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Phase change materials (PCMs) are important for sustaining energy development. For the thermal performance en-
hancement, the composite PCM with metal foam reconstructed by the Voronoi method is investigated in this work. The
lattice Boltzmann method (LBM) is used to analyze the melting process on a pore scale. The melting interface evolution
and temperature contour of the composite PCM are explored and compared with those of pure PCM. Moreover, structure
parameters including the pore density, porosity and irregularity are investigated comprehensively, indicating that the addi-
tive of metal foam strengthens the melting performance of PCM obviously. Compared with pure PCM, the composite PCM
has quick rates of the melting front evolution and heat transfer. The heat conduction plays a great role in the whole melting
process since the convection is weakened for the composite PCM. To improve the melting efficiency, a larger pore density
and smaller irregularity are recommended in general. More significantly, a suitable porosity is determined based on the
requirement for the balance between the melting rate and heat storage capacity in practical engineering.

Keywords: metal foam, Voronoi, melting, heat transfer enhancement

PACS: 44.30.4v, 44.25 +f, 44.05.4¢, 44.10.+H

1. Introduction

Clean and renewable energy has received considerable
attention since the fossil energy shortage and environmen-
tal pollution problems. However, the renewable energy in-
cluding wind energy, wave energy and ocean thermal energy,
the renewable energy has drawbacks of instability and non-
uniformity in space and time distribution. To make up for
these deficiencies, the latent heat storage (LHS) technique, in
which the PCM is used to store energy in fields of the build-
ing energy saving,!!! thermal storage system,?! PV-efficiency
enhancement, ’] new materials,* and electronic devices cool-
ing, is adopted,®! in that it has lager energy density and tem-
perature stability. 6]

However, most of PCMs have drawbacks of low heat
storage rate. To improve thermal performance, some meth-
ods have been developed in the past years. = Among
those methods, adding additives to form a composite PCM
is always a direct and effective way, including phase
change microcapsule,!”-8] metallic finned tubes,®! metal
powder, [!"1?] nanoparticles, '3 and metal foam.!'*) The metal
foam has the merit of high surface-to-volume ratio, which is
widely adopted. For example, long fins at the lower part and
shorter fins at the upper part show a better melting behaviour
in the triplex-tube.'%! Laraib ez al.''l made the NePCMs, and
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thus the most of the energy and smart textiles improve their
thermal stability due to the application of the NePCMs. Ah!!3!
obtained the Al,O3 nanomaterial by physically shaking and
tested the thermal properties of the Al,O3 nanoparticles based
nanofluid. As expected, the heat conductivity of the improved
nanofluid was enhanced by 20% and its heat capacity was in-
creased by 7%. Sardari et al.!'"*! made a comparison between
the PCM with and without metal, where discharging time de-
creases and the temperature is more uniform for composite
PCM. These attempts have enhanced the efficiency of the LHS
unit to some extent. Nevertheless, it is significant to notice
that the immature production process and particle flow insta-
bility restrict the broad applications in metallic finned tubes,
nanoparticles and metal powder. Relatively, the metal foam
has a well-rounded production technology, large specific sur-
face and light weight, which makes it attractive in the fields of
phase-change heat transfer enhancement.

From a comprehensive review, numerous researches on
the key factors of the metal foam/PCM composite have been
conducted. In the investigation, the experimental and numer-
ical work conducted by Zhang et al.!'> showed that the tree-
shaped structure has better thermal performances: higher heat
transfer rate and more uniform temperature distribution. A re-

view of recent work reveals that in the current researches, sig-
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nificant attention was paid to the influences of foam metals’
macro-physical properties on melting and solidification per-
formance. It is important to note that most of the researches
are conducted primarily through experiment because the inter-
nal structure of foam metal is complex and difficult to con-
struct by numerical modeling. Moreover, the detailed micro-
scopic heat transfer mechanism between pores of the metal
foam is still not clear. For the reconstruction of the metal
foam, some appropriate methods have been provided, includ-
ing pore overlap criterion, !¢ fractal geometry,!'7-!8] and the
Voronoi random model. The pore overlap criterion!!® gener-
ates the metal foam geometry by using random spheres with
different pore radii, porosities, and spacings, which is un-
able to present the actual continuity between the metal skele-
tons. Furthermore, the fractal geometry!!7-!! reconstructs the
porous metal foam with random and multiscale characteriza-
tion, while it fails to describe the irregular properties of the
actual metal foam. Besides, in Ref. [11] great efforts were
made to reveal the microstructure of the composite PCM and
analyze some effects of the geometric parameters on the ther-
mal performance. But the discontinuous structure of the metal
additives is different from the actual metal frame. More sig-
nificantly, the Voronoi random model®”! has been used to in-
vestigate the influences of density, thickness and imperfection
of pore edges on the metal foam for the composite PCM due
to the merits of flexibility, controllability, diversity, and high
quality. Therefore, by using the Voronoi random model, metal
foam/PCM composite with microstructure is generated.

The lattice Boltzmann method (LBM) has attracted many
scholars’ attention due to the merits of high calculation accu-
racy, stability, simple treatment for the complex boundaries,
and high parallel efficiency compared with traditional compu-
tational fluid dynamics (CFD) method.?'->4 He et al.*!1 has
reviewed the applications of the LBM in the field of the solid—
liquid phase change in the past 30 years. Huo and Rao!??! de-
veloped a quasi-enthalpy-based LBM, which obtains tempera-
ture without iterations through two key points of “prediction”
and “consumption”. For simplification of the thermal bound-
ary treatments, Wang et al.!*! proposed an improved LBM
to avoid treating special interfaces for the contact boundary
conditions. Zhao et al.?! creatively proposed a generalized
two-relaxation-time LBM which can reduce iterative calcula-
tion and improve the accuracy for the phase change problems.
Moreover, the theoretical development of LBM provides an
effective mean to study the melting behavior. Lu ez al.l*’!
presented an optimal lattice Boltzmann (LB) model which is
effective in reducing the unphysical diffusion for the melting
problems. Besides, numerical and experimental studies on the
melting phenomenon, performed by Chen et al.,?8! indicated
that the LBM results match experimental results well. The
above researches have provided a great mathematical theory

for studying metal foam/PCM composite. However, few re-
searches are conducted on a pore scale and microscopic heat
transport mechanism between pores in metal foams has not yet
been clear. Therefore, it is significant to explore the melting
performance of the composite PCM and relevant research re-
sults are helpful in further understanding the microscopic heat
transfer mechanism in metal foams.

In summary, there have been several attempts to improve
the melting performances by using metal foam. However,
it is still unclear how the pore structure affects the melting
In addi-
tion, the quantitative characterization of geometry structure

heat transfer mechanism on a microscopic scale.

of metal foam is far from satisfactory due to the irregular-
ity, randomness and complexity of porous structure. To reveal
the microscopic melting mechanism of metal foam/PCM, the
porous structure is quantitatively characterized by the Voronoi
method, and a transient melting model with natural convection
is developed and simulated based on the LBM in this work.
The LB model is presented and followed by the model valida-
tion in terms of phase change problems. Moreover, the role of
metal foam in melting phase change process of the PCM is ex-
amined and analyzed. Using the Voronoi method, the effects
of geometric parameters (including porosity, pore density, and
irregularity) on the melting heat transfer characteristics are in-
vestigated quantitatively, which provides a useful insight into
the melting heat transfer enhancement.

2. Characterization of composite PCM

To show the microstructure of metal foams in detail and
reveal the microscopic melting mechanism on a pore scare, the
Voronoi random model is used here to reconstruct the compos-
ite PCM and detailed construction algorithm is given below.

(1) Taking n original points at different positions in a two-
dimensional (2D) area (i.e., the composite PCM zone) with
N x N nodes, the original points are generated by the random
numbers and are not distributed on a single line. Then, Voronoi
polygons with n areas centered at the above original points are
generated. In this context, the pore density and irregularity are
determined by the number and positional distribution of origi-
nal points.

(i1) Constructing an irregular triangle network based on
discrete original points, i.e., the three nearest points of the
above original points form a triangle. As shown in Fig. 1(a),
constructing a super triangle which includes all the original
points firstly. Then inserting a scattered point (the point P) and
making circumcircles which include the new scattered point
(the triangle is called effective triangle). Furthermore, deleting
the common edges of effective triangles, moreover, generating
new edges with the new point optimally, finally, repeating the
above steps until all points are inserted, the generated triangle

104401-2



Chin. Phys. B Vol. 30, No. 10 (2021) 104401

network is the Delaunay triangle network and the apex of the
triangle is the original point.

(iii) Making perpendicular bisectors of the three sides of
all Delaunay triangles, the center of the circumscribed circle
is obtained. As depicted in Fig.1(b), the Voronoi structures are
generated by connecting centers of the circumscribed circles
between adjacent triangles. After eliminating center points,
denoising, filtering and constructing binary Voronoi polygons,
the composite PCM is reconstructed. In Fig. 1(c), the blue
area denotes PCM and the silver area refers to the metal foam

network.

Fig. 1. Building process of composite PCM by Voronoi method: (a) delaunay
triangle network, (b) Voronoi structure, (c) reconstructed composite PCM.

(a) (b)

Fig. 2. Construction of metal foam/PCM with different geometric parame-
ters: (a) PPI =15, € =0.90, ¢ = 0.22; (b) PPI =30, € = 0.90, ¢ = 0.22; (¢)
PPI =44, £ =0.90, ¢ = 0.22; (d) PPI = 44, € = 0.75, ¢ = 0.22; () PPI = 30,
€=0.85,¢=0.11; (f) PPI =30, € = 0.85, c = 0.32.

According to the above construction process, the detailed
structure of the metal foam/PCM composite is distinguished
by three primary parameters: pore density, porosity, and irreg-
ularity. Figures 2(a) and 2(b) show that the density of Voronoi
polygon turns higher with pore density increasing. Besides,
the porosity of metal foam is a significant parameter. Fig-
ure 2(c) and 2(d) show the metallic frameworks with different
thickness result in different porsities.

Voronoi structures with different irregularities are ob-
tained by controlling the positions of original points. Here,

the irregularity of the metal foam can be expressed as!>’!

=

= Ly @de—1)
C—\/n_1.  (d/do=1) (1)

4A
do =1/ — 2
0=/ pg )

where A is the total area, c is the irregularity, d is equivalent

with

diameter of the averaged area, and d; is the equivalent diame-
ter of the n-th cell. As depicted in Figs. 2(e) and 2(f), with the
increase in irregularity (i.e., c), the structure of the metal foam
becomes more random.

3. Melting model description
3.1. Physical problem

The practical metal foam possesses a complex structure
which will consume plenty of time and budget in the pro-

2] show

cess of the simulation. However, previous researches!
that the two-dimensional (2D) model can predict the phase
change process appropriately with high computational effi-
ciency. Figure 3 gives the 2D physical model for the inves-
tigation of the composite PCM. The size of the domain is
Lx L=15mmx15 mm. The PCM (i.e., the blue zone) is im-
mersed in the metal foam (i.e., the silver region). After com-
prehensively considering the economy cost and efficiency, the

paraffin and aluminum are chosen.

_ B adiabatic
Il PCM
[ metal

Fig. 3. Physical model of metal foam/PCM.
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Table 1 gives the thermophysical parameters of the two
materials. The initial temperature of the whole composite
PCM is 20 °C, while left side is maintained at 70 °C. The
other three surfaces are all regarded as adiabatic.

Table 1. Thermophysical parameters of materials.

Materials! !

Parameters Unit
Paraffin ~ Aluminum foam
Density kg-m™3 785.02 2712
Thermal conductivity W-m~1.K~! 0.2 217.7
Dynamic viscosity ~ kgm~'-s™!  3.65x107* /
Specific heat JTkg 1K1 2850.0 902
Latent heat kJkg™! 175.24 393

3.2. Governing equations

The melting process is complicated due to the multiple
heat transport mechanisms and the complex structure. To com-
prehensively study the melting process, some assumptions are
made in this work below.

i) The liquid is incompressible and the Bossinesq hypoth-
esis isapplicable;

ii) The viscous heat dissipation and the heat radiation are
ignored;

iii) The volume keeps unchanged under different phases;

iv) The physical properties are constant for the different
phases;

v) The melting temperature is almost constant. 8]

Based on the assumptions above, the governing equations
can be expressed as

V.u=0, 3
u

W—F(V-u)u:

\Y
—7”+vvzu—gﬁ (T —Tt), (4

I
ot

For the metal foam, the energy governing equation is writ-

oT
Pey—-+pcp (w-VT) =kV?*T —pL, 5)

ten as

9 [(pep), 7] _
ot

where u is the velocity vector; k, B, and v represent the ther-

V- (ksVT), (6)

mal conductivity, thermal expansion coefficient, and kinematic
viscosity, respectively; pc, is the heat capacitance; La, ¥q, and
T.r are the latent heat, liquid fraction, and the reference tem-
perature, respectively.

For connecting the actual physical unit, some dimension-
less parameters are given as follows:

T—T,
X=2, v=2, =2,
L L Th—Tp
v Th—Tq
Pr=—, Ste= (T 0),
a L,
L L
v=", v="2,
(04 (04

T,—To) L*P at
Ra = SPT=TO)LPr 20) L Fo=2. %
% 12

Moreover, to meet the requirements for the continuity at
the interface, the relevant equations are described as

Iy =T, ®)
n- (=kVT +pcpuT) ;= n- (—kVT +pcpuT) . (9)

In addition, the initial conditions, thermal and dynamic
boundaries of the physical model are given as

aT
T=T for x=0, — =0 for x=1L,
dx
aT
— =0 for y=0 and y=1L,
dy
u=v=0 for x=0, x=L, y=0 and y=1L,
T=Ty for t=0,0<x<L,0<y<L. (10)

3.3. Lattice Boltzmann method

By using the LBM, the double distribution is employed.
Through the force term and the equilibrium distribution, the
velocity and temperature can be connected together. Among
them, the density distribution function is expressed as

fi(r+ei0t,t+ 6t) — fi (1)
1
= fi (n0) = £ ()] + 81F, (11)
where 7, 0t, and ¢; represent the dimensionless relaxation

time, the time increment, and the discrete velocity; F; is the
force term B9 that is calculated from

1 PR P
Fef(i-L)w(ez2 Ew N p 12
27 c? ct

Based on the classical D2Q9 model, the equilibrium distribu-

tion function of jf 9is

4 — o 1
fit=op c? 2¢¢ 2¢2 13

ei-u (e u)’ uzl

where w; denotes the weight number, ¢ is defined as cf =

c?/3,and c is 8x/5t.

The nonlinear convection diffusion equations, which
can be recovered by some LB models correctly, have been
developed.[3'-32! For the energy equation, the temperature dis-

tribution function is used based on the LB model'! as shown

below:
gif(r+eot, t+5t) gif(nt)
1
S [glf (1) }—&-&Srl, (14)
8is (r+ei0t,t +61) —gis (r1)
el RCORFHCDIR (1)
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where the subscript f and s represent the PCM and the metal
foam, respectively. The source term Sr; is described as

. Lam (460~ (1)

Sr = —
' p ot
1 e-u
X |1 1—— . 16
()] 0
The relaxation time is
v
TT=—=+0.5 17
T cgat + s (17)
Tri= 2105, mra— -2 405 (18)
T2t O 26t ’

where the ar and o are the thermal diffusivity of PCM and
metal foam, respectively. gi{ and g;{ represent the equilib-
rium distribution functions, which can be given by

2
— 155, (19
C

2

(€i-u)

u
+4.50

e
gi=wT |[1+3=
’ C C

giz =w;T. (20)

For the heat transfer in the melting process, there is a
mutual coupling between the temperature and the liquid frac-
tion and these parameters are calculated by the enthalpy-based
method. At each time step, we calculate the enthalpy value
from the macroscopic temperature. Then the new liquid frac-
tion can be obtained and the temperature distribution function
will be updated. Furthermore, the liquid fraction and tem-
perature are calculated iteratively until the convergence has
been satisfied. And the macroscopic parameters including the
density, temperature and velocity are obtained from p =Y, fi,
T=Y,g,andu=Y,e;fi/p+Fdt/2.

The PCM with different phases can be qualitatively de-
scribed by the liquid fraction, where the liquid fraction of the
solid, liquid and mushy zone are y=0, y=1,and 0 < y < 1,
respectively.

Moreover, the treatment of the boundary is of signifi-
cance for the simulation result. The bounce-back scheme is
widely used.?3! However, the scheme is of first-order accu-
racy. Therefore, the non-equilibrium extrapolation scheme is
adopted. [34]

For the velocity boundary node xy, the velocity condi-
tion is given while the density p (xo, 7) is unknown. And the
x¢ is the nearest node (i.e. x; = x, + e;0t). For the node x,,
the distribution which includes the equilibrium and the non-

equilibrium distribution functions is expressed as
fi(xovt) = fieq(xmt) +fineq(xmt)
= £ xe,0) + [fi (on,t) = [ (xe1)] . 21)
Meanwhile, the treatment for the thermal boundary xg is

given by

gi(x0,1) = g (x, 1) + [gi (xr,1) —g; (xr,1)] - (22)

In addition, to satisfy the conjugate heat transfer condi-
tions, several available LB models have been proposed, which
can recover the diffusion term in the energy equation without

e.[24351 In this work, we use

special treatments of the interfac
the interface treatment method with second-order accuracy. ¢!
And the interfacial temperature can be calculated from the mi-

croscopic distribution functions by this method.

3.4. Model validation

To ensure the accuracy, the grid independence test is per-
formed first. Figure 4 shows the results of grid indepen-
dence tests under grid systems with the numbers of nodes of
300x300, 600x600, and 900x900, respectively. The PCMs
are under solid state first, the left side is kept at a high tem-
perature T, and the right side stays at a low temperature T¢,
where T, = 1.0 and T, = 0. Besides, the horizontal sides are
assumed to be adiabatic. The dimensionless Nusselt numbers
of the left wall with Pr =5.0, Ste = 1.0, and Ra = 50000 under
three grid systems are given, where the dimensionless Nusselt

number is given by

L9 (T-Tp
Nu—/o 8X<Th—To)‘x=odY' 23)

It can be seen that the result of the case with nodes of

600x600 is in accordance with that of the case with nodes
of 900x900. Considering the the computation cost, the grid
system with nodes of 600x600 is adopted in the following

simulation.
60
451 900x900
I 35 - - - - 600600
45 F b
B N 300x300

OF

0.01 0.02 0.03
Fo Ste

Fig. 4. Grid independence test under various grid systems.

Furthermore, the results from the LBM and analytic solu-
tions are compared by solving the conduction-dominated melt-
ing problem (i.e. the Stefan problem). Figure 5(a) shows that
the left side is kept at a temperature 7, while others are adia-
batic boundaries. Moreover, initial temperature is 7y, which is
the melting temperature and lower than 7;,. The analytical so-

lution for conduction-dominated melting problem can be ob-
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tained by Rubinstein!*’! and Huber ez al.3®

f(x/ (2
T(x1)= T1_<T1—TO)W,
for 0<x <xm (1), 24)
Xm (t) = 22,\/@7 (25)
et (a) = S
Aexp (A?)erf(A) = N L 6)

where xp, is the melting position. Figure 5(b) displays the
melting front position evolution for the cases with different
thermal diffusivities (¢ = 0.033, 0.36, and 0.7) but the same
Stefan number of Ste = 1.0. Among them, the normalized time
t* =ta/L?, where L represents the length of the system.

The numerical predictions by LBM and analytic solutions
(AS) are in good agreement with each other while the relative

error is only 4.9%.

v (a)

To=Tn

1.0 AS LBM =
e a=0.033 . - (b)
0.8f—— aa=0.36 2
sax=0.7%
0.6 b
8
0.4
0.2
0 1 1 1 1 1 1 1 1 1

Fig. 5. Model validation of conduction melting problem: (a) Schematic dia-
gram of the conduction melting, (b) comparison of the melting front.

For further validation, the results from the present model
are compared with those from Ref. [39] in terms of the di-
mensionless Nusselt number. Figure 6 shows the physical
model used for this comparison, the left boundary and right
boundary are kept, respectively, at constant temperature of Ty,
and T, while other two walls are assumed to be adiabatic.
Moreover, the computational domain is a grid system with
600x600 nodes and the numerical simulation is conducted
with Ra = 10°, and Pr = 1.0. Table 2 gives the results from
the literature and the present model under various thermal con-
ductivity ratios. The maximum relative error is 4.7% between

the result from the present model and the Merrikh ef al’s
result,3%) thereby indicating that present model is correct and

reliable.

adiabatic

adiabatic

Fig. 6. Schematic diagram of model validation in a square.

Table 2. Comparison between dimensionless Nusselt numbers from the
present model and literature.

ks/kf Present model Merrikh e al. 13!
1 1.175 1.233
10 2.046 2.030
100 2.482 2.313

4. Results and discussion
4.1. Distribution of melting front and temperature

For analyzing the thermal performance, a comparison be-
tween cases with and without metal foam (e.g. porosity € =
0.8) is carried out under Ra = 50000, Pr = 5.0, and Ste = 1.0.
Figure 7 displays the distributions of melting front that the
solid-liquid interface of the pure PCM is a vertical line at the
early stage and then presents an inclined shape with the melt-
ing time increasing (i.e. the upper part of PCM melts faster
than the lower part). This phenomenon implies that the heat
conduction plays a leading role at the early stage while the nat-
ural convection exerts a more significant influence at the later
stage. However, the melting front interface of the composite
PCM maintains a nearly straight line during the whole stage,
which differs from that of the pure PCM. Moreover, the metal
foam/PCM has a faster melting rate, and a melting rate en-
hanced by 69% compared with that of the PCM without metal
foam. When the composite PCM melting process is almost fin-
ished, the pure PCM melting process is completed by less than
half. It can be concluded that the existence of metal enhances
melting capability and the heat conduction plays a major role
in the composite PCM.
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Fo=0.00224 Fo=0.018

.... 0

Fo=0.033 Fo=0.067

Fig. 7. Distributions of melting front for PCM with and without metal foam.

Fo=0.00224

Fo=10.018

|

Fo=0.033 Fo=10.067

Fig. 8. Distributions of temperature for PCM with and without metal foam.

Figure 8 displays distributions of the temperature for
PCM with and without metal foam, indicating that the metal
foam accelerates the heat transport rate with respect to the heat
transport rate of the pure PCM without any additives. More-
over, when the natural convection develops, the temperature in
the upper part of the melting front is high, but low in the lower
part for the pure PCM. Nevertheless, the metal matrix with
high thermal conductivity enhances the heat transport and the
heat first pass through the metal skeleton. The heat transports
almost horizontally in the composite PCM since the heat con-
duction exerts a larger influence.

4.2. Analysis of metal foam configurations

4.2.1. Effects of pore density

The pore density is a significant structural parameter of
metal foam which can affect the melting behaviors. Figure 9

exhibits the distributions of the melting front and temperature
with different pore densities to discover the effect of the pore
density, with parameters of porosity € and irregularity c keep-
ing unchanged, i.e. € =0.90 and ¢ = 0.22. It is observed that
the melting front evolution and the thermal response become
quicker as the pore density increases. It implies that the larger
pore density results in higher contact surface area between
metal frame and PCM. And larger contact area conduces to
the enhancement of melting heat transfer performance.

The times taken to melt the metal foam/PCM with differ-
ent pore densities are depicted in Fig. 10, indicating that the
time decreases obviously as the pore density increases. More-
over, as the pore density increases from PPl = 15 to PPl = 44,
the melting duration time decreases by 17.8%. The results im-
ply that larger pore density is beneficial to the heat transport
of the composite PCM normally.
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Fo=0.00224 Fo=0.018 Fo=0.033 Fo=0.067

(a) PPI=15

(b) PPI=30

(c) PPI=44

Fig. 9. Melting behaviors of metal foam/PCM with different pore densities.

0.15 I cline time Fo, 4.2.2. Effects of porosity
0.12} The porosity seriously influences the pore structure of the
metal foam. Figure 11 shows the distribution of phase change
S 0-09r region and temperature with various porosites to study the ef-
= 0.06} fects of porosity on the melting behaviors. Here, the pore
density is PPI = 30 and the irregularity is ¢ = 0.22. The re-
0031 sult shows that the melting rate decreases as the porosity in-
creases. The reason is that the conduction exerts a major in-

0
PPI=15 PPI=30 PPI=37 PPI=d44 fluence in the heat transfer mechanism, and a lower porosity

Fig. 10. Times taken to melt composite PCM with different contributes to a larger metal foam fraction, which enhances

pore densities. the melting heat conduction performance. However, it should
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be noted that the high porosity reduces the heat capacity of  the metal foam with a suitable porosity for making a balance
metal foam/PCM. For this reason, it is important to construct ~ between melting rate and heat storage capacity.

Fo=0.00224 Fo=0.018 Fo=0.033 Fo=0.067

(a) e=0.65

(c) e=0.85

Fig. 11. Melting behaviors of metal foam/PCM with different porosities.

015 S melting time Fo, Figure 12 shows the times taken to melt the metal
foam/PCM with different porosities. It shows that the porosity

0.10 plays a major role in the melting performance: as the poros-

. ity increases, the melting duration time increases evidently.

= Moreover, the melting time is increased by 6.2% as the poros-

0.05 ity increases from 0.75 to 0.8, while there is an increase of

§ § § § § 16.1% as the porosity changes from 0.8 to 0.85. It indicates

I " I I I that a higher porosity weakens the melting rate more obvi-

0 ously. Based on the requirement for the balance between the

Fig. 12. Times taken to melt composite PCM with different porosities. heat transfer rate and heat storage density, a suitable porosity
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is seriously important in improving the thermal performance
of the composite PCM.

4.2.3. Effects of irregularity

The irregularity is a crucial characteristic parameter for
the metal foam. Figure 13 exhibits the melting behaviors of
In this sub-
subsection, the pore density is PPl = 30 and the porosity is

metal foam/PCM with different irregularities.

€ =0.85. As shown in this figure, the lower irregularity re-
sults in a more uniform metal foam in terms of sizes and
shapes, where the metal foam with a larger irregularity has

Fo=0.00224

Fo=0.018

cells with different sizes. Moreover, it is clear that melting
rate decreases as irregularity increases under the same pore
density and porosity. The cause is that the hampered and cir-
cuitous circled heat transfer path reduces the thermal perfor-
mance in the composite PCM. Besides, interestingly, the metal
foam/PCM with ¢ = 0.32 melts quicker in the middle part than
in the upper and lower part in Fig. 13(a), where the distribu-
tion of metal framework is non-uniform and the middle part
has a dense skeleton which enhances the heat conduction in

this part.

Fo=0.033 Fo=0.067

(c) e=0.11

Fig. 13. Melting behaviors of metal foam/PCM with different irregularities.
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Figure 14 shows the times taken to melt metal foam/PCM
with different irregularities. From this figure, it can be ob-
tained that the low irregularity can improve the ability of metal
foam/PCM to transfer heat. And interestingly, the irregular-
ity decreases from 0.32 to 0.21, the melting time is reduced
by 20%. Therefore, under the same conditions including the
porosity and pore density, the metal foam/PCM with low irreg-
ularity is recommended to be used to enhance the heat storage

rate.
0.15
- melting time-Fo.
0.12f
0.09F
<

0.06
0.03f

0

c=0.11 c=0.21 c=0.32

Fig. 14. Times taken to melt metal foam/PCM with different irreg-
ularities.

5. Conclusions

In this paper, the melting behavior of PCM with metal
foam generated by the Voronoi method is studied. An LBM
is implemented and validated on a pore scale. Moreover, the
evolution of phase and temperature distribution of the PCM
with and without metal foam are analyzed. Besides, the influ-
ences of metal foam structure parameters on the melting per-
formance are studied, including the pore density, porosity and
irregularity. The main conclusions are drawn below.

(I) The metal foam is beneficial to the strengthening of
the heat transport. Compared with pure PCM, the metal
foam/PCM possesses quick evolution of melting front mor-
phology and heat transport rate.

(II) The major heat transport mechanism of pure PCM is
different from that of metal foam/PCM. For the pure PCM, the
major heat transport mechanism is heat conduction first, and
convection later. Nevertheless, the conduction exerts a crucial
influence on the whole melting process since the convection is
weakened for the metal foam/PCM.

(IIT) The structural characterization of metal foam re-
markably influences the melting behaviors. The decrease of
the porosity can improve the heat transport rate of compos-
ite PCM, while heat storage density will decrease accordingly.
With the pore density increasing from PPI = 15 to PPI = 44,

the melting time decreases by 17.8%; with the irregularity de-
creasing from ¢ = 0.32 to ¢ = 0.21, the melting time decreases
by 20%. Therefore, metal foam is recommended to have a high
pore density and thus presenting more uniform pore structure.
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