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ABSTRACT

Phase change materials (PCMs) are the most attractive
thermal energy storage media due to their reduced storage
volume and isothermal behavior during charging and
discharging processes. Their main drawback is the slow thermal
response due to the low thermal conductivity. Various methods
for PCM thermal conductivity enhancement have been
investigated by many researchers. The present study has the
objective of investigating fins for enhancing thermal
conductivity of PCM and meliorate their thermal performance.
The formulated model for the horizontal radial finned tube is
based on pure conduction in the PCM and numerically treated
by finite difference and Alternating Direction Implicit (ADI)
formulation. The numerical code is optimized and the
numerical predictions were validated against experimental
results. Additional numerical and experimental measurements
were realized to investigate the effects of the cooling fluid
temperature, its mass flow rate, diameter, thickness and
material of the fin on the interface velocity, solidified mass and
the time for complete solidification.

INTRODUCTION

Phase change materials (PCMs) are attractive as thermal
energy storage media due to their high thermal capacity and
their isothermal behaviour during the phase change processes
compared with sensible heat storage systems. However, latent
heat storage technology is still not widely accepted in practical
applications because of their low thermal conductivity.
Therefore, effective enhancement methods for the liquid—solid
phase change are the key issues for their practical application in
latent heat energy storage systems. Some early works are worth
mentioning because they treated certain aspects of the phase
change process in the early developments stages as [1, 2].
Padmanabhan and Murthy [1] presented a numerical study for
the phase change process occurring in a cylindrical annulus in
which rectangular, uniformly spaced axial fins, spanning the
annulus are attached to the inner isothermal tube. The time-
wise evolution of the interface profile, phase-change fraction
and energy stored/discharged were presented. Later, Ismail et
al. [2] presented the results of a numerical and experimental
investigation on finned tubes. The number of fins, fin length,
fin thickness, the degree of super heat and the aspect ratio of
the annular spacing were found to influence the time for
complete solidification, solidified mass fraction and the total
stored energy.
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A numerical and experimental investigation was realized
by Kayansayan and Acar [3] on a cold thermal energy
storagesystem involving phase-change process dominated by
heat conduction. The problem involved a fluid flowing inside a
horizontal finned tube surrounded by PCM. Comparison
between the numerical predictions and the experimental data
showed good agreement.

A different approach to enhance thermal conductivity of the
PCM was investigated by Jegadheeswaran and Pohekar [4].
They presented the results of a numerical study to investigate
the performance enhancement of a latent heat storage unit of
shell and tube configuration due to the dispersion of high
conductivity particles in the PCM during charging process.

The concept of storage of any type of energy can have a
positive impact on greenhouse—gas emissions. The urgent need
to control greenhouse—gas emissions and better use of energy
and other resources can boost up and extends the applicability
of PCM to other areas. Anisur et al. [5] emphasized the
opportunities for energy savings and greenhouse-gas emissions
reduction with the implementation of PCM in TES systems.
About 3.43% of CO2 emission by 2020 could be reduced
through the application of PCM in building and solar thermal
power systems. Similarly, energy conservation and GHGs
emission reduction by other PCM applications for thermal
comfort of vehicles, transport refrigeration, greenhouse and
waste heat management are also presented.

Ismail et al. [6] presented the results of a numerical study on
internally and externally finned annulus in which the internal
tube has external fins while the external tube has internal fins.
This arrangement was investigated with the objective of
increasing the heat transfer rate, reducing the time for complete
phase change and allowing for simultaneous charging and
discharging processes. The proposed model was based upon
pure conduction and its validity was established by comparison
with available data. In another work Ismail et al. [7] presented
the results of an investigation on axially finned tubes to
enhance the processes of charging and discharging thermal
storage units.

The objective of the present paper is to investigate the effect
of radial finned tube on the enhancement of solidification and
reduction of time for complete solidification during the phase
change process. A pure conduction model was formulated and
solved by finite difference. The numerical predictions and
method of solution were validated against experimental results
showing reasonably good agreement.
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NOMENCLATURE

c [Jkg'K™! Specific heat

C [Im’K] Heat capacity per unit volume

qarn) [Im>K] Heat capacity per unit volume including phase change
H [Jm?] Enthalpy per unit volume

k [Wm'K! Thermal conductivity

kr) [Wm'K" Thermal conductivity including phase change
L [Jkg'] Latent heat of solidification

T [K] Temperature

r [m] Radial coordinate

R [-1 Dimensionless radial coordinate

s(t) [m] Interface position

z [m] Axial coordinate

Z [-1 Dimensionless axial coordinate

Special characters
o [-]

AT [m]

[°]

[-]
[Jm?]
[kgm™]
[-]

[-]

Dirac delta function

Half the phase change temperature range
Dimensionless temperature

Unit function

Latent heat of solidification per unit volume
Density

Dimensionless time

Dimensionless phase change temperature range

D RREEE

Subscripts

Fin

Wall

internal

External

Phase change

Solid or interface position
Liquid
FORMULATION OF THE MODEL

The present problem treats the solidification of PCM inside
a storage tank of the latent heat type composed of a bundle of
horizontal tubes fitted with radial fins and extending along the
length of the storage tank. Since the objective of the
investigation is to study the process of phase change around
tubes with radial fins, a representative section of this
configuration which is composed of the finned tube surrounded
by a symmetry circle and extending from entry to exit along the
storage tank is shown in Fig. 1. The symmetry circle is defined
as the limiting boundary beyond which there is no heat transfer
or phase change. The PCM is placed in the space between the
finned tube and the boundary of the symmetry circle while the
cold cooling fluid flows inside the finned tubes solidifying the
PCM externally around them. Fig. 1 shows a general layout of
the problem and the instantaneous interface between the
solidified and the liquid PCM.

In order to formulate the model a two dimensional
coordinate system is used, where the z direction is along the
finned tube axis and the radial coordinate is along the radial
direction. Some assumptions are admitted to be able to
formulate the model. For example, the PCM is considered as a
pure substance, incompressible, has constant phase change
temperature, and initially in the liquid phase. The physical
properties such as density, specific heat and thermal
conductivity of the solid and liquid phases are known. The
mechanism of heat exchange during the phase change process is

kwsmmg‘s
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controlled by pure conduction and convection in the PCM liquid
phase is neglected.

7

Figure 1 Sketch of the problem of phase change around a
finned tube

At any instant, one can write the governing equations and
the associated boundary conditions in cylindrical coordinates as
the energy equation of the solid PCM is

JdI, 1d ar\ d(, dT.
pC,—=——|rk,—> |+—| k,—*
dt  ror ar ) dz\'° Jdr
the energy equation of the liquid PCM

71, o), 3, 7)
ar or

plcl?t ror +&_z

the boundary conditions at the solid / liquid interface

2
(kx ot ﬂ] 1+(ﬂj —pL%
or or dz

Ea
T,=T,=T, r=s()

ey

(©))

3)

“)
boundary condition at the wall of the tube
r=r, T=T,

boundary condition at the symmetry circle

aT

2 -0

or

boundary condition at the tube entrance section
z=7g aIT _,

dz

boundary condition at the tube exit section
7=z, IT _,

dz

the initial and final conditions can be written as

T(r,z,t.y) =T, +AT
T(r,z,t;)=T,-AT

where AT is half of the phase change temperature range.

(&)

r=r,

(6)

(N

®)

Following Bonacina et al. [8], the authors used the enthalpy
approach and equations (1) and (2) can be written as below

a_Tzli(r;(T)’Q_T}ri(;(T)a_Tj 9
dt radr dz

dr ) dz
Where for the case of the fin its thermal properties must be
used
C(T)=p,c, =C,
k(T)=k,
To facilitate the numerical calculations equation (9) and the
associated boundary, initial and final conditions are expressed

c(T)

(10)
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in dimensionless form by using the following dimensionless
variables and parameters

- I a_r.
AT A
= k =~ C
k= o C= o an
= ki\tz > Gy :Q;
C.\‘ru C.\‘
P Ste, = CAT _ CAT.
"k, ) A
G __AT
€= c.’ é:_Tm -7,
k=t 7-Z
’ k.\ rw
Equation (9) in terms of the new variables becomes
02 =12 (k50120 )1 2 (F0) 2 (12)
C@”ar_lzaR(Rk“”aR)+az[km”azj
while the boundary conditions become
tube wall:
¢W = 0 R = 1
symmetry circle:
9 _o R=R (13)
oR
initial interface position:
9 _o z=7=0
oZ
final interface position:
09
—=0 ZzZ=zZ
oZ
Initial and final conditions are respectively:
9=1
9p=1-2¢& (14)

The set of equations of the model and the boundary and
initial conditions were implemented in a computational code.
Numerical tests were realized to ensure that the results are
independent of the choice of the number of grid points. The grid
points which make the results independent according to the
numerical tests is found to be 45 along the tube while the
number of grid points along the radial fin is taken as 33 points.
The time step is taken as 10 s. These values are used in all the
numerical simulations.

EXPERIMENTAL ANALYSIS

In order to validate the model and the numerical predictions
an experimental set up is constructed and instrumented as
shown in Figure 2. The test set up is composed of a compression
refrigerant circuit, secondary fluid circuit, coiled tube heat
exchanger submersed in the secondary fluid tank, the test
section of the finned tube which is connected to the secondary
fluid circuit. The secondary fluid is Ethanol cooled by the
refrigerant flowing through the coiled tube heat exchanger and
its temperature and mass flow rate are controlled as required.
The test section is of rectangular shape built from 15 mm thick
acrylic sheet with the test tube extended across the test section
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filled with PCM (water) whose initial temperature can be varied
as desired. High resolution digital camera is used to photograph
the finned tube and the reference scale to be used to convert the
image dimensions to real values as will be explained later.
Calibrated thermocouples type K, are fixed at entry and exit of
the finned tube, in the PCM test tank, along the finned tube and
in the secondary fluid tank. The thermocouples were calibrated
to within +0.5 °C, image conversion precision to within £0.mm
while the mass flow rate (measured by a calibrated orifice plate)
to within +10™ kg/s.

Measurements were usually taken when the desired testing
conditions were achieved, that is the temperature of the
working fluid in the finned tube, temperature of the Ethanol
tank, temperature of the PCM, and the mass flow rate of the
secondary fluid. Under these initial conditions the chronometer
is started after all initial conditions are registered. During the
first two hours each 5 minutes period all measurement points
are registered and a photograph of the finned tube is taken.
During the third hour measurements are registered each 15
minutes interval. After that the time interval is increased to 30
minutes until the end of the test. The test is considered
terminated when no change in temperature or interface position
is registered during three successive time intervals.

Figure 3 shows the finned tube while Figure 4 shows
interface position in the program Tracker.

_F'

Figure 2 The
experimental installation

Figure 3 Finned tube showing
the PCM interface and
thermocouples
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RESULTS AND DISCUSSION

Validation of the results

The model and the numerical predictions were validated against
experiments conducted by the authors. Figure 5 shows a comparison between
the numerical predictions of the interface velocity and the experimental
measurements for the case of tube with 95 mm fin diameter. As can be seen the
agreement is good. Figure 6 shows a similar comparison for the case of fin with
75 mm diameter indicating a relatively good agreement.

Comparative results for the solidified mass fraction are
shown in Figures (7) and (8). Figure (7) shows a comparison of
the predicted solidified mass fraction and the experimentally
determined mass fraction. As can be seen the agreement is very
good and hence confirming the suitability of the model and the
method of solution to handle the problem of solidification
around finned tubes.
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Figure 5 Numerical and experimental comparison of the
instantaneous interface velocity for a finned tube of 95 mm
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Figure 6 Numerical and experimental comparison of the
instantaneous interface velocity for a finned tube of 70 mm
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Figure 7 Numerical and experimental comparison of the
solidified mass fraction against dimensionless time for a finned
tube of 95 mm diameter
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Figure 8 Numerical and experimental comparison of the
solidified mass fraction against dimensionless time for a finned
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Figure 8 shows a similar comparative result for the case of tube with 70
mm fin diameter. As can be seen the agreement is relatively good except in the
final part of the process where the experimental results are lower values due to
possible losses from the tank insulated top.

Additional simulations were realized to investigate the
geometrical and operational effects of the finned tube such as fin
diameter, thickness, material, and temperature of the cooling
fluid.

Effect of the fin diameter

The effect of the fin diameter on the solidified mass fraction
is shown in Figure 9. As can be seen increasing the fin diameter
increases the heat transfer area, increases the interface velocity
and the solidified mass fraction and consequently reduces the
time for complete solidification.
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Figure 9 Effect of variation of the ratio D;/D,, on the solidified
mass fraction

Effect of the fin thickness

The influence of the fin thickness on the solidified mass
fraction is shown in Figure 10. As can be observed increasing
the fin thickness produces a marginal increase of the solidified
mass fraction and decreases the time for complete solidification.
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Figure 10 Effect of variation of the fin thickness on the
solidified mass fraction

Effect of the tube wall temperature

The effect of the tube wall temperature on the solidified
mass fraction is shown in Figure 11. As can be seen reducing
the tube wall temperature increases the temperature gradient
between the PCM and the finned tube surface and this increases
the interface velocity, increases the solidified mass fraction and
reduces the time for complete solidification.
Effect of the fin material

The effect of the fin material on the solidified mass fraction
is shown in Figure 12. As can be expected metallic finned tubes
good thermal conductors increases the heat transfer rate,
increasing the interface velocity and reducing the time for
complete solidification.
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Figure 11 Effect of variation of the tube wall temperature on
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Figure 12 Effect of variation of the fin material on the
solidified mass fraction

Comparison with bare tube

In order to show explicitly the effect of incorporating fins on
the tube submersed in PCM, additional experiments were
realized with finless tube and the results were compared with
the results of finned tube as in Figure 13 shows the variation of
the interface velocity with time. One can observe the beneficial
effect of the fins on enhancing the interface velocity.
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Figure 13 Experimental interface velocity for finned and finless
tubes
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Figure 14 shows a comparison with the bare tube of the
instantaneous interface position. As can be seen finned tubes
show advanced interface position and hence more solidified
mass fraction than the bare tube.
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Figure 15 shows the energy stored in the cases of bare and
finned tubes. As can be seen the fins strongly enhance the
stored energy and renders the tube elements highly efficient.
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Figure 15 Experimental stored energy for finned and finless
tubes

CONCLUSION

In the present study a model is developed for the
solidification of PCM around a tube with radial fin and was
validated against experimental measurements. The numerical
predictions and the experimental measurements revealed that
increasing the fin diameter increases the interface velocity and
reduces the time for complete solidification. Reducing the
temperature of the cooling fluid enhances the interface velocity
and reduces the time for complete solidification. The fin
thickness appears to have little influence on the interface
velocity or the time for complete solidification. Metallic fins
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seem to enhance the solidification process increasing the
interface velocity and reducing the solidification time.

Few remarks are important to avoid misusing the present
results. First of all the symmetry radius should be larger than
the fin radius to avoid inefficiency of the process. The cooling
fluid temperature should not be too low to avoid inefficiency of
the refrigeration machine, a compromise between the low
temperature and the solidification time should be established.
Finally it is attractive to have finned tubes due to their good
thermal performance. The cost of fabricating these tubes is
relatively high due to the soldering process. An alternative
solution is to use plastic tubes with impregnated metallic
powder to improve their effective thermal conductivity. This at
the moment is under development in our laboratory.
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