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Abstract

The present study explores numerically the process of melting of a phase-change material (PCM) in a heat storage
unit with internal fins open to air at its top. Heat is transferred to the unit through its horizontal base, to which vertical
fins made of aluminum are attached. The phase-change material is stored between the fins. Its properties used in the
simulations, including the melting temperature of 23-25 °C, latent and sensible specific heat, thermal conductivity
and density in solid and liquid states, are based on a commercially available paraffin wax.

A detailed parametric investigation is performed for melting in a relatively small system, 5-10 mm high, where the fin
thickness varies from 0.15 mm to 1.2 mm, and the thickness of the PCM layers between the fins varies from 0.5 mm to
4 mm. The ratio of the PCM layer to fin thickness is held constant. The temperature of the base varies from 6 °C to
24 °C above the mean melting temperature of the PCM.

Transient three- and two-dimensional simulations are performed using the Fluent 6.0 software, yielding temperature
evolution in the fins and the PCM. The computational results show how the transient phase-change process, expressed
in terms of the volume melt fraction of the PCM, depends on the thermal and geometrical parameters of the system,
which relate to the temperature difference between the base and the mean melting temperature, and to the thickness and
height of the fins.

In search for generalization, dimensional analysis of the results is performed and presented as the Nusselt numbers
and melt fractions vs. the Fourier and Stefan numbers and fin parameters. In some cases, the effect of Rayleigh number
is significant and demonstrated.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction thermal energy storage systems where their latent heat
is utilized. There exists a wide range of applications

Large heat-storage capacity of phase-change materi- for such systems, from energy storage in buildings [1,2]
als (PCMs) makes them attractive for use in various to electronics cooling [3,4] and from material processing

to thermal management of air- and spacecraft [5].
Theoretical and experimental studies in the field
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Nomenclature

A cross-section area (m?)

c fin efficiency parameter

¢y specific heat at constant pressure (J/kg °C)

Fo Fourier number, a#/(l,/2)* for fin For =
at/ 12

h enthalpy (J/kg)

h heat transfer coefficient (W/m? °C)

k thermal conductivity (W/m °C)

/ length (m)

L latent heat (J/kg)

Nu Nusselt number, (¢"/AT)((1,/2)/kpcwm)

P perimeter, m

q" heat flux (W/m?)

Ra Rayleigh number, gfp’c, ATI}/(jik)

Ste Stefan number, ¢,AT/L

t time (s)

T temperature (°C or K)

u velocity component (m/s)

vV volume (m?)

b Cartesian coordinate (m)

Greek symbols

o volume fraction

p volumetric expansion coefficient (1/K)
Y liquid fraction

A difference

nr fin efficiency

u dynamic viscosity (kg/m s)
o density (kg/m®)

Subscripts

b PCM width

f fin

i component

ref reference value

w wall

PCM  phase-change material

t fin width

mathematical modeling, numerical techniques, experi-
mental methods, and heat transfer enhancement. As
early as in 1971, Hale et al. [6] discussed the relationship
between PCM and other thermal control techniques,
provided detailed data on the material properties of
“the most promising PCMs”, and presented engineer-
ing considerations relevant to PCM systems design.
Two other milestone publications on the subject are
the book by Humphries and Griggs [7] and the funda-
mental work by Viskanta [8]. The former is a valuable
source of property data and also presents a general para-
metric study of a model PCM system. The latter summa-
rizes theoretical and numerical modeling of phase
change and associated heat transfer in one- and multi-
dimensional systems, and discusses the methods for
heat transfer enhancement. More recently, an extensive
review of physical phenomena associated with phase
change in various geometries has been presented by
Fukusaka and Yamada [9]. The latest review by Zalba
et al. [10] deals with classification and properties of
phase-change materials, heat transfer, and application
of PCMs in energy storage. Both reviews reflect the sig-
nificant progress made in the field during the last two
decades, and contain above two hundred references
each. There exists also a considerable body of literature
dedicated to development and analysis of numerical
techniques designated for phase-change processes. A
review of mathematical modeling was presented by Hu
and Argyropoulos [11], with special attention paid to
the effects of convective motion in the liquid phase. Dif-
ferent physical models and numerical procedures were

compared by Bertrand et al. [12] for a benchmark prob-
lem concerning a simulation of coupled natural convec-
tion and melting.

Following the classification given by Abhat [13] and
Zalba et al. [10], the materials used for energy storage
with solid-liquid phase change can be divided into or-
ganic and inorganic, like metals, alloys, and hydrated
salts. Paraffins, which belong to the organic group, are
suitable for heat storage applications as they have con-
venient melting temperatures, are non-toxic, recyclable,
chemically inert, non-corrosive, and can withstand a
large number of cycles.

The low thermal conductivity of paraffins presents,
however, a significant challenge in design of heat stor-
age systems. This is because during the phase change
the solid-liquid interface always moves away from the
boundary through which heat passes between the
PCM and the surroundings: during solidification, a solid
layer grows near a cooled surface, while in melting there
is a growing liquid layer on the heated boundary. Since
the only heat transfer mechanism through the solid layer
is conduction, the heat transfer rate decreases when the
thickness of this layer increases, and the low thermal
conductivity of a PCM makes this thermal resistance
too high for a required rate of phase change. In the
liquid layer, the physical picture is much more complex,
because natural convection can develop due to the tem-
perature difference between the heated boundary and the
solid part of the PCM. Existence of natural convection
and its contribution to overall heat transfer depends
on the geometry of the system and thickness of the liquid
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layer; still, low thermal conductivity of the PCM inhibits
the phase change.

In order to overcome this problem, various heat-
transfer enhancement techniques have been suggested,
like fins, metal and graphite-compound matrices, dis-
persed high-conductivity particles inside the PCM, and
micro-encapsulation of PCM, as discussed by Velraj
et al. [14] and Zalba et al. [10]. Design of PCM-based
heat sinks for electronics has been analyzed by Pal and
Joshi [15], who provide special recommendations con-
cerning organic materials.

The use of fins was extensively discussed by Humph-
ries and Griggs [7], for a PCM-filled cell of constant vol-
ume with a constant heat flux at one boundary. Pure
conduction was assumed in the PCM, and its properties
were assumed constant. Studies of PCM systems with
extended surfaces were continued for various geome-
tries, especially finned tubes (e.g. Ismail et al. [16]),
where the numerical models were constructed neglecting
density difference between the solid and liquid phases
and assuming that there was no convection in the melt.

It was shown by Eftekhar et al. [17], however, that
physical properties of paraffin waxes induced natural
convection even in liquid layers of relatively small thick-
ness. In their work, an experimental thermal storage sys-
tem included two parallel plates, heated and cooled,
separated by vertical fins. The storage cell was
53.5 mm high and 18.5 mm wide. The heated plate was
located below the cooled plate so that the liquid layer
eventually became unstable. This instability caused nat-
ural convection along the fins and at the solid-liquid
interface, which, in turn, affected the rate of phase
change.

The work by Eftekhar et al. [17] demonstrates that
when a PCM-based heat storage system has conducting
partitions, evolution of the melting front is influenced by
both heat transfer from a primary heated surface and
from a conducting partition, or fin, attached to it. In this
connection, one can note that the problem of phase
change in an enclosure with one heated surface has been
studied extensively in the past, and the results of those
studies are highly relevant also for the systems with
internal fins, as discussed below.

Hale and Viskanta [18] performed an experimental
and analytical study of melting and solidification of sev-
eral PCMs, including n-octadecane, cooled or heated
from above or below. It was found that when melting
from below, the natural convection influences the heat
transfer and the motion of the phase-change boundary
during the process.

Ho and Viskanta [19] studied melting of n-octa-
decane from an isothermal vertical wall of a rectangular
cavity 130 mm high, 50 mm wide, and 50 mm deep. In
order to accommodate the volume expansion associated
with the phase-change process from solid to liquid, a
small air gap was maintained between the top of the

material and the insulated top surface of the cavity. It
has been shown that the time-wise variation of the mol-
ten volume fraction, V/V, could be expressed as a func-
tion of the Stefan number, Ste, the Fourier number, Fo,
and the Rayleigh number, Ra.

Gadgil and Gobin [20] simulated numerically two-
dimensional melting of a solid phase-change material
in a rectangular enclosure heated from one side. Of spe-
cial interest was the influence of the enclosure aspect
ratio, A, on the melting curve, since this can be relevant
to optimizing the dimensions of latent heat storage ele-
ments. The results of Gadgil and Gobin [20] show that
A has a strong influence on the melting curve, e.g. an
increase in 4 from 1.13 to 5.25 causing more than 16-
fold decrease in the time required to melt 80% of the
PCM.

The effect of free convection on the shape and motion
of the melting front of gallium from a vertical wall was
investigated by Gau and Viskanta [21], in a rectangular
test cell which had inside dimensions of 8.89 cm in
height, 6.35 cm in width, and 81 cm in depth. Their re-
sults reported clearly that for larger aspect ratio cavities,
melting of the solid near the top may be greatly pro-
moted, and melting near the base of the test cell may
be completely terminated, due to free convection in the
melt. At very early times, before the buoyancy-driven
flow was initiated or when fluid motion was still very
weak, the interface shape was flat and parallel to the
heated wall of the test cell. Heat transfer was dominated
by conduction. As the heating progressed, the buoy-
ancy-driven convection in the melt started to develop
and continued to intensify, yielding a non-uniform melt
layer receding from the top to the bottom of the test cell.

Zhang and Bejan [22] have reported results of their
study of the time-dependent melting within a relatively
large enclosure 74 cm high (height/width ratio equals
5) filled with n-octadecane, subjected to a constant heat
flux boundary condition. They show that for the heated
plate itself, first its temperature rises from the ambient
level to the melting point of the phase-change material.
Then, there is a period when the temperature of the plate
is uniform and rises linearly in time. Finally, the wall
temperature reaches a plateau in the convection melting
regime.

Pal and Joshi [23] studied computationally and
experimentally melting of n-triacontane in a side heated
tall enclosure of aspect ratio 10, by a uniformly dissipat-
ing heat source. They show how buoyancy driven con-
vection in the molten PCM starts to develop. An
implicit enthalpy-porosity approach was utilized for
computational modeling of the melting process, and
showed good agreement with the experiments.

In the problems of phase change in an enclosure with
one heated surface, like those discussed above, longitu-
dinal heat conduction in the enclosure boundaries is
commonly neglected. The longitudinal conduction is,
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however, important when conducting partitions are
used, as shown by Eftekhar et al. [17] and most recently
by Casano and Piva [24].

Lately, the details of heat transfer and phase change
in the presence of cooling fins have become the focus of
attention. Inaba et al. [25] presents a numerical study of
solidification in a system in which rectangular tubes are
arranged vertically in a heat storage vessel filled with a
molten PCM, and plate fins are installed horizontally be-
tween those tubes. Their numerical results elucidate the
flow pattern, velocity profile and heat transfer rate in the
melted liquid layer, revealing that the amount of trans-
ported heat through the fins increased with the fin thick-
ness, and the heat release completion time period was
shortened. The completion time of heat release process
decreased as the fin pitch decreased, due to the larger
cooling area.

Lamberg and Siren [26] studied melting in a semi-infi-
nite PCM storage cell with a thin horizontal fin of infinite
length. The end-wall, which was at a constant tempera-
ture, and the fin act as heat transfer surfaces in the melt-
ing process. According to Lamberg and Siren [26], there
are three stages in the melting process: pure conduction
from the constant temperature end-wall and the fin, con-
duction from the fin with some natural convection from
the end-wall, and finally only natural convection from
the fin. An approximate analytical model has been pro-
posed by Lamberg and Siren [27] for solidification in a
system with two parallel heated walls and a horizontal
fin of finite length which connects them.

The literature survey indicates that modeling of
phase-change processes presents a significant challenge,
due to complexity and conjunction of the involved
physical phenomena. As mentioned above, various
approaches are attempted to overcome these difficulties,
commonly by neglecting one or more essential features
of the process, e.g. volumetric expansion due to the
phase change, convection in the liquid phase, and
motion of the solid in the melt due to density differences.
It has become common to use a two-dimensional model
for three-dimensional situations [28], and to approxi-
mate certain terms in the conservation equations [29].

The present work is an attempt to overcome those
limitations, and solve complete conservation equations
simultaneously for solid fins, solid and liquid PCM,
and air, while allowing for PCM expansion, convection
in the fluid media (melted PCM and air), and solid phase
motion in the liquid. This approach has been imple-
mented successfully in the previous study by Shatikian
et al. [30], where the processes of melting and solidifica-
tion of a PCM have been studied numerically in one spe-
cific geometry, namely a partly enclosed space having
vertical conducting plates attached to the base, which
could be heated or cooled. Detailed temperature and
phase fields have been obtained as functions of time,
showing evolution of the heat transfer in the system as

the phase-change material melts/solidifies. The change
in the heat transfer rate with time, and the instantaneous
temperature distributions inside the partitions and the
PCM have been presented and discussed.

In the present work, the same approach is used for a
detailed parametric investigation of melting in a rela-
tively small system, having fins 5-10 mm high and
0.15-1.2 mm thick, with a PCM stored between the fins
in layers 0.5-4 mm thick. The ratio of the PCM to fin
thickness is held constant. The fins are attached to a con-
stant temperature horizontal heated plate, the tempera-
ture of which varies from 6°C to 24 °C above the
mean melting temperature of the PCM.

In the following section, a physical model of the
problem is introduced, and the numerical procedure is
presented and discussed. Then, the time-dependent re-
sults for heat fluxes from the base and melt fractions of
the PCM are presented in detail and discussed. Finally,
an attempt is made to apply dimensional analysis in
search for generalization of the results.

2. Numerical study

A physical model of the system is presented in detail
below. Then, the computational procedure is discussed.

2.1. Physical model

A schematic view of the three-dimensional physical
model is shown in Fig. la. Vertical plate-type fins are at-
tached to a horizontal base which has a uniform temper-
ature, T,. Conducting end walls, identical to the fins,
bound the system in the third direction. A phase change
material fills the space above the base between the fins.
As a result, heat is supplied to the PCM along all three
coordinate axes. From above, the PCM is exposed to the
ambient air. Thus, it is assumed that heat is transferred
between the PCM and the base, the fins, the end walls
and the ambient air. Heat transfer between the fin tips
and the ambient is neglected.

The height of the fins and end walls is larger than the
height of the solid PCM, which fills 85% of the space.
This is done in order to accommodate a significant in-
crease in the PCM volume during the solid-liquid phase
transition, due to a large difference in solid and liquid
density that exists in reality.

Geometrical dimensions explored in the present
study are summarized in Table 1. The fins are made of
aluminum, in order to ensure their high thermal conduc-
tivity. The properties of aluminum and air are summa-
rized in Table 2. A density-temperature relation is used
for air. In all the cases explored in this study, the model
PCM was based on the properties of a commercially
available paraffin wax (Rubitherm RT25), as discussed
below.



V. Shatikian et al. | International Journal of Heat and Mass Transfer 48 (2005) 3689-3706 3693

Air End wall

S
<>
S

———_—_—_—_—_—SS

»

S

DR

\\

RN

x4 .
i Air
End wall Z
Z
[
0 i R . NN x5
' 1
(b) (c)

Fig. 1. Definition of the problem: (a) Three-dimensional physical model (front end wall is not shown); (b) computational domain,
Xx1—X, plane; and (c) computational domain, x,—x3 plane.

Table 1 the maximum fin length of 10mm. The overall width
Geometry parameters and length of the system would depend on its destina-
Case I, mm I, mm I,, mm tion, but it is reasonable to assume that both dimensions
) 10 12 4 are of few centimeters. Such system could serve, for
5 10 06 5 example, as a basis for the development of a PCM-based
3 10 0.3 1 heat sink for electronic equipment in a future study. The
4 10 0.15 0.5 following parameter variations were chosen, as reflected
5 5 0.6 2 in Table 1 (cases 1-5):

o the fin thickness varied from 0.15 mm to 1.2 mm;
For a detailed study of phase-change with internal o the PCM layer thickness between the fins varied from
fins, a relatively small system has been chosen, with 0.5 mm to 4 mm;
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Table 2
Properties of aluminum and air used for computation

Materials Thermal Density (kg/m®) Specific heat
conductivity (J/kg K)
(W/mK)

Aluminum  202.4 2719 871

Air 0.0242 1.2x107°7? 1006.4

—0.01134T + 3.498

o the ratio of the fin thickness to the PCM layer thick-
ness was kept constant, so that the amount of the
PCM and aluminum in the sink were constant for a
constant fin length, thus keeping its mass constant;

e in addition to the basic fin length of 10 mm, shorter
fins of 5mm have been explored. The amount
(height) of the PCM was reduced accordingly;

e for each of the cases 1-5 of Table 1, calculations were
performed for four temperature differences between
the base and mean melting temperature of the
PCM, namely 6 °C, 12 °C, 18 °C, and 24 °C. In the
simulations, this difference was set at + = 0 and kept
constant through the entire process.

In the simulations, the initial temperature of the
whole system was 20 °C, i.e. the PCM was slightly sub-
cooled. Ambient air above the unit was kept at 27 °C.

Density and dynamic viscosity of the liquid PCM de-
pend on its temperature. The density is expressed as

Pi
=——Fr 1

P —1)+1 (1)
where p; is the density of PCM at the melting tempera-
ture 7}, and f is the thermal expansion coefficient. The
value of # =0.001 has been chosen based on the analysis
of the detailed data presented by Humphries and Griggs
[71.

Following Reid et al. [31], the dynamic viscosity of
the liquid PCM has been expressed as

= exp (A +§) )

where 4 =—4.25 and B=1790 are coefficients. The
properties of the PCM are summarized in Table 3.

2.2. Computational procedure

A three-dimensional computational domain was de-
fined, as shown in Fig. 1b and c, by the symmetry planes
of the fin and the PCM-filled gap in the horizontal
xi-direction, by the physical boundaries of the unit in
the vertical x,-direction, and by the included conducting
end walls in the horizontal xs-direction. The origin of
the coordinate system was taken at the intersection of
the plane of symmetry of the fin and the lower boundary
of the fin and PCM.

The numerical approach made it possible to calcu-
late the processes that occur inside the fins and end
walls (solid), PCM (solid/liquid), and air (fluid) simul-
taneously, and to account for the moving boundary
due to the variation of the PCM volume. A heat-con-
duction problem has been solved for the fins and the
end walls. The conservation equations for air were
solved only in the small domain bounded by the fin
on the left, symmetry plane on the right, PCM from
below and the plane connecting the fin tips from
above. Laminar flow inside the air and liquid PCM
was assumed.

It is worth to note that the PCM in the system con-
sidered herein is a sole heat sink which is supposed to
accumulate all the heat coming from the hot plate.
Accordingly, the role of air is to allow for the PCM vol-
umetric expansion, rather than to remove heat. Forced
convection on the outer side of PCM would not help
due to the high heat capacity and low thermal conduc-
tivity of the PCM.

In order to describe the PCM-air system with a mov-
ing internal interface but without interpenetration of the
two media,' a so-called “volume-of-fluid” (VOF) model
has been used. In this model, if the nth fluid’s volume
fraction in the computational cell is denoted as «,,, then
the following three conditions are possible: if o, = 0 the
cell is empty of the nth fluid; if o, = 1 the cell is full of the
nth fluid; and if 0 < o, < 1 the cell contains the interface
between the nth fluid and one or more other fluids. Thus,
the variables and properties in any given cell are either
purely representative of one of the media, or representa-
tive of a mixture of the media, depending upon the
volume fraction values.

For the phase-change region inside the PCM,
enthalpy-porosity approach [32-34] was used, by which
the porosity in each cell is set equal to the liquid fraction
in that cell. Accordingly, the porosity is zero inside fully
solid regions. It is worth to note here that Bertrand et al.
[12] present the results of a comparison exercise in which
various numerical approaches were applied to a phase-
change problem that included coupled natural con-
vection and melting, covering two ranges of Prandtl
numbers, which corresponded to the melting of metals
and organic materials. The results indicate that enthalpy
methods are to be used in most phase-change problems
where a solid-liquid interfacial region is present between
the phases.

Accordingly, the governing equations used here for
the PCM-air system are:

! The term “medium” is used here instead of “phase” in order
to prevent confusion with the solid and liquid phases of the
PCM.
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Table 3
Properties of PCM used in the detailed study, cases 1-5
Melting Latent Density Thermal Specific Dynamic
point (°C) heat (kJ/kg) (liquid state) (kg/m?) conductivity (W/m K) heat (J/kg K) viscosity (g m/s)
23-25 206 750 0.15 2500 1790
0.001(7 — 296) + 1 exp (_4'25 * T)
continuity o, . O, 0 3) and Pal and Joshi [23]. The difference in the results
ot " ox; was not significant.
0 0 The problem was solved for the temperature by iter-
momentum a(p”f) +a_xj(p”f”i) ations involving the energy equation, Eq. (5), and the
Pu op liquid fraction relation, Eq. (6), using the approach of
=pu —— =+ g +S; 4) Voller and Swaminathan [35], in which the phase change
Ox;0x;  Ox; rate is linearized as a truncated Taylor series, and old
energy 9 (ph) + ﬁ (puh) = E < k 6_T ) (5) iteration values are then used to estimate the linear term.
ot Ox; ax; \ O The numerical solution has been obtained using the

where a,, is the nth fluid’s volume fraction in the compu-
tational cell, p is the density, k is the thermal conductiv-
ity, u is the dynamic viscosity, S; is the momentum
source term, u; is the velocity component, x; is a Carte-
sian coordinate, and 7 is the specific enthalpy. The latter
is defined as a sum of the sensible enthalpy, %, = fi.er +
fTT, LG d7, and the enthalpy change due to the phase-
change yL, where 7 is the reference enthalpy at the ref-
erence temperature T, ¢, is the specific heat, L is the
specific enthalpy of melting (latent heat of the material),
and 7y is the liquid fraction during the phase change
which occurs over a range of temperatures Ty, < T'< T},
defined by the following relations:

y=0 fT<T,, y=1 ifT>T,

T-T
y = T, <T<T 6
V T, T, 1 1 (6)

The source term S; in the momentum equation, Eq.
(4), is given by

S = —AQ)u; (7)

where A(y) is the “porosity function” defined by Brent
et al. [33], who maintain that “the basic principle is grad-
ually to reduce the velocities from a finite value in the
liquid, to zero in the full solid, over the computational
cells that are changing phase”. Definition of A(y) makes
the momentum equation “mimic” Carman—Kozeny
equations for flow in porous media:
1=y

R ®)
where ¢ = 0.001 is a small computational constant used
to avoid division by zero, and C is a constant reflecting
the morphology of the melting front. This constant is a
large number, usually 10*-107. The value of C = 10° has
been used in the present study. In addition, sensitivity of
the results to the value of C has been checked by setting
the value of C=1.6x 10 as used by Brent et al. [33]

Fluent 6.0 software. The SIMPLE algorithm has been
used for pressure-velocity coupling. The computational
grid was built of 13x 100 x 80 = 104,000 cells. This
number was kept constant, while the size of the system
itself varied. The grid size was chosen after careful exam-
ination of the results of grid refinement process. The
time step in the calculations was as small as 0.01s,
and has been chosen after a careful examination of
the preliminary calculations for one variant. Further
decrease to 0.005 s did not show any noticeable change
in the instantaneous results for the heat flux and melt
fraction through the whole process, i.e. from =0 to
the complete melting of the PCM. The convergence
was checked at each time step, with the convergence cri-
terion of 1072 for the velocity components in xi-, x,- and
x3-directions and continuity, and criterion of 108 for
energy.

Two different computers were used for the simula-
tions. We started with a Pentium 4 computer (CPU
1500 MHz, 512Mb RAM). However, it typically took
as much as five hours of calculations to simulate one sec-
ond of physical time. Then, the authors were given
access to a Dell PowerEdge 2600 computer, which
features two 3.20 GHz Intel Xeon processors and is scal-
able to 12Gb of PC2100 DDR SDRAM. That computer
made it possible to reduce the calculation time to about
30 minutes per physical second, i.e. 10-fold. Still, it could
be expected that the planned research program would
extend to a very large period of time. For this reason,
two-dimensional simulations were considered, as dis-
cussed below.

3. Results and discussion

In this section, we present first a comparison of the
results obtained in three- and two-dimensional simula-
tions. Then, the results of the parametric study are dis-
cussed and analyzed. The discussion concerns the
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calculated heat fluxes and melt fractions of the PCM as
functions of time. Then, dimensional analysis is used to
show the trends and relations, which may lead to gener-
alization of the results.

3.1. Results

The numerical simulations in our study were con-
ducted in a three-dimensional system of non-adiabatic
walls, testing the applicability of two-dimensional simu-
lations to a real system.

Fig. 2a—c shows an example of the three-dimensional
results for case 2 of Table 1, with the third dimension of
the system equal to / = 24 mm, and a temperature differ-
ence of AT =12 °C. Fig. 2a shows phase distribution of
the PCM in an x,—x; plane of symmetry of the system,
introduced in Fig. Ic, for the melt fraction of V/V, = 0.3.
Fig. 2b shows the phase distribution in the same plane
for a later stage in the process, V/V,=0.6. Fig. 2c
shows, for the same stage, the cross-sectional phase dis-
tribution of the PCM (plane x;—x,). Two cross-sections
are shown: one is in the plane of symmetry of the system,
and the other is 2 mm from the end-wall. One can see
that the phase distribution in these cross-sections is,
essentially the same. This result indicates that the melt-
ing process is close to be two-dimensional.

Fig. 2d shows, for the same stage of V/V, = 0.6, the
cross-sectional phase distribution of the PCM (plane

End wall

X1—X;) obtained in a two-dimensional simulation. It is
obvious that this distribution does not differ from those
presented in Fig. 2c. Fig. 2a and b shows, however, that
the regions close to the conducting end walls are affected
by the heat transfer from the end walls, representing
three-dimensional effects that could not be captured by
a two-dimensional simulation. In order to estimate these
effects, the instantaneous heat fluxes were calculated for
the whole melting process. Fig. 3 shows the heat flux as a
function of time for three- and two-dimensional simula-
tions of the same case. One can clearly see that the
results throughout the whole process of melting practi-
cally coincide. As mentioned above, the three-dimen-
sional simulations were time-consuming. The results
presented in Figs. 2 and 3 were typical for the system
in question, and made it possible to proceed with the
two-dimensional simulations only.

Dependence of the heat fluxes and melt fractions on
the geometrical and thermal parameters of the system
is illustrated in Fig. 4. Since it has been found that the
behavior of the system is similar for various cases and
temperature differences, only representative examples
are shown in this figure. Full results will be presented
in a dimensionless form in Section 3.2.

Fig. 4a and b represent the calculated mean heat flux,
q", and the volumetric melt fraction, respectively, as a
function of time, for case 3 of Table 1. The curves are
displayed for AT=6°C, 12°C, 18 °C, and 24 °C. As

0.6 | Contours of Liquid Fraction (Time=6.0000e+00)

Aug 10, 2004
FLUENT 6.0 (3d, segregated, voi, lam, unsteady)

(a)

X:

"~

End wall

End wall

End wall

X3

Contours of Liquid Fraction (Time=1.5000e+01)

Aug 10, 2004
FLUENT 6.0 (3d, segregated, vof, lam, unsteady)

(b)

Fig. 2. Examples of three- and two-dimensional simulations (case 2, AT = 12 °C): (a) three-dimensional simulation, melt fraction of
0.3, x,—x3 plane; (b) three-dimensional simulation, melt fraction of 0.6, x,—x3 plane; (c) three-dimensional simulation, melt fraction of
0.6, x;—x, plane; and (d) two-dimensional simulation, melt fraction of 0.6, x;—x, plane.
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----2D case

— 3D case with conducting
end walls

60
40
20 N
0 10 20 30 40 50 60 70

time, s

Fig. 3. Comparison of three- and two-dimensional simulations
(case 2, AT =12 °C), in terms of heat flux as a function of time
throughout the melting process.

expected, the heat flux transferred to the PCM is maxi-
mal at the beginning and approaches the natural convec-
tion limit when the melting is complete. The larger is the
temperature difference, AT, the higher is the heat flux
initially, and the shorter is the melting time. Conse-
quently, the larger is the AT, the steeper is the decrease
in heat flux. The same applies to the melt fraction: the
higher the base temperature the more rapid is the growth
of the melt fraction.

3697

Fig. 4c represents the calculated mean heat flux, ¢”,
as a function of time, for cases 1-5 of Table 1 at
AT =18°C. One can see from the figure that as the
width of the system decreases while its height is pre-
served, cases 1-4, the heat flux increases at the early
stages of the process. For the ‘“short” system, case 5,
the heat flux is lower.

The total heat flux from the base can be subdivided
to the flux transferred into the PCM directly from the
base, and the flux transferred into the PCM through
the fins. As shown by Shatikian et al. [30], in the large
system heat was transferred to the PCM mostly through
the conducting partitions, while the heat transfer directly
from the heated base was less significant. For a small
system considered here, the results are similar, but not
identical for the systems of different thicknesses: when
the PCM layer between the fins is thick, the fraction of
the total heat which is transferred from the base directly
to the PCM increases.

Fig. 4d presents the calculated volumetric melt frac-
tion as a function of time, for the cases 1-5 and the same
temperature difference as shown in Fig. 4c. One can see
from the figure that as the width of the system decreases,
while its height is preserved, cases 1-4, the melt fraction
grows more rapidly with time. For the “short” system,
case 5, this growth is more rapid than for the “high” sys-
tem of the same width, case 2.

300 300
250 X 250 \.\
]\ ——
o 200 4 ——AT=6°C [ 200 \“ case 1 | |
g AT 125G \ —2—case 2
= © \
E 150 e AT_18%0 150 1 oY —A—case3 [ |
= N ——case 4
100 —8—AT=24°C ]
——case 5
50 1
0 ' " s
0 20 40 60 80 60 80
time, s
(a)
0.8
g f// // TAT=6°C / ——case 1
g 06 —=-AT=12°C 08 T4 —case2 [
= —— AT =18°C ,1 —4—case 3
2 o4 = 0.4 T ——case4 [
—e—AT=24°C y M/ ——case 5
0.2 1 0.2 1
o . : : 0- T . ;
0 20 40 60 80 0 20 40 60 80
time, s time, s
(b) (d)

Fig. 4. Examples of the results for heat flux and melt fraction: (a) heat flux for case 3; (b) melt fraction for case 3; (c) heat flux for

AT =18 °C; and (d) melt fraction for AT =18 °C.
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Fig. 5. Evolution of the melting process of the PCM for case 1: (a) AT =24 °C; (b) AT =18°C; (c) AT=12°C; and (d) AT =6°C.

Vive=0.3

The notation of Fig. 4 is adopted for all the graphs
which appear later in the paper, making the results easy
to follow.

In order to illustrate the differences in the melting
process for different geometries and base temperatures,
solid-liquid phase distributions are shown in detail for
cases 1-5 in Figs. 5-9, respectively. Each figure shows
the phase distributions at the instances which corre-
spond to melt fractions of 0.3 and 0.6, for the tempera-
ture differences of (a) 24 °C, (b) 18 °C, (c) 12 °C, and
(d) 6°C. The color scale shows the melt fraction of
PCM, VIV, from 0 to 1.2

One can see from Figs. 5, 6, and 9 that for the “wide”
cases the melting front moves generally parallel to the
vertical fin. As the width decreases, Figs. 7 and 8, the
phase distribution becomes similar to that observed in
the preliminary study by Shatikian et al. [30], where a
wedge-like solid phase is at the top and the liquid is at
the base. In other words, for the “thick” fins melting
is almost uniform along the fin surface, while for the
“thin” ones melting takes place mostly close to the base.
These differences indicate that the temperature distribu-
tion in thick and thin fins is different, as discussed below.

3.2. Dimensional analysis

The results discussed above show that the melting
process depends on the geometrical and thermal para-

2 The software graphics makes a distinction between the
“solid” and the “fluid”. Hence, the liquid PCM and air are
shown by the same color and the PCM-air interface does not
appear in the figures. Its level rises constantly during the
melting, as shown in a previous study by Shatikian et al. [30].

Vivi=0.6

Vive=0.3  VIVi=0.6  VIVi=03  VIV=0.6

(c) (d)

meters of the system in question. Dimensional analysis
is applied now in search of generalized results.

Following a common approach to transient heat con-
duction problems, we define the dimensionless Fourier
number as Fo = at/* where « is the thermal diffusivity
of the PCM. A half-thickness of the PCM layer, /,/2,
is chosen as the characteristic length. In the present
study Fourier number varies from 0 to about 2.6 in
case 1 and to about 47.4 in case 4.

The results indicate, however, that the Fourier num-
ber alone is not sufficient for generalization even within
the same geometrical case. This is because it cannot take
into account the phase-change processes. For this rea-
son, the Stefan number should be involved in the analy-
sis, too. It is defined in our case as Ste = c,AT/L, where
¢, is the specific sensible heat of the PCM, AT is the dif-
ference between the heated base temperature and the
PCM mean melting temperature, and L is the specific
heat of melting. In the present study Stefan number var-
ies from about 0.07 to 0.29.

The product of the Fourier and Stefan numbers,
FoSte, serves as an independent dimensionless parame-
ter that takes into account the transient heat conduction
and phase change. We do not use here the expressions
from the literature, like that of Ho and Viskanta [19], be-
cause they were derived for an enclosure heated from a
side only.

Two dependent dimensionless parameters are used:
the melt fraction of the PCM, defined above as V/V
and the Nusselt number, which is defined as

_ 4" (b/2)
NquT —kPCM )

i.e. it is based on the mean heat flux, ¢”, the temperature
difference between the base and the PCM mean melting
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Fig. 7. Evolution of the melting process of the PCM for case 3: (a) AT =24 °C; (b) AT =18 °C; (¢) AT=12°C; and (d) AT =6 °C.
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Fig. 9. Evolution of the melting process of the PCM for case 5: (a) AT =24 °C; (b) AT =18°C; (c) AT=12°C; and (d) AT =6 °C.

temperature, A7, half-thickness of the PCM layer, £,/2,
and the thermal conductivity of the PCM, kpcy.

Fig. 10 shows the results for all simulated cases and
temperature conditions in a dimensionless form. Fig.
10a,c,e,g,i (upper row) present the Nusselt number for
each case, and Fig. 10b,d,f,h,j (lower row) present the
corresponding melt fraction.

One can see from Fig. 10 that for both the Nusselt
number and the melt fraction in each case, the curves
at different A7 merge into a single curve when the melt
fraction is relatively low, up to about 0.4-0.6. At the
higher melt fractions, the behavior is different for the
“wide” and “narrow’ cases: for cases 1, 2, and 5 (Fig.
10b,d.j) the curves diverge at higher melt fractions, while
for cases 3 and 4 the curves continue to follow the same
pattern. This result is due to the differences in the melt-
ing processes for wide and narrow systems, as already
discussed in connection with Figs. 5-9. Further analysis
of this phenomenon is conducted later in the paper.

One can see from Fig. 10 that for each separate case
the behavior of the dimensionless heat fluxes corre-
sponds to the behavior of the melt fractions. When the
melt fraction reaches unity, there still is a non-zero (al-
beit very small) heat flux to the liquid phase, which is
cooler than the base.

Fig. 11a—d shows four graphs, each one for cases 1-5,
in which the melt fractions are presented vs. FoSte for
the temperature differences of AT=6°C (a), AT =
12°C (b), AT = 18 °C (c), and AT = 24 °C (d) separately.
One can see that the results for different cases differ
significantly at any given AT. This means that the
product FoSte cannot account for the differences in
geometry.

One of the ways to relate to the geometry is to con-
sider the effect of the fin efficiency. Thus, the fin effi-
ciency, 7y, is defined in the literature as the ratio of the
actual heat transfer to the heat transfer, were the whole
fin at the temperature of the base. It is important to
note, however, that the fin efficiency is commonly used
to characterize fin performance in a given environment,
while in our case the environment is changing through-
out the process. Thus, it would not be possible to exactly

define the fin efficiency in this case. On the other hand,
the considerations related to fin efficiency are still help-
ful, as shown in the following scale analysis and its out-
come in Fig. 1le-h.

The fin efficiency depends on the parameter
Ig\/hP/kiA., which includes the fin length /, fin cross-
section area A, perimeter of this area P, thermal con-
ductivity of the fin material k¢ and the heat transfer
coefficient /1, from the fin to the surroundings. Some of
these parameters are easy to define. For example, in
our study, the fin material is the same in all cases, there-
fore k¢ remains constant. For the adopted fin shape, we
have P/A.=2/l; where [, is the fin thickness. We also
know the fin length, /.

The heat transfer coefficient /2, however, varies with
the melt fraction. The dependence of / on the process
itself makes it impossible to calculate it from the given
parameters, which is essential for dimensional analysis.

In order to overcome this difficulty, a scaling proce-
dure is used to estimate the order of magnitude of the
heat transfer coefficient. Using the available parameters,
we can scale it as i ~ kpcp/(lp/2), using the thermal con-
ductivity of the PCM and the half-thickness of the PCM
layer. This scale analysis provides an insight into the ef-
fect of fin parameters on the system behavior, since it is
possible now to establish that

-~
Ii\/hP ki ~ l—f ‘;CCM l—‘ (10)
t f b

1.e. the fin efficiency would depend on the ratio of the fin
length to its thickness, /f//;. It is worth to note that while
the term (kpCM/kf)” z(l[/lb)”2 in Eq. (10) is constant
under the conditions of the present study, it would be
applicable also in a more general analysis allowing
to include variation in properties and different fin-
to-PCM thickness ratios.

We can express now the fin efficiency in the form of
exp(—C"I{l,), where the efficiency increases with the fin
width, decreases with the fin length, and tends to unity
when the length approaches zero. C* is a parameter pro-
portional to the expression (kPCM/kf)]/Z(lt/lb)” 2,
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Fig. 10. The Nusselt number and melt fraction vs. the product of FoSte: (a,c,e,g,i) Nusselt numbers for cases 1-5, respectively; (b,d,f,h,j) melt fractions for cases 1-5, respectively.

Fig. 11e-h shows four graphs, each one for cases 1-5,
in which the melt fractions are presented vs. (FoSte
exp(—C*Idly)), for the temperature differences of AT =
6°C (e), AT=12°C (f), AT=18°C (g), and AT =
24 °C (h), corresponding to the four graphs of Fig.
11a—d. The results are shown for C* = 0.043, which is
of the same order of magnitude as the square root
expression on the right-hand side of Eq. (10). One can
see that now the differences between different cases are
much smaller, for all the temperature differences ex-
plored in the present study. These results indicate that,
although full convergence of different cases has not been
achieved, the use of the fin parameters in the analysis is
appropriate.

The effect of the transient behavior of the fins is clo-
sely related to the PCM melting process. An appropriate
choice and definition of the transient parameters could
contribute toward a generalized correlation of the
PCM melting process in a finned or partitioned system.

Presently we can display the simulated results and
analyze the transient performance of the fins. Fig. 12a
and b shows the temperature distribution in the fins,
of the five cases studied (Table 1) at a temperature differ-
ence of 24 °C, and at melt fractions of 0.5 and 0.9,
respectively. The temperature is expressed in its dimen-
sionless form, as (I'—Tw)/(Tw — Ty), Where Ty, is the
mean melting temperature of the PCM, and T, is
the base temperature. The independent variable is the
dimensionless distance from the base, x»/l;.

The temperature distribution in the fins clearly
shows, that the transient mode dominates all fins
throughout the entire process of PCM melting. “Thick™
fins, which have the same length to thickness ratio, ///,
cases 1 and 5, perform at an almost steady state.
Namely, their temperature is close to base temperature
and almost uniform. The thinner is the fin, the larger
is its temperature distribution, as presented for cases 2,
3, and 4 in Fig. 12a and b.

Obviously, the fin temperature distribution affects the
melting process, and a relevant parameter related to the
fin transient performance has to be chosen. The fin Fou-
rier number is an appropriate parameter, and it has to be
defined for the fin length, as the temperature gradient in
the one-dimensional fin is longitudinal. By this defini-
tion, the same Fourier number represents in our study
four out of five cases simulated. Thus, if introduced into
the independent variables of Fig. 11, the fin Fourier
number could not affect the shape of the curves. How-
ever, at this stage, the fin Fourier number may be used
in an indicative way to display the approach of the fin
to its steady state. This process is illustrated in Fig.
12¢, where the temperature of the fin tip is a dimension-
less dependent variable. It is shown for cases 1-5 vs. the
fin Fourier number.

The figure provides an insight into the phenomena,
which were earlier analyzed in Figs. 5-9. There, the
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Fig. 11. Melt fractions for each AT of the five cases: (a—d) vs. the product of Fourier and Stefan numbers; (e-h) vs. the product of
FoSte and fin efficiency parameter.

the fins of cases 1 and 5 operate at an almost steady
state. On the other hand, the thinnest fins, cases 3-4,
steeply reach the base temperature after the PCM melt-

melting process varied with the PCM layer thickness, /,,
which is, of course, related to the fin thickness, /;, being
ly/l; = const in our study. Fig. 12¢ shows us again that
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Fig. 12. Dimensionless fin temperature for all cases at
AT =24 °C: (a) dimensionless temperature distribution inside
the fins for a melt fraction of 0.5; (b) dimensionless temperature
distribution inside the fins for a melt fraction of 0.9; and (c)
dimensionless temperature of the fin tip as a function of the fin
Fourier number.

ing process has been completed. Thus, the fin Fourier
number, as a sole representative of the fins transient
mode, is useful in the display of those complex pheno-
mena. The fin thickness, /, or the length to thickness

ratio, /f/l;, are dominant geometrical parameters in the
transient process, and have been included in the inde-
pendent variables of Fig. 11e-h.

Until now, we have not discussed a possible effect of
the fluid motion on the melting process. Our numerical
results indicate that convection in the liquid PCM de-
pends not only on the given geometrical parameters,
but also on the melt fraction at a certain time instant.
This point is illustrated in Fig. 13, where the vector flow
field inside the PCM is shown for the following physical
situations: case 1 at melt fractions of 0.3 (Fig. 13a) and
0.6 (Fig. 13b), corresponding to Fig. 5b (AT =18 °C),
and case 3 at melt fraction of 0.6 (Fig. 13c), correspond-
ing to Fig. 7b (AT =18 °C). For the same temperature
difference, one can see from Fig. 13a and b that in the
wide case 1, the flow is weak at V/V, = 0.3 but becomes
stronger at V/V, = 0.6, while for the narrow case 3 (Fig.
13c) the flow is insignificant even at V/V, = 0.6. That has
been seen also in Fig. 10, where the curves for various
AT coincided at low melt fractions for both wide and
narrow cases. At higher melt fractions the curves di-
verged in the wide cases (1,2, 5) but continued to be close
in the narrow ones (3,4). Comparing the results of Figs.
10 and 13, one can conclude that convection in the liquid
phase is an additional physical phenomenon that should
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Fig. 13. Simulated velocity fields: (a) case 1 and melt fraction of
0.3; (b) case 1 and melt fraction of 0.6; and (c) case 3 and melt
fraction of 0.6.
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be accounted for in the analysis for relatively wide layers
at high melt fractions.

This could be done using the Rayleigh number. How-
ever, it has to be examined whether Ra should be based
on the height of the PCM layer, as presented by Ho and
Viskanta [19], or on its width, resembling the approach
common in the analysis of natural convection in enclo-
sures. This problem has been analyzed by Shatikian
[36], based on the results summarized by Raithby and
Hollands [37] and Gebhart et al. [38]. It has been shown
that convective motion in our case is caused by heating
from a side, rather than heating from below, which
would require unattainable values of the Rayleigh num-
ber in the horizontal liquid layer bounded by the fins on
its sides and by the solid PCM from above. Accordingly,
the characteristic length in the Rayleigh number is based
on the height.

Fig. 14 presents the results for case 1, which is the
widest of all considered. Fig. 14a reproduces the melt
fractions vs. FoSte from Fig. 10f, with a significant
divergence of the curves for different A7. Fig. 14b shows
the melt fractions vs. FoSte/Ra"*. The exponent of Ra
has been chosen based on the laminar natural convec-
tion from a vertical isothermal surface, since Ra ~ O
(10% for the parameters of the present study. One can
see from Fig. 14b, that the melt fraction curves for dif-
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Fig. 14. Melt fractions for case 1: (a) vs. FoSte, as in Fig. 10b
and (b) vs. FoSte Ra"™.

ferent AT almost coincide for the melt fractions of above
0.5. On the other hand, for low melt fractions the curves
diverge when plotted vs. a complex containing Ra. Sim-
ilar results are obtained also for the other “wide” cases,
namely cases 2 and 5. As for the “narrow” cases 3 and 4,
an application of Ra leads to divergence of the curves for
the whole range 0 < V/V, < 1. Thus, an application of
the Rayleigh number should be restricted to “wide”
cases, and even there this should be done at high melt
fractions only.

Considering all the different cases, the complexity of
the problem, including the multi-dimensionality, non-
uniform heating, transient character, irregular melting
patterns, and heat transfer to the surroundings, the
trends appear similar, in the representation chosen
presently.

Some of the findings in the present study will be
restricted to the specific geometry of a heat sink with a
horizontal base and vertical fins, due to volumetric
expansion and gravity effects in the PCM. We have con-
sidered here only a constant temperature base, but the
trends presented in the dimensional analysis are a step
toward generalization.

4. Conclusions

In the present work, the processes of melting of a
phase-change material (PCM) in a heat sink with a con-
stant temperature horizontal base, vertical internal fins,
and the top open to air, have been studied numerically.
Transient two- and three-dimensional simulations were
performed using the Fluent 6.0 software. In the simula-
tions, a most complete formulation has been attempted,
which takes into account conduction inside the fins, con-
duction and convection in the PCM, volume change of
the PCM associated with phase transition, density and
viscosity variation in liquid PCM, and heat transfer to
the surrounding air.

In a detailed parametric investigation, the computa-
tional results have illustrated how the melting rate, melt-
ing front profiles, and heat transfer are affected by the
changes in the geometry of the system and the boundary
conditions.

Generalization of the results has been attempted
through a dimensional analysis. It has been shown that
within the same geometry, the Nusselt number and melt
fraction depend on the product of the Fourier and
Stefan numbers. For relatively wide vertical PCM layers,
the Rayleigh number is included, in order to take into
account the effect of convection at advanced stages of
the melting process. For the different geometrical cases,
it has been shown that fin efficiency considerations
should be included in the analysis.

The results of the present study broaden the insight
into the phenomena of the PCM melting process in a
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vertically finned or partitioned system. The simulations
illustrate the trends and relations which may lead to gen-
eralization, and be used in the design of PCM-based
cooling systems.
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