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The conjugate flow and heat transfer of phase change materials (PCMs)-metal foam confined between
two annuli is addressed. A pulse heat load is employed at the inner surface of annuli, while the outer sur-
face is subject to convection cooling. (This content of this sentence is the same as that in other sentences.)
The enthalpy-porosity approach is utilized to model the phase change, and the natural convection in the
porous medium is taken into account using Darcy-Brinkman model. The governing equations are trans-
formed into non-dimensional form and solved by the finite element method. The finite element method
is employed to solve the governing equations in the non-dimensional form. An automatic grid adaptation
technique is employed to capture the phase change interface. The results are compared with theoretical
and experimental studies available in the literature and found in good agreement. The steady-state solu-
tion and transient characteristics are addressed. The results demonstrate that the heatsink filled with
PCM-metal foam can enhance the heat transfer at the hot surface, particularly at low external cooling
power (Biot number < 0.2). The results reveal that the fusion temperature of phase change material is
the key parameter on temperature controlling of the hot surface. Using the phase change heatsink results

in a cooling power four times higher than that of pure external convection during the pulse load.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The phase change heat transfer has various practical applica-
tions in solar systems [1], building thermal management [2], solar
cooker [3], sustainable drying of agricultural products [4], energy
storage [5], and heatsinks [6,7]. The phase change heat transfer
occurs on the melting/solidification of materials at their fusion
temperature.

The Phase Change Materials (PCMs) can store/release a notable
amount of thermal energy on solidification/melting at a constant
fusion temperature. Therefore, PCMs are promising for thermal
management of systems with transient heat loads. However, most
PCMs have low thermal conductivity, which is the barrier to the
utilization of these materials for thermal management of heat
sinks. Recently, there have been significant advances on enhancing
the thermal conductivity of PCMs by using nano-additives [8-10],
fins [11,12], heat pipes [13,14], and metal foams [15-17].

In practice, the phase change materials are enclosed in contain-
ers to prevent leakage and ease of management. The containers can
be in various shapes and designs, which depends on the applica-
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tion, production, and mechanical consideration. The melting/freez-
ing phase-change heat transfer of PCMs in enclosures has been the
subject of various recent studies. For example, Bondareva and
Sheremet [18] addressed the melting heat transfer of PCMs in a
cavity with a local heater. Using fins and nano additives are two
popular approaches to enhancing the heat transfer of PCMs. Bon-
dareva and Sheremet [19] investigated the effect of utilizing fins
as heat transfer enhancers on phase change heat transfer of an
enclosure phase change heatsink for electronics cooling applica-
tions. The outcomes show that the required time for a complete
melting is a function of the fins sizes. Bondareva et al. [20] exam-
ined the effect of using alumina nanoparticles as heat transfer
enhancers on the phase change behavior of phase change materials
in a cavity heat sink. One of the most prominent disadvantages of
using fins as heat transfer enhancer is the significant increases the
heatsink weights. The effect of using nanoparticles [21] or hybrid
nanoparticles [22,23] and magnetic field [24] are also investigated
on the phase change heat transfer. The results show that using
nanoparticles or hybrid nanoparticles can improve the melting
heat transfer. Although using nano-additive can enhance the heat
transfer of PCMS, the stability of PCMs with nano-additives is a
problem in phase change cycles, and it demands future
investigations.
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Nomenclature

Latin symbols

A surface area of heat sink (m?)

Amush constant with a large number

Bi Biot number, h (1o — 17)/km,

G heat capacity (] kg~! K™1)

Da Darcy number, x/(ro — 1;)?

e constant with a small value

g gravitational constant (m s~2)

h convective heat transfer coefficient (W m—2 K1)
h latent heat of fusion (J kg™!)

k thermal conductivity (W m~! K1), number of elements
MVF normalized melt volume fraction

n normal to a surface (m)
N non-dimensional normal to a surface, total grid points
N total grid pints, k

p pressure (N m~2)

P non-dimensional pressure

P

r Prandtl number, v/,
q’ (W m?)
qg heat flux at the hot surface (W m~2)
non-dimensional radial coordinate, r/(ry — 1;)
r radial coordinate (m)
Ra Rayleigh number, (g8,AT(r, — 1:)?)/(Vittm,)
ri inner radius of the cavity (m)

non-dimensional outer radius of cavity
outer radius of cavity (m)
non-dimensional inner radius of cavity
source term

non-dimensional source term

Stephan number, ((pCp)m,1 AT)/(pihstm)
non-dimensional perimeter of the hot surface, w(R; — 1)
time (s)

temperature (K)

x-velocity component (m s~ 1)
non-dimensional X-velocity component
y-velocity component (m s~ 1)
non-dimensional Y-velocity component
x-coordinate (m)

non-dimensional X-direction
y-coordinate (m)

non-dimensional Y-direction

<‘<xx<<qz-ﬂ~g§mm5;5

Greek symbols

o thermal diffusivity (m? s~1)

B volume expansion coefficient (K1)

é non-dimensional heat flux

St heat pulse duration (s)

oT phase change temperature range (K)

AT temperature difference based on heat flux (K),
q“o(to — 1i)/km,i

0T non-dimensional heat pulse duration

€ porosity of the metal foam

n heatsink efficiency

0 non-dimensional temperature

1

non-dimensional copper shell thickness

Ip thickness of the copper shields

K permeability of the metal foam (m?)

) the non-dimensional tangential distance starting from
point A

U dynamic viscosity (kg m~! s71)

v kinematic viscosity (kg m~' s ')

& power of heat load, the basis function of finite element
method

p density (kg m™3)

T non-dimensional time

¢ melt volume fraction

x a large number

Subscripts

0 initial steady-state solution

1 start of heat pulse

2 end of heat pulse

00 external cooling flow

ave average

b hot surface

f fusion

l liquid/molten PCM

m effective of the PCM and porous matrix

S solid PCM

w wall, copper shell

Recently, using metal foams for enhancing heat transfer proper-
ties of PCMs has attracted the attention of researchers. Nickel, alu-
minum, copper, and other high thermal conductive foams can be
utilized as the porous matrix. The PCMs are embedded in the pores
of the porous matrix, and as a result, an enhanced thermal conduc-
tive composite PCM-metal foam can be produced [17]. Metal foams
are available with various porosities, pore size, and permeability.
The presence of a porous matrix affects the fusion temperature,
sensible heat capacity, and the latent heat of fusion of PCM-
metal foam. Moreover, the presence of a porous medium weakens
the natural convection flows, which is a significant drawback in the
design of PCM enclosures.

The heat transfer without phase change in enclosures filled with
porous media has been investigated in various studies during the
past years. For instance, Sivasankaran et al. [25] studied the natural
convection heat transfer in a wavy wall cavity filled with a porous
medium. Alsabery et al. [26] examined the influence of a rotating
solid cylinder on the convection heat transfer in a cavity. Chamkha
and Selimefendigil [27] investigated the convection heat transfer
in a porous cavity by considering the magnetohydrodynamic
effects. The unsteady heat transfer [28], double diffusive effects

[29], cavity inclination angle [30], and Ferro-fluids subject to mag-
netic field effects [31] are addressed. The radiation effects in metal
foams [32,33], including convective radiative [33] and local radia-
tive conductivity [34] are also explored.

There are only a few studies that have addressed the phase
change heat transfer in porous media. Xiao et al. [35] synthesized
samples of paraffin-copper foam and paraffin-nickel foam compos-
ites. They utilized porous foams with various pore sizes and mea-
sured the thermophysical properties of the samples. The results
show that the effective thermal conductivity of paraffin-metal
foam was drastically enhanced, nearly three times larger than that
of the pure paraffin. The porous matrix slightly shifts the phase
change temperatures. The presence of the porous matrix also
reduces the overall latent heat of phase change. Sheikholeslami
[36] and Sheikholeslami et al. [37] modeled the solidification
phase-change heat transfer in a cavity for thermal energy storage
applications. Xu et al. [38] and Kohyani et al. [39] analyzed the
melting heat transfer of phase change materials in a porous med-
ium. Zheng et al. [40] experimentally examined the melting phase
change behavior of paraffin wax in a copper metal foam porous
medium. The porosity of the metal foam was 0.95, and the pores
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were fully saturated with the paraffin wax. The outcomes reveal
that the total melting time in the case of using copper metal foam
was 20.5% shorter than that of pure paraffin. Giorgio et al. [41] uti-
lized a local thermal non-equilibrium porous model and investi-
gated the melting heat transfer in a metal foam. Mancin et al.
[42] experimentally examined the melting of paraffin waxes in a
copper metal foam. It was found that the copper foams notably
improves the heat transfer performance of PCM.

In all the aforementioned studies [36-39,42], the heat load was
steady and constant. However, there are some applications such as
solar collectors, electronic devices, satellites, and batteries where
the thermal load of the device flows a cyclic or a transient behav-
ior. For example, Hussain et al. [43] experimentally investigated
the thermal loads of a battery in charging and discharging pro-
cesses and utilized a paraffin-nickel foam composite package to
manage the transient thermal demands of the battery. The phase
change heat transfer subject to transient or cyclic loads involves
both melting and solidification phase change.

To the best of our knowledge, the effect of using a transient heat
load on the phase change behavior of PCM-metal foam has not
been addressed yet. The present study aims to theoretically
address the phase change heat transfer of phase change materials
in metal foams subject to a transient heat load. The transient phase
change heat transfer involves both melting and solidification pro-
cess, and it is critically important for thermal management and
energy storage management of systems with variable heat loads.

The present study aims to answer the following fundamental
questions: Does the use of PCM-metal foam enhances the heat
transfer for a transient load?; Does the use of PCM-metal foam
increases the steady-state temperature of the hot surface?; Is there
any equilibrium situation for a regular steady load?; 4- How does
PCM-metal foam react to the pulse heat load by melting/solidifica-
tion? To address the above fundamental questions on the design of
PCM-metal foam, the modeling approach and simulation method
will be introduced in the following sections.

2. Mathematical model
2.1. Physical model

Fig. 1(a) depicts the annuli space between two horizontal cylin-
ders filled with metal foam and saturated by a PCM. The metal
foam is a porous medium with the porosity of ¢ and permeability
of . The thickness of the inner and outer cylinders is 1. The inner
cylinder contains a battery which produces a variable surface heat
flux, q"(t). The outer cylinder is cooled by convection with the
ambient temperature of T., and convection heat transfer coeffi-
cient of h.. The fusion temperature of PCM is T; where Ty> T.
The produced heat flux of the battery is in the form of a transient
pulse heat flux, as depicted in Fig. 1(c). The heat load is low as
q"(t) = q; for a long time, and the heat transfer in the heatsink is
steady state. At the initial time of ¢t the heat flux suddenly raises
to a high value of q”(t) = q§(1 + ¢) and continues until the time t;.
During the interval time of ¢, to t;, the melting occurs by absorbing
the heat flux. At the time of ¢ = t; the flux reduces to q"(t) = g and
after while the solidification process occurs to charge the heatsink.
Following the study of Hussain et al. [43], it is assumed that the
metal foam is made of Nickel foam, and the PCM is paraffin wax.
The cylinders are assumed to be made of copper.

2.2. Governing equations

The governing equations in the 2-D Cartesian system for the
continuity, momentum in the porous medium, and heat transfer
with phase change are [44-46]:

ou ov

ﬁ+W_O (1)
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Energy in Solid Copper parts (Fin and cylinder walls):
aT PT T
(pCp)Wﬁ— kw <8X2+Z)yz> (5)

where (pC,), is the heat capacity of PCM- metal foam, (pC,); is the
heat capacity of the liquid paraffin, and (pC,)., is the heat capacity
of the copper wall. hg, is the effective latent heat of phase change.
The effective latent heat of phase change is calculated for the paraf-
fin wax inside the pores as hy;, = ehyy. Here, ky, and k,, are the effec-
tive thermal conductivity of PCM- metal foam and the thermal
conductivity of cylinder walls, respectively.

Although there are various relations for evaluating the effective
heat capacity and effective thermal conductivity of the porous
medium and the PCM inside the pores, most of the relations are
not much accurate. Considering paraffin as the phase change mate-
rial and nickel as metal foam, the actual experimental data are uti-
lized for the effective thermal conductivity of paraffin-nickel metal
foam reported by Xiao et al. [35]. Xiao et al. [35] systemized differ-
ent samples of paraffin-nickel metal foam and measured the ther-
mophysical properties of the samples.

The thermophysical properties of paraffin (PCM), nickel (metal
foam), and copper (solid wall) are summarized in Table 1. The per-
meability of the porous medium with 10PPI pore size and porosity
of £~0.95 (which is close to the porosity and pore size of the pre-
sent study) is adopted from experiment study of Bhattacharya et al.
[47] as k=12 x 107" m?. The heat capacity of the pure liquid
paraffinis (pCp); = 1627.2 kJ/kg [35]. The heat capacity and thermal
conductivity of the copper are (pCp)w =3435.4 (kJ/kg), [40], and
kv, =360 (W/m K).

The term s(T) forces the velocities in the momentum equation
to zero in the solid PCMs. It is assumed that the phase change
occurs in the range of 6T where ¢(T) introduces the melting frac-
tion in the melting interval. The source terms of s(T) and ¢(T) are
introduced as:

(1-¢(T))*

S(T) = Apush ———— 6a

() mush ¢(T)3+e ( )
0 T<T;-2

ST =Tl 4l T, T T<T, 42 (6b)
1 T>Tf+62—T

wherein the above equations e is a small number equal to 1073
which prevents the denominator of term s(T) to become zero when
¢ = 0. Apusn is a large number, here Apusy = 5 x 10°, which forces the
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Copper shield

Nickel foam

~

s

Nickel foam
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q'(t)

Bt=t,,
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(c)

Nickel foam and Paraffin wax

(d)

Fig. 1. Schematic view of heatsink filled with PCM-metal foam: (a): A 3D view of model; (b): 2D view of model; (c): The pulse heat flux; (d): The boundary conditions and

coordinate system.

Table 1
The thermophysical properties of materials [35,40,48].

Property Paraffin Liquid Paraffin solid Nickel Copper

k (W/m K) 03 03 91.4 380

p (kg/m?) 769 914 8900 8930

G, (J/kg K) 2116 1959 502.4 386
velocities of the momentum equation to zero in solid regions, i.e., (PCp) = D(PCp) s + (1 = 9)(PCp) 1 (7)

¢— 0.

In Eq. (6b), when the temperature is lower than the fusion tem-
perature, i.e., T < T — 6T/2, the paraffin wax is in the solid-state, and
when the temperature is higher than T > Ty + 6T/2, the paraffin wax
is in the liquid state. Finally, when the temperature is in the phase
change interval, T — 6T/2 < T < Ty + 6T/2, the liquid fraction changes
linearly. The following relation for the effective heat capacity of the
porous medium and PCM is utilized:

where (pCp)m, and (pCp)m s are the effective heat capacity of liquid
paraffin-nickel foam and solid paraffin-nickel foam, respectively.
The boundary conditions are as follow:
The inner wall of the inner cylinder is subject to heat flux as:

oT

oy G (8a)
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where the normal vector of the surface is denoted by n. Convection
heat transfer at the outer cylinder:

k %> - hoo(T — Toy) (8b)

The energy balance and temperature continuity at the interface
of the solid copper parts and the PCM-metal foam:

oT oT

an :k’"a_n

wall

T‘wall - T|metalfoam and kW (SC)

metal foam

The zero velocity boundary conditions at the interface of the
solid walls and PCM-metal foam is assumed as:

u=v=0 (8d)

A reference pressure with p =0 is adopted at the interface of
PCM-metal foam next to the bottom of the inner solid wall
(Point A).

At the symmetry line (x = 0):

oT  ov
™ (8e)

As the initial condition, it is assumed the entire of the heatsink
is at a uniform ambient temperature of T,.. Then, the battery turns
on with low heat flux of q”(t) = qj for a long time until the heat
sink reaches to a steady-state heat transfer and temperature distri-
bution. Then, after a time ty the power of element raises to
q"(t) = qg(1 +¢) and remains constant until t,. After that, the
power of element reduces to q’(t) = qj. Therefore, the flow field
and temperature field at t =0 are the steady-state flow and tem-
perature fields for an element with the power of q"(t) = gqj.

In order to generalize the solution, governing equations of Eqgs.
(1)-(5) are transformed into a non-dimensional form by introduc-
ing the following non-dimensional parameters:

To—1; ro—1; 7 0 ro—ri’ ro—ri’ Oy

X = _X _ S _Ti —_To j—_lo [J—U40=r)

—Uo-ry) g _T-Ta 7 _ _mi — s(D(ro—rp? __x
V= Om | =" T= (ro—17)? S(0) = Pi%m ,Da = (ro—17)?

p=Rrof g = tmi pr— v Rg— #hATen) gpo _ (%) AT

Pl 2 ml = (pep) ) Ol | e pihsgm
9)

where r, — 1y is the characteristic length and o, = kin,i/(0Cp)m,i. Here,
Pr, Ra, and Ste are the Prandtl number, the Rayleigh number, and the
Stephan number, respectively. The temperature scale AT is defined
based on the battery heat flux of qj as AT = q{(r, — 1) /km,;. The val-
ues of kpy/kn, is considered as unity for convenience. This means
that the effective thermal conductivity of the porous matrix and lig-
uid PCM is the same as that of porous matrix and solid PCM. Invok-
ing the non-dimensional parameters of Eqs. (9) and (7), the
governing equations, Eqgs. (1)-(5), are written in the following
non-dimensional form:

ou ov

Xty =0 (10)
1%+l U%+V% — 8P+PI' 82U+62_U ,E

e 0T &\ oX oY) oX oX%  oY? Da

—SOU (11)

o T2 +V
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& 0T oX oY
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(PCp)py 0T \kmi/ \0X*  0Y?

In Eq. (13), the source ¢(0) is

0 0< 0 —1o0
$(0) = LUl 9160 <0< 6 +150 (15)
1 0> 05 + 360

where 05 = (Tf — T..)/AT. Accordingly, the non-dimensional bound-
ary conditions are obtained as:

kw 69)
w2 =4(1 16a
km,l ON R=R;—1 ( ) ( )
1 0% 1%m,
where 5(‘5):{ Té r?;?:gl‘cl’m:(;f:‘i;“ﬁ :(:r—n;Z
’Ml) _ Bio,, (16b)
ki1 ON R=Ro+1
where Bi = h(ro — 13)/km,; and 0,, = (T, — T..)/AT.
kw 00 kn 00

0. 0 — - =t 1

wall H|meralfoam and 7— kml ON wall k1 ON metal foam ( SC)

At the interface of the solid walls and PCM-metal foam U=V=0
(16d)

a0 oV
X~ oX

The non-dimensional reference pressure, at Point A, is obtained
as P=0. As the initial solution, 0 =0, and é(t)=1 for a long time
until the heatsink reaches to a steady-state. Therefore, the non-
dimensional flow and temperature fields at T = 0 will be the steady
state solution for §(7) = 1.

The characteristic parameter of interest is the temperature of
the battery surface where the heat flux was imposed, i.e., r=
r; — 10. The dimensionless local temperature at the battery surface
is defined as:

Tp; —Tx
AT
where ) is the non-dimensional tangential distance starting from
point A. The average surface temperature is evaluated by integra-

tion over the local temperature over the length of the battery sur-
face and divided by the overall length of the surface (s):

= Hbd)

At the symmetryline (X = 0) : (16e)

atR=R;—1 (17)

0b ave — (1 8)
where s, = n(Ri —1).

If assuming the battery is cooled by ambient (in the absence of
heatsink), the surface temperature of the battery can be computed
using the energy balance as:

q"(t) = h(Tp - T) (19)
Using the non-dimensional Eq. (10), the energy balance of Eq.
(20) is obtained in the following non-dimensional form:
4(1)

bho = “Bi (20)
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Using the average battery temperature in the presence (0pqve)
and the absence (0,,0) of the heatsink, the heatsink efficiency can
be introduced as the following ratio:

_ bho o(7)

= - 21
()b.ave Ob‘uveBl ( )

The normalized Melt Volume Fraction (MVF) is introduced as
the ratio of melt in the enclosure to the ratio of total void space
filled with paraffin as:
Sy €pdA
J, €dA

where [, ¢dA = en (Rﬁ - R,Z)

MVF =

(22)

3. Numerical method

Utilizing an efficient numerical approach to solve the non-linear
partial differential equations in a coupled form is necessary. The
governing equation through the temperature field are fully coupled
and extremely non-linear. The finite element method based on the
Galerkin technique is considered to solve the governing equations.
More details about the utilized numerical method can be found in
[49-51]. The pressure term in momentum equations was elimi-
nated by a penalty function defined as follow:

U v
P=y (37 + aT) (24)

It is known that the continuity equation is satisfied, if i, namely
penalty number, is a large value. Substituting this penalty function
for pressure term gives the following equations:

P D URVE) =R (5 g
~By-sou

L4 L (UH+VH) = - (H+3) +Pr(L§+28)
— By _S(0)V + PrRad

(26)

Employing a basis set {&}}_,, the velocity components, and the
temperature can be expanded such as:

N N

Un Y UkilX, V),V ~ kagk X, Y), 0= ) 60X, Y)  (27)
k=1 k= k=1
The use of Galerkin finite element approach results in the non-
linear residuals as below:
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Linear discrimination is adopted for the heat equation. A grid
adaptation approach is utilized to capture the phase change inter-
face. The grid adaptation region is estimated base on the phase
change area with the phase change volume-fraction in the range
of [0.05; 0.095].

The time step is also controlled automatically using the Back-
ward Differentiation Formula (BDF) with a free time steps scheme
within a minimum BDF order of one, and a maximum BDF order of
two [52]. A PARDISO solver [53,54] associated with the Newton
method are utilized to solve the residual equations with the damp-
ing factor of 0.9. The residual equations were solved iteratively
until the absolute residual error of the equations reached below
107° at each time step.

4. Grid check and validation
4.1. Value of non-dimensional parameters

A cylindrical enclosure with r;= 10 mm and r, = 30 mm and the
wall copper thickness of [ =1 mm is adopted as a practical case.
The enclosure is filled with nickel-metal foam (with a pore size
of 10 PPI and porosity of € =0.975) and saturated with paraffin
wax. The outer cylinder is exposed to the ambient air with the con-
vective heat transfer coefficient of h, = 25 (W/m K), and the ambi-
ent temperature of T, = 14 °C. As mentioned, the permeability of
the porous medium is x=2.7 x 1077 m? [47], and the effective
thermal conductivity of the porous matrix and the material inside
the pores, nickel foam, and paraffin wax is k,, =1 (W/m K) [35] and
as mentioned ky,, s = ki1 = kin. The battery produces heat in the form
of surface heat flux with the flux power ofgj = 1500 (W/m?) at the
inner surface of the inner cylinder, at r = r; — lp. The thermophysical
properties of the copper wall, paraffin wax, and nickel structure are
reported in the modeling section. It is assumed that the battery
produces the surface heat flux with an excessive rate of y =3 dur-
ing a 5t = 1200 s discharge load. The discharging commences at the

=200 s and continues to t; = 1400 s.

The non-dimensional parameters corresponding to the above
test case are computed as follows: Ra=4.6728 x 10*°,
Da=3.0 x 107, Pr=7.046, Bi=0.5, £=0.975, 0y=1.5122, y=3,
Ri=05, Ro=1.5, (pCo)ms/(pCplmi=1.095, (pCplw/(pCp)m,=2.061,
kw/kmi =360, 79=0.299, and 67 = 1.794. The results of the present
study will be reported for these non-dimensional parameters;
otherwise, it will be stated.

4.2. Grid check

As mentioned in the modeling section, the phase change occurs
at a very small temperature range, i.e., 56. Hence, the phase change
occurs in a very narrow region in space because of the presence of
high-temperature gradients due to convection flow and low ther-
mal conductivity of the phase change medium. In this narrow
region, the velocities change from free convection velocities in
the liquid region to zero in the solid region. The latent heat of
fusion will be released or absorbed, and the thermophysical prop-
erties are also changing from the liquid to solid. Hence, many
changes occur in a very narrow region of space. Capturing all of
the aspects of phase change at the melting interface with a regular
fixed grid size is not possible and results in an unstable solution.



M. Ghalambagz, J. Zhang/ International Journal of Heat and Mass Transfer 146 (2020) 118832 7

Therefore, in the present study, a grid adaptation technique is
employed to capture the melting interface with a high resolution.
The melting volume fraction ¢ controls the grid adaptation. During
the grid adaptation, the size of the grids drops to 5 fold smaller
than the domain grids with the growing ratio of 5.

In order to study the effect of the grid-size on the results, the
calculations were repeated using several grid sizes. The details of
the utilized grids are summarized in Table 2. The size of the grids
at the interface of the solid and liquid-porous matrix at the inner
cylinder is denoted by Boundary Interface Grid Size (BIGS). The grid
size in the domain of solution is denoted by Domain of Solution
Grid Size (DSGS). In all cases, the maximum growth rate of an ele-
ment was 1.15. The total element is the number of triangular ele-
ments before adaptation.

Table 3 shows the average temperature of the hot surface (6p qve)
for various values of the surface cooling power of the Biot number
(Bi) and grid sizes. The results are reported for the steady-state
solution with no pulse heat flux. As seen, the gird of case III pro-
vides adequate accuracy up to three significant digits. This table
also shows that the increase of surface cooling power from
Bi = 0.2 to Bi = 0.5 reduces the temperature of the hot surface from
Op,ave = 1.83 t0 0p qve = 1.08.

Fig. 2(a and b) illustrate the effect of grid size on the melt
volume fraction (MVF) and the hot surface temperature profiles
(Op.ave), Tespectively. Fig. 2(c) depicts the melting interface at
non-dimensional time 1 = 2.093, which is the end of the heat pulse.
As seen, the results are almost independent of the grid size. Only
Case I, with a coarse grid size, shows a slight grid dependency. Con-
sidering the results of Table 3 and Fig. 2, Grid IV is adopted for the
future computations of the present study. Fig. 3 shows a general
view of the utilized Grid IV with two magnified views over the grid
for better illustration. Fig. 4 depicts the adapted grid at T = 2.093.
The melting interface is depicted in Fig. 2(c) when 7 =2.093. As
seen in Fig. 4, the grid is adapted around the melting interface.
Two magnified views of the grid are also depicted in Fig. 4 for clar-
ification. The melt region and the solid region are depicted by light
green and blue, respectively. The melting interface, ¢=0.5, is plot-
ted with a continues red curve.

4.3. Validations

The accuracy and correctness of the utilized code and modeling
are validated by comparing the results with experimental and
numerical works available in the literature. As the first comparison,
the results of the present code are compared with the experimental
results of Kumar et al. [55]. Kumar et al. [55] investigated the melt-
ing heat transfer of lead in a rectangular cavity. They utilized X-ray
to capture the melting interface during the melting process. In the
study of Kumar et al. [55], the left wall was subject to uniform heat
flux, and the other walls were insulated. The results are obtained
for a case with element heat flux of 16.3 kW/m?, Pr=0.0236,
Ste=0.4, Ra=1.4 x 10”. The temperature at the element surface
was measured 599 K. The right wall temperature was 555 K.
Fig. 5 illustrates a comparison between the molten regions and
solid regions reported by Kumar et al. [55] and the results obtained
in the present study. As seen, the results of the present study are in
full agreement with the experimental results of Kumar et al. [55]
for melting in a cavity with no porous medium.

Considering another case with no porous medium, a compar-
ison between the numerical and experimental results available in
the literature and the present study is performed in Fig. 6 for melt-
ing of pure gallium. The non-dimensional parameters were
Ra=6 x 10°, Pr=0.0216, Ste=0.039 and aspect ratio of 0.714
(Height/Length). It should be noted that the Rayleigh number
and Prandtl number were introduced based on the constant tem-
perature of the hot wall as AT = (T;, — Ty). The left wall of the cavity
was at a constant hot temperature, and the other walls were insu-
lated. The results of the present work are compared with the
experimental study of Gau and Viskanta [56] and the numerical
results of Khodadadi and Hosseinizadeh [57], Kashani et al. [58],
Tiari et al. [13], and Brent et al. [59]. Fig. 6 shows that the melting
interface can vary notably by using different numerical methods.
The reason is that the melting occurs at a constant temperature,
and hence, a large value of A,,.sn parameter and a narrow band
of 30 is required to capture the melting interface sharply. However,
using a large value of Ap,,sn and narrow band of 80 results in a dis-
continuity in the governing equations. An extremely high-quality
grid and a stable solver is required to capture the melting interface
correctly. Due to this fact, the adaptive mesh is utilized in for tran-
sient numerical solution of the present study to robustly capture
the melting interface with miniature grids at the melting interface,
and regular larger grids are the remaining domain of solution.

Fig. 6 shows good agreement with the results of the present
study and the experimental results of Gau and Viskanta [56]. The
difference between the numerical method and the experimental
data can be due to the measuring technique in the study of Gau
and Viskanta. Gau and Viskanta [56] utilized a mechanical probe
to capture the melting interface. At the onset of the phase change,
the melting interface can be unstable, and measuring the interface
using a mechanical probe can affect the melting process and accu-
rate capture of the shape of the interface.

In the case of steady-state heat transfer in a square cavity filled
by a porous medium with no phase change, a comparison between
the average Nusselt number reported in the literature and the pre-
sent study is summarized in Table 4. The results are for a cavity
with heated isothermal side walls with temperature difference
while the top and bottom walls are insulated. Considering a small
value of Darcy number, neglecting the viscous terms and assuming
slip boundary condition at the walls, the porous media model in
the present study will reduce to the regular Darcy model, and
Ra x Da will be the same as the Darcy-Rayleigh number utilized
in Darcy models of the literature studies. In this case, the results
will be independent of the porosity and Prandtl number. A compar-
ison between the results of the present study and the literature
studies is performed in Table 4 with the same grid-size as adopted
for the computations of the work.

As the final validation, the experimental results of Zheng et al.
[40] for melting of paraffin wax in a copper foam is selected. Zheng
et al. [40] investigated the melting of paraffin wax in a 10 cm cavity
filled with copper metal foam of pore size 5 PPI and saturated with
paraffin wax. The cavity with a porosity of ¢ = 0.95 was subject to a
heat flux of g = 1150 W/m? from the top while the other walls were
insulated. It is assumed that 7.5% of the element heat flux losses to
the environment. The thermophysical properties are summarized
in Table 5.

Based on the experimental measurements of Xiao et al. [35], the
effective thermal conductivity of copper metal foam and paraffin

Table 2
The details of the utilized grids for grid check.
Case | Grid II Grid III Grid IV Grid V
BIGS 0.07 0.095 0.0434 0.02015 0.0104
DSGS 0.135 0.104 0.07 0.0545 0.0434
Total elements 1196 1554 2310 4472 11,078
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Table 3
The average non-dimensional temperature (6 qv) for various values of Biot number (Bi) and different grid sizes.
Bi Grid [ Grid II Grid III Grid IV Grid V
0.2 1.8214 1.8221 1.8254 1.8264 1.8274
0.3 1.4606 1.4610 1.4619 1.4620 1.4622
0.4 1.2189 1.2192 1.2200 1.2201 1.2202
0.5 1.0738 1.0741 1.0749 1.0749 1.0751
2.5
0.5
04} /’-w &
- 2 .'" |
03 / |
i / \
| / \
= / \
[T - o / e "E""“‘-"’-\M
>02} /
= T /
B V4 {
01} Grid I 1.5 | Grid |
- / - — — = GridII | - — — = Gridll
i / - Grid I N Grid Il
| ’,." - Grid IV [ [pres——— Grid IV
0p— Grid V | Grid V
i ;
B L | | |
. | | | 1
019 1 2 3 4 1 2 3
T T

Fig. 2. The effect of grid size on: (a) the melt volume fraction (MVF); (b): the hot surface temperature (0 ave); (c): the melting interface at t =2.093.
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Fig. 4. A view of grid adaptation at T
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Kumar et al.[55]

i

Present work

(a): ==0.37 (=139s) (b): =1.1 (=416s)

(c): =1.47 (t=554sj

Fig. 5. A comparison between the melting interface reported in the experimental study of Kumar et al. [55] and the numerical results of the present work.

S 1
0.8F
0.6F Tiari et al.
Kashani et al.
0.4r Present Work
Experiment: — __ __ __ ___
Gau and Viskanta
Khodadadiand
0.2F Hosseinizadeh
Brent et al. e -
0\\ PRI o1 o
0 0.6 0.8 1 1.2 1.4
X

Fig. 6. A comparison between the melting interface reported in the experimental
and numerical works in the literature [13,56-59] and the results obtained in the
present study.

wax inside the pores was kq;=5 W/m K, and the effective latent
heat of phase change was hgm =132.5 (kJ/kg). The permeability
adopted as 2.7 x 1077 [47]. The thermophysical properties of cop-
per and paraffin wax are available in the text, and Table 1. The
results are depicted in Fig. 7.

5. Results and discussion

The results are reported in two parts. In the first part, the effect
of the presence of the PCM on the heat transfer behavior of heat-
sink at the steady-state condition will be discussed. In the steady
solution, there is no pulse, and surface heat flux is constant. In this
case, the income heat from the hot surface is in balance with the
dissipated heat at the cooled surface. The PCM can be in a fully
solid state, partially liquid state or fully liquid state, depending
on the cooling power at the outer surface and the power of surface
heat flux.

In the second part of the results, the effect of a transient heat
pulse on the melting and solidification of PCM in the porous med-
ium will be discussed. The thermal behavior of the heatsink for
controlling of the hot wall and melting volume fraction of PCM will
be addressed. As the results are in non-dimensional form, the word
of non-dimensional will be omitted in the following text.

Table 4

A comparison between the obtained average Nusselt number at the hot wall and the results available in the literature.
Authors Ra x Da

10 100 1000 10,000

Bejan [60] 4.200 15.800 50.8
Beckermann et al. [61] 3.113 48.9
Moya et al. [62] 1.065 2.801
Baytas and Pop [63] 1.079 3.160 14.060 48.330
Sheremet and Pop [64] 1.071 3.104 13.839 49.253
Ghalambaz et al. [65] 1.080 3.111 13.642 48.561
Present study 1.079 3.111 13.73 50.78
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Table 5

The thermos-physical properties of copper foam as a porous matrix and paraffin wax as phase change material [40].
Material p (kg/m?) k (W/m K) ¢, (J/kg K) hy (J/kg) n(Pas) B (1/K)
Copper foam 8900 380 386 148,800 - -
Paraffin 900 0.3 2300 - 0.00324 0.0005

. Zheng et al. [40]

Present study

(a): T=1.4782 (+=5400's) (b): =2.9564 (+=10800s) (c): ==4.4347 (=16200s)

Fig. 7. A comparison between the experimental results of Zheng et al. [40] and numerical simulations in the present study.

Fig. 8. The temperature distribution and streamlines when Bi=0.2 and various values of non-dimensional fusion temperature (6f); (a): 0y=1.379 (MVF=0.974 and
Op,ave = 1.714); (b): 0;=1.446 (MVF = 0.838 and 0pave = 1.767); (c): 0y=1.512 (MVF = 0.64 and 0p . = 1.826); (d): 0;=1.646 (MVF=0.351 and 0 4. = 1.931).
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Fig. 9. The temperature distribution and streamlines when Bi = 0.2.

5.1. The steady state heat transfer (case y =0)

Fig. 8 illustrates the isotherms and streamlines for various val-
ues of fusion temperature, 0r. The temperature level of 0 = 0; can be
considered as the melting interface. The values of normalized melt
volume fraction and the temperature of the hot surface, 6y qy., are

1.2

MVF

0.15 0.25

Bi 0.35 0.45

(a): MVF

also reported in the figure caption. As seen, by an increase of fusion
temperature, the molten area reduces. For low values of fusion
temperature, a large area of the heatsink is at the molten state.
The molten state is developed toward the top areas of the heatsink
due to the effect of natural convection heat transfer.

The temperature contours show a lower temperature at the hot
surface in the case of low fusion temperature. Since the results are
reported for a steady state case, the generated heat by the battery
(hot surface) should be extracted at the cold surface. In the case of
low fusion temperature, a large area of the heatsink is in a molten
state, in which the natural convective heat transfer exists. There-
fore, the thermal resistance between the hot surface and external
cooling power is low, and consequently, the temperature differ-
ence between the hot surface and external flow is low. As the
non-dimensional external temperature is fixed at zero, a low-
temperature difference between the hot surface and external flow
can be reflected in a low non-dimensional hot surface temperature.
The situation is reversed in the case of high fusion temperature, in
which a large portion of the heat sink area is in a solid state with a
high thermal resistance (no natural convection). Hence, the tem-
perature difference between the hot surface and the external flow
will be high. The hot surface temperature for the case of ;= 1.379
is equal to 0pqve = 1.714, while for the case of 0;=1.646 is equal to
Op,ave = 1.931. About 20% relative increase in 0y from 1.379 to 1.646
results in about 12% relative increase in 6 gye.

Fig. 9 depicts the location of the melting interface for various
values of fusion temperature, 0 As seen, when the fusion temper-
ature is low, the melting interface exists next to the cold wall. The
increase of fusion temperature shifts the melting temperature
toward the hot wall. When the fusion temperature is low, the melt-
ing interface is notably expanded toward the top areas of the heat-
sink. This is because the larger the molten area, the stronger
natural convection flows.

Fig. 10 displays the normalized melt volume fraction (MVF) and
the hot surface temperature, 65 4y, as a function of external cooling
power, Bi, for various values of fusion temperature. Fig. 11 depicts
the same results but as a function of fusion temperature. For low val-
ues of Bi number, the normalized melting volume fraction is fixed at
unity, which shows the entire of the heatsink is at the molten state.
Indeed, the low Biot number indicates low external cooling power,
and consequently, higher thermal resistance between the hot sur-
face and cold external flow. Therefore, the temperature of PCM in

24

12} I
0.8 I L L | L L | L L
0.15 0.25 Bi 0.35 0.45
1
(b) eb,ave

Fig. 10. The melt volume fraction (MVF) and non-dimensional hot wall temperature (05 4ve) as a function of Biot number (Bi) for various values of the non-dimensional fusion

temperature (0).
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Fig. 11. The melt volume fraction (MVF) and non-dimensional hot wall temperature (6p,qve) as a function of 0y for various values of Biot number (Bi).

the heatsink will be higher than the fusion temperature. By the
increase of Biot number, MVF reduces. Regardless of the fusion tem-
perature, MVF is about zero for high values of Biot number as long as
the non-dimensional fusion temperature is positive. It should be
noted that a negative fusion temperature shows a fusion tempera-
ture lower than the external cooling temperature, and, no solidifica-
tion can occur regardless of the magnitude of the Biot number.
Hence, a negative fusion temperature has not been studied here.
The increase of Biot number also reduces the hot surface tem-
perature almost linearly except for a region that the phase change
occurs. For high values of Biot number, in which, the heatsink is in
a fully solid-state, the influence of the variation of fusion
temperature is negligible. However, for moderate values of Biot
number, in which, the heatsink is in the two-phase state, the fusion
temperature dictates the range of hot surface temperature. Inter-
estingly, when the heatsink is in a two-phase state, the hot surface
temperature is about the fusion temperature. Fig. 11 shows that
the variation of fusion temperature almost induces the same effect
as the variation of Biot number. Indeed, the external cooling power
is the multiple of Bi x 0 However, the fusion temperature would

Solid

"0.9 1.2 15 1.8 2.1

ef
(a): MVF

also affect the molten and solid areas of the heatsink in a non-
linear way.

Fig. 12 shows the simultaneous effect of Biot number and fusion
temperature on MVF and 6j 4y in the form of contours. About 4000
cases were executed to plot the contours of Fig. 12(a and b). These
contours illustrate a full map of the phase change behavior of the
heatsink by the variation of Bi and 0 Fig. 12, in agreement with
Figs. 10 and 11, confirm the existence of a liquid region for low val-
ues of Bi and fusion temperature in the heatsink. Interestingly,
Fig. 12(a) shows that the difference between the fully melted
region and fully solid region reduces by the increase of Bi and 0y.
In the two-phase state, the hot surface temperature is much sensi-
tive to the fluctuation of the fusion temperature rather than the
Biot number.

5.2. The unsteady heat pulse

Fig. 13 shows the isotherms and streamlines in the heatsink at
various time sequences. The solution at time steps of T=0 and
7=0.299 are steady state, and hence, the isotherms are identical.

2.2—
= _/__
‘ 24 — ]
0.1
0.9 1.2 1.5 1.8 2.1
9,
(b) Ob,ave

Fig. 12. The contours of melt volume fraction (MVF) and non-dimensional hot wall temperature (0,qve) as a function of non-dimensional fusion temperature (65) and Biot

number (Bi); (a): MVF and (b): Average hot wall temperature (0pave)-
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1=1.794 1=2.093

1=2.242 1=2.541

Fig. 13. The isotherms and streamlines during the melting and solidification of PCM subject to the pulse heat flux when 0y=1.512.

Moreover, the entire area of the heatsink is in a solid state, and
thus, there is no streamline to report. The heat pulse with the
power of y=3 is activated at 7=0.299 and remains active until
7=2.093. At 7=0.6, the first molten area forms and streamlines

appear. In the time step of 7 = 1.5, the molten region has advanced,
and the convection flows at the top of the heatsink are notable. At
7=1.794 and 7=2.093, the melted area future expands but
smoothly. The smooth expanse of the molten region is due to the
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reduction in the thermal resistance between the hot surface and
the external cooling flow by the increase of molten region and ease
of convection heat transfer. At t =2.093, the pulse load turns off
(y=0). Hence, at 7=2.242, a contraction of the molten region
can be observed compared to the case of T =2.093. However, the
temperature distribution is not the same as the case of 7=1.794
due to non-linearity of the convection heat transfer and transient
effects. Time sequences of T = 2.541-6.727 illustrates the advance-
ment of the solidification process. Although the melting process
occurs during 6t =1.794, it took 6t =4.634 (about 2.5 times of
the active pulse duration) to enclosure reaches a fully solid-state.
The comparison between the isothermal of the steady-state solu-
tion, at the initial time of 7=0 and the final time of 7 =6.727,
shows that the heatsink has not reached a fully steady-state condi-
tion yet.

Fig. 14 depicts the variation of characteristic parameters of
hot surface temperature (0pqve), Normalized melt volume frac-
tion (MVF) and heatsink efficiency () as a function of non-
dimensional time () for various values of fusion temperature.
Fig. 15 displays the same results for various values of the Biot

25
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MVF

number. Using the temperature map of Fig. 12, in the case of
the defult value of Bi=0.5 and a fusing temperature about
0r=1.5, the heat sink is uniformly at a solid-state. Hence, con-
sidering Fig. 14, at the initial time, in which the pulse load is
not activated yet, the effect of fusion temperature is negligible
since the heatsink is in a fully solid-state and MVF=0. At this
stage, 1 is about 1.8. This efficiency is due to the increased sur-
face of the outer cylinder compared to the battery shield. By the
activation of pulse load, the molten volume fraction grows shar-
ply, and the hot surface temperature (0pqy.) is also raised. The
increase in the temperature of the hot surface is due to the
increased power of the heat load. During 7=1 to t=2, the
hot surface experience a constant temperature. At the initial
stage of phase change, in which the PCM in the heatsink is in
a fully solid state, the thermal resistance of PCM due to pure
conduction is high. Hence, the temperature of the hot surface
raises gradually. After a while, in which the molten region
expands, and natural convection effects dominate the heat
transfer, the temperature of the hot surface is controlled by
the fusion temperature at a constant temperature.
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Fig. 14. The variation of characteristic parameters during the heat pulse and after the heat pulse for various values of non-dimensional fusion temperature (05); (a): the non-
dimensional hot wall temperature (0p,qve); (b): melting volume fraction; (c): cooling efficiency of using PCMs (7).
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At the end of pulse load, the temperature of hot surface drops
instantly, due to the substantial convection heat transfer in the
molten region of the heatsink. After that, the hot surface tempera-
ture drops smoothly in the solidification process. A non-linear
behavior for 0,4, can be observed at the end of the solidification
process. This non-linear behavior commences when the PCM
reaches into a fully solid state, and consequently, the latent heat
storage changes to the sensible heat storage.

The heatsink efficiently experiences a drastic increase, up to
1 = 7.5, when the pulse heat flux jumps to 1 + &. This pick efficiency
is due to the vicinity of the cold PCM and the hot surface. Then,
heatsink efficiently drops sharply as the melting region advances
by pure conduction. During this state, the thermal resistance due
to pure conduction in PCM-metal foam around the hot surface is
very high and increases by the advancement of the melting surface
away from the hot surface. After this stage, the natural convection
flows in the molten region take place, and the heatsink efficiency
remains constant about # = 4. Then, the pulse load turns off, and
the heat sink efficiency instantly drops to about unity, and
smoothly raises during the solidification process. The variation of
fusion temperature shifts this behavior but does not change the

4 5 6 7

(©)

Fig. 15. The variation of characteristic parameters during the heat pulse and after the heat pulse for various values of Biot number (Bi) at the outer surface of the cavity; (a):
the non-dimensional hot wall temperature (60 qv.); (b): melting volume fraction; (c): cooling efficiency (#) of using PCMs.

trend of the results. Hence, the fusion temperature is an essential
parameter for the heatsink design. The fusion temperature partic-
ularly influences the hot surface temperature without affecting the
general behavior of the heatsink.

Moreover, when the fusion temperature is minimal the melt
volume fraction is maximum regardless of the time history. Indeed,
the heat of the heat flux at the hot wall is absorbed by the porous
matrix and the PCM inside the pores in the form of sensible heat
and the latent heat. A higher fusion temperature results in a larger
sensible heat before the fusion occurs. Thus, as a larger portion of
the energy of the hot wall is absorbed by sensible heat of the heat
sink a lower portion of latent heat and melt volume fraction can be
expected. Hence, as seen in Fig. 14(a) the higher the fusion temper-
ature, the lower the MVF.

Fig. 15 reveals that the increase of Biot number decreases the
hot surface temperature and MVF by boosting the cooling power
at the external surface of the heatsink. Generally, the efficiency
of the heatsink is higher at lower Biot numbers. Therefore, using
phase change heatsink is of interest in situations with low external
convection or spaces with low ventilation. The case of Bi=0.15 in
Fig. 15(b) is a straight line. Attention to Fig. 12 shows that in the
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case of 0r=1.512 and Bi = 0.15, the entire cavity heat sink is in the
molten phase at the steady-state. Hence, increasing heat flux (dur-
ing the pulse) increases the superheat degree of the molten PCM
and does not contribute to the increase of MVF. Moreover, in the
case of Bi = 0.2, most of the heat sink is initially (steady-state situ-
ation) at the molten phase. Hence, increasing the heat flux during
the heat pulse melts the small fraction of solid quickly, and MVF
reaches unity and remains the same.

6. Conclusion

The phase change heat transfer in a phase change heatsink con-
sisted of two horizontal cylinders filled with a metal foam satu-
rated by a phase change material was theoretically studied. The
cooling performance of the heatsink and the energy storage/release
due to an unsteady pulse load were investigated. The finite ele-
ment method, along with a grid adaptation and automatic time
stepping control, was employed to solve the governing equations.
The results were reported for various values of non-dimensional
fusion temperature and Biot number in both cases of steady equi-
librium solution and unsteady heat pulse. The main outcomes of
the study can be summarized as follows:

1. The increase of fusion temperature or Biot number reduces the
overall melt fraction in the heatsink at steady state conditions
in the absence of a pulse load. This means the higher fusion
temperature or external cooling power the cooling energy can
be stored in the heatsink.

2. During the pulse load, the increase of the fusion temperature
slightly reduces the heatsink cooling efficiency. Regardless of
the fusion temperature, the cooling efficiency of the phase
change heatsink is higher than unity.

3. During the pulse load, the lower the external cooling power (the
lower the Biot number), the higher the heatsink efficiency. The
efficiency of heatsink during the pulse load increases from 1 ~ 4
to n~5 by the reduction of Biot number from Bi=0.5 to
Bi=0.35.

4. The solidification time is about 2.5 times higher than the melt-
ing time. This is since the natural convection flow aids the melt-
ing process.

In the present study, the influence of fusion temperature and
external cooling power (Biot number) on the thermal performance
of a PCM-metal foam heatsink were addressed. The results show
that the melting was firstly extended at the top areas of heatsink
due to the natural convection effects. Therefore, the contribution
of bottom areas of heatsink on the heat transfer was small. Some
eccentricity of the hot surface may help with a better heat transfer.
Moreover, a non-uniform distribution of metal foam, in the form of
a heatsink partially filled with metal foam, may also enhance the
heatsink efficiency, which can be subject of future studies.
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