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Abstract: This work includes design, manufacture and improvement of a Waste Heat Recovery System
(WHRS) for thermal energy storage unit by using PCM technique. Paraffin wax produced by Al- Durra
refinery (major Iragi oil company) has been used as a phase change material for this purpose. The heat
transfer enhancement has been investigated experimentally and numerically by using perforated and
smooth copper strips which inserted within paraffin wax in the form of fins. These coppers fins were
welded with copper pipes in which water is flow inside it during the discharge process. The effect of fins
and perforated fins with three different size of diameters (2,3 and 4 mm), on the heat transfer of PCM
during melting process has been investigated to selecting the optimum among them. The results obtained
indicate that inserting copper strips mainly rises heat transfer by conduction inside PCM and decreases
the time of melting by about, 16% due to high thermal conductivity of this strips and the smooth fins are
more useful than perforated fins for improving the thermal properties of paraffin wax and the rate of heat
transfer. It is also found that the increase in the diameter of the perforations led to decrease the thermal
performance of the fins.
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1. Introduction

Nowadays scientists, researchers and policy makers have focused on the
employment of naturally available renewable resources because of the increase in global
energy consumption. The massive increase in energy demand is mainly due to
urbanization and rapid industrial growth which causes the reduction of fossil fuels. [1]
[2]. By heating any material to a higher temperature, energy can be stored in it. There
are two general types of heat storage in all materials, latent heat storage and sensible
heat storage. [3] [4]. Thermal energy storage (TES) plays a main part in energy
conservation and can be reduce gap time between energy demand and energy supply
[5]. Sensible heat is the energy that is required to change the temperature as shown in
equation 1 [6].

(
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where: Q is the thermal energy, m is the mass of PCM , Cp is the specific heat
of PCM at constant pressure and AT is the temperature difference[6].

Latent heat storage (LHS) is the energy storage based on the heat absorption or
release. Equation (2), gives the storage capacity of (LHS). Because of the extra positive
terms for Q, the (LHS) has a bigger storage potential[6].

™m Tf (1)
Q= mc, AT + m a,, Ahy, + m Cp AT
Ti ™m

where: an, is the fraction melted, Ti the initial temperature, Ahm: is heat melting per unit
mass, Tm: the melting temperature, Tf: the final temperature.

A perfect PCM should show a high thermal conductivity, a high latent heat of fusion
and a suitable phase-transition temperature [7]. In this work, paraffin wax was used as
PCM due to its efficient latent energy storage. There are many methods to enhance the
rate of heat transfer in the (LHS) system. The technique of finned tubes is one effective
and reliable of these methods[8] [9] [10] while the perforated fins is one of the
enhancement method of heat transfer[11].

(Castell, et al.,) [12] studied the effect of using vertical external fins in PCM units to
increase the heat transfer coefficient as natural convection in the water. Paraffin wax
was used as phase change material with a solar unit. By experimental work natural
convection heat transfer coefficients for (PCM) modules has been determined with two
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different external vertical fin geometries. The results show the technical possible of
external fins for heat storage systems using (PCM).

(A. Reyes, et al.,) [13] studied the effect of distribution and shape of aluminum
foils gotten from waste materials inside paraffin wax, in terms of the solidification
time and thermal conductivity. For the arrangements of vertical perforated foils and
horizontal perforated disks. They found the thermal conductivity had been doubled
when using the aluminum foils. They solved the equations of the solidification process
numerically in (Matlab Software Program) by using Finite Volume Method (FVM). The
relative error was <10 % between the simulated output air temperature and the
experimental values.

The aim of current work is to design a Waste Heat Recovery System to benefit the
waste energy leaving from condenser of an air conditioning unit. For this purpose, a
pair of U- tube with longitudinal fins, (with and without circular perforations) will be
tested. The effect of three different sizes of these perforation on heat transfer response
shall be investigated experimentally and numerically.

2. Numerical Simulation

The simulation in this study were done using ANSYS FLUENT 17.2 software
program. The model in this study is a cylindrical capsule (6 cm diameter, 30 cm long
with thickness 1.5 mm) putted inside a well-insulated rectangular duct as shown in
figure (1). The capsule contains paraffin wax at the initial temperature 25°C.

The assumptions of the model include:

e The PCM is incompressible, Newtonian, and laminar.
e Thermal properties of the wax are changed with the temperature.

3d em

Air flaw in

i

=1 em

B: Twe U tube without fims.

C: Two U finned tubes with and withowt
perforations

Figure (1) Physical symbol of the numerical model.
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The thermal properties of PCMs, as density and viscosity are determined by
correlations below.

m
B 3
= exp(A+T) ( )

P= D (4)
(B(T-Ti)+1) [14]

The governing equations are as follows.
The continuity equation:

W o T ©)
StV @U)=0
The equation of Momentum:

Z(pU)+V-(pUU)=—V-p+pg+VT+F 6)

P is the static pressure, T is the stress tensor,

F is external body forces
pg the gravitational body force and.

The energy equation:

GV (pUH) = V- (KVT) +S Q)

T: the temperature, p is density, S: term of heat source,U is the velocity. The total
enthalpy H of the PCM is the sum of the latent heat, AH and the sensible enthalpy, h.

H = h+AH ®)
T
h=m¢+f C, AT ©)
Tre f

where: h,..r represent the reference enthalpy and T, : reference temperature, and
the latent heat L of the paraffin wax as PCM, is written as:

112



Journal of Engineering and Sustainable Develoy t Vol 23, No.06, November 2079 www.jeasd.org (ISSN 2520-0917)

AH = oL (10)
a : the liquid fraction and is definite:
0 if T < Tsotia
T—-Tsolid .
O T— if  Tsotia <T < Tyquia (11)
1 if T > Tliquid

The tool of generation the mesh which involved in the FLUENT workbench is used
to create the mesh of this model, and this made after creating the geometry of the model.
Since the model is 3D, two possible mesh elements can be used (quadrilateral and
triangle) as shown in figure (2).

(5 W - WP VT TR ) W

Figure (2) Mesh generation of the model

The second order upwind was utilized to solving the energy and momentum
equations, whereas the pressure correction equation was adopted the PRESTO scheme
[15].

3. Experimental work

The test rig was designed and manufactured locally as illustrated in Figure (3) and
(4). A longitudinal fin with circular perforations of diameter (2, 3 and 4) mm were made
in fins surface to test their effect on thermal performance inside PCM capsule. Figure
(5), (6) and (7) show the details of the experimental tests.
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Figure (5) Test section
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Figure (6) Capsule with two copper U tube Figure (7) Capsule with two copper U tube with
perforated longitudinal fins

An air conditioner with 24,000 BTU / h has been used as source of waste hot air to
the test section (HTF1). An additional auxiliary set of heaters (12000W) has been used
inside the channel to ensure that the test section is supplied with hot air with a
temperature of (75°C) at all time of charging (melting) process. To record paraffin wax
temperatures, 9 thermocouples were inserted inside capsule as shown in Figure (8) .

™ T8 17

TS T4

™2 N

-

Figure (8) Thermocouples location inside PCM capsule

4. Results and Discussions

4.1 Meting process of PCM
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Figure (9) shows the transient melting process inside PCM capsule. At the beginning
of the charging, there are no changes of heat transfer because of the rate of conduction
heat transfer not sufficient to do obvious variation in heat transfer, then the heat
transfer change to the convection because of paraffin begins to melt. It seems that the
viscosity effect is greatest at the convection process. The phase change starts in the
outer cylinder wall surface and then inside PCM. Initially, the temperature of the PCM
increases around its initial value until solidus point (the lower limits of the melting
range). Then; the temperature of the paraffin wax (PCM) remains at near constant value
around the melting temperature. After the temperature reaches to liquidus point, the
material is totally melted, i.e. the phase was changed completely . Finally, the
temperature of the paraffin wax (PCM) changes linearly again but at a lesser rate in a
smaller temperature difference between the paraffin wax (PCM) and HTF1.

Figure (10) shows measured temperature distribution with time during charging
(melting) process for nine points within PCM.  Due to low thermal conductivity of
paraffin wax, the upper plan had been stored more heating during charging process, so
more time is needed to make heat travel downwards. This difference in temperatures of
the different points inside PCM was minimized by adding copper strips as fins with
dimensions of (200*6*1) mm for each water pipe because the thermal conductivity of
PCM has been enhanced. Figure (10) shows that inserting copper strips mainly rises
heat transfer by conduction inside PCM and decreases the time of melting by about,
16% due to high thermal conductivity of this strips.

The results showed that perforated fins have lower performance than smooth fins
for improving the heat transfer in the melting processes of PCM. This may be due to the
decrease in the total area of the fins, which is considered as key factor in the rate of heat
transfer by conduction and convection. Moreover, it is detected that melting process in
the lower part of capsule is imperfect (corresponding to the higher part) when not using
fins. This result is referred to incomplete convection process as shown in figure (11).

— Time of melting process / Mint

Figure (9) Time of melting during charging process
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Figure (10) Variation of transient PCM temperature with and without perforated copper strips
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Figure (11) melting process in the PCM capsule
4.2 Solidification Process of PCM

The solidification (or discharging) process is done using a cold water (HTF,) that
flows inside the copper pipes. The water is better than air in discharging process
because of high specific heat [16]. However using of (PCM) for heating the water in a
solar system had been investigated in many studies[12].

The solidification process within PCM is started directly after the melting process is
completed and started around 60°C. The PCM in the capsule is in the liquid phase at the
beginning of the solidification process, so the molten paraffin wax starts to solidify and
releases heat as shown in Figure (12).

At the beginning, (during first 10 minutes), the temperature of paraffin was
decreases suddenly, due to a high temperature variance between PCM and the cold
water, then it will decrease slowly until reach to the equilibrium point between PCM
and HTF,. The amount of enhancement on the solidification process by adding copper
fins was decrease the solidification time by 9% as shown in figure (13).

However, with using circular perforation of three different diameters (2,3 and 4mm),
the solidification time increase by (6,5,3%) respectively.

The solidification happens firstly at the top of the capsule then towards the bottom
and takes more time to reach steady state. The amount of loss of heat at the top of the
PCM capsule being more than the center and bottom of the capsule due to the cold
water is entering from the top part of capsule which absorbs more amount of heat from
molten PCM.
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The second phenomenon about the solidification of molten paraffin, that the paraffin
contacted with the pipes will solidify faster than the other inside the capsule because of
the fast loss of wax heat to the cold water through the pipe as shown in figure (12). This
is the main snag that preventing using all the heat in the molten paraffin, some of which
were exceeded by placing fins to take advantage of the thermal energy in the melting
paraffin wax distanced from the tube. Then, the temperature reaches steady state very
quickly, after complete solidification. Its noted that the whole required melting time is
leaser than the solidification time because the high specific heat of water.

The enhancement in heat transfer from wax to water through finned tubes is due to
the increase of the contact surface area between them. The percentage of enhancement
rate at 1, 15 and 30 minutes are found to be 5.2%, 8.5% and 9.4% respectively, while
adding perforations in the fins do not help to improve the rate of heat transfer, since it
was observed that the increase in the diameter of the circular perorations led to decrease
in thermal effect of the fins as shown in figure (14).

/| <

5 minutes 10 minutes 15 minutes 20 minutes 25 minutes

Figure (12) The process of solidification in PCM
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Figure (13) Effect of copper strips on solidification process inside paraffin wax
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Figure (14) The temperature of HTF2 Comparison between the processes of discharge PCM with

circular perforated fins and without fins

5. Statistical Analysis of the Results.

The statistical software, Design-Expert VV10.0.7 have been used to the experimental
results by using Surface Response Methodology (SRM). Several studies and research
have adopted this type of statistical analysis in the analysis of results [17]. This model

for the temperature distribution, shown in tables (1).

Table (1) Design Summary

Factor Name Units Minimu  Maximum Mean Standard
m Deviation
B Diameter of mm 0.00 4.00 2.25 1.50
perforation
Respo nse Temp. °C 26.50 70.10 52.93 12.44

Figure (15) shows the actual results which spread along the predicted line which

represents a slope line.
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Figures (16) and (17) showed the effect of both factors (time and diameter of
perforation) at the same time on the temperature with the constancy of the other factors.
The design points shown as a red sphere on these figures. This test gives predicted
values very near to actual values and can be used to predict the temperature within
specified levels of the other factors.

Design-Expert® Software

Factor Coding: Actual Tem peratu re (C)
Temperature (C) 4 b Y " - -
« Design Points

I70 1

265

X1=A: Time

X2 = B: Daimeter of perforation

B: Daimeter of perforation (mm)

0 30 60 90 120

A: Time (minute)

Figure (16) Time and daimeter of perforaition contour showing the interactive effect on the
temperature at constant other factors
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Figure (17) view of the interactive effect of time and daimeter of perforaition on the temperature at
constant other factors

6. Comparison Between the Numerical and Experimental Results

Practical experiments and theoretical simulations have been compared as shown in
figure (18). The results show that there was an acceptable approximation between
experimental and theoretical results.

The percent of difference between the experimental and numerical data for melting
processes was less than 10%. The difference between both results (numerical and
experimental) might be because of some assumptions have been assumed in the ANSYS
FLUENT program software.

This include thermal and physical properties of the paraffin wax to simplify the
solution also the location of the thermocouples inside the PCM may be changed during
the solidification or melting of process.
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Figure (18) Comparison between experimental and numerical results for 2UTPF system during
melting process.
7. Numerical Results

The simulation in this study were done using ANSYS FLUENT 17.2 software
program. Figures (19) to (22) display the temperature distribution inside PCM during
discharging and charging process.

It is clear from results that at the beginning of this process the wax melts near the
wall and gradually continues to melt towards the center of the capsule until the melting
process is fully completed.

The PCM temperature contours are nonuniform during charging process due to the
difference in density and wax low thermal conductivity. The melting process occurred
early nearby wall of the capsule then formed layers of molten wax. The molten part of
paraffin wax is pushed to the upper of the test capsule because of the convection and
buoyancy, on the other hand, the solid part of the paraffin wax is pushed down because
of the various densities of the wax at the solid state and liquid state. Adding the fins to
the pipes is found to increase the rate of heat transfer.
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Figure (21) Temperature contours inside PCM during discharging process through 2UTPF
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Figure (22) Temperature contours inside PCM during dischcharging process through 2UTWF

8. Conclusions

Based on the findings of this work, the conclusions below were drawn:

1- Inserting copper strips mainly rises heat transfer by conduction inside PCM and
decreases the time of melting by about, 16% due to high thermal conductivity of this
strips. The amount of enhancement on the solidification process by adding copper
fins has been found to decrease the solidification time by 9%

2- The melting process in the lower part of capsule is imperfect (corresponding to the
higher part) when not using fins.
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3- The results showed that perforated fins have lower performance than smooth fins for

improving the heat transfer. Also, it was observed that the increase in the diameter of
the circular perorations led to decrease in thermal effect of the fins.
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