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In this paper, the effect of buoyancy force on the temperature change of the phase change
materials which has been encapsulated in two pipes in a channel, is simulated numerically
using Boussinesq approximation. An application of this topic is in air-conditioning, which uses
ice in the pipes as PCM for coolant and the aim is calculating the PCM discharging time. The
unsteady governing equations including continuity, momentum and energy in the fluid flow
and phase change material for laminar flow regime, have been solved by the well-known
SIMPLE method. The needed time to phase change material reach the inlet temperature of the
fluid flow has been obtained and compared to the results of the lumped temperature
assumption. The results show that the discharging time is 4,000 for Gr=5,000 and 70,000 for
Gr=200,000. It is 25,000 for k:=0.5 and 34,000 for k,=1.5. Also, it is 11,000 for Cp,=103 and
28,000 for Cp,=10% Finally, it has been concluded that due to the fine mixing of PCM because
of buoyancy force, the results are so closed to the results of the lumped temperature

Latent heat; assumption for PCM.
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1. Introduction

When the phase change materials are in phase
change duration time, they are known as
convenient feature materials in heat transfer
technology. Because, in this period, when their
temperature is constant, they act as a heat sink or
heat source. But, after phase change duration,
their temperature varies. With the advancement
in the air conditioning field, the demand for
energy saving has increased. One way to reduce
energy consumption in buildings is to use phase
change materials (PCMs). To do this, the chiller of
the air handling unit is turned on during the
hours of midnight when the electricity
consumption is reduced. In this process, the
water turns to ice inside the capsules located in
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the air duct. Then, in the early hours of the
morning, only the fan of the air conditioner (with
low electricity consumption) is turned on to
allow air to pass through these capsules and
provide the needed cool air for the building. It
was one of the PCMs application, but there are a
lot of usage for them in industry. Then, many
researchers are studying these materials.

Using PCM to save energy or delay the
temperature peak has been evaluated in some
research. The cooling behavior of a vertical plate
in a phase change material/water composite
enclosure under a pulsating heat load was
studied by Ho and Cheng [1]. The PCM was n-
octadecane, and the second fluid was water. The
flow was laminar both in the PCM and in the
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water. Their results reveal that the water layer
has a better capability of heat dissipation than the
PCM. Energy efficiency optimization of the waste
heat recovery system with phase change
materials has been studied by Yan etal. [2]. In this
work, the exhaust gas from the building passes a
heat exchanger, and its other fluid is the
circulation air of the building. The PCM is located
in the heat exchanger. They reported that using
PCM increases the buildings fuel saving from
19% for without PCM to 48% with PCM using.
Khan et al. [3] studied heat transfer of the
building walls in the presence of PCM. Their
results include both the melting and the duration
of PCM after melting. In this study, two models of
the building walls were investigated. In one
model, they found an optimum state by changing
the position of the PCM in the wall.

The effect of buoyancy-driven convection on
melting within spherical or cylindrical containers
is studied by [4-11]. Khodadadi and Zhang [4]
claimed that at the initial time of melting in a
spherical capsule, the conduction mechanism is
dominant. But, by time increasing, due to
buoyancy driven the convection effects has a
main role in the heat transfer mechanism. Assis et
al. [5] studied the PCM melting process in a
spherical shell both experimentally and
numerically. The PCM was paraffin wax which is
used in latent heat, based storage system. Their
results show that the transient melting process
depends on the temperature difference between
the wall, the mean melting temperature of the
PCM, and the diameter of the shell. The melting
process of PCMs inside a spherical capsule has
been studied by Tan et al. [6]. In their study, the
PCM was Paraffin wax n-octadecane. They
investigated the role of the buoyancy driven
convection during melting. Elmozughi et al. [7]
analyzed heat transfer in encapsulated PCM for
high temperature thermal energy storage. The
PCM was sodium nitrate in the stainless-steel
cover. In this study, the PCM is used to
concentrate solar power applications, and
different boundary conditions are applied for
laminar and turbulent flows. Their results show
that melting and solidification processes are
differing due to presence of the buoyancy force in
melting. Aadmi et al. [8] studied PCM melting in a
horizontal tube of thermal energy storage. The
effects of radius of the cylinder on the PCM
melting has been studied. They investigated the
effect of the radius of the pipes on the heat
transfer rate. Their results cover both melting
(isotherm) and after melting durations
(temperature increasing). Zeneli et al. [9]
simulated a silicon-based latent heat thermal
energy storage system operating at ultra-high
temperatures. The effect of the buoyancy driven
force on the PCM melting is investigated. The
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results revealed that a reduction in the melting
time by 31% occurred when the Stefan number
increased by 35%. Mallya and Haussener [10]
studied the buoyancy-driven melting and
solidification heat transfer in encapsulated PCM.
They studied transient dynamic heat transfer
behavior of different PCMs in different shape of
container. They used a 2D transient enthalpy-
porosity method in a fixed grid. They examined
two different PCMs with high and low thermal
conductivity in different geometrical parameters.
The governing equations were natural
convection equations for melted part of PCM.
They have reported a correlation between
melting time and void fraction. Zhao et al. [11]
investigated heat transfer of encapsulated PCM
for thermal energy storage. In this study,
transient 2D simulation has been used to study
the PCM applications in the high temperature
thermal storage in solar power systems. In this
study, the PCM was NaNOs, which is encapsulated
by a stainless steel in a cylindrical capsule. The
flow regime was laminar and turbulent. The
method was enthalpy-porosity approach. Bayat
et al. [12] studied finned heat sink performance
enhancement with nanoparticles in PCM. Due to
the low conductivity of PCMs, they added copper
oxide and aluminum oxide nanoparticles up to
6% volume fraction to paraffin as a PCM. Their
results show that adding aluminum oxide in a low
volume fraction (2%) has a better performance.

One of the weak points of the PCMs is having
low thermal conductivity. The effect of the
pretense of internal fins in a PCM heat sink has
been studied by Shatikian et al. [13]. The PCM is
located between the fins, and heat is transferred
from the base plate to the fins and the PCM. The
top of the domain is open and is in contact with
air. They simulated it by the Fluent 6.0 software
and their results show the melting characteristics
are depending on the thermal properties of the
PCM and the geometrical parameters. Aziz et al.
[14] studied the PCM behavior in a spherical
capsule. Since the main weakness of the PCMs is
their low thermal conductivity, they used metal
fins to improve the thermal conductive
coefficient of the PCMs in different shell
materials. Their results show that using the
copper coating with fins reduces the melting time
by 37%. Thermal energy storages need a material
with high heat capacity. The PCM in the phase
change time, rules as a fluid with high heat
capacity. Mourad et al. [15] modeled the nano-
enhanced paraffin wax as PCM by the enthalpy-
porosity method. They showed that the
nanoparticles reduced the melting time by 62%
compared with the base case.

As mentioned in the above works [1-15],
PCMs are useful to save energy and release it at
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the needed times. This is due to the large
isothermal specific heat capacity.

In this paper, heat transfer and fluid flow in a
channel equipped with two pipes containing PCM
have been studied numerically. The optimum size
and location of the pipes were obtained in the
previous work [16]. Change in the phase change
material temperature depends on various
parameters, including phase change material to
fluid flow properties ratios such as thermal
conductivity, specific heat capacity, and the
Grashof number of the PCM. Then, for simulation,
the effect of buoyancy force in the pipes, the
effects of PCM on heat transfer flow conductivity
ratio (kr), their special heat capacity ratio (Cpr),
and Grashof number were studied. Defining the
discharging time of the PCM in different
parameter values (kr, Cpr, Gr) is important, as it
needs to be charged again before heat transfer
vanishes. In comparison with the previous work
[16], in the last work, the PCM was in the phase
change duration with constant temperature. But,
in this study, the PCM is fully melted, and its
temperature increases over time. Then, in this
study, the effects of buoyancy force in different kr,
Cpr, and Gr on the discharging time of the PCM
have been studied. Discharging time is a time
which the PCM should leave the system to be
charged after reaching the temperature of the
passing fluid. An application of this topic is in air-
conditioning, which uses ice in the pipes as PCM
for coolant and the aim is calculating the PCM
discharging time. The longer the discharge time,
is favorable in using encapsulated PCM in air
conditioning and other applications such as CPUs
cooling.

2. Governing Equations and

Boundary Conditions

The geometry of a vertical channel which
equipped by two cylinders containing PCM is
shown in Fig. 1. The flow is laminar, unsteady,
incompressible and two dimensional. The
optimum diameter (D) and situation (B) of the
PCM containers have been obtained in the
previous study [16] and are d=D/H=0.165 and
b=B/H=0.175, as used in this study.

Due to symmetry, the solution domain starts
at a boundary of the channel wall and continues
to the center of the channel. The grid generation
strategy in the fluid flow domain has been
explained in the previous study [16] and in the
PCM (pipe) avoiding singularity in the center of
the pipe, is made of two parts. One part is a
uniform with Cartesian mesh in the center of the
pipe and the other one is an O-type grid. These
domains have overlaps and the results of the
overlaps are used as a boundary condition for
both parts.
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Fig. 1. The geometry of the vertical channel with
two pipes containing PCM

Fig. 2 shows the generated grid. In this figure
the mesh is more compress near the channel and
pipe walls.

Fig. 2. Generated mesh both in the main flow and
in the pipe (PCM)

Because of the body fitted grid (Fig. 2), the
governing equations should transform from the
physical domain to the calculation domain [17,

18]. By introducing the following non-
dimensional parameters,
_X DB Ut U
xi_H! _H' _H! _H 'ui_Ubl
p= P _ 0 —=0o-_pcu _ prUyH
prUy ' Oin — Oo—pcu’ TP
HrCpr Cppcm
Pr= ,Pe = RePr, Cp, = —1,
r kf e err,Cp, Cpf (1)
k. = kpcu _ Hpcm _ Ppcm
T kf T #f YT pf ’
Picu
Gr =——BpcmH?g(Oin — Bo—pcu)
Hpcm

the governing equations for laminar flow both in
the fluid and PCM domains can be expressed as
follows [17, 18],
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In the fluid flow,
Continuity,
du® 617
af
Momentum,
ou‘y + vy
P

IS, +[ Sc<]q111/)f) (]qzz 1/)77)] ébD'

where ¥ is “u” or “v”. The first term of the right
side (JS,) is the pressure gradient and ]Sw is the
source term appeared due to non-Cartesian
mesh. Details of the other parameters such as are
expressed in [17, 18].

But, energy is an unsteady equation

0T Ou‘T 0v°T

ac T ag T T

) )] s

Also, the governing equations including
momentum and energy are unsteady for PCM.

=0, (2)

(3)

(4)

The unsteady governing equations for PCM,
Continuity,

du’ 617
65

x-Momentum,

=0, (5)

ou oJu‘u 9vu JSpy
—+—+ =Py
at* 0¢ on Dr

[af (]%1 )+ 5 (]‘hz )] #r]SCD

2 Gr
/(M—r> =T,
pr/ Re

(6)

The buoyancy force is considered by the
Boussinesq approximation for the PCM motion in

the pipes.
y-momentum,
ov  ou‘v 0vv ISy
—+—+ = +
Jat* a¢ an Dr
/q /q Iz (7
1, 22 Hr v
[65( )+617<Rev)+pr15w'
and energy,
oT 6uCT 6vCT
ac ot Yoy T
ky Ja11 0 (]q2 ] (8)
(pCp), [65( Pe Tf) + 617 ( Pe Tn)
+ ST,
(pCp) f5eo
Egs. 4, 6, 7 and 8, are unsteady. The PCM

velocity at initial time is zero and its initial
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temperature is equal to the temperature of the
main inlet flow.

Itis supposed that the thermal conductivity of
the pipe wall is high and the pipe wall is so thin.
Then it doesn’t need to solve the conduction heat
transfer equation in the body of the pipes as a
conjugate problem.

Boundary Conditions

On the channel and the pipe walls, the no-slip
condition is applied and to find out the effect of
the PCM presence, the channel walls have been
supposed to be insulated. Due to the symmetry, in
the middle of the channel the following relation
has been applied,

oy

- =0,
dy y=0

(9)
where 1) denotes to the velocity components,
pressure and temperature.

It is supposed that the velocity profile is fully
developed before arriving the inlet boundary and
will be fully developed again at the outlet
boundary. Based on these explanations, the

boundary conditions at inlet and outlet
boundaries, are expressed as follows,

u(O'Y) = 153’(1 _Y)'U(O'Y) = OrT(OJy) = 1!

ou aT (10)
P = L* = P — =

0x x=L" O'U( 'y) 0' dox x=L* 0

In the interface boundary of the PCM and fluid
flow (pipe wall) the temperature is obtained as
follow and is used as a boundary condition for
both the fluid flow and the PCM temperature,

Fig. 3. The geometrical parameters to apply the main flow
and PCM interface boundary condition

The continuous heat flux and temperature of the
PCM and fluid flow in the interface, leads to,

u(0,y) = 1.5y(1 —y),v(0,y) = 0,T(0,y) =1,

aT‘ L (11)
on f on PCM
then,
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TA - Tint Tint B TB

—ky c = —kpcu —d (12)
By introducing

A= k‘;%% (13)
Then,

Tint = b?%ln, (14)

where T, is obtained in numerical solution and, is
obtained by the following interpolation,
bTi + aTL-_l

=— = 15
A b +a ) ( )

In Eq. (15), T;, T;_; are obtained by numerical
solution but a, b, ¢ should be obtained by the
geometrical operations. y is obtained using the
position of the node “i”, g is obtained using the
pipe nodes on the interface boundaryand 6 = g —
y. Then ¢ = h.cos6 and a = h. sinf.

3. Numerical Procedure

The governing equation has been solved by a
finite volume method. The interpolation of the
Rhie and Chow [19] has been applied to find the
velocity component on the cell’s boundaries. In
the unsteady equations (4,6,7,8) which have a
temporal term, the fully implicit method [20] has
been used to discrete this term. Also, for
convective terms, the HYBRID differencing [21] is
applied. Finally, the SIMPLE method [22] used to
solve the fluid flow and the PCM domains in a
FORTRAN computer code written by the author.

The under-relaxation factors for x and y-
momentum, pressure correction and energy
equations are 0.7, 0.7, 0.1 and 0.9 respectively.
Solution convergence has been checked after
each time step. Because of the mesh configuration
and the reasons of choosing such a body fitted
mesh as described in the previous work [16] the
fluid domain is made of two parts. The results of
the interface have been used as a boundary
condition for other part. Due to the large
variation in temperature at initial times, the time
step is not uniform and is small at initial times,
and by time increasing, the time step grows up.

Results are based on the mean temperature of
the PCM and change in the fluid bulk
temperature. The temperature of the PCM is
obtained by the average temperature of the PCM
in the pipe,

4

Tpem = W—L—PCMT dA, (16)
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and the fluid bulk temperature is obtained by the

following formulas as obtained in [16],

y=0.5

Ty = zf uT dy, (17)
y=0

The heat transfer rate from the working fluid
to the PCM has been obtained as follow,
9
k(ein - gblock)
where AT}, is the change in the inlet and outlet
temperature of the fluid bulk temperature. Then,
the Pe.AT, can be used to calculated the heat
transfer from the fluid flow to the PCM.

The grid independency of results for Re=700,
Pr=3, b=0.175, d=0.165 is carried out in the
previous study [16] and the mesh with 312 x 52

nodes with maximum error less than 2% has
been selected.

= Pe.ATb, (18)

To avoid repetition, the code validity is not
presented in the present paper and it has been
shown in the previous work [16] by compare the
results with [23-25] for air flow around the
isothermal cylinder at Rep=40 with the maximum
error 2%.

4. Results and Discussion

One of the optimum states obtained in the
previous study [16] is Re=700, Pr=300, d=0.165,
b=0.175. The following results are reported
based on this state. The effective parameters in
this study are Cp,,Gr, k., p, and p, The default
parameters are Cp, = 10%, Gr =2 x 104
k. =1,p, = 1,4, = 1 The results are presented to
report the needed time for PCM temperature to
reach the 0.99 of the fluid inlet temperature
(discharge time) and the change in the fluid bulk
temperature. The results will be presented to find
out the effects of the Cp,, Gr, k, on the discharge
time of the PCM.

In Fig. 4, the streamlines for different times in
the fluid flow and in the pipe (filled with PCM)
have been shown for Cp, = 10%,Gr = 2 x 104k, =
1,p, = 1,u, = 1.1t is clear from the governing Egs.
(2, 3) that the results of the fluid flow are just
depend on the Reynolds number. Then the
streamlines in the Fig. 4 which is plotted for
Re=700 are same for different times. In the other
hand, the fluid flow domain results are time
independent. In this figure, the streamlines in the
PCM due to buoyancy force for different times are
shown. By time increasing the effect of the inlet
temperature on the PCM temperature will be
more sensible and it will affect the circulation
velocity of the PCM and its streamlines.
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t*=7930

Fig. 4. Streamlines both in the main flow and
PCM at different times

As expressed ftom Eqgs. (4, 6, 7, 8) the
temperature of the fluid and the PCM are time
dependent. Fig. 5, shows the time dependent
temperature of the PCM and the fluid flow for
Cp, =10%Gr =2x10%k, =1,p, = Ly, = 1. It is
supposed that the PCM phase change duration
(constant temperature) has been finished and
then, its temperature increases by time.

For the initial times the temperature of the
PCM is the melting temperature (To-pcm). By time
increasing, the PCM temperature is influenced by
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the temperature of the working fluid. For the
initial times the situation of the minimum
temperature of the PCM is closer to the right side
of the pipe. By time increasing this point moves
toward the left side. This is due to the effect of the
buoyancy force. By time increases, this parameter
which is introduced by Grashof number has more
effect on the PCM velocity components. By more
increasing in time, the temperature of the PCM
will be more uniform due to effect of the mixing,
caused by the buoyancy force.

Such as the PCM temperature, the
temperature of the fluid flow varied by time, due
to change in the pipe wall temperature. In the
other hand, the PCM get heat from the fluid flow
and its temperature will increase. The increased
temperature of the PCM which is act as a
boundary condition for the working fluid
temperature causes increase in the working fluid
temperature. Approaching the final times, the
temperature of the PCM and outlet flow will be
close to the inlet temperature. In summary,
change in the temperature of the fluid flow and
PCM are more sensible in the initial times and by
time increasing the rate of temperature change
decreases.
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Fig. 5. Streamlines both in the main flow and PCM
at different times

The effects of the effective parameters
including specific heat capacity ratio, thermal
conductivity ratio and the Grashof number on the
temperature of the PCM and the heat transfer
rate from the fluid flow to the PCM is depicted in
Figs. 6-8.

Fig. 6 shows the temperature variation of the
PCM and the working fluid by time. It has been
shown that the temperature variations at initial
times is high. By time increasing, this variations
rate will decrease. It is due to temperature
increasing of the PCM which reduces the heat
transfer between the PCM and the working fluid.
By increase in specific heat capacity ratio the
temperature increasing rate decreases and the
temperature of the PCM increases slowly. This
behavior is also, visible in the fluid flow
temperature increasing as a function of the
specific heat capacity ratio. The rate of the
temperature increasing at the first step times is
high but by approaching to the final times, the
temperature increasing steep will decrease.
Because, in general, this heat transfer is in the
sensible domain and by increase in “Cp” ratio, it is
obvious that the increasing temperature rate will
decrease. The change in the working fluid
temperature is a little complicated at initial times
(less than 4,000).

Then the needed time for the PCM
temperature to reach 0.99 is higher for lower Cpr.
This trend of changing the temperature can be
seen in the results of [3, 8]. The results show that
the discharging time is 11,000 for Cpr=103 and
28,000 for Cpr=10*% It is clear that by time
spending, the temperature of the PCM increased
due to get heat from the main fluid flow.
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Fig. 6. (a) the mean temperature of PCM and (b) the fluid
bulk temperature variation at different specific
heat capacity ratio number vs. time

Effect of “k” is shown in Fig. 7. This parameter
has effect on the problem as can be seen in Egs (8,
13). It has been shown that by increase in this
ratio, the temperature of the PCM increases in a
shorter time. It is due to increase in diffusion
terms in Eq. (8) for the PCM temperature. Also,
the change in the working fluid decreases by
increase in this parameter due to reduction in
diffusion terms in Eq. (8). Then the needed time
for the PCM temperature to reach 0.99 is higher
for lower k.. The results show that the
discharging time is 25,000 for k:=0.5 and is
34,000 for kr=1.5.
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Fig. 7. (a) the mean temperature of PCM and (b) the fluid
bulk temperature variation at different thermal conductivity
ratio number vs. time

35000

The effect of the Grashof number is illustrated
in Fig. (8). It is shown that for higher Grashof
number the temperature increasing for PCM is
occurred in the shorter times. It is due to the
better mixing of PCM which created the free
convective heat transfer mechanism. In this
mechanism both conduction in diffusion and the
convective terms in the energy equation are
cooperating in the heat transfer between the PCM
and the working fluid. Then the needed time for
the PCM temperature to reach 0.99 is lower for
higher Gr. The results show that the discharging
time is 4,000 for Gr=5,000 and is 70,000 for
Gr=200,000.
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time

In high Grashof number and high “k”, the
results are expected to be closer to the results of
the lumped temperature assumption. High “k”
will occur when the PCM is equipped by the metal
porous medium with high thermal conductivity.
In the high Grashof number the results can
approach the results of the lumped temperature
assumption for the PCM. This phenomenon can
be seen in Fig. (9). It is due to favorable mixing
effects in the PCM which lead the PCM
temperature to be lumped. It can be seen that the
results are adjusted approximately. Also, it can be
concluded that the porous media used to increase
the k- will eliminate the effect of the buoyancy.
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Then to achieve the same results it needs to
use a porous media with high thermal
conductivity. But, executing the computer code
for the pure conduction with k,. = 100 leads to
the results as same as the results for k, = 50. It
means that the increase in k, has a limited effect
on heat transfer to the PCMs. Finally, it can be
seen, that in the beginning times the result of the
lumped temperature assumption has different
with the result of buoyancy model. Because, at
the beginning time the PCM doesn’t mix well and
its temperature is not uniform.
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Fig. 9. A comparison of high buoyancy effect
(Gr = 2 X 10% k,. = 1) and high conductivity effect
(Gr = 0, k, = 50) and lumped temperature assumption,
for mean temperature of PCM

5. Conclusions

One way to reduce energy consumption in
buildings is to use PCM. In air conditioning, the
chiller can turn on in midnight when the
electricity consumption is minimum to make ice
in the capsules. At the morning, only the fan of the
air  conditioner (with low electricity
consumption) is turned on to pass air through
these capsules and provide the needed cool air
for the building. The aim is calculating the PCM
discharging time. In this paper, a channel
equipped by two pipes filled with PCMs has been
studied numerically. The governing equation
including continuity, momentum and energy in
both the PCM and the working fluid have been
solved by control volume method (SIMPLE) in
curvilinear coordinate.

The problem simulated after melting point for
PCM when its temperature increased by heat
getting from the outer fluid flow. The buoyancy
driven is considered and modeled by the
Boussinesq approximation. The effects of the
important parameters such as PCM to the
working fluid specific heat capacity ratio, thermal
conductivity ratio and the Grashof number have
been studied. It has been found that in higher
Grashof number due to well PCM mixing, the heat
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transfer rate from the working fluid to the PCM
increased. Also, the effect of the thermal
conductivity ratio, shows that in higher thermal
conductivity for the PCM, the heat transfer rate is
high. Itis because of the improvement in diffusion
terms in the energy equation. Finally, the effect of
the specific heat capacity ratio shows that in
higher ratio, the temperature increasing rate of
the PCM reduces.

The results show that the nondimensional
discharging time is 4,000 for Gr=5,000 while is
70,000 for Gr=200,000. It is 25,000 for k.=0.5
while is 34,000 for k=1.5. Also, it is 11,000 for
Cpr=103 while is 28,000 for Cpr=10% In some
situations, such as in high Grashof number, due to
well mixing, the temperature of the PCM can be
supposed to be lumped. Also, in the beginning
time, when the PCM is not well mixed, the results
differ from the results of the lumped temperature
assumption.

Nomenclature
b,B  The distance of the pipe from the wall [m]
Cp Specific heat capacity [J/kg.K]

d,D

Diameter [m]

g Gravity [m/s?]

Gr Grashof number
H Height of the channel [m]
k Thermal conductivity [W/mK]

L Channel length [m]

m Mas [kg]
m Flow mass rate [kg/s]
p,P  Pressure [Pa]

Nu Nusselt number
Pe Peclet number
Pr Prandtl number

0 Heat transfer rate [W]

Re Reynolds number

Rep  Reynolds number based on “D”
t Time [s]
T Temperature [K]
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Velocity components [m/s]

u,v  Nondimensional velocity components
x,y coordinate [m]

X,y Nondimensional X, Y

Greek Symbol

4 Thermal expansion coefficient [1/K]
&n Curvilinear coordinate components
0 Temperature, [K]

u Viscosity, [Pa.s]

P Density [kg/m3]

Y General velocity components [m/s]
Superscripts

c Contravariant velocities

* Nondimentional time and length
Subscripts

b Fluid bulk value

f Fluid

in Interface

out  Outlet

PCM Phase change material

R PCM to working fluid properties ratio

0 Value at the initial time
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