed using an interstitial heat transfer coefficient. The enthalpy
method is employed to account for phase change. The governing equations are solved
implicitly using the finite volume method on a fixed grid. The influence of Rayleigh,
Stefan, and interstitial Nusselt numbers on the temporal evolution of the melt front loca-
tion, wall Nusselt number, temperature differentials between the solid and fluid, and the
melting rate is documented and discussed. The merits of incorporating metal foam for
improving the effective thermal conductivity of thermal storage systems are
discussed. �DOI: 10.1115/1.2010494�

Introduction
Solid-liquid phase change in porous media occurs in many

practical applications, such as thermal energy storage, freezing of
moist soils, and manufacture of metal-matrix composites. Of par-
ticular interest to this study are thermal energy storage units with
thermal conductivity enhancers �e.g., metal foams� for transient
thermal control of electronics. Here, the phase-change material
�PCM� is impregnated into a metal foam. The latent heat of the
PCM serves to absorb the heat generated by the electronics,
whereas the metal foam helps transport heat from the heat source
into the volume of the PCM and helps utilize the PCM more
effectively. It is important to understand the flow, heat transfer,
and phase change in these systems to better design phase-change
energy storage systems for electronics cooling.

Melting and solidification of pure materials coupled with natu-
ral convection in the liquid melt has been studied extensively over
the years �1–3�. A detailed review of the literature on solid-liquid
phase-change heat transfer is given in �4�. Solid-liquid phase-
change processes in porous media have also received wide atten-
tion as they have many practical applications. Beckermann and
Viskanta �5� performed a combined experimental and numerical
investigation of phase change occurring in a porous medium. Ex-
periments were performed in a square enclosure with glass beads
saturated with gallium. In their mathematical model, they assumed
local thermal equilibrium between the glass beads and gallium.
Their numerical results, which showed reasonable agreement with
experiments, revealed that the solid-liquid interface shape was
profoundly influenced by natural convection in the melt and heat
conduction in the solid. Jany and Bejan �6� reported a scaling
analysis of melting in porous media with local thermal equilib-
rium between the porous matrix and the PCM; melt convection
was also incorporated. They found that the general behavior of the
phase change process with a porous medium was similar to that of
phase change without the porous medium. The melting phenom-
enon in porous media was shown to pass through four distinct

regimes, each regime being characterized by distinct Nusselt num-
bers. Bejan �7� reported an analytical study of melting in a con-
fined porous medium saturated with a PCM. Non-Darcian effects
were ignored as was the initial subcooling. The local thermal equi-
librium assumption was also invoked between the solid and PCM.
The liquid Stefan number was found to have a profound effect on
the heat transfer and melting rates. Chellaiah and Viskanta stud-
ied, numerically and experimentally, the melting of ice in a bed of
glass �8� and aluminum �9� beads. They assumed local thermal
equilibrium for the numerical model and found reasonable agree-
ment with their experimental results. With the aluminum beads,
the agreement between the numerical results and experiments was
poor at high Rayleigh numbers, and deviation from local thermal
equilibrium was suggested as the cause. A review of the literature
on phase-change heat transfer in porous media is available in �10�.

Ellinger and Beckermann �11� experimentally investigated the
heat transfer enhancement in a rectangular domain partially occu-
pied by a porous layer of aluminum beads. They found that the
introduction of a porous layer caused the solid-liquid interface to
move faster initially during the conduction-dominated regime.
However, the overall melting and heat transfer rates were found to
be lower with the porous layer present due to low porosity and
permeability. They recommended the use of porous media of
higher porosity and permeability with higher Rayleigh numbers
for enhancement of melting and heat transfer rates. Tong et al.
�12� performed a numerical analysis of the enhancement of melt-
ing and heat transfer rates obtained upon incorporating a metal
matrix into water, under the assumption of local thermal equilib-
rium. An order-of-magnitude increase was observed in the heat
transfer rate with the metal matrix present. Vesligaj and Amon
�13� investigated the passive thermal control of portable electron-
ics using PCMs with thermal conductivity enhancers under un-
steady thermal workloads. An epoxy polymer was used as the
PCM. The operational performance of portable electronics was
found to improve when such a passive thermal storage device was
used. Alawadhi and Amon �14� reported numerical and experi-
mental studies on the effectiveness of a thermal control unit com-
posed of an organic PCM and a metal matrix. Modeling the metal
matrix using modified effective thermophysical properties was
found to yield good agreement with the experiments. Harris et al.
�15� presented an approximate theoretical model to analyze the
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phase-change process in a porous medium. Assuming equilibrium
melting at the pore scale, a parametric study based on a semi-
heuristic conduction model was formulated. The conditions for the
existence of local thermal equilibrium were explored. A number of
studies have discussed the validity of assuming local thermal
equilibrium in porous media saturated by a fluid �16–20�.

The objective of the present study is to investigate nonequilib-
rium thermal transport associated with phase change in a rectan-
gular enclosure containing a metal foam impregnated with PCM.
Recently, metal foams have been proposed for thermal manage-
ment of electronics. Applications studied include heat exchanger
units �21�, thermal storage units �22�, and others �23�. Since the
thermal conductivity of the phase-change material considered in
the present study is two orders of magnitude lower than that of the
metal foam, as is typical of organic PCMs, nonequilibrium ther-
mal effects may play a significant role. A two-temperature model
is developed, with separate energy equations for the metal foam
and the PCM, including phase change in the PCM. This work
builds on a previous analysis of natural convection in a PCM-
foam domain, but in which change of phase was not considered
�16�. Issues investigated and discussed in this work include natu-
ral convection in the melt, the effects of Rayleigh, Stefan, and
interstitial Nusselt numbers on the temporal evolution of the melt
front location, heat transfer rate, the temperature differentials be-
tween the solid and fluid, and the melting rate under local thermal
nonequilibrium. The results are compared to local thermal equi-
librium models, and the validity of the local thermal equilibrium
assumption is discussed.

Mathematical Formulation and Numerical Modeling
A schematic of the problem under investigation is shown in Fig.

1. A square domain of height H encloses the porous metal foam,
which is filled with solid phase change material �PCM�. The melt-
ing point of the PCM is Tmelt

* , and the right wall is maintained at
TC

* ��Tmelt
* �. The top and bottom walls are adiabatic. Initially, the

solid metal foam and the PCM are at equilibrium at temperature
TC

* . At time �=0, the left wall temperature is raised to TH
*

��Tmelt
* � and the PCM is allowed to melt. The thermophysical

properties of the solid metal foam and the PCM are assumed to be
constant over the range of temperatures considered. In the liquid
state, the PCM is assumed to be incompressible, Newtonian, and
subject to the Boussinesq approximation. The densities of the
solid and liquid PCM are assumed to be equal, i.g., the volume
change upon phase change is ignored. Thermal dispersion effects
may be important for very high Rayleigh numbers �24�, but are
neglected in the present work because of the lack of available
models for metal foams. The volume-averaged governing mass
and momentum equations in dimensionless terms, subject to the
above assumptions, are

� · U = 0 �1�

1

Pr
� 1

�

�U

��
+

1

�2 �U · ��U� = − �P +
1

�
�2U − � 1

Da2 +
F

Pr · Da
�U��U

+ Ra Tf
* g

�g�
�2�

In Eq. �2�, F is the inertial coefficient and ��=Vl /V� is the fraction
of liquid PCM in the given volume.

The governing energy equations are written for the metal foam
and PCM separately and are closed using an interstitial Nusselt
number. Assuming equilibrium melting at the pore scale, i.e., ig-
noring kinetics effects, the dimensionless energy equations are

�1 − ���
�Tm

*

��
= �1 − ����2Tm

* − Nui�Tm
* − Tf

*� �3�

Table 1 Interstitial Nusselt number †26–32‡

Fig. 1 Schematic of the problem under investigation

Fig. 2 Comparison of experimentally measured †5‡ and pre-
dicted „from †5‡ and present work… interface locations at vari-
ous times
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�
�Tf

*

��
+ �U · ��Tf

* = ��2Tf
* −

�

Ste

��

��
− Nui�Tf

* − Tm
* � �4�

In Eq. �4�, ��=Vl /Vf� is the fraction of liquid in the PCM. As an
alternative, if local thermal equilibrium can be assumed, the en-
ergy equations �3� and �4� may be replaced by a single energy
equation given by

�� + �1 − ����
�T*

��
+ �U · ��T* = �� + �1 − �����2T* −

�

Ste

��

��

�5�

Equation �5� can be obtained from Eqs. �3� and �4� by setting
Tm

* =Tf
*=T* and adding Eqs. �3� and �4�. If no porous medium

were present, the governing mass, momentum, and energy equa-
tions would be obtained by setting �=1 and Da=	 in Eqs. �1�,
�2�, and �5�. The following dimensionless variables are used in
deriving Eqs. �1�–�5�:


 =
x

H
; � =

y

H
; � =

t� f

H2 ; U =
uH

� f
; P =

pH2

 f� f� f

Ts
* =

�Tm − TC�
�TH − TC�

; Tf
* =

�Tf − TC�
�TH − TC�

; T* =
�T − TC�

�TH − TC�

The relationship between �, �, and � in the above equations can
be expressed as follows:

� = �
� for Tf

* � Tmelt
* + �T*

��Tf
* − Tmelt

* + �T*

2�T* � for Tmelt
* − �T* � Tf

* � Tmelt
* + �T*

0 for Tf
* � Tmelt

* − �T*
	

Here, phase change is assumed to occur over a small but finite
temperature range �T* for numerical stability. For all computa-
tions performed in this study a �T* of 0.04 or less was used. In
order to model solid-liquid phase-change phenomena in the same
grid, the third term in Eq. �2� was used to immobilize the material
in the fully solid regime by imposing a small value of K �=1
�10−10 m2�.

The dimensionless parameters describing the heat and fluid
flow processes are

Pr =
� f

� f
; Ra =

g� fH
3�TH − TC�
� f� f

; Da =

K

H

Fig. 3 Comparison of measured †5‡ and predicted „from †5‡
and present work… temperature distributions at three different
vertical locations at a dimensionless time of „a… 1.829 „5 min…
and „b… 7.314 „20 min…

Fig. 4 Predicted temporal evolution of the thermal field for
Ra=106, Nui=0, Ste=0.1, Pr=50, and Da=10−2 at the midheight
of the domain „�=0.5…: „a… solid-to-fluid temperature difference,
and „b… solid and fluid temperature distributions. Also plotted
in the figure is the nondimensional melting temperature „hori-
zontal dashed line….
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Nui =
hvH2

kf
; Ste =

�Cp� f�TH − TC�
�H

� =
km

kf
; �e =

keq

kf
= � + �1 − ���; � =

�Cp�m

�Cp� f
; F; �

The effective conductivity is given by keq=�kf + �1−��km. The in-
ertial coefficients F for flow over a packed bed of particles �16�
and metal foams �25�, are 1.75/
150�3 and 0.068, respectively.
For metal foams, a constant porosity of 0.8 is used for all the
computations.

The computational domain is discretized into finite volumes
using a rectangular mesh. All the variables are stored at the cell
centroids. A central-differencing scheme with a deferred correc-
tion �26� is used for convective fluxes. A central-differencing
scheme is used for discretizing diffusive fluxes as well. The tran-
sient terms are discretized using a second-order-accurate three-
time-level scheme �26�. The SIMPLE algorithm is used for obtain-
ing the velocity fields, and the linearized systems of equations are
solved using a strongly implicit procedure �SIP�. The calculations
are terminated when the dimensionless residual �26� has dropped
at least below 10−4 for all governing equations.

Code Validation
The code used in this work was previously validated �16�

against the available numerical and experimental studies on natu-
ral convection in porous enclosures, but without phase change.
Since experimental results are not available in the literature for
solid-liquid phase change in metal foams, the code was validated
against a study of melting of gallium in a packed bed of glass
spheres �5�. The height of the square domain was 4.76 cm and the
porosity of the enclosure was 0.385. The boundary conditions
were the same as illustrated in Fig. 1. Further details about the
experiments and the numerical model are available in �5�. The
dimensionless governing parameters used for the present compu-
tations for this comparison are Ra=8�105, Da=3.7�10−3, Ste
=0.124, Pr=0.0208, d /H=0.126, �=0.046, �=0.786, and Tm

*

=0.3912. The permeability for liquid flow through a packed bed
of spherical particles is calculated from �5�

K��� =
d2�3

175�1 − ��2

For closing the two energy equations �3� and �4�, the correlation
proposed by Wakao and Kaguei �27� was used and is given below

Nui,d = 6�1 − ���2 + 1.1�Re�0.6�Pr�1/3� �6�
This correlation covers a broad range of Reynolds numbers and
asymptotes to a constant value for the diffusion-only limit �Re
→0� for spheres. Though this correlation was reported for forced
convection, it is assumed to be approximately valid for natural
convection in the melt as well. The Reynolds number in Eq. �6� is
interpreted as the local Reynolds number based on the local mean
velocity, i.e., umeand /�. Figure 2 shows the comparison of the
computed melt front locations from the present study with those in
�5�. The primary difference in the present mathematical model
from that in �5� is the relaxation of the assumption of local ther-
mal equilibrium between the solid and the interstitial fluid. The
temperature distributions predicted from the present study are
compared to those in �5� in Fig. 3 at different vertical
��-direction� locations at two different times. The current predic-
tions show satisfactory agreement with experiments and also
agree reasonably well with the numerical predictions in �5�, de-
spite the assumption of thermal equilibrium in the latter. This
agreement between the numerical results can be attributed to the
fact that the system is conduction dominated �RaDa2�11�.

Grid independence of the solution for the meshes used in the
present simulations was also established. A Rayleigh number of
106, Darcy number of 10−2, Prandtl number of 50, Stefan number
of 0.1, and porosity of 0.8 were used for this set of calculations.

Fig. 5 Predicted temporal evolution of the melt front location
for Ra=106, Nui=0, Ste=0.1, Pr=50, and Da=10−2

Fig. 6 Predicted temporal evolution of thermal field for Ra
=106, Nui=0, Ste=1.0, Pr=50, and Da=10−2 at the midheight of
the domain „�=0.5…: „a… Solid-to-fluid temperature difference,
and „b… Solid and fluid temperature distributions. Also plotted
in the figure is the nondimensional melting temperature „hori-
zontal dashed line….
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Grid sensitivity was tested on three different grids, 48�48 �grid
1�, 102�102 �grid 2�, and 186�186 �grid 3�. For grid 1, devia-
tions of 7.5% and 2% were observed, respectively, in the mini-
mum and maximum solid-to-fluid temperature differences with
respect to grid 3 at time �=0.225. For grid 2 at �=0.225, the
corresponding deviations with respect to grid 3 reduced to 1% and
1.7%. The melt front shapes were almost identical in these latter
two cases. The intermediate grid of 102�102 was found to be
sufficient for all the calculations presented in this study.

Results and Discussion
The porosity of the metal foam considered is held constant at

0.8 and the pore size �d /H� is 0.0135. The typical ratio of the
average ligament diameter dm of the foam to the mean cell size d
is 0.1875, with the average ligament diameter of 0.36 mm �25�.
The ratio of the metal foam-to-PCM thermal conductivity � is
1000. The Prandtl number of the PCM is fixed at 50, which is
typical of the value for many organic PCMs.

A correlation similar to Eq. �6� �which was for spherical beads�
that covers a broad range of Reynolds numbers was not found in
the literature for metal foams. For high-Prandtl-number fluids un-
dergoing phase change in porous enclosures the velocities encoun-
tered are small �e.g., the vertical velocity v �m/s� is O�10−3� or

Fig. 7 Predicted temporal evolution of thermal field for Ra
=106, Nuid=5.9, Ste=1.0, Pr=50, and Da=10−2 at the midheight
of the domain „�=0.5…: „a… Solid-to-fluid temperature difference,
and „b… solid and fluid temperature distributions. Also plotted
in the figure is the nondimensional melting temperature „hori-
zontal dashed line….

Fig. 8 Predicted temporal evolution of melt front locations „�
=0.5… for Ra=106, Nui,d=5.9, Ste=1.0, Pr=50 and Da=10−2

Fig. 9 Predicted temporal evolution of thermal field for Ra
=108, Nui,d=5.9, Ste=1.0, Pr=50, and Da=10−2 at the midheight
of the domain „�=0.5…: „a… Solid-to-fluid temperature difference,
and „b… solid and fluid temperature distributions. Also plotted
in the figure is the nondimensional melting temperature „hori-
zontal dashed line….
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less for RaDa2�104�. Also, the heat transfer between the metal
foam and the solid PCM is only by conduction during the initial
transient. As the system is largely conduction dominated, it is
critical to establish the diffusion limit for the interstitial heat trans-
fer coefficients. Table 1 �25,27–32� lists the various models used
in the present study for closing the energy equations �3� and �4�.
Though some of the correlations in Table 1 are for forced convec-
tion, they are assumed to be approximately valid for natural con-
vection in the melt as well. The Reynolds number in the equations
is interpreted as the local Reynolds number based on the local
mean velocity, i.e., umeand /�. As Re→0, some of the equations
yield Nui,d=0, which does not correctly represent the conduction
limit. In the equations listed in Table 1, asf is the specific surface
area of the metal foams and is given by the relation �28�

asf =
3�dm

0.59d2�1 − exp− �1 − �

0.04
���

In the discussion that follows, the “fluid” phase refers to the
PCM, whether solid or melted, whereas the “solid” phase refers to
the metal foam. In order to understand the effect of interphase
heat transfer on the melting of PCM, the case of zero interphase
heat transfer �Nui=0� is first considered. Under this condition,
there is no thermal interaction between the metal foam and the
PCM, and the melt experiences only the flow resistance offered by
the porous foam. Figure 4�a� shows the temporal evolution of the
dimensionless solid-to-fluid temperature difference along �=0.5
for Ra=106, Pr=50, Da=10−2, �=103, �=1, and Tmelt� =0.3. The
Stefan number for this case is 0.1. Figure 4�b� shows the PCM and
metal foam temperature distributions at the midheight of the do-
main. In Fig. 4�b� and in other similar figures that follow, the
dimensionless metal foam temperature distribution is represented
using dotted-dashed lines, whereas the PCM is represented using
solid lines with open symbols. Also, the dimensionless melting
point is shown as a horizontal dashed line. In the limit of zero
interphase heat exchange, the metal foam and PCM develop inde-
pendently and the temperature difference between them is deter-
mined by the relative response of the two phases. The metal foam
reaches a steady state in a time scale of order �H2 /�m�, or a
dimensionless time scale of �m�� /�. For low Rayleigh numbers
and Ste�1, the time for the PCM to reach a steady state is gov-
erned by the effective inertia associated with phase change. It
scales as H2 /�ef where �ef =kf / � fCpef

� and �Cp�ef = ��H�� /�T.
The corresponding dimensionless time scale is � f �� /Ste. The
metal foam is seen to have reached a steady state well before the
temperature field in the fluid has started to develop. Thus at early
times, the temperature differential in the domain is very large, of
O�1�. The temperature difference progressively decreases with

time, reaching a steady-state value over the PCM time scale. Fur-
thermore, the maximum temperature difference between the metal
foam and PCM occurs near the solid-liquid interface. This is ex-
pected because the phase-change process constrains the PCM tem-
perature to Tmelt

* at the interface. The thickness of the warm
boundary layer ���RaDa2�−0.25� near the heated wall ceases to
grow at a time of order � / �Ste
RaDa2� �3�. This is the time at
which a convective regime in the melt �3� sets in. The time pre-
dicted for the onset of the convective regime by Benard et al. �33�
is 4.59� / �Ste
RaDa2�.

Figure 5 shows the temporal evolution of melt front location for
Nui=0, Ra=106, Ste=0.1, Da=10−2, Pr=50, �=103, �=1, and
Tmelt

* =0.3. Initially, the process is conduction-dominated and the
melt front is planar. The horizontal intrusion layer appears in the
top half of the domain at a dimensionless time of 0.2 because of
the development of natural convection. This denotes the beginning
of the convection-plus-conduction regime �3�. The vertical height
�see Fig. 1� of the upper portion of the domain z, where convec-
tion dominates conduction scales as �RaDa2�� f Ste/��2� �3�. At a
nondimensional time of approximately � / �Ste
RaDa2�, the ther-
mal boundary layer ceases to grow and the quasi-steady regime
commences. This can also be seen from Figs. 4�a� and 4�b�, where
the boundary layer thickness is approximately the same after a
nondimensional time of 1.2. In this quasi-steady regime, the
movement of the melt front is slow enough that the convective
process reaches a steady state before the melt front moves to any
significant extent.

The predicted dimensionless solid-to-fluid temperature differ-
ence for a higher Stefan number of 1.0 at different times along
�=0.5 for all other parameters remaining the same as above
�Nui=0, Ra=106, Da=10−2, Pr=50, �=103, �=1, and Tmelt

* =0.3�
are shown in Fig. 6�a�. As expected, the increase in Stefan number
from 0.1 in Fig. 4 to 1.0 in Fig. 6 expedites the melt front propa-
gation. As noted previously, the metal foam reaches a steady state
over a dimensionless time of � /� and the PCM reaches a steady
state over a dimensionless time of � /Ste. A comparison of Figs.
4�b� and 6�b�, in which the temporal evolution of the solid and
fluid temperature distributions along �=0.5 is plotted, reveals that
the temperature distributions at steady state are identical for the
two different Stefan numbers, as expected from Eq. �4�. The melt
front location for Ste=1.0 is similar to that in Fig. 5, except for
the faster evolution of the melt interface, and hence is not shown
for brevity. For cases of practical interest, the Stefan number is not
large enough to compete with the time scale for the evolution of

Fig. 10 Predicted temporal evolution of melt front locations
„�=0.5… for Ra=108, Nui,d=5.9, Ste=1.0, Pr=50, and Da=10−2

Fig. 11 Predicted melt volume fractions as a function of � for
Ra=106, Da=10−2, Ste=1.0, and Pr=50 for various interstitial
Nusselt numbers „Nui,d…. Also shown are the �eq „=�eqt /H2

… val-
ues for comparison.

1000 / Vol. 127, SEPTEMBER 2005 Transactions of the ASME



the solid temperature profile, and the overall behavior described in
Figs. 5 and 6 is expected to be typical for Nui=0.

The next case considered is one for which the metal foam and
PCM exchange energy through interphase transfer �Nui�0�. Fig-
ure 7�a� shows the dimensionless solid-to-fluid temperature differ-
ence at various times along �=0.5, for Ra=106, Ste=1.0, Da
=10−2, d /H=0.0135, Pr=50, �=103, �=1, and Tm

* =0.3. The in-
terstitial Nusselt number �Nui,d� based on the pore diameter used
for the calculations is 5.9. This Nusselt number was obtained from
the expression by Morgan �31� in Table 1 using a d	 /dm ratio of
104. Figure 7�b� shows the dimensionless metal foam and PCM
temperature distributions along �=0.5 for the same set of param-
eters. The metal foam-to-PCM temperature difference is deter-
mined by the heat exchange between the metal foam and PCM. If
the response time for the heat exchange between the PCM and
metal foam ��i���1−��� /Nui�� is long compared to the response
times of the two phases, the two phases evolve separately, large
solid-to-fluid temperature differences exist, and the time to steady
state is determined by the slower phase. On the other hand, if the
response time for heat exchange is short compared to the response
times of the two phases, then the two phases develop together in a
coupled manner. For Nui� ��1−����, the interphase exchange
time is shorter than the diffusion time for metal foam. For the case
in Fig. 7, the interphase exchange time is shorter than both the
diffusion time for metal foam as well as that for the PCM �i.e.,
�i��m, � f� and hence the metal foam and the PCM develop to-
gether in a coupled manner. Initially, the metal foam-to-PCM tem-

perature difference is very high, but it progressively decreases
with time and is driven to a value of zero at steady state. It may be
noted that a steady state is reached on a time scale of O�� /��. In
the earlier case of Nui=0, the fluid phase was seen to respond on
a time scale of ��O�1�. Here, however, the fluid is seen to evolve
faster, on a scale closer to that of the metal foam, as a result of
interface exchange. Initially, the metal foam responds faster than
the PCM at the hot wall boundary. But since the heat exchange
time is shorter than the diffusion scale � f for the PCM, heat from
the hot boundary travels through the metal and the metal tempera-
ture imprints itself on the fluid. Also, as seen in the previous case
of Nui=0, the maximum solid-to-fluid temperature difference oc-
curs at the interface, which is held at Tm

* because of phase change.
It may also be noted that the dimensionless solid-to-fluid tempera-
ture difference for the uncoupled �Fig. 4� case is not zero at steady
state, whereas in the present case, a zero temperature difference is
obtained at steady state. Since the fluid temperature distribution is
linear across the domain, the amount of melted PCM is less for
Nui�0 than that of Nui=0; this aspect will be discussed, in detail,
later in this paper, as will the effect of variations in the interstitial
Nusselt number and Stefan number.

The predicted temporal evolution of the front location for Ra
=106, Nui,d=5.9, Ste=1.0, Pr=50, and Da=10−2 is shown in Fig.
8. Contours of the liquid fraction, �=0.5 corresponding to the
melting temperature �Tmelt

* � of 0.3, are plotted in Fig. 8. It may be
noted, initially at �=0.00005, from Fig. 7�b� that the mushy zone
“thickness” is large, i.e., the mushy zone occupies several compu-
tational cells because of the presence of the metal matrix. Even-
tually at steady state ��=0.006�, the mushy zone thickness is con-
fined to a single computational cell. It can be seen from Fig. 8 that
the heat transfer process is conduction dominated. The melt front
shape is planar throughout the melting process and little natural
convection is observed when compared to the Nui=0 case in Fig.
5.

The effect of increasing Rayleigh number on the dimensionless
solid-to-fluid temperature difference is discussed next. Figure 9�a�
shows the dimensionless solid-to-fluid temperature difference
along �=0.5 for Ra=108, Da=10−2, Ste=1, Pr=50, and Nui,d
=5.9. Figure 9�b� shows the dimensionless temperature distribu-
tions in the metal foam and PCM along �=0.5 for these param-
eters. The overall behavior is similar to the Ra=106 case, albeit
with greater convective effects. The solid and fluid temperature

Fig. 12 Predicted melt volume fractions as a function of � for
different Rayleigh, Stefan, and interstitial Nusselt numbers.
Also shown are the �eq values for comparison.

Fig. 13 Predicted hot wall Nusselt number for the no-foam
case as a function of � for Ste=1 and two different Rayleigh
numbers. Also shown are the melt fronts at several critical time
instants during flow evolution.
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profiles are seen to be nearly identical at steady state and exhibit
curvature due to convection. The system is driven to steady state
on a time scale O�� /��. Figure 10 shows the temporal evolution
of the melt front locations for Ra=108, Da=10−2, Ste=1, Pr=50,
and Nui,d=5.9. The influence of natural convection on the melt
front shape is clear.

A detailed discussion of temperature profiles and melt front
shapes for a different Nui correlation is outlined in �34�. It is not
included here for brevity.

Melt Volume Fraction. From an engineering standpoint, the
melt volume fraction and time-dependent average melt front loca-
tion are of interest in foam-enhanced PCM units. The effect of
interstitial heat transfer coefficient on the melted volume is first
discussed. Figure 11�a� shows the melt volume fraction
�=�cells��x�y� as a function of � for Ra=106, Ste=1, Da=10−2,

Pr=50, and for different interstitial Nusselt numbers �obtained
from various Nui relations listed in Table 1 for �=0.8�. Also plot-
ted in the figure for comparison is the nondimensional time �eq
based on the effective conductivity of the system �foam+PCM�.
As expected, the higher the interstitial Nusselt number, the faster
is the rate at which a steady state is achieved. The time to steady
state is dictated by the metal foam response time, as discussed
previously. For the parameters considered here, the final steady-
state profile for both solid and fluid is a straight line for all Nui,d,
and the melt volume fraction is thus the region T*�Tmelt

* . Conse-
quently, the melt volume fraction is the same for all the different
Nui,d values, with the asymptote being �1−Tmelt

* �. For values of
Nui,d�1, little difference in the time to steady state is seen as
Nui,d is increased. For Nui,d�5.9, the transient response is not
particularly distinguishable from that of the equilibrium model
�Nui,d→	�.

Though not shown here, the melt volume fraction at steady
state for Nui=0 is 0.8 for the parameter set in this study. For the
case when there is no foam, the melt volume fraction is 0.92 at
steady state. In the presence of the foam, convective flow in the
melt is retarded due to low values of the parameter RaDa2

�=100� and conduction-dominated profiles result, limiting the melt
volume fraction to �1−Tmelt

* �. But for the uncoupled �Nui=0� and
the no-foam cases, the fluid temperature distribution is not linear
at steady state and convection in the fluid increases the overall
melted volume. However, the response time of the system is sub-
stantially slower than for the Nui,d�0 cases. In practical terms,
this means less effective cooling during the transient.

In Fig. 12�a� the effect of varying the Rayleigh number on the
evolution of the melt volume fraction is shown. Also plotted in
Fig. 12 is �eq as in Fig. 11. As the Rayleigh number increases, the
convection contribution increases and the melting rate and the
melt volume fraction of the PCM also increase somewhat. In Fig.
12�b�, the effect of decreasing the Stefan number is examined. A
decrease in Stefan number from 1.0 to 0.1 with Ra=108 decreases
the rate of melting due to the thermal inertia associated with phase
change and the concomitant increase in the latent heat of fusion.
Both cases are computed upto a melt volume fraction of 0.74.

Wall Nusselt Number. In order to compare the performance of
the PCM with and without the metal foam, the average Nusselt
number at the hot wall for the case without the metal foam case is
discussed. The average Nusselt number at the wall is defined as

Nu =
hH

kf
= �− 1��

0

1  �T*

�

�


=0
d�

In the above equation, T* is the nondimensional PCM tempera-
ture. Figure 13 shows the average Nusselt number at the hot wall
for two different Rayleigh numbers �106 and 108� and Ste=1.0 as
a function of dimensionless time. Also plotted in Fig. 13 are the
melt front locations for Ra=108 for different flow regimes. Ini-
tially, at �=0, when the left wall temperature is raised to TH, the
heat transfer from the wall to the PCM is large, but the Nusselt
number falls rapidly as the PCM heats up. Over a time scale �
��1−Tmelt

* �5/4 Ra−1/2 �3�, the Nusselt number reaches a low value
corresponding to the pure conduction limit �3,34� and starts to
increase as convection sets in �referred to as conduction-plus-
convection regime in �3��. The increase in Nu ���−0.5+Ra���3/2

�3�� in the convection-plus-conduction regime is very small for
Ra=106. The “quasi-steady” regime or the convection-dominated
regime sets in over a time scale ���Ra�−1/2 �3�. The Nusselt
number is constant in this regime and is computed to be approxi-
mately 22 and 7 for Ra=108 and 106, respectively. The Nusselt
number starts to increase again as the melt front nears the cold
wall and peaks when the melt front touches the cold wall on a
time scale � of O�Ra−0.25� �3�. The Nusselt number drops again

Fig. 14 Predicted hot wall Nusselt number for „a… metal foam
and „b… PCM for various Rayleigh, Stefan, and interstitial Nus-
selt numbers
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when the melt front traverses along the right wall.
The behavior in the presence of the metal foam is markedly

different. Figure 14 shows the Nusselt number at the hot wall in
this case. The Nusselt number corresponding to the metal foam,
Num, and that corresponding to the PCM, Nuf, are shown. Figure
15 shows the total heat transfer from the hot wall to the system.
This Nusselt number is defined as

Nutotal = Num + Nuf = − �1 − ����
0

1  �Tm
*

�

�


=0
d�

− ��
0

1  �Tf
*

�

�


=0
d�

The case of Ra=106, Da=10−2, and Ste=1 is considered first.
Initially, at �=0, the heat transfer from the wall is large, but drops
rapidly as both the metal and PCM heat up. In the presence of the
foam, heat transfer is conduction dominated and at steady state,
the dimensionless temperature gradient at the wall for both metal
foam and PCM is unity. Hence, Nutotal��+ �1−���. This is true
for both the Nui,d values plotted in Fig. 14. As the Rayleigh num-
ber is increased, the Nusselt number at the wall increases due to
increased natural convection. The increase in the Nusselt number
for metal foam is manifested as a distortion in the metal foam
isotherms because of coupling with the PCM �see Figure 9�b��.
The greatest contribution to sensible heat transfer from the hot
wall is due to the metal. The fluid primarily contributes to the
phase change heat transfer and heat from the hot wall is conveyed
to it by the metal.

Conclusions
A parametric study of the transient melting of PCMs integrated

into metal foams for enhanced effective thermal conductivity has
been investigated for the case of a step change in boundary tem-
perature. A number of important results have been obtained. For
the range of parameters considered, for metal foams with intersti-
tial Nusselt numbers Nui,d�5.9, a single-temperature model is
sufficient for analysis. But for smaller Nui,d values, the metal
foam and the PCM are sufficiently out of equilibrium that a two-
temperature model is necessary. The metal foam is seen to act in
two ways. First, it substantially dampens convective flow because
of frictional resistance. Second, since the metal responds far faster
than the fluid, the linear temperature profile in the metal tends to
imprint itself on the fluid, leading to conductionlike temperature
profiles for Ra�106. Even at Ra=108, only a mild departure from
the conduction temperature profile is seen. As a result, the melt
volume fraction at steady state, which is a measure of the total
heat that can be absorbed, is approximately �1−Tmelt

* �. This value

may be less than that obtained without the metal foam because of
the damping of convective flow. The metal foam acts to substan-
tially decrease the response time of the system and may, thus, lead
to far less overheating during the transient, despite the smaller
melt volume fraction at steady state.

This study has investigated the transients due to a step change
in boundary temperature. In many applications, periodic pulsed
heating may be used. The difference in response time between
systems with and without metal foam enhancers has important
implications for the management of transient energy pulses. If the
time scale of the energy pulse is short compared to the response
time of the system, local overheating is possible. Since the metal
foam response time is typically far faster than typical energy pulse
time scales, it would tend to perform far better than systems with-
out metal foams. These aspects must be investigated further to
gain a clearer understanding of pulsed heating.
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Nomenclature
asf � specific surface area, m−1

Cp � isobaric specific heat, JKg−1 K−1

Da � Darcy number
d � particle diameter or mean pore diameter, m
F � inertial coefficient
g � gravity vector, ms−2

H � height of the enclosure, m
hv � volumetric heat transfer coefficient, Wm−3 K−1

K � permeability, m2

k � thermal conductivity, Wm−1 K−1

ke � equivalent thermal conductivity, Wm−1 K−1

Nu � Nusselt number based on the porous foam
height

Nui � interstitial Nusselt number �hvH2 /kf�
Nui,d � interstitial Nusselt number based on pore diam-

eter �hvd2 /kf�
P � pressure, Nm−2

Pr � Prandtl number
Ra � Rayleigh number
Re � Reynolds number
Ste � Stefan number

T � temperature, K
t � time, s

U � velocity vector, ms−1

V � volume
u ,v � velocity in x and y directions, ms−1

x ,y � Cartesian coordinates

Greek Symbols
� � thermal diffusivity, m2 s−1

� � coefficient of thermal expansion, K−1

�H � enthalpy of freezing/melting, JKg−1

�T � mushy zone thickness, K−1

� � porosity
� � fraction of liquid melt in the PCM
� � dimensionless y coordinate
� � fraction of liquid PCM �=���
� � ratio of thermal conductivities of metal foam

and fluid
�e � ratio of equivalent thermal conductivity to fluid

thermal conductivity
� � dynamic viscosity, N sm−2

� � kinematic viscosity, m2 s−1

 � density, kg m−3

Fig. 15 Predicted total hot wall Nusselt number for various
Rayleigh, Stefan, and interstitial Nusselt numbers
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� � dimensionless time

 � dimensionless x coordinate

� � ratio of volumetric heat capacities of metal
foam and fluid

Subscripts
C � cold
d � diameter

ef � effective fluid property
eq � equivalent

f � fluid �PCM�
H � hot/height of enclosure
l � liquid
p � pore or particle
m � metal foam
s � solid �PCM�

Superscripts
* � dimensionless quantity
n � time step n
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