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ARTICLE INFO ABSTRACT

Keywords: Energy storage systems based on phase change materials are very innovative and useful in different engineering
Phase change material applications. The present study deals with numerical simulation of energy transport performance in a shell and
Metal foam

tube energy storage system, including the paraffin wax or copper foam insertion with paraffin wax. The math-
ematical description of the considered problem consists of the basic equations grounded on the conservation laws
with appropriate initial and boundary conditions. These equations were solved by the finite element method. The
developed code was verified using the mesh sensitivity analysis and numerical data of other authors. Effects of
the porosity, Rayleigh number, melting temperature, heat pipes location on melting flow structures and energy
transport, and Nusselt number and melting volume fraction were scrutinized for charging and discharging
modes. It was found that in the case of porous metal foam, the phase change intensity increases for the mentioned
two regimes in comparison with pure paraffin wax. The vertical placement of the heating tubes results in the best
charging time.

Shell and tube energy storage
Natural convection
Numerical simulation
Adapted mesh

temperature, metal plate thicknesses, and system geometry using the
Fluent software. The author revealed that n-octadecane is characterized
by low charging time in comparison with RT-35. Alizadeh et al. [7]
computationally investigated an opportunity to employ fins and nano-
particles to optimize triplex-tube heat energy storage based on PCM
(phase change material). The discharging mode was simulated using the
FlexPDE software. The Authors showed that employing the V-shaped
fins is more effective than an increment of the fins thickness.
Moreover, an intensification of the solidification process can be
reached with the addition of carbon nanotubes to water. An impact of
organic PCM on heat storage system efficiency was studied computa-
tionally and experimentally by Koukou et al. [8]. Thermocouples were

1. Introduction

Phase change materials are very innovative and useful media that
can be employed in various industrial and engineering applications such
as air conditioning systems [1,2], thermal management systems [3],
pavement thermal management [4], and buildings [5].

Many scientists performed experimental and theoretical analyses of
phase change material behavior within different engineering systems.
Gurel [6] numerically studied the phase change material melting within
the plate heat exchanger by the finite volume method. The author
investigated the phase change material influences, heat transfer inlet
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Nomenclature

Latin symbols

q; the pipe surface heat flux (W/m?)

Amnush a large value for mushy term (kg/m3 s)

(o heat capacity per unit mass (J/(K-kg))

D tube shell diameter (m)

d heat-pipe diameter (m)

Da Darcy number (x/H?)

e a minor value for mushy term

Ec non-dimensional distance between the center of the heated
tubes

g gravitational acceleration (m/s%)

H tube shell scale

hgs the melting latent-heat (J/kg)

k coefficient of thermal conductivity (W/(m K))

L the straight heat pipe length

l the distance between the center of the heated tubes

MVF the scaled molten volume portion

n the normal vector to a surface (m)

P the pressure (Pa)

P the scaled pressure

Pr Prandtl number, v/ap,;

Q- the scaled heat flux

Ra Rayleigh number, (g5ATH)/ (1t )

s the enthalpy-porosity’s source (mushy source term)
S the scaled mushy source term

Ste Stefan number, ((pCp)m,1 AT)/(pihstm)

t the time (s)

T the temperature (K)

u v the x and y velocity components (m/s)
uv the scaled X and Y velocity components

X,y the x and y -coordinates (m)

XY the dimensionless X and Y —directions
Greek symbols

) the melt volume fraction

a the thermal diffusivity (m?/s)

p the volumetric thermal expansion (1/K)
y basis variables for finite element method
50 The scaled temperature phase change interval
ST the phase change interval (K)

AT the temperature scale (K), H x q“o/km,
13 the porosity of the metal foam

7 non-dimensional temperature

K the metal foam’s permeability (m?)

u the dynamic viscosity (kg/(m-s))

v the kinematic viscosity (m?/s)

£ pore density (PPI)

p density (kg/m>)

T the non-dimensional time

Subscripts

a average

adapt adaptation

bottom the bottom heated tube

c cold area, tube distance

f melting

h hot area

k dummy index

1 liquid/molten PCM

m effective of the PCM and porous matrix, dummy index
s solid PCM

top top heated tube

used for the temperature measurement within the considered system,
while charging and discharging regimes were observed naturally. The
Fluent software performed the computational investigation. The authors
revealed that organic PCMs illustrate a super cooling influence during
the discharging mode during the analysis. Park et al. [9] experimentally
studied an opportunity to improve the external waste energy utilization
system employing PCM in order to augment engine efficiency. It was
ascertained that stearic acid could be considered as a good PCM for the
considered purpose.

Tiari et al. [10] examined the computationally discharging process of
finned energy storage filled with PCM. Commercial Fluent software was
used for analysis. The authors revealed that the number and length of
fins accelerate the discharging regime of PCM. Faegh and Shafii [11]
performed an experimental investigation of PCM usage for solar stills’
energy storage. Authors showed that using the paraffin wax and heat
pipes allows continuing the desalination process a few hours at night. He
et al. [11] numerically and experimentally scrutinized heat transfer
within aluminum tubes filled with paraffin wax. Comsol software was
employed for numerical analysis. Some interesting and useful results for
PCM usage in solar collectors can be found in [12,13].

The recent investigations indicate that nanoparticles’ addition to a
base fluid and synthesis of a nanofluid could improve the thermal con-
ductivity of the working fluid and improve heat transfer. In this regard,
alumina nanoparticles [14,15], silicon carbide [16], and other nano-
particles were used. Hence, some researchers utilized a combination of
nanoparticles and PCMs [17] to improve heat transfer. The encapsula-
tion of PCMs was another approach to improve their thermal perfor-
mance [18-20].

In the optimization of cooling systems for the heat-generating ele-
ments, PCM utilization can be beneficial [21-25]. Bondareva and

Sheremet [21,22] and Bondareva et al. [23-25] studied the effects of
PCM load and finned heat sink on energy dissipation from the heat-
generating element. The authors studied the influence of the fins pa-
rameters, heat generation, nature of the local element, phase change
materials, and nanoparticle inclusion within PCM on the charging and
discharging processes and energy release efficiency.

A comprehensive investigation of phase change processes and energy
storage of phase change materials under various impacts, including
porous media [26], solid inserted fins [27], nanoparticles [28] and
metal foams [29], geometrical aspects [30,31], or PCM cases [32] have
been investigated.

The literature review [26,29,31-37] shows that a combination of
phase change materials with metal-foam porous media can essentially
intensify the phase change processes by improving the effective thermal
conductivity of composite PCM-foam [26,29]. However, it could also
suppress natural convection flows. Moreover, the presence of metal
foam could fundamentally affect the geometrical design of an energy
storage unit. Therefore, the present study’s objective is a theoretical
investigation of the impact of tube arrangement and orientations on the
charging and discharging time of a shell and tube thermal energy storage
unit filled with copper foam and saturated with phase change material.

2. Mathematical model

The phase change heat transfer behavior in a heat exchanger energy
storage system is investigated considering two configurations, including
paraffin wax or paraffin wax embeded in an open-cell copper metal
foam. The thermal efficiency and the heat capacity of the PCM-heat
exchanger are addressed. The model of the heat exchanger is depicted
in Fig. 1. The heat exchanger consists of a shell and a tube containing a
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Fig. 1. A view of the heat exchanger geometry and physical model.

U-shape hot pipe. The space between the shell and the tube can be filled
with paraffin or paraffin/copper metal foam. The external shell is
adiabatic. The hot tube is at a constant hot temperature of Tp, during the
charging process or a cold temperature of T, during the discharge pro-
cess. The melting temperature of paraffin is T, in which T, < Ty < Tp. The
porous space is an open cell porous medium, and the natural convection
flows are possible. In pure paraffin, the natural convection effects can be
more significant and are taken into account.

A 2-D cross-section of the heat exchanger is selected as the compu-
tational domain. Moreover, due to the symmetry of the heat exchanger,
the computations will be performed solely for half of the 2-D cross-
section. It should be noted that in the case of non-horizontal place-
ment of tubes, the symmetry of the model will be lost, and a full model
with no symmetry should be used.

The governing equations for conservation of mass, flow, and heat in
the heat exchanger can be written as:

ou ov
E“La_y*() @
piou pif Ou  ou\ _ dp py(Pu Fuy py
£0t+€2(u0x+v0y = ~atelaetar) v 2
POV py(, 00, OV 0p gy (O
86t+82(u6x+vay = o telae

*v u

+a—y2> +pighy (T =) =Lv=s(D)y ©)

or or T T T AG(T
(pCP)mE—’_ (pCp)l(ua+vE) = km (WJ'_W) _ep[h.rf a(t ) (4)
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Table 1
The thermo-physical properties of the copper foam and paraffin wax [37,39].
Material pA/K)  p(kg/ e I/ k(W/ u (Pa-s) hg (J/
m?) kg-K) m-K) kg-K)
Paraffin 0.0005 900 2300 0.3 0.00324 148,800
Copper - 8900 386 380 - -
foam

The above equations are applicable for phase change with natural
convection and fluid flow in a porous medium. Moreover, taking the
porosity as unity and tending the permeability a large number removes
the Darcy source term. The phase change equations reduce the phase
change heat transfer of pure paraffin in a clear flow region with no
porous matrix. Besides, the inertia terms are important in the liquid
phase, and thus, the density of liquid PCM is considered as the reference
density, and the density variations on the change phase were neglected.
The l and m subscripts represent the liquid PCM and effective properties
of PCM and porous medium (composite matrix), respectively. The
effective thermal conductivity of the PCM and porous medium were
computed [38,39] as 11.48 and 5.6 for the porosities of 0.9 and 0.95,
respectively. The thermophysical properties of pure material are also
reported in Table 1. The effective heat capacity was computed by
employing the conservation of the energy as:

(pCy),, = d(pCy),,+ (1 =) (pCI’)mJ (5a)
in which:

(pGy),, = (1 =€) (pC,), +£(pC,),,
(PCy),.. = (1= €)(pC,), +(pCy),

Assuming € — 1 and k — oo, the model reduces to the case of pure
paraffin. Moreover, assuming g — 0, the model would represent the
phase change heat transfer in the paraffin-graphene composite.

Following the introduced model, the initial and boundary conditions
for the heat exchanger can be written as follows:

Initial and boundary conditions

In the case of the charging process, the heat exchanger is at a uni-
formly cold temperature of T,, while in the case of the discharging
process, the heat exchanger is at an even hot temperature of Ty. The shell
wall adiabatic as 9L = 0 where n indicates the normal surface vector.

The symmetry condition of the tube shell with diameter D at the
symmetry line:

(5b)

oT ou

= Z_0 6

ox  ox (6a)
The tube temperature in the charging process

T=T, fort<24s, and T =T, for t>24s (6b)

The tube temperature in discharging process

T=T, fort<24s, and T =T. for t>24s (6¢)

The no-slip and fluid permeability boundary conditions are applied
for the heat exchanger walls.
Source term

(1) = A(;(‘T;L(?) 7a)
0 T<T

#(T) = T;TTf T, <T <T, +6T 7b)
1 T> T, +6T

The symbols of ¢ and « stand for the metal foam porosity and its
permeability. Here, ¢ denotes the molten volume fraction.
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In order to generalize the solution, the governing Egs. (1)-(7) were
transformed into a dimensionless format invoking the following scale
variables:

H H T—Ts t T)H?
X:£7Y:X7U:M_7 :V_‘g: 7,[:12175(3):5()
H H o 7 AT H P
2 k ATH? Cp/A ®
H TH T
P= = pr=LR _SPATH o _CPAT | K
pal (pcp)] a va; hgf H

where H = D shows the characteristic length, Pr and Ra indicate the
Prandtl and the Rayleigh numbers. The temperature scale (AT) was
adopted as AT = Ty-T.. Rayleigh number of a porous medium could be
commonly introduced as the product of the traditional Rayleigh (in pure
fluid) number and Darcy number (Ra porous = Ra x Da) and is known as
the Darcy-Rayleigh number. It should be noted that the product of the
Rayleigh number and Darcy number could represent the strength of
natural convection in a porous medium. The Darcy-Rayleigh number is
of interest in Darcy models since there is no Darcy number involved. In
the present study, the Darcy-Brinkman approach was used, and hence,
the Rayleigh number in its typical form was derived. Since both Darcy
and Rayleigh numbers are available, the Darcy-Rayleigh number is
simply equal to Da x Ra.

The geometrical non-dimensional parameter is E. = I/H. Eventually,
the dimensionless governing equations were achieved by plugging Eq.
(8) into Egs. (1)-(7) as:

x and y momentum equations:

10U 1( oU _oU oP Pr (U
e ot ;z(”ﬁ”ﬁ)— *a“‘(‘”?(ﬁ
FU\ Pr
1oV 1/ oV oV oP Pr (&*V
ot Z( &*Vﬁ>"ﬁ“(¢)?(ﬁ
o’V Pr
+ W) +PrRad -V = S(0)V 10)

Energy in metal foam-PCM:

(PCo),., Gy),.. \ 06 00 00
(105 2, (0220

(/)CI’)I
k(00 00 P AC)
’E(ﬁ ﬁ)*@? an

Ste represents the Stefan number, and A(¢) artificially controls the
PCM’s viscosity in the solid region and aids the convergence. Here, A(¢)
= 1+(1-¢)/(pa);, and it artificially promotes the viscosity ratio in the
solid domain.

The non-dimensional initial temperatures are 6 = 0 for charging and
6 = 1 for discharging cases. The non-dimensional outer wall is adiabatic

as:
00
N 0 (12a)

where N = n/H is the non-dimensional normal vector of the surface.
The non-dimensional symmetry condition leads to:

3—)‘9( =0, g—;] =0, at symmetry line (12b)
The non-dimensional tube temperature in charging process

0 =0for 7<0.0124 and 0 =1 for 7 > 0.0124 (12¢)
The tube temperature in discharging process

0=1forz<0.0124 and § =0 for 7> 0.0124 (12d)

The thermophysical ratios are summarized as:
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C,) C C,
s _ns ko 0G0y (0G), | (0G),
ki ki K (pCp)l (pcl’)/ pcﬂ)[ a3)
C C C
(,0 r”)m_[ —(1-¢ (p F)p Te (/7 p)y o1
(rCy), (/’Cp)z (/JCP);
0 o<0, — L5
XYr 2
0—6, 1 1 1
(0) = 59 to Or—300<0<06+5580 14
1 626, %50

where 6= (TrTs)/AT.

The Nusselt number is defined as Nu = h x H/k;. Here, h shows the
convective heat transfer coefficient, and it was obtained by the surface
energy balance as kp,(0T/0n) = hx(Ty-T.), which leads to h = k,,(dT/on)/
AT. Consequently, Nu= (k;;/k;)(00/0N). Using the relations for thermal
conductivity ratios and assuming kp; = kms, Nusselt number can be
written as below:

k 00

Nuyop = — [(1 —¢) & +e(1+ Ncr/1)} <%) . (15a)
k 00

Nett oo = — [(1 —e)—+e(l+ NC¢)} (—) (15b)
kf on Chottom

where the subscripts of top and bottom denote the top and hot bottom
tubes, respectively.

The integration of the above equations leads to the total heat transfer
rate:

1 [*
Nua.mp = */‘ Nul.mpdm (163)
T Jo
1 /"
Nty poriom = 7/ Nul.bmmmdm (16b)
Jo
Nitaop + Nitaportom
Nty = eson & Mtoron (160)

2

where w is the differential element for the arc of the hot wall, and the
subscript of total shows the average Nusselt number for both hot tubes.
Eventually, the total molten fraction was computed as:
_ Jyear

MVF = 17
J,edA an

The permeability of the metal foam was computed following model
of Tian and Zhao [40].

The size of the heat storage unit is H = D = 100 mm, and the heated
tube diameter is d = 17 mm. The other geometrical details can be easily
deduced from the non-dimensional parameters. The following primary
initial/boundary conditions were adopted for the simulations: T, = 308
K, Tp = 338 K, and Ty = 323 K.

3. Numerical method, mesh study, and validation
3.1. The numerical method

The governing equations were integrated by employing the finite
element method (FEM). The weak form of FEM equations was integrated
numerically on the mesh domain.

The phase change phenomena take place in a limited range of tem-
peratures. There is an intense temperature gradient at the phase change
interface (melting front) because of the natural convection. This sig-
nificant gradient at the melting front zone caused the temperature to
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change in a narrow region rapidly. Consequently, the phase change
would take place in a slender ribbon around the phase-change interface.
Thus, achieving accurate results requires miniature mesh elements.
Thus, capturing the phase change with a static mesh demands a huge
number of elements and could also lead to the numerical instability.
Furthermore, there is a strong velocity gradient at the melting front
as the free convection velocities of the molten region are transient to
zero in the solid domain. Thus, not only the temperature gradients are
high at the melting region, but also the hydrodynamic gradients are also
notable in the slender mushy region. The thermophysical changes and
variation of the latent heat of melting would also take place in this re-
gion. So, these phenomena lead to extreme non-linear and unstable
equations in the phase change problems. As a solution to such problems,
an adaptive mesh technique was used to locally improves the mesh
resolution in the mushy region. The mesh-adaptation tracks the phase
change region dynamically and improves the accuracy of the solution.
An automatic time-step scheme based on the backward differentia-

9 x 9
ZU /ymyldXdYJr 2ZUM/ (;Umym>a’;?+

0X 0X

+Z/< ZP ) dxXdy i 3 O O
Y | S +AB) = Z ; i axay
=1

aY oY 0X doY

N
9,
Vinm >
(; ) %
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Uny, (X, Y),

.
2
(=

3
L

<
2
M=

VX, Y),

3
I

18
Pm}’m (X7 Y)?

~
2
(=

3
I

S~
2
(=

Ot (X, Y)

The linear function was applied for the temperature and pressure.
The provided grid elements were triangles. Also, the basis function
utilized for the variable y was the same as the other parameters. Thus, by
employing the Galerkin FEM and integrating the governing equation
over the domain of solution, the residual equations were obtained as
follows:

Pr & U i 0, 9,
@) ; U, / {— 7] dxdy + A(¢ Z i axdy

N

m=1

P N
m=1

'Nfzvm

m=

oY oY

+Z /( meym> i axay + A(¢) P’Z /aym%dXdY

oY 0X 0X 0X

drm N Y
27 dXdY + >V, /KZ Ut ) =+ (Z Vil )
m=1 k=1

Pr & dy,, 0v; Pr & oy, 0;
— U, = dXdY + A(p)— Vin 2 L dXdY
DS [ | S axar a2 Y

m=1

P a N N
—A($) 172 / ( > V,,,ym> y:dXdy — S(6) / ( 3 mem> 7,dXdY + PrRa / ( > 0uy,, |ridxdy
m=1 m=1

tion formula (BDF) was implemented to control the time-step selection
and maintain the accuracy of the computations and reduce the compu-
tational times. Following the FEM, a basis set {y, }+_, was introduced, so
the x-velocity, y-velocity, pressure, and temperature are developed as
follows:

y.dXdY
(192)
1
oy dXdY
aY yl
(19b)
R 07
3 Z U, y‘dXdY + Z Vi | S pridXdy (19¢)
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Fig. 2. The dependency of the MVF and Nu number of upside heat pipe as a function of 7 on the grid size for metal-foam structure.
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Fig. 3. The dependency of the MVF and Nu number of upside heat pipe as a function of 7 on the grid size for pure paraffin structure.

( P ) m,s o
R4z<¢+(1— o ’) 1 Ze y’" y.dXdY
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o R(GERERBENE

YdXdY

km N 67 ay a}/ ()]/ 1 0¢ m y
0 z n dXde— "y dXdY
Tens ; k/{ax ox "oy oy Ste /
(19d)
where
0 0<6 159
Uy 2
9$(0) 1 1
o\v)_ )L ! 1 5
20 50 0y 256<6<9f+260 (20)
1
0 020; + 560

The residual equations were integrated by Gaussian quadrature with
second-order accuracy. For the grid adaptation, the melt volume frac-
tion (oqq, was used with a wider temperature range near the phase
change region and a broader domain. The following function (adapta-
tion area) is expanded as follows:

3
0 0<0; ~ 560
3 3
Paaan(@) = 1 6 — 580 <0< 6 +5380 (21)
3
0 020 + 550

where the adaptation occurs at the space signed with ¢g4q,, = 1. The
adaptation area takes place around the melting front. The adaptation
region is a little wider than the actual mushy region and allows a
continuous mesh transition from local miniature size to usual mesh sizes
in the enclosure. Moreover, the wider mesh adaptation region ensures
that the mushy region remains inside the adapted area. As a result, the
mesh adaptation could be skipped for some intermediate time-steps,
which eventually reduces the overall computational time. As long as
the volume fraction ¢4 = 1, and the considered area covers the
melting front, there is no need for a new grid adaptation. Whenever the
mushy region reaches the boundaries of the adopted region ¢ogqy = 1),
the new grid adaption should be done. The elements of the adapted
region were five fold finer (smaller) than the typical meshes in the
enclosure.

The mesh adaptation was used to track the melting interface during
the phase change and provide high-resolution mesh at the phase change
region. Since the mesh adaptation is a computationally costly, it was
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present computations (second row).

checked and performed every 25 s (z = 0.0129). The heating time was
started at 25 s (r = 0.0129), which is just one second before the first
adaptation. Thus, just one second after the commencing of phase change
heat transfer, the first mesh adaptation check would be applied at t = 25
s (r = 0.0129) and ensures the high resolution of mesh at the phase
change region. The hot tubes’ heating time could be any arbitrary time,

but setting it as 24 s (z = 0.0124) is convenient for the mesh adaptation
computations as adopted in Eq. (6).

As mentioned, a BDF automatic time step was used to adjust the
computational time-steps [41]. The Newton method with A PARDISO
solver [42-44] was utilized to solve the residual equations iteratively,
and the order of residual error was 10°°. The damping factor was
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Fig. 7. The value of melting volume fraction (MVF) against dimensionless time.
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Fig. 8. The value of Nu from upside heat pipe against dimensionless time.

considered 0.9. By estimating some dimensionless parameters, the mesh
study and validation were conducted.

3.2. Mesh study

The grid study is very important to achieve accurate results in all
numerical studies. Five different grids with different element numbers
(case I = 1100, case Il = 1415, case III = 1927, case IV = 4768 and case
V =11626) were examined for this study. The mesh is dense at the walls
to better capture the wall effects. The melt volume fraction (MVF) and
Nusselt number on the upside heat pipe were examined at different time-
steps for different element numbers. Fig. 2 shows the time history of
MVF and Nu for the metal foam structure, and Fig. 3 demonstrates them
for the pure paraffine structure. It can be seen that there is an incon-
siderable difference between the results of case III, case IV, and case V.
Thus, due to the decrease in the cost and time of numerical simulations,
case III was chosen for all studies.

Furthermore, the initial mesh and its deformation versus the time for
melting and solidification processes are shown in Fig. 4(a), (b). Ac-
cording to these figures, a smooth transient grid size is apparent. Fig. 4
(a) shows the phase change heat transfer at the beginning of the
charging process, where the enclosure is filled with solid PCM. At the
beginning of heat transfer (t = 0.13), the mesh is typical with no
adaptation. During the time, the phase change commences from the hot
tubes (t = 0.104) and advances toward the sell. The melting interface is
with a small distance from the tubes, and as seen, the mesh dense around
the melting interface.

It should be noted that now the mesh at the vicinity of tubes is

regular as the melting interface has already passed this region. After this
stage, the melting interface advances toward the shell, and dense mesh
covers a large region of the shell since this area is under the potential
influence of the phase change interface. At the final stage of melting (t
= 0.621), the mesh has only concentrated at the remaining solid region
where the phase change is taking place.

Figure 4(b) shows the discharging process where the enclosure is
fully melted, and the solidification starts. In the beginning, the mesh is
typical, with no adaptation(t = 0.13). Then, solidification takes place
around the tubes and advances toward the shell. A dense mesh follows
the phase change regions as the solidification interface moves away from
tubes. When the solidification interface passes a region, the mesh returns
to its typical coarse size. It should be noted that the utilized fixed mesh
with no adaptation cannot capture a high-resolution narrow phase
change bond and is not capable of solving the model.

3.3. Verification and validation

Kuehn and Goldstein [45] examined the natural convection heat
transfer in the space between two horizontal cylinders. Their experi-
mental outcomes are compared with the isotherms of the present study
when Pr=0.706 and Ra = 4.7 x 10* As seen in Fig. 5, both studies are a
good match.

The melting interface was computed with the same conditions as
stated in the benchmark study of Bertrand et al. [46], and the computed
interface has been plotted in Fig. 5(b). The melting commences from the
left hot wall and advances to the right. All surfaces are adiabatic except
the right wall, which is heated. The melting interface has been plotted at
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Fig. 9. The alteration of MVF over dimensionless time in different Da.
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two time-steps of T = 2.05 and t = 3.48 when Ra and Pr numbers are
1.25 x 10° and 50, respectively. Fig. 5(b) shows a good agreement be-
tween the captured melting interface and literature works.

In the case of melting heat transfer in a metal foam porous medium,
the outcomes of the present study are compared with the experimental
outcomes of Zheng et al. [39] for phase change of paraffin wax
embedded in a metal foam. The cavity size was 0.1 m cavity occupied
with a 5 PPI copper foam of ¢ = 0.95. The cavity walls were isolated
except the left was, which was exposed to a constant heat flux of ¢ =

36

€=0.95 e~1

06
© 0
26

€=0.95
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0.25

0.15

0.05

e~ 1

1150 W/m? with a total heat loss of 7.5%. The melting interfaces are
compared in Fig. 6, which shows good agreement.

4. Results and discussion

The simulations were performed for a typical case with the following
dimensionless parameters: 6f = 0.5, ¢ = 0.95, Pr = 1.2965, Ra = 1.4721
x 107, and Da = 2.7 x 107°. The results will be reported for this set of the
non-dimensional parameters, and if any variables changes, it will be



A. Veismoradi et al.

€=0.90

Applied Thermal Engineering 190 (2021) 116793

(c): t1=0.388

- £=0.95

1.0

—_— e == &

Fig. 12. Displacement of the boundary between solid and liquid interface at MVF = 0.5 during discharging mode: - ¢ = 0.9, - ¢ = 0.95, and - ¢ ~ 1.

(a): ©=0.052

€=0.90

(c): v = 0.388

- £=0.95

- ===

Fig. 13. Displacement of the boundary between solid and liquid interface at MVF = 0.5 during charging mode: - ¢ = 0.9, - ¢ = 0.95 and - ¢ = 1.

stated in the text.

Figure 7 shows the variation of the value of the melting volume
fraction (MVF) as a function of time during charging and discharging for
different values of ¢. In charging mode, the MVF increases abruptly with
time for ¢ = 0.9 and ¢ = 0.95 until reaching the value of 1, i.e., when the
whole PCM in the cavity has melted. The fastest rate of melting is ob-
tained for ¢ = 0.9. The increase of MVF substantially slower for ¢ = 1,
and full melting is not reached for the time range of the plot. A similar
behavior, but in the opposite direction, is observed during discharging.
As the pipe is cooling down, the MVF decreases and reaches the value of
0 for ¢ = 0.9 and ¢ = 0.95. The quickest solidification is achieved for ¢ =
0.9. The solidification is much slower for ¢ = 1, and full solidification of
the PCM is not achieved. Indeed, reducing ¢ increases the size of the solid
matrix, which enhances the thermal conductivity of the PCM and con-
tributes to a faster phase change during solidification or melting.

The variation of Nusselt number Nu for various values of ¢ as a
function of time during charging and discharging is plotted in Fig. 8. Nu
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reaches a high value during charging, then starts to decrease signifi-
cantly in all the cases before slowly reaching the steady value of zero,
indicating that heat transfer has stopped. The high value of the Nusselt
number at the beginning of each phase change problem is due to PCM’s
low thermal conductivity. At the beginning of the solidification process,
the tubes’ surface is directly exposed to molten PCM. When the first
layer of solid PCM forms over the tube, this layer acts as thermal insu-
lation over the tube and reduces the heat transfer rate (Nusselt number).
In the case of melting heat transfer, the layer of solid PCM is directly in
contact with the tube’s surface. As melting advances, a layer of liquid
PCM forms between the melting interface and the tube’s surface, which
limits the heat transfer rate. Thus, just after the phase change, the
Nusselt number value drastically drops.

During the decrease, Nu is higher for lower ¢ and is maximum for ¢ =
0.9. Similarly, during the discharge, an abrupt increase of Nu is obtained
before a slow stabilization toward zero value. In this case, Nu is negative,
indicating that heat transfer is in the opposite direction. The absolute
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value of Nu is also higher when ¢ is decreased and is at its highest value
for ¢ = 0.9, indicating a better heat transfer when the porosity is
decreased. This is due to the fact that the temperature is transmitted
faster in the PCM because of the increased thermal conductivity
resulting from the reduction of the foam porosity.

Figure 9 represents the effect of Darcy number on the phase change
process in both charging and discharging modes. It can be observed that
the span of the charging and discharging processes increase when the
Darcy number changes from 2.32 x 1075t03.86 x 10~°. Darcy number
represents the effect of permeability of the porous medium, in which the
higher value of Da indicates the better permeability. Therefore, the fluid
can flow with higher velocity in the porous medium. Increasing the
velocity, increasing convection heat transfer decreases the contact time
between PCM and metal foam with a high conduction heat transfer
coefficient. Therefore, the charging and discharging processes are
boosted in lower Da due to greater contact time between PCM and metal
foam.

Figure 10 depicts the variation of MVF as a function of time during
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charging and discharging for various values of the Rayleigh number, Ra,
and the porosity, ¢. During charging, it is shown that for all the values of
¢, a higher increase of the MVF occurs when Ra is increased, and the full
melting is achieved faster for higher values of Ra. On the other hand, the
effect of Ra is less apparent in discharging mode, where a slightly faster
solidification rate is observed when Ra is increased. In fact, Ra is an
indicator of the relative importance of the buoyancy forces. As the flow
and the heat transfer are driven by free convection, the increase of the
buoyancy forces contributes to the heat transfer in the heat exchanger
positively, and consequently, result in a faster phase change of the PCM.

The effect of Ra on MVF during charging and discharging is illus-
trated in Fig. 11. In discharging mode, the PCM is initially in the liquid
phase. Shortly after, at 7 = 0.052, the PCM starts to solidify near the
tube. A larger solid zone is observed for lower ¢. As time goes, the so-
lidification of the PCM continues. For ¢ = 1, the solid zone remains
limited to the region near the tubes, while it is starting to spread
throughout the cavity in the other two cases. At 7 = 0.518, the solid PCM
covers the whole cavity for ¢ = 0.9, most of the cavity for ¢ = 0.95, but
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stays limited to a small region around the tube for ¢ = 1, due to the
absence of the solid matrix of copper enabling the temperature variation
to spread in the PCM. The same behavior is observed in the charging
mode when the PCM is melting. Starting from the solid phase, the PCM
starts to melt near the tube, and full melting is promptly achieved for ¢
= 0.9, while the PCM remains in the solid phase except in a small region
around the hot tube for ¢ = 1.

Figures 12 and 13 depict the location of the phase change interface
during discharging for different values of ¢ during discharging and
charging modes, respectively. In discharging mode, the solidification
interface starts in a location near the cooling tube. As time goes, the
depth of the solidification starts to increase, and the greatest depth is
found for ¢ = 0.95. For ¢ = 1, the interface remains close to the tube. In a
similar way, the melting interface remains close to the hot tube for e =1
in the charging mode. Besides, the furthest interface to the tube is
observed for € = 0.9. These observations confirm the result discussed in
Fig. 11.

The isothermal contours during charge and discharge are shown in
Fig. 14 for various values of ¢. In discharging mode, for ¢ = 0.9, the
isotherms for 0 < 0.3 are almost circular and surrounding the tube at ¢
= 0.207. As 7 reaches 0.388, the PCM cools down, and these isotherms
move further towards the external shell. The isotherms corresponding to
higher temperatures are concentrated near the external shell. A similar
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Fig. 17. Charging state of melting volume fraction rate in different values of
porosity and dimensionless melting temperature.

behavior but with denser isotherms is observed for ¢ = 0.95.

Nonetheless, for ¢ = 1, the isotherms are concentrated in the middle
near the tube, indicating a thermal transfer limited to that region. The
discrepancy between the cases ¢ = 0.9 and ¢ = 0.95 on one side and the
case ¢ = 1 on the other is also apparent during charging. In the latter
case, the isotherms corresponding to high temperatures are concen-
trated near the hot tube, i.e., in the only region where heat transfer is
occurring. In the cases ¢ = 0.9, the high-temperature isotherms start
near the hot tube then spread towards the external shell. When ¢ is
increased to 0.95, the isotherms also start near the hot wall then move
further towards the external shell, but remain limited to the middle of
the cavity, indicating that the thermal transfer is slower than the case ¢
=0.9.

Figure 15 illustrates the MVF as a function of time for a range of the
melting temperature ¢y and various porosity (¢) during charging and
discharging. The charging mode shows that the MVF is higher when 6y is
decreased and that the melting rate increases for lower melting tem-
peratures. The fastest melting is achieved for 6y = 0.4. On the other side,
during discharging, a faster solidification is obtained when &; is
increased, and the zero value of the MVF is first attained for ¢y = 0.8.
This behavior is related to the definition of 6y and the shift between 6¢
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and the tube temperature. In fact, the PCM is in the liquid state when the
temperature in the region is & > 6y and in the solid phase otherwise.
During charging, the temperature of the tube is ¢ = 1 so that the lower ¢y
is, the greater the zone of melted PCM will be. Conversely, during dis-
charging, the temperature of the tube is 6 = 0, and, thus, more PCM will
solidify when a higher 6y is used.

Figure 16 illustrates the time evolution of the MVF during dis-
charging for different values of the melting temperature 6 and e.
Comparing the cases (a) and (b) shows that since the initial stages, the
size of the solid PCM is greater for ¢y = 0.8, regardless of porosity values.
This difference is barely apparent for ¢ = 1, where the solid PCM remains
near the tube for the two values of ;. For the other two values of ¢, it is
observed that full solidification is achieved faster for 6y = 0.8. As
mentioned, this is due to the discrepancy between 6 and the tube’s
temperature during charging and discharging. The variation of MVF
with time in charging mode is shown in Fig. 17 for various values of 6f
and ¢. In the charging mode, the behavior of the melting PCM is opposite
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to the solidification behavior discussed in Fig. 16. In fact, the zone of
melting PCM is in all cases higher for ;= 0.4. Moreover, at this melting
temperature, full melting is reached faster for ¢ = 0.9 and ¢ = 0.95.

Figure 18 illustrates the effect of the distance E. between the upper
and lower pipes on the variation of MVF with time for different values of
¢. It can be seen that in charging mode, for all the values of ¢, the MVF is
at its highest value for E. = 0.53, then for E. = 0.33, and that the full
melting is first achieved for this value. The MVF is at its lowest value for
E. = 0.81, where it is slightly lower than the case E, = 0.17. The full
melting is the slowest for these two values. Similarly, in the discharging
mode, the fastest solidification is obtained for E. = 0.53 and E, = 0.33,
while the slowest one is obtained for E. = 0.17 and E, = 0.81. The effect
of E. on MVF is less apparent for ¢ = 1, as a slight difference can be found
in the value of MVF for the various values of E.. These results indicate
that bringing the upside and downside tubes too close or too far from
each other negatively affects the rate of phase change of the PCM in the
cavity.
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The isotherms for different values of E. during charging and dis-
charging are depicted in Fig. 19 to illustrate better the effect of E. on the
thermal behavior in the exchanger. It is clear that varying the distance
between the upside and downside pipes disturbs the isothermal con-
tours. During charging, for € = 0.9, it can be seen that for E, = 0.81, the
isotherms of high temperatures are limited to the zone near each tube
and are not present in the area between the two tubes. Reducing the
distance between the tubes, decreasing E, to 0.17, limits the hot iso-
therms to the region around the two tubes, as if there is one tube in the
center of the exchanger. For E. = 0.53 and E, = 0.33, the high-
temperature isotherms are covering the hot tubes and the space be-
tween them. Similar behavior can be observed for ¢ = 0.95. On the other
hand, for ¢ = 1, the isotherms corresponding to high temperature remain
concentrated near the tubes for all the values of E.. Thus, the variation of
distance between tubes induces minimal impact on the heat transfer rate
and melting behavior as long as these regions are separated. The same
can be observed regarding the cold isotherms in discharging mode for
the different values of ¢. For ¢ = 0.9 and € = 0.95, a high increase of the
distance between the upper and lower tubes limits the cold isotherms to
the zone near the tubes and restricts their development in the region
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between the tubes. Getting the two tubes too close to each other is
similar to having one tube at the center and hinders the advantage of
having two tubes in the exchanger.

Figure 20 shows the effect of the tube orientations (¢) on MVF. Ac-
cording to this figure, tubes with a 90-degree orientation are fully
charged around r = 0.8, wherein the MVF = 1. However, tubes with 45°
and 0° orientations need more time to be charged than the first status.
From Fig. 20 can be concluded that the position of the tubes has no
significant effect on the solidification process. Figs. 21 and 22 shows the
temperature distribution in the investigated structures with different
tube orientations. In charging mode (Fig. 21), the temperature profile
and streamlines have a symmetrical pattern in the cavity when the tubes
are located in the 90° and 0°. In 45° orientation, these uniform patterns
do not exist. In this case, the temperature increases more rapidly in the
structures with the 90° and 0° tube orientations. In contrast to the
charging mode, the temperature profile and streamlines have a sym-
metrical pattern regardless of the tube orientations in discharging mode
(Fig. 22).
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5. Conclusion

The flow and heat transfer of paraffin-embedded in copper foam was
modeled using the enthalpy-porosity approach. The model equations
were solved numerically using the FEM. The mesh adaptation technique
and automatic time step control schemes were employed to track the
melting interface with a high-resolution mesh and proper time steps.
The results of the current numerical were compared with the experi-
mental data in the literature and found in good agreement. The melting
and solidification processes were investigated in a shell and tube ther-
mal energy storage filled with the copper metal foam. The impact of
Rayleigh number, metal foam porosity, and non-dimensional melting
temperature on the phase change behavior of paraffin wax was explored.
The key outcomes of the present computational analysis are summarized
as follows:

e Filling the heat exchanger with copper foam and paraffin as a PCM
increases the melting rate in the charging mode and the solidification
rate in the discharging mode compared to the case with pure PCM
due to the increased thermal conductivity. Decreasing the foam’s
porosity further contributes to the rise of the phase change rate in the
two modes due to the increased size of the solid matrix and, conse-
quently, of the thermal conductivity.

The phase-change temperature (65) could control the sizes of phase
change zones by changing the temperature differences between the
tube walls and the phase change interface. The relative distance
between the upper and lower tubes in the exchanger is another
important factor in the charging/discharging process. When the
tubes are close to each other, the phase change regions around the
tubes reach together and merge quickly. By placing the tubes too
close, the temperature gradient drop in the region between the tube,
and thus, the overall heat transfer reduces. When the tubes are with a
fair distance, they do not impact the temperature gradients around
each other and the merging of the melted regions takes place at the
early stages of phase change. Thus, the tubes can boost the convec-
tion flows and accelerate the phase change. When the tubes are far
from each other, the merging of phase change regions around the
tubes takes place late, which reduces the charging/discharging rate
ultimately.
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o The rate of phase change during charging or discharging is increased
when a higher value of Rayleigh number Ra is utilized. Raising the
value of Ra indicates augmentation of the relative importance of
buoyancy forces, and thus the free convection heat transfer is
enhanced. The phase change of the PCM occurs faster as a result.

e The orientation of tubes does not affect the discharging time and
MVF behavior. However, it shows influences on the final charging
stages, where the melting advances to 80% and more. A vertical
arrangement of tubes leads to the best charging time.
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