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A modified temperature-transforming model that considers the dependence of heat capacity on the fractions of a
solid and a liquid in the mushy zone is employed to solve melting in porous media. Because natural convection only
occurs in the liquid phase, the velocity of the phase change material in the solid region is set to zero by a ramped
switch-off method. The convection in the liquid region is modeled using the Navier—Stokes equation with Darcy’s
term and Forchheimer’s extension. The effect of natural convection is considered using the Boussinesq
approximation. The results show that the temperature-transforming model with the heat capacity dependency are
closer to experimental results with gallium as the temperature-transforming model and packed glass beads as the
porous structure. The modified temperature-transforming model is then further used to study the melting of copper
saturated in porous media and formed by sintered steel particles. The results show that melting is accelerated under a
higher Rayleigh number, due to the stronger convection effect, and the melting is dominated by conduction for the

case with a lower Darcy number.

Nomenclature
c = ¢
Csl = Cs/ C
o = equivalent heat capacity, J/(m* - K) [Eq. (7)]
c = specific heat, J/ (kg - K)
d, = mean diameter of the sintered steel particles, m
g = gravitational acceleration, 9.8 m/s?
H = height of the enclosure, m
K = permeability, m?
Ko = dimensionless effective thermal conductivity, k. /k;
Ky = ratio of thermal conductivities, k,/k;
k = thermal conductivity, W/(m - K)
L = latent heat, J/kg
L, L, = number of nodes on the X and Y directions
P = dimensionless pressure, (p + p..gy)H?/pv,a,
Pr = Prandtl number, v/,
Pr, = Prandtl number of liquid, v,/
p = pressure, N/m?
Ra = Rayleigh number, gBH*(T? — T%) /v
S = Se/(T)—TY)
Sc = subcooling parameter, (70 — T9)/(T? — T?)
Ste = Stefan number, ¢;(T) — T°)/hy
SO = source term in Eq. (4)
T = dimensionless temperature, (T° — T79,) /(T — T?)
T; = dimensionless initial temperature
T° = temperature, K
70 = cold surface temperature, K
T = melting (or freezing) temperature, K
T hot surface temperature, K
t = time, s
U,V = dimensionless velocities, uH /o, vH /o
u, v = velocities, m/s
X, Y dimensionless coordinate directions, x/H, y/H
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coordinate, m

thermal diffusivity, m?/s

coefficient of volumetric thermal expansion, 1/K
ATO/(T) — T

mass fraction of phase change materials in
porous media

= dimensionless permeability, K, /K,

dynamic viscosity, kg/(m - s)

kinematic viscosity, m?/s

density, kg/m’, p = poo[l — B(T° — T})]
reference density, kg/m?

dimensionless time, o,/ H?

mass fraction of liquid phase in porous media
phase change temperature range, K
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Subscripts

initial value
liquid phase
mushy phase
= solid phase
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I. Introduction

ELTING and solidification in porous media can find appli-

cations in a wide range of problems, including freezing and
thawing of soil in a cold region, latent heat thermal energy storage,
and selective laser sintering of metal powders. Although the early
studies about phase change in porous media treated melting and
solidification as conduction controlled, the effect of natural convec-
tion is often very important. Many numerical models for melting and
solidification of various phase change materials (PCMs) have been
developed. The numerical models can be divided into two groups [1]:
deforming grid schemes and fixed grid schemes. Deforming grid
schemes transform solid and liquid phases into fixed regions by using
a coordinate transformation technique. The disadvantage of de-
forming grid schemes is that it requires a significant amount of
computational time. On the contrary, the fixed grid schemes use one
set of governing equations for the whole computational domain,
including both liquid and solid phases, and the location of the solid—
liquid interface is later determined from the temperature distribution.
This simplicity makes the computation much faster than the de-
forming grid schemes, although it still provides reasonably accurate
results [2]. There are two major methods in the fixed grid schemes:
the enthalpy method and the equivalent heat capacity method. The
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enthalpy method [3] can solve phase change that occurred at a single
melting point (the solid and liquid phase are separated by a smooth
interface) or occurred in a range of phase change temperatures (the
solid and liquid phases are separated by a mushy zone that contains a
mixture of solid and liquid phases). For the case in which phase
change occurs at a single melting point, the enthalpy method has
difficulty with temperature oscillation. The equivalent heat capacity
method [4,5] assumes phase change occurs in a range of temper-
atures, which must be sufficiently large enough to obtain a converged
solution.

Cao and Faghri [6] combined the advantages of both enthalpy and
equivalent heat capacity methods, and they proposed a temperature-
transforming model (TTM) that could also account for the effects of
natural convection on melting and solidification. The TTM model
was employed to analyze the performance of latent heat thermal
energy storage systems [7,8]. Zhang and Faghri used TTM to study
phase change in a microencapsulated PCM [9] and an externally
finned tube [10]. Other research areas that TTM was extended into
were the selective laser sintering of metal powder [11] and the laser
drilling process [12,13].

Beckermann and Viskanta [14] propose a generalized model based
on volume-averaged governing equations for melting and solidi-
fication in porous media that are applicable to the entire computa-
tional domain. This model includes the effect of inertia terms, which
consequently allows nonslip conditions at the wall; this is a signifi-
cant improvement over the Darcy’s law that is valid only at very low
velocity and assumes slip condition at the wall. The energy equation
was obtained by combining the volume-averaged energy equation for
the porous media and the change in the mean enthalpy equation
(sensible and latent heat) for the fluid. Later, Chang and Yang [15]
proved that Beckermann and Viskanta’s model can handle even more
complicated problems when the density of the PCM varied with the
temperature. Chakraborty and Dutta proposed a generalized formu-
lation for evaluation of latent heat functions in enthalpy-based
macroscopic models for the convection—diffusion phase change
process [16]. Pal et al. carried out an enthalpy-based simulation for
the evolution of equiaxial dendritic growth in an undercooled melt of
a pure substance [17]. In addition to the previously mentioned
macroscopic models, Chatterjee and Chakraborty also developed an
enthalpy-based lattice Boltzmann model for the diffusion dominated
solid—liquid phase change [18], as well as a hybrid lattice Boltzmann
model for the solid—liquid phase change in the presence of fluid flow
[19]. DasGupta et al. proposed a homogenization-based upscaling as
asuperior technique over the conventional volume-averaging metho-
dologies for effective property prediction in multiscale solidification
melding [20].

The objective of this paper is to investigate the melting of copper
saturated in sintered steel particles with the TTM and to improve the
performance of the TTM by eliminating one important assumption. In
the original TTM, the heat capacity within the range of the phase
change temperature was assumed to be the average of thatof asolid and
aliquid, regardless of the liquid fraction in the mushy zone. Although
this treatment could provide accurate results for the case that the heat
capacity ratio of the PCM is close to unity (p,c,, & 0,C,¢), an
alternative method that can consider the dependence of heat capacity
onthefractionsofasolid and aliquid in the mushy zoneis necessary for
the case thatthe heatcapacity ratioisnotclose to 1. The heat capacity in
themushy zoneis the weighted average of the heat capability of aliquid
and asolid. The mass fraction of aliquid and a solid is a linear function
of temperature in the mushy zone. The authors developed a modified
TTM that considers heat capacity in the mushy zone as a linear
function of solid and liquid mass fractions to solve natural convection-
controlled melting in an enclosure heated from the side [21]. In this
paper, the modified TTM will be extended to solve melting of copper
saturated in porous media formed by sintered steel particles.

II. Modification of Temperature-Transforming Model

It is assumed that the flow is incompressible and the Boussinesq
approximation is valid. The continuity and momentum equations for
flow in porous media are
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where ¢, is the mass fraction of the liquid phase, and u; is the average
(pore) velocity of the liquid. The first- and second-order drag forces,
namely Darcy’s term and Forchheimer’s extension, have been
incorporated into Eqgs. (2) and (3). Because the initial temperature is
below the melting point, the entire domain is in a solid phase initially,
so that the initial condition for Eqgs. (1) and (3) is that the velocity is
zero everywhere. The Boussinesq approximation is represented by
the last term of Eq. (3). The superficial (Darcian) velocity is related to
the pore velocity by

u=q@u, (4)

The permeability K can be obtained from the Kozeny—Carman
equation [22]:

d,

175(1 — ¢)? ©)

K(p) =

where d,, is the mean diameter of the sintered steel particles. The
value of the inertia coefficient C in Forchheimer’s extension has been
measured experimentally by Ward [23], which was found to be 0.55
for many kinds of porous media.

The original TTM is based on the following assumptions: 1) solid—
liquid phase change occurred within a range of temperatures; 2) the
fluid flow in the liquid phase is an incompressible laminar flow with
no viscous dissipation; 3) the change of thermophysical properties in
the mushy region is linear; and 4) the thermophysical properties are
constants in each phase but may differ among solid and liquid phases,
whereas density is constant for all phases.

To use TTM in melting in porous media problems, the energy
equation is transformed into a nonlinear equation similar to the
method used in the temperature-based equivalent heat capacity
methods. Assuming there is no density change during the phase
change, and the liquid phase is incompressible, the original TTM
expressed in a two-dimensional (2-D) Cartesian coordinate system is
as follows:
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where T* = T° — T9 is the scaled temperature, and the coefficients
C% and S° in Eq. (6) are
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where T° < T9 — AT? corresponds to the solid phase, 79 — AT? <
T° < T% + AT to the mushy zone, and T° > T + AT to the
liquid phase. Note that the mushy zone is the region where a liquid
and a solid exist simultaneously. The effective conductivity of the
liquid phase k; . should be calculated from

kier _ (-a ) efo+ (1 —efo)k,/k
ko 1 —e(1—fo) +e(l = fo)k,/k
o 2(1 - 8)(k;7/k1)2 + (1 + 28)k[7/k1
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(10)

where ¢ is the mass fraction of the PCM, k; is the thermal
conductivity for the liquid phase of the PCM, f;, = 0.8 + 0.1¢, and

4.898¢ 0 < e <0.0827
log oty = { —0.405 — 3.154(¢ — 0.0827)  0.0827 < & < 0.298
—1.084 —6.778(s —0.298)  0.298 < ¢ < 0.580

an

The effective thermal conductivity of the solid phase can be obtained
by replacing k; in Eq. (10) with k,. The heat capacity in the mushy
zone was assumed to be the mean average of those of the solid and
liquid phases:

(pc)m = %[(loc)v + (pc)l] (12)

which is not a suitable assumption when the heat capacity ratio of the
substance is not close to 1. To improve the TTM, it is proposed that
the heat capacity is a function of the liquid fraction:

(p0), = (1 = @) (pc)s + @i(pc), (13)

where ¢; is the liquid fractions in the mushy zone, and the solid
fraction is 1 — ¢,. Because the mushy zone has a temperature from

— AT 10 TY + AT?, the liquid fraction is a linear function of the
temperature of the mushy zone by
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The coefficients C° and S° for the energy equation of the modified
TTM become
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and the thermal conductivity can still be obtained from Eq. (9).
Introducing the following nondimensional variables,
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the governing equations can be nondimensionalized as
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The melting in porous media is now described by seven dimension-
less parameters: Pr, Da, Ra, Ste, Cy;, C,,, and K.

III. Numerical Procedures

The 2-D governing equations are discretized by applying a finite
volume method [24], in which conservation laws are applied over
finite-sized control volumes around grid points, and the governing
equations are then integrated over the control volume. Staggered grid
arrangement is used in discretization of the computational domain in
momentum equations. The dimensionless conservation equations
were numerically solved using the SIMPLE (semi-implicit method
for pressure-linked equations) algorithm [24]. The power law
scheme was used to approximate the combined convective and diffu-
sive fluxes. The harmonic mean function was used for the diffusion
coefficients, which ensure physically realistic results for abrupt
changes in these coefficients.

To use the TTM in solid-liquid phase change problems, it is
necessary to make sure that the velocity in the solid region is zero. In
the liquid region, the velocity must be solved from the corresponding
momentum and continuity equations. There are three widely used
velocity correction methods [1]: the switch-off method (SOM), the
source term method (STM), and the variable viscosity method
(VVM). Voller [1] compared these three methods and concluded that
SOM is the most stable method for phase change problem. Ma and
Zhang [25] proposed two modified methods that can be used with
TTM: the ramped SOM (RSOM) and the ramped STM (RSTM).
These two methods were modified from the original SOM and the
STM in order to eliminate discontinuity between the two phases.
Because RSOM and RSTM give virtually the same results, this paper
follows Ma and Zhang’s recommendations and uses the RSOM for
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Fig. 1 Melting in a 2-D porous medium.
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Fig. 2 Comparison of the locations of the melting fronts.

velocity treatment in a solid. The governing equations were solved
throughout the physical domain, including the solid region, in which
the velocities were controlled to zero by RSOM.

After many trials of 52 x 52, 82 x 82, 102 x 102, 82 x 52, and
102 x 52 grids in a computational domain, shown in Fig. 1, a grid of
102 x 52 nodal points and a dimensionless time stepof 7 = 1 x 1073
were used, because they give results at a minimal computational time.
The lower grids of 52 x 52 and 82 x 52 could not give reasonable
results, although the larger grid number did not significantly improve
the results. Thus, the selected grid size and time step should be viewed
as acompromise between accuracy and computational time. For each
time step, the iterations were terminated when the relative dependent
variables (values at each node divided by the maximum values) were
less than the convergence criteria: 1 x 10~ for the velocity compo-
nents in the x and y directions, 1 x 107 for the temperature, and
1 x 1077 for the maximum residual source of mass. Additional tests
of the accuracy were performed for fluid flow in a rectangular
enclosure without porous media, and good agreement was found.

IV. Results and Discussions

Melting inside a rectangular porous enclosure, as shown in Fig. 1,
will be studied in this paper. Melting of gallium saturated in packed
glass beads will be simulated first. The top and bottom walls are
insulated, whereas the left and right walls are kept at a high constant
dimensionless temperature of 7;, = 0.6 and a low constant dimen-
sionless temperature of 7. = —0.4, respectively. Both the PCM and
the porous medium start with the initial temperatures 7', in all cases,
which is above the fusion temperature 7,, = 0.0. At time ¢t = 0, the
left wall temperature is increased to 7, and melting starts from the
left wall and progresses from left to right. The dimensionless
parameters for the gallium—glass combination case are Pr = 0.0208,
Da =1.37x 107, Ra =8.409 x 10°, Ste =0.1241, C,, = 0.89,
Cp =0.765, H = 1.0, and ¢ = 0.385. The thermal conductivities
used in the calculation of effective thermal conductivity are k,=
33.5, k; =32.0, and k, = 1.4 W/m - K, which give K| .z = 0.384
and Kl,eff =0.369.

The modified TTM is validated by comparing it with the numerical
and experimental results provided by Beckermann and Viskanta [14].
We used the same values for all of the parameters to make sure the
only difference was the treatment of energy equation. Figure 2 shows
the location of the melting front, which is identified by the fusion
temperature, at different times. The results show the relatively weak
effect of natural convection on the melting. This is expected, because
the small Darcy number and the high effective thermal conductivity of
the gallium—glass mixture suppress natural convection flow. At the
beginning, conduction dominates the melting process (as represented
by the interface), aligning almost vertically. Because the top and
bottom of the enclosure is insulated, the problem is one-dimensional
in the horizontal direction when melting is controlled by conduction.
Therefore, the interface location is not a function of y, and this is the
reason that vertical interface is seen. The interface becomes more
inclined as the melting continues toward a steady state. This is an
indication of natural convection showing its effects when the volume
of fluid grows larger and the fluid circulation becomes stronger. The
melting process reaches the steady state when heat received from the
high-temperature wall on the left is equal to the heat released through
the low-temperature wall on the right.

Both the modified TTM and the Beckermann and Viskanta model
generally give very good prediction on the interface location when
comparing them to the experimental results. However, the Beckmann
and Viskanta model tends to overpredict the speed of the melting
process, especially after the natural convection starts to show its
effect, whereas the modified TTM can stay closer to the experimental
results throughout the whole melting process. This could be the result
of difference treatment to effective thermal conductivity and heat
capacity in the mushy zone. Equation (10) gives effective thermal
conductivity that is specialized for cases when the difference of
thermal conductivities of the PCM and the porous media are very
large, and it has a wider range of applications (see [26]). The modified
TTM also treats the fluid fraction as a function of temperature, as
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shown in Eq. (14). Consequently, the latent heat is included into the
heat capacity calculation and has a direct link to the temperature
(unlike in the combined energy equation, which treats latent heat as a
separate source term). The modified TTM can predict the interface
location with an error of less than 6% at any point and any time.
Figure 3 shows the temperature distribution at 5 and 15 min
(r = 1.8 and 5.4), which confirms that the melting process starts as
conduction dominated and then converts to convection dominated in
later stages. The more subtle information that can be deducted from
Fig. 3 is that, in the earlier stage, the temperature gradients in the
liquid region are much higher than those in the solid region. If we
focus on a very small control volume at the interface, keeping in mind
that the thermal conductivities of solid and liquid gallium are very
close (solid is only 5% higher than liquid), it is clear that heat
transferring into the control volume is much higher than heat trans-
ferring out; hence melting occurs. As time goes on, temperature
gradients in the liquid region decrease while gradients in the solid
region increase, meaning the difference of heat going in and out of the
control volume decreases. In other words, the heat responsible for the
phase change decreases, so that the melting process consequently
slows down. The isotherms are always perpendicular to the top and
bottom walls because of the adiabatic conditions on them. The
mushy zone, identified by —AT < T < AT, may start with a lower
average temperature because a majority of the region is in the lower
part of the temperature range. As the melting progresses, the average
temperature of the mushy zone should increase. This indicates that
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Fig. 3 Temperature distribution from the modified TTM at a) 5 and
b) 15 min.

the movement in the mushy zone is restricted, hence the effect of
convection is minimal in the beginning, and then the restriction is
gradually lifted when the average temperature increases. This mech-
anism contributes to, and once again confirms, the transition from a
conduction- to convection-dominated melting process.

Figure 4 shows the approximate size of the mushy zone, which is
identified by the temperature.

This temperature validation has established the reliability of the
model, and so we further study the streamline to strengthen our
confidence in the model. The streamline is defined as

w:/UdY—/VdX (26)

Figure 5 shows streamlines at 5 and 15 min, at which the melting
process is influenced by the typical natural convection. The fluid is
heated by the left wall and rises toward the top wall. The hot fluid near
the top wall moves faster and impinges upon the solid, causing it to
melt faster. The melting rate decreases, because the fluid is cooled
down as it descends along the interface and toward the bottom wall. It
may also be seen that the streamline values increase as the flow
develops, which illustrates increasing average velocity of the liquid
flow. As a result, the curvature of the interface increases when
convection is stronger. It should be pointed out that the temperature
and streamline distributions at the 15 min mark are similar to those at
a steady state (nearly 30 min), so that it can be concluded that the
flowfield and temperature are almost fully developed at this stage.
The excellent agreement between the experimental results [14]
and the numerical results from the modified TTM, as described
previously, has led to a successful validation of the model. With full
confidence that the modified TTM can give good results for melting
in porous media problems, the model is then applied to another
combination of materials. The combination consists of copper as the
PCM and sintered steel particles as the porous medium. The
dimensionless parameters for the copper—steel combination case are
Pr=155%x10"3, Da=137x10"5, Ra=1.28x10° Ste=
0.0295, C;,;=10.93, C,=1.09, H=1.0, and &=0.385. The
thermal conductivities used in the calculation of effective thermal
conductivity are k; = 352, k; = 339, and k, = 30 W/m - K, which
give K o = 0.414 and K oy = 0.402. Figure 6 shows the melting
fronts of copper at different times representing the melting process.
The melting front is almost perpendicular to the top and bottom walls
at the early stages. As time passes, there is little sign of the convection
effects. The melting at the top section of the domain only progresses
slightly faster than the bottom section, which shows the dominance
of conduction in the melting process. This is because the effective
thermal conductivity of the copper—steel mixture is roughly twice as
high as that of the gallium—glass mixture, whereas the Rayleigh
increases only in a small percentage. Such highly effective thermal
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Fig. 4 The approximation of the mushy zone.
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Fig. 5 Streamlines from the modified TTM at a) 5 and b) 15 min.

conductivity tends to suppress the natural convection flow. Without
the assistance of convection, the melting clearly progresses at a
slower speed, hence it reaches the steady state at a lower volume of
fluid. Because the right side of the enclosure is kept at a constant
below the melting point. The melting process is essentially ceased at
20 min.

Figure 7 illustrates that natural convection still exists, even when
conduction strongly dominates the melting process. However, the
circulation is too slow to cause any significant effects. The fluid still
rises up along the hot wall and falls down along the colder melting
front. The impingement still causes the solid at the upper section to
melt faster, even at this slow velocity. The temperature distribution in
Fig. 8 confirms the conduction-dominated melting and the small
effects of convection. The conduction-dominated melting is repre-
sented through the parallel temperature distribution, and the slightly
inclined temperature line shows the effects of convection.

The changes occurring after we study different materials lead us
to a question of what parameters actually control the melting pro-
cess. In other words, it is interesting to know the parameters that
dictate the types of melting processes. After a careful consideration
of the parameters involved in the governing equations, there are
three parameters that may be the controlling parameters: the
Rayleigh number, Darcy’s number, and the subcooling parameter.
To study the effects of these parameters, all other settings were kept
unchanged, and we only changed the focused parameter. The first
parameter we studied was the Rayleigh number, as shown in Fig. 9.

1.0 . o . .
3 I
!
H
0.8 Vi F
} [
1
U
0.6 I L
"{ — 5mins
Y I 10 mins
! —— 15mins
“ —-- 20 mins
0.4 H t
Il
i
%w
0.2 ! L
|
]
‘I
N
|
0.0 — , ,
0.0 0.2 0.4 0.6 0.8 1.0

X
Fig. 6 Interface locations at different times for the copper—steel
combination.

The case with the actual Rayleigh number was compared with
two other cases: one with an order of magnitude lower and the other
with an order higher. Figure 9 shows that the interface becomes
more inclined when the Rayleigh number increases; this means the
significance of convection increases with the Rayleigh number. The
higher Rayleigh number equals the larger body force due to natural
convection pushing the fluid to move faster, hence it increases the
convection effects. Fast-moving fluid impinges on the melting front
at a higher velocity and increases the melting rate near the top wall.
Also, the high fluid velocity usually represents the high convective
heat transfer coefficient, causing a higher overall melting rate;
hence, the melting process is faster with a high Rayleigh number.
The effects of Darcy’s number are then studied and shown in
Fig. 10. The presence of convection also increases with a higher
Darcy’s number, and it only indirectly affects the conduction. The
increasing Darcy’s number results in larger pores inside the porous
medium, which allows fluid to move with less restriction. When the
fluid with the same Rayleigh number moves with smaller drags, it
will move with a higher speed and consequently promote convection.
The last parameter is the subcooling parameter, shown in Fig. 11.
The temperature at the hot wall remains the same for the three cases
of subcooling: 0.2, 0.4, and 0.6. The results show that the melting
front moves faster with a lower subcooling number, but the front
shows very little change in convection. The interface moves faster
because of the higher temperature gradient caused by the larger
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Fig. 7 Streamlines for the copper—steel combination at 20 min.
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Fig. 8 Temperature distribution for the copper—steel combination at
20 min.
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Fig. 9 Effects of the Rayleigh number on the melting process.
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temperature difference between the two vertical walls, causing a
higher rate of conduction heat transfer. Even though the temperature
difference also appears in the Boussinesq approximation, and one
would expect its effects on convection, the results clearly show that

the effects are negligible in this case.

V. Conclusions

The TTM was modified to improve its performance in cases with a
large heat capacity difference between the solid and liquid phases.
The modified TTM clearly gave better predictions, whereas the
existing approach tended to overpredict the speed of the melting
process. Melting of copper saturated in sintered steel particles is then
simulated using the improved TTM model. The results confirmed
that higher effective thermal conductivity tends to suppress natural
convection flow. The significance of the convection effects increases
with the Rayleigh number and Darcy’s number. Although increases
of both numbers result in a faster fluid movement, they do so with
different physical prospects. A large Rayleigh number increases the
body force from natural convection, whereas a large Darcy’s number
reduces the drags on the fluid. Both numbers, however, only have a
small effect on conduction, because they can only indirectly affect
the temperature distribution. On the other hand, the subcooling
parameter only affects the conduction because the larger temperature
difference on both vertical walls results in a higher temperature
gradient. Obviously, the modified TTM can be extended into many
other research areas. It can be an excellent tool in other processes
involving solid-liquid phase change, such as solidification and

infiltration in porous media.
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