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Abstract

A numerical study is conducted on the cooling of hot obstacle using a heat storage unit that is filled with phase change
material (PCM) inside a rectangular channel with forced convection flow. The study is carried out for different
thicknesses of phase change material and different heat fluxes. Also the effect of Reynolds number and Prandtl numbers
changes on melting rate and mean temperature of hot obstacle are investigated The results are compared with case
without PCM. The predicted results shows that the mean temperature of the hot obstacle stabilizes around melting point
before the melting of whole PCM occurs and after that, its value that depends on the thickness of PCM and heat flux

value, is comparable with the case without PCM.
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1. Introduction

Many studies have been carried out on the phase change
materials over the last three decades. Phase change
materials are very interesting due to their absorbing of
large amount of energy as latent heat at a constant phase
transition temperature. These materials can be used for
passive heat storage. Major disadvantage of the PCM is
related to their low thermal conductivity which impedes
high rate of charging and discharging of heat flux. These
types of materials have many useful properties including
heat source at constant temperature, heat recovery with
small temperature drop, high storage density, melting
point which matches the application, low vapor pressure (1
bar) at the operational temperature, and chemical stability
and non-corrosiveness. These properties allow the PCM to
be used in many industrial applications such as thermal
storage of solar energy (Alawadhi, 2009, Kamimoto et al.
1985 and Hadjieva et al, 1992) thermal management of
electronic devices (Cabeza et al, 2002, Diarte et al, 2000
and Pal and Joshi, 1996), thermal storage in buildings
(Koschenz and Lehmann, 2002 and Kissock et al, 1998),
and engine cooling (Bellettre et al, 1997 and Vasiliev et al,
2000).

According to Telkes and Raymond (1949), the first
study of phase change materials was carried out in the
1940s. There are few works reported until the 1970s. The
first study on PCM was presented by Barkmann and
Wessling (1975) for use in buildings, and later by other
researchers (Hawes et al, 1993, Morikama et al, 1985 and
Lee and Choi, 1998). Sokolov and Keizman (1991)
presented applications of PCM in a solar collector for first
time in 1991, and later by others, e.g. Rabin et al. (1995),
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Enibe (2002-1) and Einbe (2002-2) and Tey et al. (2002).
Also, there are a few review papers on energy thermal
storage and phase change material (Agyenim et al. 2010
and Farid et al, 2004). Following them, a beneficial review
of thermal energy storage based on PCM was presented by
Zalba et al. (2003). They classified types of PCM based on
material properties, heat transfer and its applications.

In recent years, researchers have shown great interest
in the application of PCM because of greenhouse gas
emission and increasing cost of fossil fuels. Majority of
the experimental and numerical studies are related to
saving of energy in building structures and solar
collectors. Khodadadi and Zhang (2001) studied the effect
of buoyancy-driven convection on constrained melting of
PCM in a spherical unit numerically. Their results showed
the rate of melting at the top region of sphere is faster than
at the bottom region due to increase conduction.

Kandasamy et al. (2008) investigated experimentally
and numerically the use of PCM-based heat sink in
transient thermal management of plastic quad flat package
electronic devices. Tan and Tso (2004) experimentally
studied the cooling of mobile electronic devices using a
heat storage unit filled with n-eicosane inside the unit and
found that the effectiveness of the device depended on the
amount of PCM used.

Tan and Leong (1990) carried out an experimental
study of solidification of pure n-Octadecane within two
rectangular cells with different aspect ratios and three
different constant heat fluxes. Their results showed that a
faster rate of solidification occurred at higher heat rates
and smaller aspect ratios. Hosseinizadeh et al. (2010)
investigated both experimental and numerical study of
constrained and unconstrained melting in a spherical unit
using n-Octadecane as PCM that was initially subcooled to
1 °C. Alawadhi (2009) carried out a numerical study on
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transient laminar flow past an in-line cylinders array
containing phase change material (PCM) using the finite-
element method. He investigated a parametric study of
heat exchanges between the PCM and flow at different
Reynolds numbers and pitch to diameter ratios whereas
Prandtl number was fixed at 0.71. His predicted results
show that the Reynolds number has a significant effect on
the PCM melting time, whereas the pitch to diameter ratio
has an insignificant effect. Bagheri et al. (2010) studied
the transient behavior of a thermal storage module
numerically. The module is composed of a concentric
tube, in which the annulus contains the phase-change
material (PCM) and the inner tube carries the heat transfer
fluid. They used three different PCM. They measured the
charging time for every PCM at the same condition. The
objective of this work is to investigate numerically the
cooling of obstacle with constant heat flux using phase
change material and forced convection flow in a
rectangular channel.

2. Governing Equations

In the numerical study, the flow is considered unsteady,
laminar, incompressible and two-dimensional. The viscous
dissipation term is considered negligible. The viscous
incompressible flow and the temperature distribution are
solved using the Navier-Stokes and thermal energy

equations, respectively. Consequently, the continuity,
momentum, and thermal energy equations can be
expressed as follows:
Continuity:
0.(p) +0;(pu;) =0 1)
Momentum:
9, (pu;) + aj(puiuj) =
pojju; — ;P +pg; + S; (2)

Energy:
d,(ph) + a,(pAh)

+0;(pu;h) = 9;(ko;T) 3)

In these relations, u is the fluid velocity, p is the PCM’s
density, u is the dynamics viscosity, P is the pressure, g is
the gravitational acceleration, k is the thermal conductivity
and h is the sensible enthalpy which is defined as follows:

T
h=h,,+ fTreﬂ C,dT 4)
The enthalpy, H is therefore:
H=h+Ah (5)

Ah is the latent heat content that may vary between zero
(solid) and Lf (liquid), the latent heat of the PCM.
Therefore, liquid fraction A can be defined as follows:

AH/Lf =0 T<T,
A= AH/L,=1 T>T, ©)
AH _ T-Tg
\AH/L, =7 Ti<T<To

In Eq. (2), S is the Darcy’s law damping terms (as source
term) that are added to the momentum equation due to
phase change effect on convection. It is defined as
follows:

_ca-2)?

5 =0 (7)
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The coefficient C is a mushy zone constant which is fixed
at a value of 10° (kg/m3s) for the present study (Assis et
al, 1988).

3. Numerical Procedure

Numerical solution of the present problem is solved using
the commercial software Fluent 6.3. The computational
domain of the model is shown in Figure 1. The domain has
two regions: heat transfer fluid (HTF) region with height
of ha and length of L and PCM region with height of hp
and length of Lp (Lp=ha). Constant heat flux is applied to
the bottom wall of PCM unit. The thermal conductivity
and the thickness of PCM s bottom wall (heat storage unit)
is 400 and 1.5 (mm), respectively. The temperature of cold
air at inlet is fixed 26°C, respectively. n-Octadecane is
selected as PCM that its thermo-physical properties are
taken in table 1. PCM is sub-cooled by 2 °C.

E: I >
u z ha hpi Lp HTF
M R T IIAn
q’ PCM

Fig. 1. Schematic of computational domain

In order to solve the momentum and energy equations, the
power law differencing scheme and the SIMPLE method
for pressure-velocity coupling are used. Also the PRESTO
scheme is adopted for the pressure correction equation.
The under-relaxation factors for the velocity components,
pressure correction, thermal energy and liquid fraction are
0.2, 0.3, 1 and 0.9, respectively. Different grid sizes were
selected and tested to ensure independency of solution
from the adopted grid size based on comparison of melting
fraction. An arrangement of 8,320 grids was found
sufficient for the present numerical study. Adoption of fine
grid distribution allows the use of longer time steps. The
time duration to achieve the full melting is a good
indicator of time step dependency. For case of hp=0.25 cm
and "=1000 w/m2, the PCM melted after 27.5,28.2 and
31.9 minutes with time step increments of 0.002, 0.005
and 0.01 seconds, respectively. Therefore, the time step is
set 0.005 seconds. The number of iterations for every time
step fixed at 40 was found sufficient to satisfy the
convergence criteria (10-5). To validate, a comparison is
done between present study and Assis et al. (2007) work
for melting of RT27 (Rubitherm GmbH) in a sphere. The
liquid fractions for experimental finding and present
numerical study are shown in figure 2. It can be seen that
the present study has a good agreement with Assis et al.
(2007) work.

4. Results and Discussion

Figure 3 shows the contour of liquid fraction at various
time instants in PCM unit. It can be seen that the melting
rate grows in the right side of PCM unit while the time
progresses. It is due to effect of cold HTF in the channel
that strikes to the left side of PCM unit (fig.4). Variation
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of Liquid fraction versus time for different heat flux values
and hp of 0.25 cm is shown in figure 5.

Table 1: Properties of n-Octadecane

Property Value

melting temperature 28/30 °C
Density(solid/liquid) 814 /772 kg/m®
Kinematics Viscosity 5%10° m%s

Specific Heat(s/l)

Thermal

Conductivity(s/l)

Latent Heat of Fusion

Thermal Expansion Coefficient

1990 /2330 J/kg K
0.35/0.1505 W/m K

241.3 ki/kg
0.00091 K*

1 W

Assis et al.(5te=0.1,D=40mm) [ ]
present work .
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Fig. 2. Comparison of variation of liquid fraction between
present study and Assis et al.

It reveals that liquid fraction versus time has a nonlinear
relation with heat flux whereas full melting of PCM occurs
after 14, 28 and 58 minutes for heat flux values of 1500,
1000 and 500 (w/m2), respectively. Figure 6 illustrates a
comparison between mean temperature of hot obstacle for
the case with and without PCM unit at different heat flux
values. For the case with PCM, the mean temperature of
obstacle remained at melting temperature of PCM for
several minutes. It depends on the value of heat flux
because of the high latent heat of PCM. After that it rises
up to a constant temperature quickly when the whole of
the PCM melted. It expected, after full melting of PCM,
the temperature should had been higher than for case
without PCM due to low thermal conductivity of PCM.
But the natural convection in the melted PCM overcomes
to this defect. Although the surfaces of heat transfer are
extended with adding PCM unit (heat storage unit) over
hot obstacle (similar to fin).

Variation of liquid fraction for different thicknesses of
PCM is shown in figure 6. The melting duration of the
whole PCM increases while PCM thickness increases. It is
due to the total value of PCM latent heat (mLy) and the
areas of extensive surfaces are increased.

Figure 8 shows the effect of PCM thickness on the
mean temperature of hot obstacle for constant heat flux of
1000 w/m*. It can be seen that when the thickness of PCM
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increases, the mean temperature of hot obstacle remains
for more time at low temperature.

0.00 0.11 0.21 0.32 0.42 0.53 0.63 0.74 0.84 0.93 0.95 0.95 1.00

£)10 min

€)15 min

d)25 min

Fig. 3. Liquid Fraction contours for different time in the
PCM unit.

a) temperature contour

b) streamlines
Fig. 4. Streamline and temperature contour for g"=1000
w/m2 and hp=0.25cm after 25 min

For instance, for hp=0.5 cm, it remains to 53 minutes in
302.15 K. For hp=0.125 and hp=0.25 cm the final mean
temperature reaches to 353 K and 376 K whereas they are
lower than 376 K (mean temperature for case without
PCM). For hp=0.5 cm, the final mean temperature of
obstacle becomes greater than 376 K. It seems that in the
last case, the natural convection in the PCM zone and the
extensive surfaces could not overcome to low thermal
conductivity (thermal resistance increased with increasing
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of PCM thickness). The effect of HTF Reynolds change
on liquid fraction and mean temperature of hot obstacle for
hp=0.25 cm and g"=1000 w/m? are shown in fig.9. The
mean temperature of hot obstacle decreases extremely
when Reynolds number (mass flow) of HTF increases.
After full melting of PCM, it is lower than one for case
without PCM in each Reynolds number. Also the
difference between these two values decreases when
Reynolds number increases. Change of HTF Prandtl
number has significant effect on liquid fraction and mean
temperature of hot obstacle whereas the whole of PCM
don’t melt for the Prandtl number of 6.2 (fig. 10a).
Although, this is cause to the mean temperature of hot
obstacle remains around melting point of PCM, but the
figure 10b reveals that the mean temperature of hot
obstacle for HTF prandtl of 6.2 is higher than in case
without PCM unit. Therefore, it can be concluded that the
adding of heat storage unit (filled with PCM) appropriates
for HTF flow with low Prandtl number.
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Fig. 5. Variation of liquid fraction for different heat flux
for hp=0.25 cm (Re=800, Pr=0.7)
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Fig 6. Mean temperature on hot surface for case with PCM
and without PCM, (Re=800, Pr=0.7, hp=0.25 cm)
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Fig 7. Variation of liquid fraction for different height of
PCM, (g"=1000 w/m?, Re=800, Pr=0.7)
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5. Conclusion

In the present work, the effect of heat storage unit in the
cooling of hot obstacle inside a rectangular channel with
forced convection flow is studied. This study reveals that
the PCM thickness, heat flux value, Reynolds humber and
Prandtl number of HTF have key roles in the melting rate
and mean temperature of hot obstacle. The predicted
results show the use of PCM as heat sink can stabilize the
mean temperature of obstacle lower than specific
temperature. Although after full melting of PCM, the
mean temperature of obstacle rises sharply, but it can be
appropriate in comparison with the case without PCM
when HTF has low prandtl number.
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