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� The solidification evolution was retardant when the metallic ligaments were inner hollow.
� The dominating parameter was found to be relative density for phase change heat transfer.
� For low Ste number (0.22), local thermal equilibrium may be safely assumed for convenience.
� Natural convection was found negligible at pore-scale for phase change heat transfer.
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We conducted analytical, numerical and experimental investigations on solidification of fluid saturated in
highly porous metal foams with open cells. Based on pore-scale thermal equilibrium assumption, an ana-
lytical extension of the classical Neumann’s solution was made to predict phase change heat transfer in
PCM-foam composites. To explore the heat transfer mechanisms underlying the phase change process
and clarify the role of foam insertion, three-dimensional direct numerical simulations on periodically dis-
tributed tetrakaidecahedron cells were carried out. Experimental measurements were performed to val-
idate the analytical model and the numerical method, with good agreement achieved. The phase interface
was macroscopically flat via experimental visualization but microscopically irregular via pore-scale sim-
ulations. Temperature difference between the saturating PCM and metallic ligaments was negligible, so
that local thermal equilibrium and one-equation model were applicable especially at low Ste numbers
(e.g., 0.22). The present findings provide new insights to cold energy storage design, utilization and eco-
nomic analysis in HVAC systems.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The energy use is rapidly growing all around the world. The sta-
tistical data among a total of 69 countries indicates that there have
been marked increases in energy use in developing countries such
as China, India, Brazil, Thailand and South Africa [1–3]. For
instance, the total primary energy demand for China in 2010 is
about 3.2 billion tons of coal equivalent, which is 5.6 times of that
in 1978 [4,5]. The increasing trend for energy demand will con-
tinue in the near future. It is speculated that the energy demand
for China will increase to 6.2 billion tons of coal equivalent in
2050 [6]. Besides this, the energy demand for the new emerging
economies in Southeast Asia, Middle East, South America and
Africa is also increasing at an alarming rate [6]. Such a rapidly
growing demand for energy causes a lot of troubles for the world,
such as energy depletion, global warming and environment deteri-
oration [7–9].

Amongst the various demands for energy, HVAC system is now
playing an increasingly significant role in the total energy con-
sumption in these days, due to the increasing demand for thermal
comfort. It is reported that up to 50% of the building energy and
approximately 20% of total energy is consumed by HVAC system
in America [9]. On one hand, the energy demand is significantly
increasing; on the other hand, there exists severe mismatch of
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Nomenclature

Abbreviation
DF direct foaming
DNS direct numerical simulation
FVM finite volume method
HVAC heating, ventilation and air conditioning
PCM phase change material
RPP replication of polymeric path

Symbols
A area of side and top wall of container (m2)
cpe effective specific heat of PCM-foam composite (J kg�1 -

K�1)
cps specific heat of metallic ligaments (Wm�1 K�1)
cpf specific heat of PCM (Wm�1 K�1)
D1 diameter of sphere in square face of tetrakaidecahedron

cell (m)
D2 diameter of sphere in hexagon face of tetrakaidecahe-

dron cell (m)
D3 diameter of sphere in the center of tetrakaidecahedron

cell (m)
e normalized node size of metal foam
fs solidification fraction
H total height of fluid-foam composite (m)
ke effective thermal conductivity of PCM-foam composite

(W m�1 K�1)
ks thermal conductivity of metallic ligaments (Wm�1 K�1)
kf thermal conductivity of PCM (Wm�1 K�1)
kp thermal conductivity of Perspex wall (W m�1 K�1)
L latent heat of PCM (J kg�1)
Qloss heat loss through side walls (W)
qw bottom heat flux (W�m�2)
S(t) solidified layer thickness (m)
Te evaporating temperature (K)
Ti initial temperature (K)

Tw bottom wall temperature (K)
Tm solidification temperature of PCM (K)
Ts1 temperature inside container wall (K)
Ts2 temperature outside container wall (K)
DT temperature difference between PCM and metallic liga-

ments (K)
t time (s)
tfull full solidification time (s)

Greek symbols
a inner hollow ratio
b normalized ligament length
ce effective thermal diffusivity of PCM-foam composite

(m2 s�1)
cs thermal diffusivity of metallic ligaments (m2 s�1)
cf thermal diffusivity of PCM (m2 s�1)
k positive root of transcendental equation
e porosity
q⁄ relative density of foam
qe effective density of PCM-foam composite (kg m�3)
qs density of metallic ligaments (kg m�3)
qf density of PCM (kg m�3)

Subscript
e effective
f saturating fluid
i initial state
m solidification point
s metallic ligaments
w wall
1 solidified phase
2 liquid phase
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the energy supply and demand during the daytime and nighttime.
Energy (thermal or cold) storage technology is an effective way to
balance the mismatch of the energy supply and demand. Particu-
larly, air-conditioning incorporated with cold storage system is
showing tremendous potential to both maintain the indoor ther-
mal comfort and balance the mismatch of the energy supply and
demand for the countries in tropical climate [10–14]. A commer-
cialized air-conditioning system with cold storage technology
(water is utilized as the cold storage medium) is successfully
applied in Xi’an Xianyang International Airport, which is demon-
strated to improve the overall efficiency of the air-conditioning
systems and simultaneously improve the economic efficiency.

For the typical cold storage process, cold is stored and released
through phase change materials (PCMs) that undergo a change in
phase, e.g., solidification and melting of water/water-ethylene
glycol mixture. The cold storage and release process, however,
suffers significantly from the relatively low thermal conductivity
of commonly applied PCMs [15,16]. To enhance PCM conductivity,
a range of techniques have been developed such as adding
micro-/nano-scaled particles, fin array and porous matrix into the
PCM [11,17]. Compared with the attainable enhancement achieved
by addingmicro/nanoparticles, non-moving porousmetallicmatrix
is promising for its low cost, structural controllability and satisfac-
tory thermal enhancement [15,18]. Open-cell metal foams have
very good robustness for being incorporated into heat exchangers
[19–23]. They can be cut in any shape and sintered with heat trans-
fer plates. Fig. 1 shows two kinds of metal-foam-cored plate and
tube heat exchanger in typical engineering applications [24].
The phase change behavior of PCM-foam composite has been
intensively investigated. Xiao et al. [15] described in detail how
to experimentally prepare a PCM-foam composite. The role played
by open-cell copper foam in enhancing the heat transfer perfor-
mance of a solid/liquid phase change thermal energy storage sys-
tem was experimentally investigated [25]. It was demonstrated
that the presence of copper foam dramatically reduced the time
needed for thermal storage. Focusing on the unidirectional solidifi-
cation behavior of water saturating open-cell metallic foam under
constant temperature boundary condition, Feng et al. [26]
experimentally found that thermal contact resistance was negligi-
ble during freezing. Yang et al. [19] experimentally investigated
the solidification behavior of fluid saturated in open-cell metal
foams with pore-gradient configurations. They found that the
stacked foams with properly designed morphology gradient would
reduce more effectively the full solidification time, compared to
the single-layered foam with fixed morphology.

While experimental observations were capable of providing
benchmark and giving direct demonstration of the evolution his-
tory of transient solid-liquid phase interface, numerical method
based on volume-averaging theory was often utilized to simulate
the solidification/melting processes in metallic foams with open
cells. Particular focus has been placed upon on clarifying the effects
of local thermal equilibrium and non-equilibrium. Tong et al. [27]
numerically examined the enhancement of solidification by insert-
ing aluminum (Al) foam into pure water. Li et al. [28], Mesalhy
et al. [29], Yang and Garimella [30], Tian and Zhao [31], and
Srivatsa et al. [32] numerically solved the volume-averaging



Fig. 1. Heat exchangers using open-cell metal foam as the enhancement: (a) plate heat exchanger and (b) tube heat exchanger [24].
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equations (two-temperature equations) for phase change in porous
metal foams, with non-Darcy effect, local natural convection and
thermal non-equilibrium considered.

In addition to volume-averaged simulation, direct numerical
simulation (DNS) at pore scale is needed to gain further insights
into the phase change phenomena. To this end, Fleming et al.
[33] built a column of Kelvin cells saturated with water as the
PCM and numerically modeled the solidification of the saturating
water. Hu et al. [34,35] numerically compared phase interface
propagation in body-centered-cubic lattice embedded with spher-
ical micro-pores and that obtained via volume-averaged simula-
tion. They demonstrated that the DNS could provide new insights
into the complicated heat transfer such as three-dimensional
(3D) PCM melting front and temperature distribution. Moreover,
DNS results were used to extract relevant thermo-physical param-
eters, e.g., effective thermal conductivity and interstitial heat
transfer coefficient [35]. Upon comparing the results obtained by
direct simulations on sphere-centered Kelvin cells with those by
volume-averaged simulations, Feng et al. [36] suggested that sig-
nificantly enhanced heat transfer could be achieved by inserting
fins into a PCM-foam composite.

Thus far, efforts have been made to investigate the melting
behavior of PCM saturated in open-cell metal foams. Only a few
investigations have been made into the solidification characteris-
tics for cold storage and the physical details of this phase change
process have not been fully understood. Open-cell metal foams
are typically fabricated via the replication of polymeric path
(RPP) and it is found that the metallic ligaments are inner hollow.
The effect of hollow foam ligaments on heat transfer has been so
far considered only by numerical simulations based on equivalent
thermo-physical properties. The inner hollow foam ligaments have
not been thus far considered in either geometric or phase-change
point of view for direct numerical simulation. The effect of geomet-
ric parameters (e.g., aspect ratio of hollow foam ligaments) on
overall phase change heat transfer remains elusive. The three-
dimensional (3D) complex topology of open-cell foam has strong
influence upon its transport properties, thereby affecting phase
change heat transfer in PCM-foam composites. Numerical simula-
tions at pore scale are thus needed to gain better understanding
of the physical mechanisms underlying the phase change behavior
of such composites. Further, the economic analysis of applicability
for open-cell metal foams incorporated into the cold storage sys-
tem has not been reported in open literature.

The present study aimed to explore the thermo-physics for
pore-scale solidification of fluid saturated in open-cell metal foams
using a combined analytical, numerical and experimental
approach. Special focus was placed upon comparing the influence
of thermal equilibrium on solidification with that of non-
equilibrium at pore scale. The effects of inner-hollow ratio of foam
ligaments on solidification, heat flux and averaged heat transfer
coefficient were quantified. The economic features of this technol-
ogy were also discussed for cold storage.

2. Analytical modeling

For a pure substance, Neumann [37] pioneered the mathemati-
cal description of its solidification heat transfer. Based on the
volume-averaging approach, the PCM-foam composite considered
in the present study could be treated as a homogeneous fluid with
equivalent thermo-physical properties [38,39]. Consequently,
when proper modifications were made, the classical Neumann
solution could be employed to predict the phase change heat trans-
fer in PCM-foam composite, as illustrated below.

To simplify the problem, all relevant physical properties of the
composite material (in either liquid or solid phase) such as latent
heat (L), thermal conductivity (ks, kf and ke), diffusivity (cs, cf and
ce), and specific heat at constant pressure (cps, cpf and cpe) were
assumed to be invariant in temperature, time, and space.

Fig. 2 depicted schematically the one-dimensional (1D) solidifi-
cation process in a fluid-foam composite with initial temperature
Ti. With constant temperature (Tw < Ti) imposed on the bottom
wall, heat transfer occurred and the fluid next to the wall was
solidified once its temperature dropped below the solidification
temperature Tm. Based on the assumption of local thermal equilib-
rium and the volume-averaging theory of porous media, the effec-
tive thermo-physical properties for such fluid-foam composite
could be obtained, as [40]:

qe ¼ qsð1� eÞ þ eqf ð1Þ

cpe ¼ cps
qsð1� eÞ

qsð1� eÞ þ eqf
þ cpf

eqf

qsð1� eÞ þ eqf
ð2Þ

ke ¼ ð1� eÞks
ð1� eþ 3e=ð2bÞÞ½3ð1� eÞ þ 3be=2� þ kf e

� �
ð1� a2Þ ð3Þ

where q, cp and k denoted the density, specific heat and thermal
conductivity; subscripts e, s, f meant ‘‘effective”, ‘‘metallic liga-
ments” and ‘‘fluid”; e, e, b and a were foam parameters (porosity,
node size, ligament length and inner-hollow ratio), to be deter-
mined via pore morphological characterization.

Transient phase interface in the homogenized fluid-foam com-
posite of Fig. 2 could be described using the modified and extended
Neumann’s solution, as:



Fig. 2. Schematic of one-dimensional solidification of fluid saturated in open-cell
foam (initial temperature Ti) with constant temperature Tw imposed at bottom wall
and thermal insulation on top wall.
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SðtÞ ¼ 2k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cet=H

2
q

ð4Þ
where S(t) was the solidification thickness, ce was the effective ther-
mal diffusivity to be determined from Eqs. (1)–(3), and k was the
positive root of the following transcendental equation:

e�k2

erf ðkÞ �
kf2

ffiffiffiffiffiffiffi
cf1

p ðTi � TÞe�k2cf1=cf2

kf1
ffiffiffiffiffiffiffi
cf2

p ðT � TwÞerfc k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cf1=cf2

q� � ¼ kL
ffiffiffiffi
p

p
cpf1ðT � TwÞ ð5Þ

Here, erf(k) and erfc(k) were the Gaussian error functions and sub-
scripts ‘‘1” and ‘‘2” denoted solidified phase and liquid phase of
the saturating fluid, respectively. Once the pore morphological
parameters and thermo-physical properties of the fluid-foam com-
posite were determined, the solid-liquid phase interface could be
readily predicted using the analytical model presented above.

3. Numerical simulation

3.1. Foam structure reconstruction

Open-cell metallic foams had been fabricated using two main
approaches: direct foaming (DF) and replication of polymeric path
(RPP). Different from direct foaming of copper slurry, the RPP
approach consists two main steps: (1) fine and smooth copper
powder was first deposited on the surface of open-cell polymer
foam via electrolytic deposition routine and (2) copper-deposited
foam was then processed via vacuum ablation to remove polymer
ligaments. Macroscopically, open-cell metallic foams fabricated
using the RPP approach had the same 3D topology as that pro-
cessed via the DF approach. Microscopically, however, they had
inner-hollow ligaments due to removing of polymer foam.

In this study, the topology of open-cell foam was modeled as
periodically distributed tetrakaidecahedrons to enable 3D numeri-
cal simulations. For highly porous open-cell foams, it has been
demonstrated that tetrakaidecahedron (as unit cell of foam) origi-
nated by Boomsma and Poulikakos [41] was more realistic than
other topological structures. Built upon the tetrakaidecahedron
unit cell model and the SEM image of typical open-cell metal foam
fabricated via the RPP route as shown in Fig. 3(a), we used spheres
to cut the original tetrakaidecahedron to form a sphere-cut
tetrakaidecahedron, as illustrated in Fig. 3(b). According to previ-
ous study [42], the sphere-cut tetrakaidecahedron was actually
observable during the foaming process.
The sphere-cut tetrakaidecahedron consisted of six squares,
internally cut by a sphere with diameter D1, and eight hexagonal
faces, internally cut by a sphere with diameter of D2. Further, the
tetrakaidecahedron was centrally cut by a sphere with diameter
D3. With global size a and ligament length t (Fig. 3(b)), the porosity
and pore window size (pore size) of the sphere-cut tetrakaidecahe-
dron were given by:

e ¼ p
4

2 3þ 2
ffiffiffi
3

p� � D3

a

� �2

� 8
D3

a

� �3

� ð2þ
ffiffiffi
3

p
Þ

" #
ð6Þ

D2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

3 � a2=12
q

ð7Þ
where e represented the fluid saturation fraction of tetrakaidecahe-
dron, namely porosity. However, for foams fabricated via the RPP
route, the relative density had the distinct form of:

q� ¼ ð1� eÞð1� aÞ ð8Þ
where a denoted the inner-hollow ratio of foam ligaments. When
a = 0, the foam ligaments were no longer hollow.

3.2. Direct numerical simulation

With direct numerical simulation (DNS), the assumption of
local thermal equilibrium (or non-equilibrium) for heat transfer
between metal foam surface and interstitial PCM was no longer
needed. To provide the physical basis for direct numerical
simulation of phase change heat transfer, 5 � 6 � 10 (x � y � z)
sphere-cut tetrakaidecahedron cells with inner hollow ligaments
reconstructed by SOLIDWORKS 2015 were assembled. As shown
in Fig. 4, the tetrakaidecahedron cells assembly compared favor-
ably with the real topology of copper-foam used in the present
experiments.

To save computing time, only one slice of 10 tetrakaidecahe-
dron cells was chosen as the computational domain due to geo-
metrical symmetry, as illustrated in Fig. 5(a). Direct numerical
simulations were then exploited using the finite volume method
(FVM) embedded within the commercially available software
ANSYS-FLUENT 14.5. Constant temperature thermal boundary
and thermal insulation boundary were separately imposed on the
bottom and top faces, while the other four faces were symmetrical.
Tetrahedron elements were adopted to discretize both the solid
and fluid domains; Fig. 5(b).

The thermo-physical properties of both the PCM and metal
foam were assumed to be constant, except the density of PCM in
liquid phase (water in the present study). Fluid motion in liquid
phase was described with the Boussinesq free convection model,
with volume expansion due to water solidification neglected.
Phase change heat transfer in porous matrix was governed by the
continuous and momentum equations in liquid phase and the
energy equation for heat transfer in PCM, as:

r � u! ¼ 0 ð9Þ

qf
@ u

!

@t
þ qf ðu

! �rÞ u! ¼ �rP þ lfr2 u
!þqf g

!
bðTf � TsÞ þ A u

! ð10Þ

qf cpf
@Tf

@t
þ qf cpf u

! �rTf ¼ r � ðkfrTf Þ � qf L
@f s
@t

ð11Þ

where the coefficient A in Eq. (10) was employed to damp the veloc-
ity in solidified phase, given by [43]:

A ¼ Cð1� f 2s Þ
Sþ f 3s

ð12Þ



Fig. 4. (a) Open-cell copper foam fabricated via the replication of polymeric path approach and its hollow ligaments and (b) topological reconstruction of periodically-
distributed sphere-cut tetrakaidecahedron cells.

Fig. 3. (a) SEM image of open-cell copper foam and (b) idealized tetrakaidecahedron unit cell model.
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C and S were Fluent-defined coefficients, recommended to be
very large (1 � 1015) and small (1 � 10�10), respectively, and fs
was the solidification fraction in the PCM. According to the phase
change condition, fs took the form:

f s ¼
1 at T < Tsolidus solid

Tliquidus�T
Tliquidus�Tsolidus

at Tsolidus < T < T liquidus mushy

0 at T > T liquidus liquid

8><
>: ð13Þ

In the present numerical simulations, water served as the phase
change material, thereby yielding a small difference (0.01 �C)
between solidus and liquidus temperatures, which was good for
numerical stability.
For heat transfer in metallic ligaments, the energy transport
was governed by:

qscps
@Ts

@t
¼ r � ðksrTsÞ ð14Þ

Conjugate heat transfer was considered at the interface between
PCM and metallic ligaments:

Ts ¼ Tf ; ks
@Ts

@n
¼ kf

@Tf

@n
ð15Þ

Here, q, cp, k and L were separately the density, specific heat, ther-
mal conductivity and latent heat; T was temperature; t denoted
time; subscripts f and s stood for PCM and metallic ligaments.



Fig. 5. Computational domain with thermal boundaries and representative mesh.
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The high resolution scheme was selected for improved compu-
tation accuracy and the solution was thought to be converged
when the residuals of all the governing equations were less than
10�6. To check mesh sensitivity, three sets of meshes with
5,652,322, 7,844,953 and 9,568,215 elements were employed.
Table 1 compared the predicted parameters of phase change heat
transfer at Ste = 0.22 and t = 1000 s for selected foam with porosity
of 0.94 and inner hollow ratio of 0.6. The predicted values from the
last two sets of meshes exhibited a deviation less than 1.3%. Hence,
the set of mesh having �7 � 106 elements was used in subsequent
numerical simulations. Validation of the present numerical
simulations against experimental measurements was detailed in
Section 5.1.

4. Experimental facilities

To validate the present analytical model and numerical simula-
tions, a purposely-designed and fabricated test rig was set up, as
shown schematically in Fig. 6, consisted mainly of the coolant cir-
culating system, the test section, the data acquisition system for
temperature and the snapshot imaging system. The coolant
circulating system, which was incorporated with a temperature
control unit, a precise pump and compressor, was able to provide
a constant temperature boundary for solidification. The whole test
section was mainly made up of a transparent Perspex container
with size 30 mm (length) � 40 mm (width) � 60 mm (height),
Table 1
Phase change heat transfer parameters numerically obtained with different meshes.
Except for full solidification time tfull, bottom heat flux qw and dimensionless
solidification interface S(t)/H were both obtained at Ste = 0.22 and t = 1000 s for open-
cell copper foam with porosity 0.94 and inner hollow ratio 0.6.

Parameter Number of elements used

5,652,322 7,844,953 9,568,215

qw �3398.76 �3413.65 �3450.46
S(t)/H 0.259 0.263 0.264
tfull 9769.76 9800 9867.55
where open-cell copper foam saturated with fluid was housed.
To guarantee satisfactory thermal insulation for both the side
and top walls of the container, polyurethane (PU) foam with ther-
mal conductivity 0.02 Wm�1 K�1 was pasted on the Perspex walls
(k � 0.2 Wm�1 K�1). To further reduce the heat loss from side
walls (PU foams) to ambient environment, a big Perspex chamber
was facilitated. Two thermocouples were pasted inside and outside
the container wall, so that heat loss from the wide walls could be
estimated through Fourier’s conduction law Qloss ¼ kpAðTs1 � Ts2Þ.
kp and A were the thermal conductivity and side wall area of the
container, and Ts1 and Ts2were the inside and outside wall temper-
atures, respectively.

The experimental procedures were as follows. Initially, close
Valve 2 and 3 and open Valve 1 to circulate the coolant inside
the refrigerating unit until a desired low temperature was reached.
Then, let coolant with low temperature go through the test section
(close V1 and open V2 and 3), forming a heat transfer boundary to
solidify the fluid saturated in foam. During the whole process of
solidification, six T-type thermocouples (Fig. 6) placed on the sur-
face of the cooper plate in the test section and connected to a tem-
perature scanner (Agilent 34970A) monitored its temperature
change Tw(t). To capture the transient position of solidification
interface, a camera connected to an image acquisition board
attached to the computer and placed next to the test cell was
employed. Still images of solidification interface (e.g., boundary
between ice formed and distilled water) was recorded through
an observing window of the test rig. Based on images captured at
a given time, the location of solidification interface was quantita-
tively calculated. When the bottom wall temperature (Tw) was
lower than the freezing point (Tm) of a given fluid, the solidification
interface propagated upwardly. Due to configuration of the present
test section (i.e., bottom cooling), global natural convection was
significantly suppressed, favoring conduction-dominated heat
transfer mode.
5. Results and discussion

5.1. 1Validation of analytical model and numerical simulation

Fig. 7(a) compared the experimentally measured locations of
transient solid-liquid phase interface with those numerically sim-
ulated at 600 s, 3000 s and 5400 s, respectively, for water saturated
in open-cell copper foam with porosity 0.943 (1� q� ¼ 0:965 by
weighting the sample) on its center y-z plane. For reference,
Fig. 7(b) presented the experimental and numerical results of tran-
sient solidification thickness for pure distilled water (no insertion
of foam matrix). The initial and cooling boundary temperatures
were set as 9.8 �C and �7.8� C for both experiments and simula-
tions. The agreement between simulation results and experimental
was in general good.

The experimental images of Fig. 7 showed that the solidification
interfaces for both pure water and water-foam composite were
globally flat, suggesting that global natural convection was indeed
significantly suppressed. Further, by inserting a porous metallic
matrix into water, the solidification heat transfer was dramatically
enhanced, resulting in considerably decreased time for full solidifi-
cation as shown in Fig. 8. This was mainly attributed to the
enhanced conduction capability of water-foam composite due to
foam insertion.

As shown in Fig. 8, achieving good agreement with experimen-
tal measurements as well as direct numerical simulations, the
extended Neumann’s model was also validated, favoring thus
pore-scale thermal equilibrium between foam ligaments and satu-
rating fluid. More discussions on this important issue were pre-
sented in Section 5.3.



Fig. 6. Schematic of experimental setup for solidification heat transfer measurement.

Fig. 7. Comparison of transient solidification locations obtained from experiments with those from pore-scale numerical simulations: (a) water-saturated copper foam
(e = 0.94) and (b) pure distilled water.
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Fig. 9. Snapshots of transient solidification location obtained from pore-scale
numerical simulations with a given porosity of 0.9 but different inner hollow ratios:
(a) a = 0.6; (b) a = 0.4; and (c) a = 0.
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NS, water
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Fig. 8. Comparison of dimensionless solidification thickness plotted as a function of
time for distilled water and water-saturated porous foam: experiment, numerical
simulation and analytical modeling.
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5.2. Transient location of phase change interface

For the present cooling condition and foam configuration, heat
was removed from the bottom so that global natural convection
in the liquid phase played a negligible role. As heat transfer in
the fluid-foam composite was dominated by heat conduction, glob-
ally flat and 1D phase interface (e.g., snapshot of transient phase
interface shown in Fig. 7) was observed. From the pore-scale point
of view, however, the solidification interface should be character-
ized microscopically, especially that in the vicinity of metallic
ligaments.

Fig. 9 displayed a series of numerically simulated solidification
interfaces for water saturated in open-cell copper foam with a
fixed porosity of 0.9 but varying inner hollow ratios. At the pore
scale, the solidification interface was uneven rather than flat as
observed macroscopically in experiments. A large portion of the
fluid next to colder metallic ligaments was solidified, forming a
local ice cover on the ligaments (Fig. 9). However, only the fluid
adjacent to global solidification interface was solidified, i.e., no
ice cover was found on ligaments above the solidification interface
along the z-axis. This phenomenon was distinct from fin-enhanced
phase change heat transfer: a large portion of fluid was solidified
along the fin surface, observed either microscopically or
macroscopically.

The numerically simulated evolution of dimensionless solidifi-
cation thickness was presented in Fig. 10 for selected porosities
and inner hollow ratios. For a given porosity, the inner hollow ratio
had a negative effect on phase interface evolution: increasing the
hollow ratio delayed interface propagation. For instance, compared
with foams with solid ligaments, the full solidification time was
increased by 38% and 75% when the foam (porosity fixed at 0.94)
had an inner hollow ratio of 0.6 and 0.4, respectively. On the other
hand, with the inner hollow ratio fixed at 0.4, the full solidification
time was increased by 11% and 27% if the foam porosity was
increased from 0.90 to 0.92 and 0.94, respectively.

The delayed solidification of water saturated in open-cell metal-
lic foam with either high porosity or inner hollow ratio was mainly
caused by the decreased effective thermal conductivity of the
foam. As foam porosity or inner hollow ratio was increased, the
effective conductivity was reduced. The two parameters might be
integrated into one parameter (i.e., foam relative density) as shown
in Eq. (8). Therefore, the foam relative density might be the domi-
nating pore parameter for phase change heat transfer in PCM-foam
composites.
Fig. 11 presented the evolution of dimensionless solidification
thickness for foams having the same relative density of 0.034 but
different porosities and inner hollow ratios. The transient solidifi-
cation location collapsed with each other, confirming the dominant
role of foam relative density in phase change heat transfer. From
the images shown in Figs. 3(a) and 4(a), it was seen that although
the ligaments were hollow, the overall topological features of the
foam had not been changed by the RPP fabrication approach. As
a result, as long as the porosity remained unchanged, the flow
resistance of the foam would not change even if its relative density
was varied.

Typically, when open-cell metallic foams were used to enhance
forced convection or chemical reaction, a series of pore parameters
should be characterized, such as porosity, pore density, inner hol-
low ratio and relative density. Often, the quantification of these
parameters needed complicated measuring procedures and
equipment. For phase change heat transfer, however, the foam
relative density as a key parameter could be readily determined
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by weighing the sample, thus convenient for engineering applica-
tions of cold storage.
5.3. Local thermal equilibrium

In Section 5.2, it was demonstrated that the solidification inter-
face was microscopically circuitous and a large portion of fluid
adjacent metallic ligaments was solidified. This phase change phe-
nomenon could be explained by analyzing local temperature distri-
bution in both the PCM and metallic ligaments, as shown in Fig. 12
(a) for foams with varying porosities (0.9, 0.92, 0.94) and fixed
inner hollow ratio (0.6).

The simulated temperature field of Fig. 12(a) demonstrated that
the temperature difference between metallic ligaments and satu-
rating PCM was quite small, revealing a local thermal equilibrium
state. Quantitatively, the temperature difference between PCM and
metallic ligaments during the whole solidification process was
depicted in Fig. 12(b), where the temperatures were calculated
based on integral averaged value over the entire slice. There
seemed to be no temperature difference, except the two peaks,
i.e., 0.37 and 0.29 �C at 300 s and 2850 s when phase change



(b)
t / s

ΔT
/K

0 1000 2000 3000 4000 5000
-0.1

0

0.1

0.2

0.3

0.4

0.5

ε = 0.90, α = 0

z/H = 0.7
latent heat released

z/H = 0.2
latent heat released

(a)

Fig. 12. (a) Simulated temperature distribution in PCM and foam ligaments at
2000s for foam 1 (porosity 0.90), foam 2 (0.92) and foam 3 (0.94) with fixed inner
hollow ratio of 0.6; and (b) temperature difference between PCM and foam
ligaments plotted as a function of time for open-cell foam with solid ligaments
(a ¼ 0) and fixed porosity 0.90.

X. Yang et al. / Applied Energy 194 (2017) 508–521 517
occurred at z/H = 0.2 and 0.7. This explained why local solidifica-
tion interface was not flat at pore scale. Once the porous foam
was inserted, heat was transferred much faster and more effi-
ciently, so that the temperature of fluid adjacent the metallic liga-
ments became lower than that in the pore center. In addition, upon
increasing the foam porosity or inner hollow ratio, the peak value
was dropped and less fluid was solidified due to the reduced ther-
mal conduction capability of foam.

In the present study, the two small peaks were found at
Ste = 0.22. Consequently, local thermal equilibrium at pore scale
held so that the one-equation model could be employed to predict
phase change heat transfer for fluid saturated in open-cell metallic
foams. Similarly, the modified Neumann solution could be
exploited as well. Nonetheless, as the Ste number was increased
to say 0.75, the peak value was significantly increased to 1.7 and
1.25 �C. Under such conditions, it was necessary to consider local
thermal non-equilibrium during volume averaging, as discussed
in Hu and Patnaik [34].

During solidification, an open-cell metallic foam matrix played
two roles: (i) for the solidified part, the presence of foam improved
the effective thermal conductivity of ice-foam composite, enabling
a higher efficiency of cold (sensible heat) removal from the cooling
boundary for further solidification and (ii) for the liquid part,
metallic ligaments helped to conduct the sensible heat for both
the liquid phase and metallic ligaments and transported the latent
heat released by the newly-formed ice. When local thermal equi-
librium at pore scale was applicable, the ligaments shared the
same temperature with the saturating fluid within a pore, indicat-
ing that the first role of foam was more important for enhanced
phase change heat transfer.

5.4. Bottom surface heat flux

Fig. 13 depicted the area-weighted average surface heat flux on
the bottom of the computational domain. The bottom surface heat
flux decreased with time elapsed under constant temperature cool-
ing boundary, with its highest value found at the initial stage (due
to latent heat released in the vicinity of the boundary). With solid-
ification layer thickening, the phase interface propagated further
away from the bottomwall. At a given porosity, increasing the liga-
ment hollow ratio decreased the bottom heat flux; so did porosity
for a given hollow ratio. This was mainly attributed to the reduc-
tion in contact area caused by increased inner hollow ratio or
porosity. Besides, the inner hollow ratio was seen to have a more
obvious effect on bottom heat flux than porosity. Fig. 14(a) com-
pared the ratio of bottom heat flux on metallic ligaments to that
on PCM. The heat flux ratio decreased as the inner hollow ratio
was increased. A 49 times higher increment in bottom heat flux
was found by inserting foam with a porosity of 0.90 into PCM,
and the increment remained significant when the inner hollow
ratio was 0.6.

To facilitate quantitative comparison of the influence of inner
hollow ratio on phase change heat transfer, a heat transfer coeffi-
cient averaged over the entire solidification process was intro-
duced by Feng et al. [36], expressed as:

�h ¼
R tfull
0 qwdt

tfullðTi � TwÞ ð16Þ

where �h was the averaged heat transfer coefficient, qw was the bot-
tom heat flux, tfull was the full solidification time, and Ti and Tw
were the temperatures of initial state and cooling boundary, respec-
tively. When the averaged heat transfer coefficient was plotted as a
function of inner hollow ratio, a similar variation trend was
observed as shown in Fig. 14(b): the foam with lowest porosity
and inner hollow ratio exhibited the highest heat transfer coeffi-
cient. It was also observed that there was little difference in aver-
aged heat transfer coefficient between foams with (e = 0.92,
a = 0.6) and (e = 0.94, a = 0.4), consistent with the result of Fig. 11
that the transient solidification location collapsed for these two
foams. This finding supported a phase change heat transfer
enhancement strategy by increasing the effective thermal conduc-
tivity of PCM-foam composite layer adjacent the cooling boundary
(i.e., increasing the bottom heat flux to increase averaged heat
transfer coefficient).

5.5. Effect of local natural convection on solidification

In general, the effect of global natural convection upon phase
change process such as solidification was neglected as bottom
cooling or top heating was commonly used in experimental
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measurements and volume-averaged numerical simulations. How-
ever, how to observe local natural convection at pore scale and
quantify its contribution to evolution of overall solidification inter-
face remained elusive. In the present study, to address this issue,
the Boussinesq assumption was adopted to simulate local fluid
convection in PCM-foam composite, yielding the results shown in
Fig. 15 for transient phase interface. With local natural convection
accounted for, the solid-liquid phase interface front was similar to
that obtained for the conduction dominated case (i.e., effect of nat-
ural convection neglected). Although natural convection did exist
in the liquid layer (velocity slices in Fig. 15), the fluid velocity
was negligibly small (�10�5 m/s), suggesting that local natural
convection contributed little to solidification. This was further sup-
ported by the results of Fig. 8, i.e., the full numerical simulation
result obtained by accounting for both the conduction and convec-
tion was only 5% percent higher than the analytical model predic-
tion (conduction only).

5.6. Applicability analysis

Amongst various porous media, open-cell metal foams exhibit
distinctive properties: relatively low manufacturing cost, ultra-
low density, moderate stiffness and strength, and high surface
area-to-volume ratio. The particularly high surface area-to-
volume ratio (2000–8000 m2/m3), strong flow mixing capability
and high conducting metallic ligaments pave the foundation for
applying open-cell metal foam to the heat transfer enhancement
for various heat exchangers. Metal foam can be cut into pieces
via wire-electrode cutting and can be weld with heat transfer sur-
faces. The quality of cutting and welding can be well controlled
according to the present manufacturing technology (see Fig. 1).

To evaluate the cost-effective for metal-foam-cored heat
exchanger for cold storage, the initial investment and lifetime cost
should be quantified. With involving metal foam, the initial invest-
ment for fabricating a phase change heat exchanger is apparently
increased, compared with the original plate heat exchanger. The
increment is mainly consisted of the material cost for metal foam
and welding cost. According to the manufacturers, the price of
metal foam is 770 US dollars per cubic meter. A typical plate heat
exchanger has a total void volume of 12 m3. Therefore, the cost for
metal foam can be estimated to be 9240 dollars. The welding cost
is estimated to be 5% of the total material cost, and thus the incre-
ment of the total initial investment for metal-foam-cored heat
exchanger is 9702 dollars, compared with the original plate heat
exchanger.

Now we will compare the lifetime cost for the system with and
without metal foam. Suppose that the refrigerant for the ice-
making system is R134a; the Coefficient of Performance (COP)
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curve as a function of evaporating temperature (Te) for this refrig-
eration system is depicted in Fig. 16. It can be observed that COP is
increased with the evaporating temperature, indicating that a
higher evaporating temperature results in higher energy efficiency.
The involvement of metal foam can significantly reduce the full
solidification time under the same constant wall temperature
(Tw). On the other hand, if the full solidification time is fixed for
the heat exchanger with/without employing metal foam, the
boundary wall temperature of the case with metal foam will be
higher than that without foam. In this study, the boundary wall
temperature (Tw) equals to the evaporating temperature (Te), indi-
cating that the COP of the ice-making system is improved by using
metal foam as heat transfer enhancement. An example as shown in
Table 2 is analyzed here to address the lifetime cost with metal
foam involved. For the same initial temperature of water
(12.4 �C), the boundary wall temperature is increased from
�8.4 �C to �3.6 �C and the COP is increased from 4.0–4.5 when
metal foam is employed. Accordingly, a considerable amount of
electricity (31.22 kW h) is saved per night. The cooling load of
countries, e.g. Singapore in tropical climate is very high. When
applying the metal-foam-cored phase change heat exchanger,
2139 US dollars will be saved per year (the electricity price at night
is 0.188 dollars). Therefore, as for a single metal-foam-cored heat
exchanger, a period of 4.5 years is needed to recoup the costs of ini-
tial investment for fabricating the heat exchanger. For a 30-year
lifetime, the metal-foam-cored plate heat exchanger can save
about 56,683 dollars, in comparison with plate heat exchanger.
This indicates the economic applicability of metal foam as heat
transfer enhancement.



Table 2
Comparison of electricity consumption per night for phase change heat exchanger with/without metal foam as heat transfer enhancement.

Heat exchanger type Ti/�C Tw/�C COP Electricity consumption per night/kW h

Plate heat exchanger 12.4 �8.4 4.0 280.92
Metal-foam-cored 12.4 �3.6 4.5 249.71
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6. Conclusions

Solidification features of PCM saturated in open-cell metallic
foams were investigated analytically, numerically and experimen-
tally. Based on the local thermal equilibrium assumption and the
volume-averaging theory, an extension to Neumann’s classical
solution was made to predict the phase interface evolution. With
periodically distributed reconstructed tetrakaidecahedron cells
employed to mimic the cellular morphology of open-ell foam,
direct 3D numerical simulations of solidification in the PCM-
foam composite were carried out. To validate analytical prediction
and numerical simulation, solidification heat transfer was mea-
sured for both pure water and water-foam composites, with
open-cell copper foams fabricated via the replication of polymeric
path (RPP) route employed. Good agreement between experimen-
tal measurements and analytical/numerical predictions were
achieved. The main conclusions were drawn as follows:

(1) Open-cell metal foams exhibited promising potential for
phase change heat transfer enhancement. The full solidifica-
tion time could be reduced by �3 times by inserting a foam
matrix (porosity 0.90) into water, due mainly to significantly
increased heat conduction by metallic ligaments.

(2) At a given porosity, solidification was retarded when foams
with hollow ligaments (i.e., fabricated via the RPP route)
were adopted. The retardant effect was more obvious for
foams having higher inner hollow ratios, due to reduction
in averaged heat transfer coefficient for PCM-foam
composites.

(3) Transient solidification curves for foams having different
porosities and ligament inner hollow ratios but identical rel-
ative density collapsed, as the averaged heat transfer coeffi-
cient at pore scale remained unchanged. Combining porosity
and ligament inner hollow ratio, the relative density
appeared to be a dominant morphological parameter for
characterizing phase change heat transfer in PCM-foam
composites.

(4) Temperature difference between saturating PCM and metal-
lic ligaments was observed only during a short period of
time when phase change was initiated. For low Ste numbers
(e.g., 0.22), local thermal equilibrium held and the simple
one-equation model was applicable.

(5) Based on pore-scale direct numerical simulations, negligible
effects of both global and local natural convection on phase
change heat transfer in PCM-foam composites with bottom
cooling were observed.

(6) For the same initial temperature of water (12.4 �C), the
boundary wall temperature is increased from �8.4 �C to
�3.6 �C and the COP is increased from 4.0 to 4.5 when metal
foam is employed. For a 30-year lifetime in Singapore, the
metal-foam-cored plate heat exchanger can save a consider-
able amount of operating cost (56,683 dollars), in compar-
ison with plate heat exchanger.
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