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Abstract
In this paper, a comprehensive experimental and numerical investigation is conducted to
study the thermal behavior of phase change material (PCM) infiltrated in low porosity metal
foam (LPMF). A visible experiment is designed to trace the temperature field and solid-liquid
melting evolvement of PCM with and without metal foam. The experimental method and
pore-scale numerical simulation are employed to extract temperature histories at different
location during the melting process. Besides, the effective thermal conductivity of composite
PCM is calculated by numerical simulation and compared with the theoretical models.
Experimental results indicate that the thermal behavior of PCM can be visibly enhanced by
embedding LPMF, e.g., by comparing with pure paraffin, the melting time of composite PCM
is reduced by 45% and the maximum temperature difference is decreased by 83.3%. The
porosity has influences on the thermal characteristics of composite PCMs. Numerical results
exhibit good agreement with experimental data, which indicates that modified Kelvin model
can be employed to predict the thermal performance of composite PCM. Also it can be found
from numerical results that effective thermal conductivities of composite PCMs are distinctly
heightened, e.g., the effective thermal conductivities of composite PCM with 67% porosity is
about 108 times as much as that of paraffin. Numerical model is of great significance for
study and design of thermal management system using composite PCM.
Keywords: Phase change material, Low porosity metal foam, Numerical simulation,
Modified Kelvin model, Thermal behavior
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Nomenclature
Am

mush constant

t

time (s)

C

specific heat capacity (J/kg ∙ K)

V

volume (m3)

c

smaller constant

u

velocity (m/s)

fl

liquid fraction

Gr

Grashof number

g

gravitational acceleration

Greek symbols
(m/s2)
2

ε
γ
µ
ρ

porosity

h

heat transfer coefficient (W/m ∙ K)

thermal expansion coefficient (1/K)

k

thermal conductivity (W/m ∙ K)

L

latent heat (J/kg ∙ K)

m

mass (kg)

Pr

Prandtl number

Subscripts

p

pressure (Pa)

eff

effective value

S

source term

p

paraffin

T

temperature (K)

f

aluminum foam

dynamic viscosity (kg/m ∙ s)
density (kg/m3)

1. Introduction
In recent years, the global energy crisis is increasingly severe. The renewable energy
resource and energy saving technology attract extensive attention, such as solar energy [1],
energy efficient building [2], electric vehicles [3], etc. Thermal management system (TMS)
plays an important role in the new energy utilization [4]. Phase change material is widely
applied in passive or hybrid passive thermal management system owing to the high latent
heat and steady phase change temperature during the energy storage [5, 6]. However, the
disadvantage of PCM is the lower thermal conductivity, which reduces heat transfer rate and
hinders its application in TES [7]. Many methods are developed to heighten its thermal
behavior, such as inserting metal fins and pins [8, 9], encapsulated PCMs [10, 11], adding
high thermal conductivity additive [12, 13] and embedding metal foam [14-16]. It is proved
that the embedding metal foam is an effective approach for the improvement of thermal
performance of PCM.
The high porosity metal foam (HPMF) is usually made by the electro-deposition method
and investment casting method, which possesses high porosity (the porosity ranges from 80%
to 99%) and permeability [17]. Bhattacharya et al. [18] performed a study on thermophysical
properties of HPMF by using the analytical and experimental approach. Lafdi et al. [19]
designed an experiment to study the influences of porosity and pore size on the melting
evolvement of PCM saturated in aluminum foam with porosities ranging from 88.4% to 96%.
Yang et al [20, 21]. carried out the experimental and numerical investigation for influences of
PCM saturated in metal foam on the thermal energy storage unit, and they demonstrated that
embedding metal foam can distinctly strengthen heat transfer and improve temperature
uniformity. Xiao et al. [26] prepared composite PCM which is made of metal foam and
paraffin adopting the vacuum impregnation method and performed an experimental test on
the thermal characterization of composite PCM with porosities larger than 95%.
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The low porosity metal foam (LPMF) can be manufactured by the infiltration casting
method. Its porosity is lower and usually ranges from 60% to 80%, but it possesses the high
effective thermal conductivity and large specific area. Fernández-Morales et al. [22]
implemented experiments of heat transfer and pressure drop to determine the permeability
and thermal conductivity of metal foam with 63.3-67.6% porosities, which indicates LPMF
has the potential for application in the heat exchangers, electronic cooling systems, etc. The
permeability of metal foam was obtained using the experimental method and “bottleneck”
model by Furman et al. [23]. They found that theoretical model exhibited well with
experimental data. Whereas relative to the HPMF, study for LPMF are still very few.
Many models were developed for predicting the thermal behavior of metal foam.
Krishnan et al. [24] and Annapragada et al. [25] performed the numerical simulation of
thermal transport for open-cell metal foam by using face-centered-cubic (FCC) model.
Krishnan et al. Boomsma et al. [26] developed tetrakaidecahedron model which is employed
to calculate the effective thermal conductivity of a saturated metal foam. [27] proposed the
body-centered-cubic (BCC) according to the intricate geometry of metal foam and carried out
the numerical simulation for effective thermal conductivity, pressure drop and local heat
transfer coefficient. Whereas, these models are mainly used to numerically simulate
thermophysical behavior of HPMF not for LPMF.
From the above literature, it can be found that HPMF has been subjected to intensive
study. However, the study of LPMF is not enough. Particularly, the thermal behavior for
LPMF filled with PCM is rarely studied at present, and the model used to predict the thermal
performance of LPMF is also rarely proposed and investigated. Thus we combine the
experimental and numerical approach to investigate the thermal behavior of PCM infiltrated
in LPMF including the solid-liquid interface, temperature field, temperature history and
effective thermal conductivity. The modified Kelvin model used for LPMF is developed and
validated, which is of great significance for the study and design of TMS using composite
PCM.

2. Description of experiment
2.1 Sample
In the present study, the low porosity aluminum foam is manufactured in University of
Technology of Troyes by the infiltration casting method and selected as skeleton material.
The infiltration casting method mainly consists of three steps: (1) the molten aluminum is
poured into the mold which is filled with salt particle; (2) the liquid aluminum is infiltrated
into the space of salt particle with the negative pressure condition; (3) the aluminum/salt
composite is immersed in the water to remove the salt from the aluminum foam after the
composite is cooled to room temperature. The rectangular aluminum foam samples of
dimensions 60 × 45 × 25 mm are prepared for experiments, as displayed in Fig. 1.
Aluminum foam with 67% and 75% porosities and 10 PPI (pores per inch) pore density is
used as experimental samples, in which the porosity is determined by the mass-volume direct
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calculation ε = （1 −

mf
Vf ρ

) × 100% [17] and pore density is determined by the particle size

of salt [28]. The paraffin R56 (provided by Merck Millipore) is used for experiment owing to
the low melting point and high latent heat. The latent heat and transition temperature of
paraffin are tested by differential scanning calorimeter (DSC) with the heating and cooling
rate of 5 ℃/min. The DSC curve is displayed in Fig. 2. By analyzing the DSC curve, the
melting range and latent heat of paraffin are determined. The thermophysical porosities of
paraffin and aluminum are shown in Table 1.

Fig. 1. Low porosity aluminum foam

Fig. 2. DSC tested result of paraffin wax
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Table 1
Thermophysical characteristics for paraffin and aluminum
Material

Property

Value

Paraffin

Specific heat ( J/(kg ⋅ K) )
Density ( kg/m )

840

Thermal conductivity ( W/(m ⋅ K) )

0.2

Viscosity ( kg/(m ⋅ s) )

0.003

Thermal expansion coefficient ( K −1 )

0.0004

Latent heat ( kJ/kg )

120.7

Solidus temperature ( K )

323.75

Liquidus temperature ( K )

339.65

Specific heat ( J/(kg ⋅ K) )

963
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Aluminum

2100

Density ( kg/m )

2680

Thermal conductivity ( W/(m ⋅ K) )

160

3

2.2 Experimental apparatus
The schematic diagram of experimental setup used in this research is presented in Fig. 3.
The setup is designed to obtain the temperature variation and capture phase transition
evolvement. The rectangular aluminum foam ( 60 × 45 × 25 mm) is used for the experiment.
A container is made by using transparent acrylic glasses and aluminum plate in order to hold
the composite PCM and pure paraffin. The bottom of the container is the aluminum plate,
which is attached with an electric heating film by using silicon paste to reduce the thermal
contact resistance. Electric heating film used as heat source can provide the constant and
uniform heat flux by controlling DC power. The top of the container is a thin aluminum sheet
exposed to ambient air, which presents actual convective boundary condition in engineering
applications. An observation window is designed by using optical glass as the front face of
container to obtain infrared images, which is owing to that optical glass can availably
transmit infrared of wavelength range of IR camera. The other faces consist of transparent
acrylic glasses of thickness 2 mm. The front-back (z axis) faces of experimental setup are
exposed to the environment, which conduces to the visualization of the melting evolution by
using IR and HD camera. The polyurethane foam as insulation block is pasted on the
left-right (x axis) faces of experimental setup to reduce the heat loss. Three T-type
thermocouples are calibrated and fixed within composite at three different location (TC#1
(x=30 mm, y=10 mm), TC#2 (x= 30 mm, y=20 mm) and TC#3 (x=30 mm, y=30 mm)) along
the symmetry axis of z direction to trace the temperature variation within samples during the
5

melting process. The data acquisition is used to automatically trace the temperature data from
thermocouples and send the temperature data to the computer at regular time intervals. The
snapshots of temperature field and solid-liquid melting evolution is extracted using the
infrared camera and high definition camera. To investigate the thermal behavior enhancement
of composite PCM, the rectangular pure paraffin sample of dimensions ( 60 × 45 × 25 mm) is
also tested for comparison.
In this experiment, the uncertainty analysis is performed. The uncertainty is mainly
attributed to the errors of power, thermocouple and filling volume. The uncertainty of power
( ∆E ) caused by DC power and heating film is 3.2%, which is provided by the manufacturer.
The uncertainty of temperature ( ∆T ) associated with thermocouples is 0.1 ℃. The
uncertainty of paraffin filling volume ( ∆V ) is 4.1%, which is caused by the void within
composite PCM. It can be calculated by [29]:

∆ V = （1 −

∆m
) × 100%
εV f ρ p

(1)

Where, ∆m is the mass difference between composite PCM and aluminum foam.

Fig. 3. Schematic diagram of experimental setup

3. Numerical investigation
3.1. Numerical model
The reconstruction of the intricate metal foam structure plays an important role in the
pore-scale numerical simulation. There are several familiar models used to numerically
simulate the thermal behavior of metal foam, such as tetrakaidecahedron, FCC and BCC etc.
However, FCC and BCC models are not completely open-cell when porosity is below a
certain limit, e.g., minimum porosity of experimental sample is 67%, and it is difficult to
build by using FCC and BCC models. The modified Kelvin model was used to analyze the
mechanical property of metal foam by Su et al [30]. It is proved that the modified Kelvin
model can represent the property of metal foam. Also, the modified Kelvin model can remain
6

the open-cell structure as long as the porosity is greater than 50%. In present study, the
modified Kelvin model is employed to simulate the thermal performance of LPAF. A
tetrakaidecahedron is modeled to represent the salt particle. A unit cell of modified Kelvin
model is created by cutting the tetrakaidecahedron from a solid cube, as presented in Fig. 4(a).
To analyze the thermal behavior of metal foam using the pore-scale numerical method, the
periodic distributed modified Kelvin cell is used to build the topology structure of aluminum
foam. The dimensions of topology structure of aluminum foam are 60 × 45 × 25 mm, which
is equal to the dimensions of experimental sample, as shown in Fig. 4(b). The side length of
solid cube is l and the distance between two opposite faces of the tetrakaidecahedron is a. The
porosity of metal foam can be obtained by the following equation:

3

2l 

9 − 3− 
a
ε= 
× 100%
3
l
16  
a

(2)

(a)

(b)

Fig. 4. Numerical model of (a) a modified Kelvin unit cell (b) metal foam with periodic modified Kelvin cell

Numerical model is modeled according to the actual size of experimental samples to be
used for simulation, which has a high requirement for computer performance and will
consume too much computing time. Hence we conduct a study on the influence of number of
cells in the x, y and z axis on thermal performance simulation. It is noted that the number of
cells in the x axis has no influence on numerical results, which owes to the periodicity and
symmetry of geometry and heat boundary condition. The number of cells in the y and z axis
is decided according to the actual size of experimental samples, e.g., the length of b and d are
25mm and 45 mm respectively in this paper. Therefore, the computational zone consists of a
7

single slice composite PCM model in the left-right (x axis) direction to save the computing
time, and paraffin (white) is filled into the cave of modified Kelvin cell to simulate the
thermal behavior of composite PCM, as presented in Fig. 5. The boundary condition of
numerical model is the same as the experimental design. The bottom face of model is
imposed with constant heat flux. Due to the symmetry of model, the left-right faces are the
symmetry boundary condition. A convective boundary condition is applied on the top and
front-back (z axis) faces of model to simulation cooling situation by the air convection.

Fig. 5. Pore-scale numerical model of composite PCM with the boundary conditions

3.2. Numerical method
The pore-scale numerical model is established based on the following assumptions: (1)
The thermophysical characteristics of PCM and metal foam are considered as homogeneous
and constant during the phase change process; (2) The liquid phase paraffin is assumed to be
incompressible and Newtonian; (3) The volume change of paraffin is ignored within the
enclosed container and natural convection caused by buoyancy is simulated based on
Boussinesq approximation.
Numerical model of composite PCM is enclosed, and there is no material exchange with
the external. Hence, continuity equation is represented in Eq. (3):

∂ρ p
∂t

r
+∇⋅ ( ρ pu )=0

(3)

Momentum equation:
r
r
∂u
r
r
r
r
r
ρp
+ ρ p ( u ⋅∇ ) u = ∇ ⋅  − pI + µ p (∇u ) + µ p (∇u )T )  + ρ p gγ (T − Tm ) + Su
(4)
∂t
r
Where, p is the pressure within composite PCM, I is a unit vector in x, y, and z
directions.
The S in Eq. (4) is the parameter of damping force term for momentum equation, S can
be defined as [31]:
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(1 − fl )
S=

2

c + fl 3

(5)

Amush

Where, Amush is the mushy zone constant, which can be employed to measure the
amplitude of the damping and set to 1 × 105 , and c is a smaller constant and set as 1× 10−3 in
this paper. fl is the liquid fraction of PCM during the phase change process, as defined by:
0
T < T1

f l =  (T − T1 ) / (T2 − T1 ) T1 < T < T2
1
T > T2


(6)

The heat transfer within composite PCM includes heat conduction, convective heat
transfer and natural convection during the phase change process. Energy equation of heat
transfer is given as follows:
The convective heat transfer for liquid PCM can be defined by:

ρ pcp

∂Tp

r
∂f
+ ρ p c p u ⋅ ∇T p = ∇ ( k p ∇ T p ) − ρ p L
∂t
∂t

(7)

For heat transfer within metal foam, energy transport can be defined by:

ρ f cf

∂T f
∂t

= ∇ ⋅ ( k f ∇T f

)

(8)

Conjugate heat transfer of the contact surface between PCM and metal foam can be
written as follows:
Tp = T f

kp

∂T p
∂n

= kf

(9)
∂T f
∂n

(10)

3.3 Initial and boundary conditions
The initial temperature of composite PCM is the constant, which is the same as the
ambient temperature ( T0 = 20 ℃). It is written as follow:
Tp = T f = T0 , 0 ≤ x ≤l, 0 ≤ y ≤ d, 0 ≤ z ≤ b

(11)

The boundary conditions of composite PCM can be observed in Fig. 5. The bottom face
of model is imposed with constant heat flux q. The top and front-back faces of model are the
convective boundary condition. The other two faces are the symmetry boundary condition.
The boundary condition used for governing equations can be defined as follows:
∂T
−k
= q, y = 0, 0 ≤ x ≤l, 0 ≤ z ≤ b (bottom face)
(12)
∂x

9

−k

∂T
= h1 (Tw − T0 ), y = d, 0 ≤ x ≤l, 0 ≤ z ≤ b (top face)
∂x

(13)

∂T
= h2 (Tw − T0 ), z = 0 or d, 0 ≤ x ≤l, 0 ≤ y ≤ d (front and back faces) (14)
∂x
∂T
−k
= 0, x = 0 or l, 0 ≤ y ≤d, 0 ≤ z ≤ b (left and right faces)
(15)
∂x
Where, Tw is the face temperature of composite PCM, h is the heat transfer coefficient of
natural convection caused by the temperature difference between the face and ambient air,
which can be estimated by the empirical correlations [32]:
0.62kair
1/5
h1 =
(16)
( GrPr )
D
0.59kair
1/4
h2 =
(17)
( GrPr )
D
−k

3.4. Computation setup
CFD Fluent 18.0 package is employed in numerical calculation. PISO algorithm is
selected to couple the velocity-pressure term. Governing equations of momentum and energy
are discretized employing second order upwind schemes and pressure equation is discretized
adopting PRESTO approach. The high-performance computer and parallel processing are
used for the present model considering a large number of grids. The computational domain of
composite PCM is divided by ICEM CFD 18.0. The tetrahedron element is employed to mesh
the domain of metal foam and PCM. The tetrahedron unstructured grid is conducive to the
division of intricate structure for composite PCM. The mesh independence analysis is
implemented to verify the precision of numerical results under the same boundary conditions.
Three different numbers of grids (coarse grid of 3126k cells, medium grid of 5243k cells and
fine grid of 9266k cells) are tested. The numerical results indicate that the difference of three
grids is within 1%. Considering the accuracy of simulation and reducing the computation
time, 5243k grids are selected, which can ensure mesh independence.

4. Results and discussion
4.1 Experimental results
To investigate melting evolution, the infrared camera is used to record the temperature
variation of PCM. The infrared images of pure paraffin are displayed in Fig. 6, in which
white presents the liquid phase and red presents the solid-liquid interface. The bottom of pure
paraffin is heated by the horizontal heat source with heat flux 3500 W/m2. At the initial stages
of melting t = 800 s, the temperature of pure paraffin near heat source is higher than other
location, while the most zones of pure paraffin are close to room temperature 20 ℃. This
phenomenon is because a large amount of heat concentrates on the bottom owing to the low
thermal conductivity of pure paraffin. The solid-liquid interface is parallel to the heat source,
which indicates that the heat conduction dominates heat transfer at the beginning of melting.
As time progresses, the interface gradually thickens and appears wavy owing to the effect of
natural convection. The hot liquid near heat source flows upward and impinges on the
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interface owing to the action of buoyancy, which is conducive to the heat exchange between
liquid paraffin and solid paraffin. Natural convection gradually dominates the melting
evolvement of pure paraffin. It is noted that the upper middle domain of pure paraffin melts
fastest as shown in Fig. 6(d). While the left and right boundary zones of pure paraffin melt
slower and temperature is lower, which is due to the heat loss from transparent acrylic glasses.
Heat conduction and natural convection have combined effects on the melting process.

Fig. 6. Infrared images of pure paraffin at different time (a) t = 800 s (b) t = 1800 s (c) t = 2600 s (d) t = 3300 s

To distinctly display the melting evolvement of low porosity composite PCM, infrared
images of composite PCM at difference time are presented in Fig. 7. Fig. 7(a) shows
composite PCM which consists of the low porosity aluminum foam and pure paraffin. The
temperature of composite PCM rapidly rises, and the average temperature is about 35℃ at
t=500 s, which is owing to high thermal conductivity of LPMF. Also it is observed that there
is temperature difference between aluminum skeleton and paraffin (observed by the black
circle), which can demonstrate the existence of local thermal non-equilibrium phenomenon.
As the melting progresses, the heat is quickly transferred between aluminum foam and
paraffin, and the temperature difference between the bottom and top domain within
composite PCM is about 20 ℃ at t = 750 s, which is smaller than 38 ℃ for pure paraffin at t
= 800 s.
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Fig. 7. (a) Experimental sample and infrared images at different time (b) t = 500 s (c) t = 750 s (d) t = 1000 s

To study the influences of porosity on thermal behavior, the snapshots of melting
evolution for different porosities composite PCMs are obtained by directly capturing from the
transparent acrylic glasses, as shown in Fig. 8. It is found that there is no obvious solid-liquid
interface within composite PCM with 67% porosity. This is because effective thermal
conductivity of composite PCM increases as the porosity decreases, which conduces to quick
heat exchange between aluminum ligament and paraffin within the whole domain of
composite PCM. Conversely, there is a relatively distinct interface within the composite with
75% porosity, which results from the combined action of natural convection and heat
conduction. It is found from pictures that the melting time becomes longer as the increase of
aluminum foam porosity, e.g., the paraffin within composite with 67% porosity has
completely melted compared to composite with 75% porosity at 2460 s. By comparing with
pure paraffin, the melting time of composite PCMs with 67% and 75% porosity is reduced by
45% and 36%, respectively.

t = 1680 s

t = 2100 s

t = 2460 s

Fig. 8. Comparison of melting evolution for different porosities composite PCMs (a) ε = 67% (b) ε = 75%
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The temperature difference between TC#1 and TC#3 during the melting process is
presented in Fig. 9. The temperature difference curves of composite PCM for 67% and 75%
porosities have a similar trend. The temperature difference firstly rises and then decreases.
Moreover, it rises and then decreases again. The temperature difference of composite PCM
gradually rises until it reaches the first maximum value, which is because a large amount of
heat is accumulated at bottom domain in the vicinity of heat source in the initial stage of
heating. Then the heat is transferred quickly from the bottom domain to top domain of
composite PCM through the high conductivity metal skeleton, which results in that
temperature difference reduces a few degrees and reaches a minimum value at the solid phase
for paraffin. When the paraffin at the location TC#3 starts to melt, its temperature keeps a
steady value. However, the temperature at the location TC#1 still continues to rise. Hence, the
temperature difference between TC#1 and TC#3 reaches the second maximum value.
Furthermore, it is observed that the temperature difference of 67% porosity composite is
higher than that of 75% porosity composite in time ranging from 1690 s to 2000 s. This
phenomenon is due to that paraffin within 67% porosity composite at TC# 3 location melts
earlier, which results in that the increase rate of its temperature difference is larger than that
of 75% porosity composite. Thus temperature difference of 67% porosity composite is higher.
The temperature difference presents a slight decline after paraffin at the top domain melts.
The maximum temperature difference of pure paraffin is 22.8 ℃ during the melting process,
which is caused by low thermal conductivity of pure paraffin. The heat cannot be transferred
quickly within pure paraffin, which results in the bigger temperature difference. Whereas the
maximum temperature difference of composite PCM with 67% porosity is 3.8 ℃ and is
reduced by 83.3% compared with pure paraffin. It can be confirmed that the temperature field
within composite PCMs is the more uniform and thermal performance of PCM can be
heightened by embedding low porosity aluminum foam.

Fig. 9. Comparison of temperature difference between TC#1 and TC#3 during the melting process

4.2 Numerical results
The numerical results of modified Kelvin model are validated with the experiment data,
in which aluminum foam with 75% porosity is impregnated with paraffin wax R56. The same
constant heat flux 3500 W/m2 and boundary conditions as the experiment are supplied to the
numerical model. The temperature comparison of numerical results and experimental data at
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three measurement points (TC#1, TC#2 and TC#3) is presented in Fig. 10. It is noted that the
temperature variation of numerical simulation compares well with experimental data before
the paraffin begins to melt. The numerical results are slightly larger than experimental data
during the melting process. Also it is observed that the temperature rise rate of composite
PCM is slower than before when the paraffin starts to melt, which is attributed to a large
amount of energy stored in paraffin by the latent heat. It is demonstrated that modified Kelvin
model can be applied to theoretically predict thermal characteristic of composite PCM with
LPMF.

Fig. 10. Comparison of modified Kelvin model and experiment

The computational zone of numerical simulation is made up of a single slice composite
PCM model in the x axis direction, as mentioned in section 3.1. To show the comparison of
temperature distribution and infrared image, the model of composite PCM is cut into two part
along the symmetry plane of x direction. The comparison of temperature distribution and
infrared image at t = 1000 s is displayed in Fig. 11, in which the porosity of aluminum foam
is 67%. It is found that the numerical result of temperature distribution is in good agreement
with infrared image. This indicates that the modified Kelvin model can be used for pore-scale
numerical simulation of composite PCM infiltrated in LPMF.

Fig. 11. Comparison of temperature distribution and infrared image
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Accurate information on heat transfer and temperature distribution within composite
PCM is critical for the design of TMS. The effective thermal conductivity is an important
parameter and required in numerical models of thermal behavior for composite PCM. In this
paper, the effective thermal conductivities of composites with different porosities are
evaluated by the pore-scale numerical simulation in the steady state, based on the above
successful demonstration of modified Kelvin model. The top and bottom walls are applied to
the constant temperature 290 K and 310 K, respectively. All other walls are insulation, as
displayed in Fig. 12(a). In present numerical simulation, two assumptions are recommended:
(1) the heat transfer in composite is only heat conduction and one dimension; (2) the heat flux
for any cross section is constant and equal along the direction of heat conduction (y direction).
The effective thermal conductivity λ is calculated according to Fourier’s equation:
dT
Q = − Aλ
(18)
dx
Upon convergence of the numerical solution, the heat flux over model under the
constant temperature gradient can be extracted by integrating heat flux through top face or
bottom face. As the heat flux and temperature gradient are obtained, the effective thermal
conductivities of composite PCMs are evaluated based on Fourier’s law. The comparison of
effective thermal conductivity is displayed in Fig. 12(b). The thermal conductivity of paraffin
is 0.2 W/(m ⋅ K) . Whereas, the effective thermal conductivities of composite PCMs for 67%
and 75% porosities are 21.67 W/(m ⋅ K) and 11.59 W/(m ⋅ K) , which are 108 and 58 times that
of pure paraffin. It is proved that thermal conductivities can be obviously heightened by
embedding LPMF in paraffin. It is noted that the numerical results of effective thermal
conductivities compare well with the theoretical model developed by Boomsma et al,
especially for the porosity 70%. It is also indicated that this theoretical model is proposed not
only in the high porosity range but also in a certain low porosity range. There is a certain
deviation between numerical results of effective thermal conductivities with the model
prediction from Bhattacharya et al, which may be because the model prediction is
recommended for use in the higher porosity range.

Fig. 12. (a) Numerical model in steady state (b) comparison of effective thermal conductivity of composite PCM
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5. Conclusion
The thermal behavior of PCM with and without LPMF is experimentally and
numerically investigated in this paper. The modified Kelvin model is developed to represent
composite PCM and numerical results are compared to experimental data to verify the
validity of model. Compared to that of pure paraffin, the melting time of composite PCM
with 67% porosity can be reduced by 45%. The melting time of PCM infiltrated in LPMF can
be significantly shortened, which is conducive to the improvement of efficiency for energy
store in thermal management system. Besides, the temperature field is more uniform within
composite PCM, e.g., the maximum temperature difference within composite PCM can be
reduced by 83.3% compared with pure paraffin. It is found that the porosity has a distinct
effect on the thermal performance. For instance, the melting time is extended as the increase
of metal foam porosity and solid-liquid interface is not distinct for relatively lower porosity
during the melting time. The numerical results of temperature histories and temperature
distribution compare well with experimental data, which indicates modified Kelvin model
can be used to predict the thermal performance of composite PCMs with LPMF. Also, it can
be noted from results that effective thermal conductivities of PCM infiltrated in LPMF are
drastically enhanced and numerical results are good in agreement with previous theoretical
models. It is demonstrated form above results that the thermal performance of PCM is
improved by embedding LPMF and modified Kelvin model is of great significance for study
on the thermal behavior of composite PCM.
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