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1 | INTRODUCTION

| Amir Abdul Razak'

| Zafri Azran Abdul Majid?® |

Summary

The intermittent nature of solar radiation has decreased the performance effi-
ciency of solar heaters. Integrating the solar heater with thermal energy storage
component could increase its performance effectively. In this article, an inves-
tigation on the effect of phase change material (PCM) as the thermal energy
storage component on the performance of square aluminum tube was carried
out experimentally. In the first phase, the temperature behavior of square alu-
minum tube with two types of PCM, namely, generic plant-based PCM (A2)
and paraffin wax (A3), was compared with square aluminum tube without
PCM (Al). In the second phase, the performance of square aluminum tube
was investigated with different paraffin wax masses of 38 g (B1), 48 g (B2),
and 58 g (B3). Based on the result, the A3 tube configuration performed better
than Al and A2 tube configurations with higher heat gain rate (0.08°C/s) and
lower heat discharge rate (—0.04°C/s). The B2 tube configuration was found
to have maximum heat gain of 3.73 kJ with higher heat discharge rate as com-
pared with other square tube configurations. The average temperature differ-
ence between internal and external surface tube of B2 was lower (4.3°C)
leading to higher average temperature difference at ambient temperature of
25.3°C. Instantaneous efficiency of the tube B2 is higher than the B1 and B3
tube configurations by 16% and 26%, respectively. The result suggests that the
insertion of paraffin wax inside the square absorber tube improves the temper-
ature response of the absorber in the situation of intermittent solar radiation.
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Continuous depletion of energy will cause an energy cri-
sis that can affect global stability.> Heavy reliance of fos-

Since a decade ago, fossil energy demand in the form of
petroleum and coal has kept increasing every year and
is expected to grow significantly for the next 50 years.'
This annual increase of energy has raised a major con-
cern about energy sustainability in the future.

sil fuels has contributed towards gradual fuel depletion
as well as global warming through the release of harm-
ful greenhouse gases thus affecting the environment and
existing natural ecosystem in an adverse way.’> Hence,
alternative energy to replace these depleting sources of

Int J Energy Res. 2019;1-12.

wileyonlinelibrary.com/journal/er

© 2019 John Wiley & Sons, Ltd. | 1


https://orcid.org/0000-0001-8082-9369
https://orcid.org/0000-0001-5479-7025
https://orcid.org/0000-0002-9528-7344
https://doi.org/10.1002/er.4971
http://wileyonlinelibrary.com/journal/er
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fer.4971&domain=pdf&date_stamp=2019-11-16

SHAROL ET AL.

—wiLey e

energy is needed to avoid future energy crisis while at
the same time helps to reduce the earth’s environmental
pollution and prevents further damage to the ecosys-
tem.* Renewable energy is one of the feasible candidates
of a back-up source of energy, and in recent years, it
has attracted interest from the research community to
create and invent suitable technologies that can harness
this type of energy. Solar energy is a major source of
renewable energy available in abundant quantity, and
despite its low energy density characteristic and requir-
ing a considerably large area to extract,’ the amount
of solar energy in terms of annual solar radiation that
reaches the surface of earth is much greater than the
combined amount of all nonrenewable energy sources.®
Even so, technologies related to solar energy always suf-
fer from ineffective performance of the device itself dur-
ing application. This is due to the intermittent nature of
the sun's radiation that limits the utilization of solar-
heated device during night time or during off-sunshine
hours and hence preventing it from reaching its true
potentials.

In order to address the issue, utilization of a device
coupled with thermal storage system has been considered
in order to extend useful operating hours of the solar
energy systems.” Research and development of integration
of solar air heater with thermal energy storage material
have become the main focus in the field of solar engineer-
ing technology. Methods of storing thermal energy includ-
ing sensible heat and latent heat have been employed. The
method of latent heat with the application of phase change
material (PCM) has received a special attention because of
its higher energy storage density compared with sensible
heat energy storage material.*® It works on the principle
where the material itself will store and release an amount
of heat when the phase changes during the operation.'*!
A review study of thermal energy storage integration with
solar heaters has been conducted by Haldorai et al.'* From
the study, it is concluded that solar heaters with latent heat
energy storage material as a thermal energy storage com-
ponent provide a better thermal efficiency when compared
with solar heaters employing other types of thermal
energy storage materials. Many solar air heater applica-
tions using latent heat energy storage materials such as
hydrated salt,'® palmitic and lauric acid,"*"* and technical
grade paraffin wax'"'? have been studied. These applica-
tions include space heating/cooling,'® food packaging,'’
and water desalination system.'®

Among these types of PCM, technical grade paraffin
wax is the most popular PCM used for latent heat
energy storage material in solar air heater applications®®
because of its ability to provide a wide range of applica-
tion temperature, less expensive, chemically stable, and
suitable to be used in many types of metal container.”"®

In terms of absorber geometry selection of the con-
tainer, various designs have been studied by previous
researchers such as flat plate with extended surface®
and packed bed.?"**"** Fath?* conducted a simulation
to study a simple integrated solar air heater with varia-
tions of PCM as thermal energy storage inside a cylin-
der tube with different tube arrangements. Based on
the study, paraffin wax performed better with 63.35%
at 0.02 kg/s with zig-zag cylinder tube arrangement
across an airflow direction. An experiment of integrated
flat plate solar air heater was conducted by Enibe** in
which paraffin wax was used as PCM material inside a
slender square module as PCM container. Under natural
air circulation, maximum outlet temperature of the air
heater was 60°C with 50% efficiency. El-Khadraoui
et al”> conducted an experimental comparison of inte-
grated solar air heater where the sizing of the PCM-
filled cavity was presented with the PCM mass deter-
mined using thermal energy balance during the charg-
ing phase. Based on the result, they found that the
solar air heater with PCM was able to maintain a higher
output temperature difference with an efficiency of 17%
higher than the one without PCM. The effect of mass
flow rate and the mass of PCM on the performance of
an integrated solar air heater with finned plate absorber
was investigated by Kabeel et al.>* The experimental
result showed that the heavier the PCM mass, the lon-
ger operation hours of the solar air heater can be
achieved after sunset. The daily efficiency of the heater
with PCM is higher than the one without PCM by
10.8% to 13.6%.

A work done by AA Razak®® focused on the develop-
ment of a single pass cross-matrix absorber (CMA) for
air-based solar collector. In the work, the combination
of different materials of square tube, namely, stainless
steel and aluminum, was used as the thermal absorber
for the collector. The stainless-steel square tube was
used to create the thermal buffer in order to stabilize
the output temperature. However, the heavier fluctua-
tion of solar radiation will affect the overall perfor-
mance of the collector because of the lower thermal
diffusivity of the thick stainless-steel tubes.?” Based on
the authors’ knowledge, there have been no studies with
regard to the integration of matrix absorber with PCM
materials reported in the literature. The main objective
of this work is therefore to investigate the thermal char-
acteristics of square aluminum tubes using PCM as the
thermal energy storage materials. The performance
comparison between generic plant-based PCM and
paraffin wax was conducted. Additionally, the perfor-
mance of the square aluminum tube based on
paraffin wax's mass variation of 38, 48, and 58 g was
conducted.
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2 | DEVICE AND APPARATUS

The experimental devices and apparatus used in this
work are explained in this section. A solar simulator
(consisting of nine units of 150-W halogen lamp) was
used to provide an artificial solar simulation into square
tube absorbers that are capable of producing maximum
solar radiation flux of 1350 W/m?>. In order to determine
the average artificial solar radiation of 900 W/m?, the per-
pendicular distance between the solar simulator's halogen
lamp and the square tubes wax was fixed at 455 mm. Arti-
ficial solar radiation produced by the solar simulator was
measured using a pyranometer (model number SP-110-SS
by Apogee Instrument, USA). Additionally, the tempera-
ture data were measured using six units of k-type thermo-
couple and three units of digital temperature sensor.
Table 1 details out the accuracy of the measuring instru-
ment used in this work. The containment acts as a
miniabsorber comprising aluminum square tubes (with
dimensions of 2-cm height X 2-cm width X 40-cm length)
sprayed with flat black coating system. In order to avoid
heat losses through the bottom and sides of the contain-
ment, a 4-mm thickness of insulation layer was applied.

2.1 | Uncertainty analysis

The uncertainties of the collected data measured by
experimental devices explained in Section 2 are elabo-
rated in this section. Table 2 shows the uncertainties of
evaluation of the parameters used in this study. The
uncertainties measurement from Moffat®® and Yahya
et al*® have been adopted in this work. For x,, number

TABLE 1 Accuracy of measuring instruments used in this work

Measuring Instrument Quantity Accuracy

K-type thermocouple 6 —1.5°C to +1.5°C
Digital temperature sensor 3 —1.0°C to +1.0°C
Pyranometer 1 0.1 W/m?

TABLE 2 Uncertainty of the important parameters involved in

this work
Relative
Description Unit Uncertainty Uncertainty, %
Outer temperature °C +0.10 0.48
Internal temperature °C +0.15 0.72
Ambient temperature °C +0.10 0.48
Solar radiation W/m? +12 2.04

WSS FNERGY RESEARCH :

of measurements made, each has a measurement toler-
ance of o, and the uncertainty of the measurement
parameters, Ug, can be calculated using the following for-
mula:

2.1)

The uncertainty and relative uncertainty of the heat
gained by the square aluminum tube are 0.421 X 10>
kJ and 3.2%, respectively, as obtained from Equation 2.1.

3 | METHODOLOGY

All experimental works have been conducted in the labo-
ratory under a controlled environment. The details of
each experiment conducted are explained in the follow-
ing sections.

3.1 | Measurement of melting and
solidification temperature of generic
plant-based PCM

One of the PCMs used in this study was a generic plant-
based PCM in a solid form manufactured by Ikea. In this
section, the determination of melting and solidification
for generic plant-based PCM was conducted, and the
experimental setup including sensor locations is shown in
Figure 1. Three units of digital temperature sensor were
used to record the temperature data, namely, T1, T2, and
T3. T1 was used to sense the temperature of PCM, while
T2 and T3 were used to sense the water and ambient tem-
perature, respectively. The 1000-W hot plate was used to
increase the water temperature until the heat transfer
occurred in order to increase the temperature of the PCM
material (generic plant-based PCM). The water was stirred
every 15 minutes in order to stabilize the heat distribution
around the PCM until the wax form was in liquid phase at
temperature of 90°C (Figure 1A). Additionally, a small
support made from a nonheat conductor material was used
to support the bottom containment of the PCM. This was
followed by removing the heat source through placing
the assembly in ambient condition in order to replicate
the cooling process (Figure 1B). During the cooling pro-
cess, the temperature readings from all sensors were man-
ually recorded every 10-minute time span for 3 hours of the
cooling process. Figure 2 presents the variation of PCM
drop temperature. As can be seen, the temperature rapidly
drops during the first 20 minutes and then further dropped
gradually before it became constant at around 42°C to 43°C.
It is shown that the solidification temperature of PCM
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FIGURE 1 Experimental setup for determining the melting-solidification temperature of generic plant-based PCM: (A) heating and (B)

cooling [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 \Variation of solidification temperature of generic
plant-based PCM during cooling process

(generic plant-based PCM)is around 42°C to 43°C, in which
latent heat of fusion being released from the system to the
environment occurs for about 20 minutes before it further
solidifies until its temperature approaches to ambient tem-
perature value.’® Additionally, paraffin wax has been used
as the second PCM in order to evaluate the thermal perfor-
mance of the square tube used in this work. The
thermophysical properties of paraffin wax is shown in
Table 3.

TABLE 3 Thermophysical properties of paraffin wax used in this
work3?

Thermophysical Properties Unit Values
Melting temperature °C 58-60
Specific heat kJ/kg K 0.9
Enthalpy of fusion kJ/kg 214.4
Thermal conductivity W/m K 0.2
Solid density kg/m’? 850
Liquid density kg/m® 775

3.2 | Experimental procedure

The experimental works in this study were conducted in
two phases with the setup for both phases shown in
Figure 3. The overall process flow chart of the experimen-
tal works and details of the absorber configuration are
shown in Figure 4 and Table 4, respectively. The first
phase involves experimental comparison of thermal stor-
age capability of Al, A2, and A3 tube configurations.
Under the condition of no air flow (v = 0 m/s), the tubes
were exposed to artificial solar radiation of 900 W/m? for
30 minutes to simulate the charging process. The temper-
ature data were collected and recorded at every 10

Personal
Computer
3 EHES
Aluminum tubes 7 |
Data Logger
(A)
External sensors
§@-_ >
3 3 3
: I -
8 3
2 i g
O N\ r—— o
‘@ I ¢

FIGURE 3 (A) Experimental setup and (B) temperature sensor
location [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Process flow chart
implemented in this work [Colour figure

can be viewed at wileyonlinelibrary.com|

TABLE 4 Detailed thermal absorber configuration used in each
phase of experimental work

Thermal Absorber Configuration Representation
Phase 1

Hollow square aluminum tube Al
Plant-based PCM-filled square aluminum tube A2
Paraffin wax-filled square aluminum tube A3

Phase 2

Square aluminum tube with 38 g selected PCM B1
Square aluminum tube with 48 g selected PCM B2
Square aluminum tube with 58 g selected PCM B3

seconds using a data logger. Temperature sensors T1, T2,
and T3 were used to record the internal tube tempera-
tures containing the PCM, while T4, T5, and T6 were
used to record the external tube temperatures. The dis-
charge process was conducted by removing the solar sim-
ulator and the process continued for another 30 minutes.
Similar procedure of collecting and recording the data
was implemented. Then the selection of PCM material
for the next phase of experiment was made based on
the performance of each square tube configuration from
phase one experiment. The second-phase experiment
involved determining the effect of PCM mass (selected
from phase one experiment) with mass variation of 38,
48, and 58 g in order to investigate the performance and
heat storage capability of each configuration. The mass
was made to have 10-g difference to each other, and this

WSS FNERGY RESEARCH :

Al tube + plant- Al tube +
U based PCM paraffin
l |
A
Thermal characteristic
comparison (Charging and
Discharging rate in °C/s
; 1 .

A

Detail thermal characteristic comparison:
1) Tube temperature (°C)

2) Heat gained (J)

3) Temperature difference (°C)

4) Instantaneous efficiency

5) Validation

mass value was limited to the size capacity of the square
aluminum tube used in this experiment. Similar proce-
dure of collecting and recording the temperature data
was adapted in phase two experimental work.

3.3 | Experimental comparison

In order to confirm the effectiveness of the PCM inside
the square aluminum tube of CMA, an experimental
comparison was carried out with the previous work done
by Majid et al.” The work method was replicated based on
the tube arrangement, temperature measurement proce-
dure, and simulated solar radiation of 590 W/m? and
was performed under a control environment. The out-
come of the experiment would focus on the discussion
related to output temperature profile and heat discharge
rate during the final 15 minutes of the charging process
and will be presented in the latter sections.

4 | RESULTS AND DISCUSSION

4.1 | Comparison study between square
hollow aluminum tube (Al), generic plant-
based PCM-filled square aluminum tube
(A2), and paraffin wax-filled square
aluminum tube (A3)

In order to understand the heat transfer mechanism and
heat storage capability of PCM inside the square aluminum
tubes, three aluminum tubes with different configurations


http://wileyonlinelibrary.com

SHAROL ET AL.

L wiLey e

of A1, A2, and A3 were exposed in an artificial solar radia-
tion for about 30 minutes to simulate charging process and
a further 30 minutes to simulate the discharging process
when the artificial solar radiation was removed. The exper-
imental results are presented in Figure 5 showing the tem-
perature behavior of these tubes taken from an external
sensor. It can be seen clearly in the figure that, during the
initial stage of charging period, the temperature of A1l tube
configuration was rapidly increasing. At t = 500 seconds,
the rate started to reduce and achieve maximum tempera-
ture of 99°C at t = 1810 seconds. This was expected because
of the fact that aluminum is a good thermal diffuser®”*
causing heat distribution throughout the entire tube sec-
tion occurring in a short period of time. In contrast, the
temperature rise rate for A2 and A3 tube configurations
occurs at a slow rate and achieve maximum temperature
of 92.7°C and 93.8°C, respectively.

With the assumption of constant mass and heat capac-
ity of the square aluminum tube and paraffin wax, the
rate of heat charge and discharge was calculated based
on the following equations:

AT
Heat Charging rate = Ch7 (4.1)
Atcy,
ATp;
Heat Discharging rate = ——2 (4.2)
Atpis

where ATcp, ATpis, Atcp, and Atp;; are temperature
differences and times during charging and discharging
period, respectively. In the course of the discharging
period, the temperature drop of Al tube configuration
was slightly faster than the other two tube configurations.
The calculated heat discharging rate for aluminum was
—0.11°C/s as compared with —0.05°C/s and -0.04°C/s
for A2 and A3 tube configurations, respectively. Heat
discharging rate for Al tube configuration experienced
the highest rate of heat release of —0.17°C/s at t = 1930

seconds. The negative sign means heat release from the
systems, in which the rate of heat release by A3 tube con-
figuration is slightly slower than the one by A2 tube con-
figuration.®® This indicates that A3 tube configuration
promotes higher heat storage capability because of its
characteristic to retain the same amount of heat in a
prolonged time compared with the A2 tube configuration.
Based on this result, the paraffin wax was selected as a
PCM material to be used in the next phase of experiment.
Table 5 summarizes the heat charging rate and heat dis-
charge rate of each square aluminum tube configuration.

4.2 | Influence of PCM to the square
aluminum tube absorber (B1, B2, and B3)

In order to study the effect of PCM mass (in this case, par-
affin wax) on the temperature behavior of the square alu-
minum tube, similar experimental procedures used in the
first-phase experiment are adopted here. Figure 6 shows
the temperature behavior of paraffin wax-filled square
aluminum tube with different mass values. As clearly
seen, in the charging period, the temperature of B1 tube
configuration increases slightly faster than the other two
square aluminum tube configurations. This behavior is
expected as the amount of energy required from the heat
supplied to the square aluminum tube to melt the PCM is

TABLE 5 Summary of heat charging and heat discharging rates
of different square aluminum tube configurations

Square

Aluminum Heat Heat Maximum
Tube Charging  Discharging Temperature,
Configuration Rate, °C/s Rate, °C/s °C

Al 0.14 -0.11 99.3

A2 0.07 -0.05 92.7

A3 0.08 -0.04 93.8

FIGURE 5 Temperature behavior of
different square aluminum tube
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configurations: hollow, generic plant-
based PCM-filled and paraffin wax-filled
square aluminum tubes
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FIGURE 6 Temperature behavior of 20
square aluminum tube based on different
masses of paraffin wax

less, as compared with the other two square aluminum
tube configurations. At t = 1800 seconds, the maximum
temperature was achieved by each tube configuration
(91.5°C, 85°C, and 85.4°C for B1, B2, and B3 tube config-
urations, respectively).

During the discharging period, all configurations of
square aluminum tubes experienced fairly the same heat
discharge rate until ¢+ = 2780 seconds in which the tem-
perature drop behavior was slightly faster for B1 tube as
compared with B2 and B3 tubes. The heat discharging
rate for B1 tube was —0.02°C/s as compared with B2
and B3 tube configurations of —0.01°C/s (both having
the same value). The summary of heat charging and
discharging rate of each square aluminum tube configu-
ration is presented in Table 6. The negative sign in the
heat discharging rate value means heat being released
from the systems.

4.3 | Thermal analysis of Bl1, B2, and B3
absorbers

In order to evaluate the performance of each configura-
tion of square aluminum tube with paraffin wax, a ther-
mal analysis was performed to determine each
configuration capability in terms of gaining and storing
the energy. The study conducted by Majid et al®> shows
that square aluminum tube alone tends to increase

TABLE 6 Summary of heat gain and heat discharge rate of
square aluminum tube with different paraffin wax's masses

Square Maximum
Aluminum Heat Heat Tube

Tube Charging  Discharging Temperature,
Configuration Rate, °C/s Rate, °C/s °C

Bl 0.05 —-0.02 92

B2 0.02 —0.01 85.2

B3 0.03 —0.01 85.6

and reduce its temperature faster making it unsuitable
for storage purposes. For assumption, the system in this
study was considered as a closed system and did not
involve any velocity and elevation change. Hence, the
square tube absorber's energy variation during the
charging and discharging period is expressed as fol-
lows™:
Qa1 = macar(Ty — Ti), (4.3)
while energy variation stored by the PCM is expressed
as follows™*:

m
pcm
Qs = Cps ATpcm

At Tavg,pcm < Tl’n7

(4.4)

Mpeml
QS = (%) Tavg,pcm =T,

Mpem

t Cp1ATpem Tavgpem > T,

Qs =

where Qg 4; is the heat gain by the square aluminum
tube (kJ), my, is the mass of aluminum (kg), mp,, is the
mass of PCM (kg), cy; is the specific heat of aluminum
(kJ/kg °C), cp is the specific heat of PCM (solid state)
(kJ/kg °C), Lyem is the latent heat of PCM (kJ/kg), Tpem
is the temperature of PCM (°C), and T, is the melting
temperature (°C). With the no-flow condition (air mass
flowrate, 1 = 0), the total useful energy gained by the sys-
tem can be calculated as the sum of energy gain by both
absorber tube and the PCM as follows:

Qu = Qg,Al + Qs. (4.5)

The charging and discharging instantaneous efficien-
cies of the process are calculated using the following
Equations (4.6) and (4.7)*>3*:
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_ Q
n= AL (4.6)
Qu
= = 4.7
1=04 (4.7)

where Q, and Qp are total useful energy and latent
heat energy by the system in J, respectively, while I and
Ac are solar radiation (W/m?) and aperture area of the
tube (m?), respectively.

The variation of heat gain by the square aluminum
tube is presented in Figure 7. During the first 5 minutes
of the charging period, the heat gain by Bl tube configu-
ration is faster than the other two configurations (B2 and
B3). This observation is expected as the heat received by
the square aluminum tube was less used to melt the par-
affin wax. Unlike B1 tube configuration, B2 and B3 tube
configurations experienced slower heat gains because of
the heat supplied being used to melt the considerably
large amount of paraffin wax. Maximum heat attained
by the Bl tube was 4.04 kJ while for B2 and B3 was
3.73 and 3.77 kJ, respectively. We can conclude that for
B1 tube, the time taken for paraffin wax to completely
melt is faster than the other two configurations. This
was the main contribution of Bl tube achieving maxi-
mum tube temperature during the charging period.

The heat transfer variation during discharging period
for all square tubes is illustrated in Figure 8. The B1 tube
configuration experiences the highest heat discharge rate
among all aluminum tube configurations. Within 5
minutes of the discharging process, the heat content from
B1 tube already reaches 2 kJ. This behavior is expected as
the lesser amount of paraffin wax requires shorter solidi-
fication time, hence the heat released by the system
occurring in a shorter period.

Meanwhile, B3 tube configurations undergoing almost
similar heat discharge rate with the B2 tube configuration

4.5 7
e i
3.5 7
2 37
g
2 2.5
Y
= 27
3
T 1.5 7 . .
—— B3 tube configuration
1 — — B2 tube configuration
057 ---- B1 tube configuration
0 T T T )
0 500 1000 1500 2000
Time, s

FIGURE 7 Variation of heat transfer based on different square
aluminum tube configurations (B1, B2, and B3) during charging
period
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FIGURE 8 Variation of heat transfer on different square
aluminum tube configurations (B1, B2, and B3) during discharge
period

exhibit a slightly lower heat discharge rate as shown in
Figure 8. This was probably due to the uneven heat distri-
bution for B3 tube configuration. During the discharging
period, as the thickness layer of the paraffin wax
increases, we can conclude that the heat stored in the
B3 tube configuration was not able to completely melt
the paraffin wax as a result of low thermal conductivity
of the paraffin wax.>®> Instead, the heat supplied to the
B3 tube configuration was dissipated to the environment
through the internal wall of aluminum tube and upper
surface of the paraffin wax.*® While for B2 tube configu-
ration, almost all heat stored by the paraffin was used
to heat up the aluminum internal wall, leading to the
high-temperature profile. It is concluded that the mass
value of 48 g was the optimum mass value of paraffin
wax to be used in the square aluminum tube for CMA
design.

The difference between external and internal tempera-
ture readings of each square aluminum tube configura-
tion is presented in Figure 9. During the starting of
discharging period at t = 1820 seconds, each square alu-
minum tube configuration experiences higher tempera-
ture inside the tube. Most notably, for B2 tube

AN
SN ——B3 tube configuration

O 74 I \‘\\ \ — — B2 tube configuration

< \ —~
g \ \ e N B1 tube configuration
5 /) \ / A
E _l \“ \,/ \
£ 2 Ay
@ AY)
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Time, s

FIGURE 9 Temperature difference between external and
internal temperature sensors of each square aluminum tube
configuration
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configuration, the average internal and external surface
temperature difference was 4.3°C, as summarized by
Table 7.

In order to evaluate the performance of each tube in
terms of heat storage capability, instantaneous efficiency
of the tube during the discharging process was calculated
using Equation (4.3), and the results are compared and
presented in Figure 10. The discharging instantaneous
efficiency of all tubes are evaluated, for instance at t =
2220 seconds. The B2 tube configuration's instantaneous
discharging efficiency was 69%, which is the highest
among the other two tube configurations of 53% and
43% for Bl and B3 tube configurations, respectively. In
terms of temperature difference between the tube and
ambient temperature at that specific time, B1 and B3 tube
configurations achieved the same temperature difference
of 30°C, which is almost 1°C higher than that of B3 tube
configuration. As can be seen in Figure 8, B2 tube config-
uration discharge rate is the slowest among the other
tubes. This shows that B2 tube configuration is able to
retain the temperature difference with an ambient tem-
perature at a prolonged time and improves the tube per-
formance as a thermal absorber component during
fluctuations of the solar radiation. A potential significant

TABLE 7 Summary of average temperature difference between
internal and external as well as between external surface (T,) and
ambient temperature (T,)

Average
Square Aluminum Average Temperature Ts — T,
Tube Configuration Difference, °C °C
B1 5.3 24.5
B2 4.3 25.3
B3 4.8 24.7
0.8 30.2
Discharging efficiency —#-Temperature difference
g 0.7 30 nL{
(9]
g 06 29.8 ¢
&= 05 L
o 296 €
3 04 °
e 294 5
s 0.3 E
E 0.2 29.2 é
£ 0.1 29 @

o
N
o
00

B1 B2 B3

Tube configuration

FIGURE 10 Instantaneous efficiency-external temperature
mapping of square aluminum tube with paraffin wax mass of (a)

B3, (b) B2, and (c) B1 tube configurations
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improvement is expected when the number of tube
increases.

4.4 | Experimental comparison results

The output temperature profile of the experimental
comparison is presented in Figure 11. During the begin-
ning until the end of the charging process, at t = 15
minutes, the charging rate of square aluminum tube
without PCM achieves the highest rate among the other
square tube configurations. This behavior is expected
because of the higher thermal diffusivity possessed by
aluminum tube.’” As for square aluminum tube with
PCM, the temperature increment during the charging
process is slightly lower than both hollow tubes because
of the fact that the heat received by the tube was used
to melt the PCM. However, these thermophysical prop-
erties were not significant in retaining the heat during
the discharging process as the hollow aluminum tube
experienced the fastest temperature drop. In contrast,
for the aluminum tube with PCM, the temperature drop
occurred at a slower rate compared with other tube con-
figurations. The square aluminum tube with PCM per-
formed better compared with the square stainless-steel
tube with PCM in terms of ability to achieve higher
temperature during charging and retaining the tempera-
ture during the discharging period.

Figure 12 presents the discharging rate of each tube
configuration according to its respective temperature
profiles. Based on the plotted figure, it is found that hol-
low square aluminum tube experiences a rapid
discharging rate of around —0.1°C/s during the first 5
minutes of discharging process. As compared with
discharging rate at the first 5 minutes for other tube
configuration, hollow square stainless steel, square
stainless steel with PCM, and square aluminum with
PCM tube discharging rate are 0.07°C/s, 0.01°C/s, and
0.02°C/s, respectively. As the discharging process goes
further down, the discharging rate of each tube occurs
at almost similar rate, but tubes with PCM are 6.2°C

80 1

— — Al+PCM
- —-SS+PCM

= 70 1

<
o 60 1
-

2
©
ud

50 1
]

Time (min)

FIGURE 11 Temperature profile of each square tube absorber
based on material
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higher than the tube without PCM. This validated result
shows that tubes with PCM perform better in terms of
retaining heat and are therefore useful in solar air.

5 | CONCLUSION

The effects of temperature, energy gain, and storage capa-
bility of square aluminum tubes were studied in this
work. Several square aluminum tubes with different
PCM materials were constructed to investigate their per-
formance by determining their heat charging and
discharging rate. Based on the results, paraffin wax was
chosen as a PCM material to be integrated with the
square aluminum tubes, and their performance was
investigated based on a variation of mass values. Based
on this experimental work, several conclusions are made
as follows:

o Paraffin wax performed slightly better than the
generic plant-based PCM with the earlier providing
high heat charging rate of 0.08°C/s and low heat dis-
charge rate of —0.04°C/s with 63% and 20% slower
than those of hollow tube and generic plant-based
PCM-filled tube, respectively.

« Forty-eight-gram mass of paraffin wax was the opti-
mum value to be used with square aluminum tube
with dimensions of (2 x 2 x 40) cm?>.

« Low thermal conductivity of the paraffin wax leads to
an ineffective heat distribution across paraffin of B3
aluminum tube configuration; this is due to the incre-
ment of paraffin wax thickness layer, causing the heat
dissipated into the environment through the upper
layer of the paraffin wax and internal wall of the alu-
minum tube before it can melt the remaining of the
paraffin wax inside the tube configuration.

14 15 16

[R5 SS+PCM- discharge rate (°C/s)
B4 SS- discharge rate (°C/s)

=== SS+PCM-Temperature (°C)
——SS-Temperature (°C)

FIGURE 12 Temperature profile and
discharge rate of each square tube
configuration during discharging process

« There is a potential of having a high energy gain and
high heat storage capacity when the PCM-square alu-
minum tube configuration to be used in CMA as the
CMA-PCM air heater.

o The thermal absorbers with this feature (PCM inte-
grated inside absorber tube) lead to compact and
space saving collector system with several advantages
such as cost saving for additional insulation material
for PCM containment and also require no additional
spaces as the PCM was inserted inside the existing
structures (aluminum tube absorber).

« The experimental validation has been fully carried
out. It was shown that tubes with PCM performed bet-
ter in terms of heat retaining capability as compared
with the tube without PCM.
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