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ABSTRACT

Article history:

The intermittent nature of solar energy source can reduce the performance of solar air
heater (SAH) considerably. The utilization of thermal storage materials demonstrates
an effective way in order to improve an overall performance of SAH. In the present
study, the performance of cross-matrix absorber double-pass solar air heater (CMADPSAH) integrated with the phase change material (PCM) as thermal energy storage
was conducted. The PCM material was inserted inside the rectangular aluminium tube
used as the thermal absorber. The air mass flow rate of 0.004 kg/s was used during the
entire experimental period. The experiment was conducted on several phase; Phase 1
(CMA-DPSAH with PCM) and Phase 2 (CMA-DPSAH without PCM) in order to compare
and evaluate the effectiveness of the PCM utilization. Based on the result, CMA-DPSAH
with PCM performed better than the CMA-DPSAH without PCM with maximum of heat
gain and temperature output were 127 W and 53 oC, respectively. The instantaneous
efficiency of CMA-DPSAH with PCM consistently higher than the CMA-DPSAH without
PCM for about 17 – 19% with the maximum was 64 % during the low radiation flux.
This feature offers a great potential of solar air heater application in the intermittent
solar radiation condition, especially for drying of the agriculture products.
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1. Introduction
Solar engineering technology was going through a great technological advancement in terms of
the design configuration of the solar collector in the past decades. In the application of solar air
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heater (SAH), there were a lot of innovative design of the solar energy harvesting devices have been
highlighted in the literature in order to maximize the rate of heat transfer from the surface of thermal
absorber to the flowing heat transfer fluid [1]. These advancement including the utilization of finned
thermal absorber surfaces [2-4], insertion of porous structure [5-7] and the implementation of
artificial roughness on the thermal absorber surface [8-10] and the execution of multiple pass of heat
transfer fluid (air) [10-12]. However with the intermittent nature of solar energy source [13-14],
making the SAH difficult to achieve a better overall efficiency and limiting its operating time. The
incorporation of thermal energy storage material into the solar energy system has been seen as a
suitable and practical solution in order to maximize the utilization of solar thermal devices in the
situation of intermittent solar radiation and/or during off-sunshine period.
From literature, there have been increasing trends on the study related to the integrated SAH
with the thermal energy storage system in order to increase the performance of the solar air heater.
Some study using sensible energy storage material in order to stock the thermal energy during the
peak hours [15]. However, the major drawback of the sensible energy storage material is that they
require a relatively huge size of material in order to increase the rate of energy stored [16]. As
compared to sensible energy storage material, latent energy storage material in the form of phase
change material (PCM) have a higher energy storage to mass ratio and energy can be stored within
the narrow range of operating temperature [17-19], making them most favorable type of energy
storage material in the application of solar air heaters. Bouadilla et al., [20] has conducted an
experimental investigation about the SAH integrated with packed-bed of spherical capsules of SN27
material as the thermal energy storage materials. The spherical capsules were built from a blend of
polyolefin and was painted with flat black in order to act as the thermal absorber component of the
SAH. Based on their study, it was concluded that the SAH system managed to supply an amount of
useful heat of 200 W/m2 for an extended period of time after the off-sunshine period. Double-pass
solar air heater (DPSAH) integrated with rectangular capsules of paraffin wax was investigated by
Salih et al., [21]. The experimental work was conducted to evaluate the DPSAH thermal efficiency
with the variation of solar radiation and mass flow rate. The numerical study was also conducted with
the result from the developed mathematical model agreed well with the experimental result. Baig
and Ali [22] investigated the effect of using the aluminum foam embedded in the PCM duct located
on the top of the thermal absorber of DPSAH. The configuration was compared with the DPSAH
having a similar arrangement but with no aluminum foam insertion. They concluded that the
insertion of aluminum foam material was increase the PCM conductivity but reduce its thermal
storage capability with useful heat gain time was 30 minutes faster than the one without aluminum
foam insertion. The comparison between paraffin wax and carbon granular powder have been
investigated by Saxena et al., [23]. The experimental comparison was carried out based on natural
and forced convection mode with the energy storage materials were inserted inside the copper
cylinder tubes in order to investigate the influence of heat transfer coefficient of the air heater. The
extend of the investigation also reach to the stage where both materials (paraffin wax and carbon
granular powder) were combined as a heat storage material for the investigated air heated. Based
on the experimental result, it was concluded that the air heater with combination of energy storage
material provided the highest efficiency of 78.31% and capable of supplying the moderate air
temperature to the consumer up into the extended hours.
Comparison between rectangular and cylindrical shape of PCM encapsulation was conducted
experimentally by A.K. Raj et al., [24]. The PCM encapsulations were located on the top side of
thermal absorber in order to investigate the thermal efficiency of both DPSAH configurations.
According to the studies, they concluded that the rectangular encapsulation provides thermal
storage efficiency of 67 % as compared to the cylindrical encapsulation of 47.2 %. This was due to the
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fact that during the rectangular encapsulation mode, the temperature different between the thermal
absorber and the bottom plate is higher, which mean that the absorption of radiation flux was higher
than the cylindrical encapsulation mode. The indoor experimental investigation of integrated zig-zag
configuration of cross-matrix absorber in single-pass solar air heater (SPSAH) has been conducted by
Sharol et al., [25] by varying the input parameters of mass flow rate and solar radiation. Based on the
result, it is concluded that the output temperature and heat gain were directly and indirectly
proportional to the mass flow rate, respectively. From the recent literature studies conducted, it is
evidence that the incorporation of thermal energy storage material into the SAH system plays a
significant role in order to improve the thermal efficiency of the SAH and prolonged the operation of
the air heater itself. The objective of current study is to investigate the performance of a new design
of double-pass solar air heater (DPSAH) with cross-matrix thermal absorber arrangement integrated
with paraffin wax as a latent heat energy storage material experimentally. Based on author
knowledge, there was no similar study conducted on the integration of thermal storage material
inside the rectangular aluminum tube arranged in the cross-matrix arrangement inside the doublepass air heater.
2. Description of CMA-DPSAH
The schematic diagram of the CMA-DPSAH as shown in Figure 1 was constructed using the locally
available materials. The device consists of a set of collectors made of polypropylene having a
dimension of 525 mm length, 400 mm width and 180 mm height. The CMA-DPSAH was built from
polycarbonate transparent cover, intermediate polycarbonate transparent cover, and set of
rectangular aluminium tubes act as an absorber. The rectangular aluminium tube comprises of two
types of aluminium tube namely; type A (326 mm Length, 19.1 mm width, 19.1 height and 1 mm
thickness) which was positioned perpendicular to the air flow and type B (427 mm Length, 19.1 mm
width, 19.1 height and 1 mm thickness) which was positioned parallel with the air flow. The spacers
were located at the bottom absorber of each pass in order to avoid direct contact to the bottom wall
of the absorber and surface of the intermediate glazing plate. The tubes were sprayed with flat black
coating and arranged in a staging manner in order to increase the heat absorption and to optimize
the aperture area of the tubes [26], respectively. The total aperture area of the thermal absorber was
calculated to be 0.3786 m2. The 6 mm thickness of insulation sheet was applied at the edge and
bottom side of the collector in order to reduce the heat losses. Three units of brushless 24 V DC fan
were installed at the outlet chamber of the collector in order to force the outdoor air into the air
passage of the collector. The incoming air entered to the first pass of the collector through the three
identical circle shape inlet duct before went to the second pass through 3.3 cm diameter flexible
hose. Figure 2 shows the experimental setup used in this work.
Additionally, paraffin wax in the form of granulated particle was inserted in the tube type B and
was sealed with rubber cap to prevent from leaking. The thermophysical properties of the paraffin
wax is shown in Table 1.
Table 1
Thermophysical properties of paraffin wax used in this study [27]
Properties
Melting temperature, Tm (oC)
Specific heat (solid), CP,s (J/kg.K)
Enthalpy of fusion, Lf (kJ/kg)
Total weight (g)

Value
58 - 60
900
214.4
624
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Fig. 1. Schematic diagram of the CMA-DPSAH system

2.1 Description of Experimental Method and Apparatus
The experiment was conducted at an outdoor location located in the vicinity of the International
Islamic University of Malaysia (IIUM) in Kuantan, Pahang (latitude N 3°50'42.47'' (3.84513°) and
longitude of E 103°18'11.76'' (103.30327°)). The temperature data was recorded by using Advantech
ADAMview data logger system at every 1-minute time span from 9:00 a.m. until 7:00 p.m. The K-type
thermocouple with reading tolerance of ± 1.5 oC used to measure the temperature data was installed
at multiple location across the system as shown in the Figure 3. The solar radiation and wind speed
were measured using Apogee pyranometer (calibration uncertainty of 5 %) and hot wire
anemometer, respectively. The air mass flowrate was set to be flowing through the collector at 0.004
kg/s for the entire experimental period. The experimental work was conducted in 2-phase namely,
Phase 1 and Phase 2. The thermal performance of CMA-DPSAH integrated with thermal energy
storage (Phase 1) was compared with the CMA-DPSAH without thermal energy storage (Phase 2)
material inserted.

Fig. 2. Experimental setup used in this work
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Fig. 3. Thermocouple positioning on respective tube and glazing

In order to evaluate the effectiveness of the thermal energy storage utilized in the CMA-DPSAH,
the rate of charging and discharging were calculated based on the following expression [28]:
Heat Charging rate

=

Heat Discharging rate =

∆𝑇𝐶ℎ𝑎𝑟𝑔𝑒
∆𝑡𝑐ℎ𝑎𝑟𝑔𝑒
∆𝑇𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
∆𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

(1)
(2)

The thermal efficiency of the collector during charging and discharging process was calculated
based on the Eqs. (3) and (4), respectively [29].
ƞ𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 =

𝑄𝑈 + 𝑄𝑆

ƞ𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 =

(3)

𝐴𝑇 𝐼
𝑄𝑈

(4)

𝑄𝑆

where 𝑄𝑈 and 𝑄𝑆 are useful heat gained and heat stored which were given by Eqs. (5) and (6), as
follows
𝑄𝑈 = 𝑚̇𝑐𝑝 (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 )
𝑄𝑠 =

𝑚𝑝𝑐𝑚
𝑐 ∆𝑇
∆𝑡 𝑝,𝑠 𝑝𝑐𝑚

𝑄𝑠 = (
𝑄𝑠 =

𝑚𝑝𝑐𝑚 𝐿𝑝𝑐𝑚
∆𝑡

𝑚𝑝𝑐𝑚
∆𝑡

)

𝑐𝑝,𝑙 ∆𝑇𝑝𝑐𝑚

(5)
𝑇𝑎𝑣𝑔,𝑝𝑐𝑚 < 𝑇𝑚
𝑇𝑎𝑣𝑔,𝑝𝑐𝑚 = 𝑇𝑚

(6)

𝑇𝑎𝑣𝑔,𝑝𝑐𝑚 > 𝑇𝑚

where 𝑇𝑝𝑐𝑚 , 𝑇𝑎𝑣𝑔,𝑝𝑐𝑚 , 𝑇𝑚 , 𝑐𝑝,𝑠 , 𝑐𝑝,𝑙 and 𝑚𝑝𝑐𝑚 are PCM temperature rise, average PCM temperature,
solid phase, liquid phase specific heat of PCM and PCM mass, respectively. As for latent heat
calculation, in which for the case of stored heat by the PCM, the sensible heat mode will be take
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placed when the average PCM temperature, 𝑇𝑎𝑣𝑔,𝑝𝑐𝑚 is below or exceeding the melting temperature,
𝑇𝑚 , otherwise the method will be latent heat [29-30].
2.2 Uncertainty Analysis
It is imperative to ensure the measurement of the parameters taken using the correct tool in
order to produce the reliable data and to avoid error. This error might come from a various source
such as human, measurement apparatus and environment of an experimental work. In this work,
uncertainty analysis was conducted using the method available in the literature [31-32] based on the
following expression:
𝜕𝑅

2

𝜕𝑅

2

𝜕𝑅

2

𝑊𝑅 = [(𝜕𝑥 𝑤1 ) + (𝜕𝑥 𝑤2 ) + ⋯ + (𝜕𝑥 𝑤𝑛 ) ]
1

2

𝑛

(7)

In which the average percentage value of an uncertainty of each measured and calculated parameter
were 1.52 % and 7.85 %; respectively.
3. Results and Discussion
The experimental work was conducted in between the month of April and May 2019 under the
cloudy sunny day condition. Figure 4 show the solar radiation profile as a function of time starting
from 9:00 a.m. until 7:00 p.m. for each phase of an experiment (Phase 1 experiment was measured
on 16th of April 2018 and Phase 2 was measured on 16th of May 2018). As can be seen in the Figure
4, the solar radiation distribution of phase 1 having a stable profile with the weather slightly in better
shape as compared to the condition of phase 2. During the phase 2, the weather condition in the
morning was slightly cloudy with the condition becomes better as the day passes by. As expected,
the highest solar radiation was recorded during the middle of the day for both cases with maximum
value of 1017 W/m2 and 944 W/m2 for phase 1 and phase 2, respectively. At the time frame between
1:30 p.m. until 2:30 p.m.; phase 1 experiment experienced solar radiation drop about 89 W/m2 while
phase 2 experiment’s solar radiation drop was 65 W/m2. At the end of the experiment period which
was at around 6:30 p.m., solar radiation for both phases approached zero.
Figure 5(a) and (b) shows the temperature profile for the aluminium tube and solar radiation as
a function of time for both experiment phase 1 and phase 2. From the figure, there are two
temperature envelop for first air passage (T4, T6, T7 & T9) and second air passage (T11, T13, T14 &
T16) for each DPSAH-CMA used in phase 1 and phase 2 experiment. The temperature envelop of
second air passage was higher than the one from first air passage due to the fact that the second air
passage of DPSAH-CMA design was located at the top portion of the collector. As expected, the
temperature of all aluminium tube component having a similar profile which reached at maximum
value at 1:00 p.m. However, the temperature built-up for phase 1 experiment was slower as
compared to the phase 2 due to the fact that the heat flux supplied during the charging process was
utilized to melt the solid paraffin wax in the DPSAH-CMA in phase 1 experiment. We can conclude
that during the radiation flux dropped, the solidification of the paraffin wax material helps to
maintained the temperature of the tube without significant fluctuation due to thermal buffer created
form the solidification of the paraffin wax. The evidence can be seen the plotted curve presented in
Figure 5(a), where the flat temperature profile for phase 1 experiment was occur for about 30minute.
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Solar radiation, W/m2

1200
1000
800
600
400
200
0

h
Time,Time,
h
Solar radiation, W/m2 (Phase 2)
Fig. 4. Solar radiation distribution during phase 1 (CMA-DPSAH with PCM) and phase
2 (CMA-DPSAH without PCM) of the experiments

(a) Aluminum tube temperature profile (Phase 1)

(b) Aluminum tube temperature profile (Phase 2)

Fig. 5. Aluminum temperature profile for (a) Phase 1- with PCM
and; (b) Phase 2- without PCM
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In order to further enlighten this occasion, inlet and outlet temperature of each phase were
plotted as a function of time as shown in Figure 6. The output temperature profile was increased
gradually with the increase of inlet temperature and solar radiation as previously explained from the
Figure 4. It is expected that the inlet and outlet temperature of phase 1 experiment was higher than
the one of phase 2 experiment due to the slightly higher solar radiation. During this period, the
temperature increases due to the sensible heat of the absorber material for each CMA-DPSAH used
in the experiment. In the middle of the day, which was around 12:30 p.m. to 1:30 p.m., the latent
heat of fusion started to take over for the CMA-DPSAH used in phase 1 (with PCM) as it is expected
that all of the paraffin inside the tube was completely melted and absorbed the thermal energy from
the solar radiation flux. For the sake of comparison on the performance between the two scenarios,
the selected time range between 1:40 p.m. until 2:20 p.m. was selected in order to analyse the
performance of each CMA-DPSAH’s as highlighted in the purple dotted box, shown in the Figure 5.
During this specific time range, the radiation drop for phase 1 experiment was 58.28 W/m2 while
the radiation drop for phase 2 experiment was only 4.70 W/m2. It can be seen that albeit part of the
PCM was solidified during 40-minutes of solar radiation dropped, the amount of thermal energy
released during the solidification was able to maintained the output temperature stability of the
CMA-DPSAH during phase 1 experiment at discharge rate of 0.007 ᵒC/min. In comparison with the
case of experiment of phase 2, the discharge rate was calculated to be 0.096 ᵒC/min even with the
small amount of radiation drop. This observation suggests the properties of aluminium tube of having
a higher heat diffusivity with a very minimal capability of storing the thermal energy received from
the solar radiation flux.
55

Temperature, ˚C
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40
35
30
25
20

Time, hTime, h
Outlet Temperature (with PCM)

Outlet temperature (without PCM)

Inlet temperature (without PCM)

Inlet temperature (with PCM)

Fig. 6. Inlet and outlet temperature profile for configuration with PCM (Phase 1) and
without PCM (Phase 2)

In order to evaluate the effectiveness of using PCM inside the absorber tube, the heat gain and
temperature different for each phase were plotted and presented in Figure 7 with the interpretation
of the result was based on the ambient temperature condition and the range of solar radiation during
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the whole experimental period. During the phase 1 experiment, the ambient temperature was varied
between 24.4 – 31.4 ˚C with the range of solar radiation of 103 – 1017 W/m2. The paraffin wax not
melted during the beginning of the experimental period and the output temperature increment was
driven by the sensible heat produced by the thermal absorber and the heated solid paraffin wax. As
the solar radiation flux reach at higher value in the middle of the day, the melted paraffin wax started
to collect the heat flux until all of the paraffin wax were fully melted. As soon as the solar radiation
drop, it is noticed that the temperature different profile maintained at higher side for about 30
minutes, due to the thermal buffer effect caused by the latent heat contribution from the solidifying
of the paraffin wax. In comparison with phase 2 experiment, the ambient temperature was varied
between 26.1 – 31 ˚C with solar radiation varied between 118 – 944 W/m2 and the temperature
different profile was fluctuate based on the fluctuation of the solar radiation. This was again due to
the poor thermal storage capability of the aluminium tube thermal absorbers[33].
Heat gained by each collector was calculated using Eqs. (5) and (6) with the latent heat effect was
taken into consideration for the phase 1 collector. As expected, the maximum energy gain by each
collector was at a maximum value in the middle of the day with CMA-DPSAH with PCM (Phase 1) and
CMA-DPSAH without PCM (Phase 2) maximum heat gain is 127 W and 89 W, respectively at around
1:40 p.m. The total heat gained by the collector with PCM was not only in the form of sensible heat
from the absorber tube material itself, but also from the sensible heat (before the melting of the
paraffin wax) and latent heat of the paraffin wax (during the freezing of the melted paraffin wax due
to the decrement of radiation flux). It is concluded that, with the design of cross-matrix thermal
absorber and integrating with PCM was not only capable to increase the heat transfer surface area
and retaining the higher temperature of the absorber but also provide a much-improved useful heat
into the flowing air.

20
0
-20
Time, h

Time, h

Temperature different (with PCM)

Temperature different (without PCM)

Total heat gain (without PCM)
Total heat gain (with PCM)
Fig. 7. Temperature difference and heat gain profile for each collector

To evaluate the effectiveness of the heat exchange between the absorber and the air flowing
through it, the plot of output temperature as a function of average absorber temperature is
presented in Figure 8. Based on the plot, it can be concluded that the output temperature varies
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linearly with the average absorber temperature, with the mathematical correlation was presented
for the air flow rate of 0.004 kg/s. This observation shows the good heat exchange rate between the
flowing air and the cross-matrix thermal absorber.
Figure 9 present the instantaneous efficiency of both DPSAH-CMA for the mass flow rate of 0.004
kg/s. The instantaneous efficiency of DPSAH-CMA without PCM (phase 2) increase as the time passes
by until the peak solar radiation flux with maximum range of 24-25 % and gradually decrease towards
the end of the experimental hours.

Output temperature, ˚C

60
55
50
45

40

Tout = 0.9822Tabs + 1.9368
R² = 0.9858

35
30
25
25

30

35
40
45
Average absorber temperature, ˚C

50

55

Instantaneous efficiency, ƞi

Fig. 8. Output temperature of the DPSAH-CMA with PCM as a function of
average absorber temperature

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
Time,
h
Time,
h
Instantaneous Efficiency, ηi (with PCM)

Instantaneous Efficiency, ηi (without PCM)

Fig. 9. Instantaneous efficiency of each collector as a function of time
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For the case of DPSAH-CMA with PCM (phase 1), the instantaneous efficiency increases with the
increasing time, with the maximum range of instantaneous efficiency during the peak solar radiation
flux of 32-34 %, and further increase to the maximum value toward the end of the experimental
hours. This was due to the fact that during the low radiation flux, the air flowing through the collector
under lower heat input in-terms of solar radiation flux, still be heated by the heat flux released from
the paraffin wax during the solidification process. The instantaneous efficiency for CMA-DPSAH with
PCM during the dropping of the radiation flux, which was significantly started at 3:00 p.m., was varied
between 40 – 64 % whereas for CMA-DPSAH without PCM, the instantaneous efficiency was
consistently lower by 17- 19 %. The higher value of thermal diffusivity of Aluminium making the
temperature of the absorber tube drop much faster with the dropping of radiation flux [34].
4. Conclusions
The performance of DPSAH with PCM and without PCM were evaluated experimentally in the
outdoor condition. Based on the result, several findings can be summarized as follows:
i. The DPSAH-CMA with PCM (used in Phase 1 experiment) capable to sustained the useful heat
during the solar radiation fluctuation. The average heat gain during 1 hour after radiation
drop starting at around 1:00 p.m. was 124.96 W. Meanwhile the average heat gain for DPSAHCMA without PCM (used in Phase 2 experiment) under the same condition was 96.51 W.
ii. With the incorporation of PCM, the calculated heat discharging rate for CMA-DPSAH with
PCM was 4 times higher than the one without PCM due to thermal buffer as an effect from
the latent heat produced by the solidification of the paraffin wax. The performance of CMADPSAH improved significantly with the incorporation of PCM especially in the condition where
there is a fluctuation of solar radiation or during the off-sunshine period.
iii. The instantaneous efficiency of the CMA-DPSAH with the PCM was consistently higher than
the one without PCM by 17- 19 % with the CMA-DPSAH with PCM gaining more energy that
can be transferred to the flowing air. This condition was significant after the solar radiation
flux started to drop (from 3:00 p.m. onwards).
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