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Abstract: Utilizing thermal storage 
integrated into a solar air heater SAH is a 
promising solution to enhance the 
thermal performance of solar air heaters. 
The present work experimentally 
investigated the thermal impact of an 
absorber-finned heat exchanger-thermal 
storage unit integrated inside a solar air 
heater. The experiments were conducted 
under the conditions of Tikrit-Iraq in 
December 2021 and January 2022. RT42 
and RT50 were used as PCMs in two 
separate solar air heaters. Each PCM filled 
the thermal storage of SAH. A finned heat 
exchanger, in which air was forced 
through, was immersed in the thermal 
storage. Two arrangements were tested. 
In the first arrangement, the two SAHs 
were separated from each other. In the 
second arrangement, the two SAHs were 
connected in series, first the RT42 SAH 
and then the RT50 SAH. The results 
showed that the highest recorded 
temperature was for RT50, i.e., 59 °C, in 
the separation arrangement. Also, the 
solar air heater with RT50 in the series 
arrangement continued to heat the forced 
air until 5 AM the next day. 
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) في وحدة  RT 50 و     RT42منظومة سخان ھواء شمسي مغلقة متكاملة مع مادة متغیرة الطور ( 
 مبادل حراري مزعنف -خزان حراري

 1، منیر بكار1، سیرین شطورو2  ثامر خلیل ابراھیم ، 2صالح مھدي الجذلة، منار 2،1 حسام سامي ذیاب 

 . تونس  صفاقس/جامعة   /  صفاقس المدرسة الوطنیة لمھندسي  /المختبر المتقدم دینامیكیات السوائل النشطة والبیئة   1
 العراق.  - تكریت  /  جامعة تكریت /كلیة الھندسة  /  مكانیكیةقسم الھندسة ال 2

 الخلاصة
إن استعمال خزان حراري متكامل في سخان ھواء شمسي یعد حلاً واعداً لتحسین الأداء الحراري لسخانات الھواء الشمسیة. في البحث  

تم اجراء    خزان حراري داخل سخان ھواء شمسي.-حراري مزعنفمبادل  - الحالي تم اجراء دراسة عملیة للتأثیر الحراري لوحدة ماص
  RT50و  RT42تم استعمال    .2022وكانون الثاني    2021العراق في كانون الأول    - التجارب وفق الظروف الجویة لمدینة تكریت

كمواد متغیرة الطور داخل سخاني ھواء شمسیین منفصلین. كل مادة متغیرة الطور ملأت الخزان الحراري سخان ھواء شمسي. تم غمر 
في الخزان الحراري. تم دراسة ترتیبین. في الترتیب الأول كان سخاني الھواء الشمسیین   -حیث یجبر الھواء عبره  -مبادل حراري مزعنف

لبعض. وفي الترتیب الثاني رُبط سخاني الھواء الشمسیین على التوالي، بحیث كان سخان الھواء الشمسي الحاوي  منفصلین عن بعضھما ا
RT42    الأول والحاويRT50    59كان الثاني من حیث الترتیب. بینت النتائج أن أعلى درجة حرارة مسجلة كانت °C  لـ RT50    في

في الترتیب المتوالي استمر في تسخین الھواء المار خلالھ حتى الساعة    RT50حاوي الترتیب المنفصل. كما أن سخان الھواء الشمسي ال 
 صباحًا للیوم التالي.  5

 .سخان ھواء شمسي، مادة متغیرة الطور، مبادل حراري مزعنف، طاقة مخزونة، طاقة مستعادة، كفاءة الكلمات الدالة:
1.INTRODUCTION
Fossil fuel has been associated with various 
issues as global warming, repeated energy 
crises, and price fluctuation [1,2]. Solar energy 
has received outstanding academic and 
industrial interest in an attempt to reduce 
global warming and overcome fossil fuel 
drawbacks [3,4]. One of the most practical and 
widespread solar energy systems is the solar air 
heater (SAH). The reliability of SAHs 
encourages using them in many domestic, 
industrial, and agricultural applications [5,6]. 
The SAHs’ components have been under 
investigation to produce more efficient heaters. 
Like all other solar energy applications, the 
absence of solar radiation on nights and cloudy 
days represents a considerable drawback in the 
solar energy field. Latent heat storage has a 
crucial benefit in terms of expanding the 
thermal solar energy applications work [7,8]. 
Therefore, numerous researchers investigated 
the possible thermal enhancement gained using 
phase change materials (PCMs) as thermal 
storage [9,10]. Wang et al. [11] investigated 
experimentally the solar air heater SAH 
thermal performance constructed from flat 
micro-heat pipe arrays filled with lauric acid 
(Tm,av = 43°C). The results showed that the 
charging and discharging rates are positively 
proportional to the air volume flow rate. At 240 
m3/h, the PCM melted within 134 min and 
solidified within 153 min. Besides, Saxena et al. 
[12] studied experimentally and compared a 
reference SAH without PCM to another 
modified SAH filled with PCM, i.e., paraffin wax 
(Tm,av= 42 °C). They found that the thermal 
efficiency and the heat transfer coefficient of 
the modified solar air heater were 7.41% and 
139.81 W/m2 K, respectively, higher than the 
conventional solar system SAH. Furthermore, 
the SAHs with flat/ v-corrugated absorber 
plates were experimentally studied by Kabeel et 
al. [13]. The analyzed SAHs were integrated 

with thermal storage, i.e., paraffin wax, located 
under the absorber plate. The authors found 
that using the phase change material enhanced 
the air heater’s daily efficiency by 12% 
compared with the case without PCM. El 
Khadraoui et al. [14] experimentally 
investigated the effect of integrating paraffin 
wax (Tm,av= 56-60 °C) in a solar dryer. The 
results revealed that the drying chamber 
remained all night at 4-16 °C above the ambient 
temperature. Investigating the impact of 
reflectors on thermal solar applications has also 
attracted attention. Bhowmik and Amin [15] 
found an enhancement of 10% in the solar 
collector efficiency using a reflector. Although 
using thermal storage filled with a PCM 
positively impacts SAH, the phase change 
materials suffer from low thermal conductivity 
[16–18]. This issue inspired researchers to 
study possible solutions to enhance thermal 
storage performance [19–21]. Sajawal et al. [22] 
experimentally studied the thermal 
performance of three double-pass solar air 
heaters. The first one was without PCM. In the 
second one, semicircular finned pipes filled 
with RT44 were placed in the upper pass of the 
heater. In the third configuration, the RT44 was 
maintained in the upper pass. while the circular 
finned pipes were filled with RT18 and placed 
in the heater’s lower pass. The results showed 
that the thermal efficiencies for the first, 
second, and third configurations were 
enhanced by 53.2%, 68.4%, and 71.9%, 
respectively. In addition, Abuşka et al. [23] 
experimentally examined three flat plate solar 
air heater configurations. The first one was 
integrated RT54HC with a honeycomb 
structure. In the second configuration, only 
RT54HC was studied. In the third 
configuration, a conventional SAH, i.e., without 
PCM nor honeycomb, was studied for 
comparison. The authors discovered that with 

https://tj-es.com/
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the RT54HC- honeycomb configuration, the 
charging and discharging periods were 
reduced. Also, it was found that the 
configurations with RT54HC showed higher 
daily thermal efficiency enhancement from 
2.6% to 22.3%. Dheyab et al. [24] proposed a 
novel collector-type solar air heater design. The 
proposed design was an internal storage of a 
SAH system filled with PCM integrated with a 
finned heat exchanger. The experiments were 
conducted in the summer. The studied solar 
collector’s thermal performance was 
investigated under 0.25, 0.045, and 0.065kg/s. 
The studied PCMs were RT42 and RT50. It was 
found that the charging and discharging 
efficiencies were enhanced by 90.7% and 
93.3%, respectively, using RT42, while using 
RT50 by 87% and 88.1%, respectively. The 
present work investigates the thermal 
performance of a new SAH system design 
during winter (December 2021 and January 
2022). The new design is a closed SAH system 
that includes an internal thermal storage-
finned heat exchanger unit. The proposed 
technique has yet to be investigated by other 
researchers, as far as the authors know. The 
work aims to enhance the SAH by using a PCM. 
Since the PCMs’ thermal conductivities are low, 
a finned heat exchanger was immersed in the 
SAH’s thermal storage. To reduce heat losses, 
the thermal storage-finned heat exchanger unit 
was fixed inside the studied SAHs. The thermal 
storage-finned heat exchanger unit was heated 
from above by solar insolation (direct heating) 
and from below by circulating air inside the air 
heater around the unit (indirect heating). For 
an air mass flow rate of 0.065 kg/s, the charging 
and discharging efficiencies were studied for 
both separation and series arrangements with 
RT42 and RT50.  
2.EXPERIMENTAL METHODOLOGY 
The present work investigated the impact of 
latent thermal storage on a SAH’s thermal 
performance. The experiments were conducted 
under the conditions of Tikrit- Iraq (34.67° N, 
43.65° E). The tests were conducted in winter 
from December 2021 to January 2022. The 
following subsections present the experimental 
apparatus, data processing, and uncertainty. 
2.1.Experimental Set-Up 
The experimental set-up included two-identical 
SAHs, as shown in Fig. 1. Each SAH consisted 
of a flat absorber (65 cm×65 cm), a glass cover 
(99 cm ×64 cm, 4mm-thickness, reflectivity 
=8%, and transmissivity =95%[25,26]), and 
thermal storage-finned-heat exchanger unit 
located in the SAH’s, Fig. 2. Each heater 
included a finned heat exchanger (100 cm-long, 
65 cm-width, 12 cm-height). The 80 heat 
exchanger pipes were finned and made from 
copper (11.8 mm ID and 12.7 mm OD), Fig. 3. 
The thermal storage-finned-heat exchanger 
unit’s upper surface represented an absorber of 

the SAH. A channel was constructed to allow air 
circulation around the thermal storage-finned 
heat exchanger unit, as shown in Fig. 3. The 
heat exchanger was immersed in 50 kg of 
Rubitherm PCM inside thermal storage. The 
solar collector was covered from its sides and 
below with a wool glass thermal insulator (2 cm 
thickness) to maintain the heat inside the air 
heater and reduce its heat losses. In order to 
reflect extra solar radiation on the absorber, a 
100 cm-long, 65 cm-width- mirror was pivoted 
above the solar collector glass cover. RT42 filled 
the thermal storage of the first heater, and 
RT50 filled the second heater’s thermal storage. 
The RT42 and RT50 thermophysical properties 
are tabulated in Table 1 [27]. The effect of the 
gradual heating of the air, which was forced 
through the heat exchanger, during the 
discharging period was studied by connecting 
the two SAHs in series to identify the system’s 
performance compared to the separation 
arrangement of each SAH, as described in Fig. 
4. 12 K-type thermocouples were used to 
measure the temperatures of the studied PCMs, 
ambient, and outlet air. Besides, the air 
velocity, i.e., during discharging, and the wind 
were measured by a turbine anemometer. In 
addition, a solar power meter, SM206, was used 
to measure the solar radiation. The range and 
accuracy of used measurement devices are 
tabulated in Table 2. 

Table 1 The RT42 and RT50 Thermo-Physical 
Properties [27] 

Properties RT42 TR50 

Tm 38-43°C 45-51°C 

hf 165 kJ/kg 160 kJ/kg 

k 0.2 W/m.K 0.2 W/m.K 

cp 2 kJ/kg K 2 kJ/kg K 

ρ 
Solid Liquid Solid Liquid 

0.88 kg/l 0.76 kg/l 0.88 kg/l 0.76 kg/l 

Table 2 Range and Accuracy of Used 
Measurement Devices 

Parameter 
Measurement 
Device 

Range Accuracy 

Temperature Thermocouple 
-50℃ to 
100℃ 

±2.2 °C or 
0.75% 

Air Velocity 
Turbine 
Anemometer 

0.0- 45.0 
m/s 

± 0.1 m/s 
or ± 3% 

Solar 
Radiation 

Solar Power 
Meter, SM206 

0.1-
1999.9W/m² 

±10 W/m2 
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Fig. 1 The Experimental Apparatus. 

 

 

 

 

 

 

 
 

Fig. 2 Closed Solar Air Heater with Internal Thermal Storage Unit. 
 

 
Fig. 3 Absorber-Finned Heat Exchanger-PCM Thermal Storage Unit Description. 

Solar air heater 
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heater RT50 

Connecting 
pipes 
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panel 
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Lower 
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cover 

Back 
plane 

Fin and tube 
PCM storage tank 

Upper and lower 
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Inlet 
cold air 

Outlet hot air 
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Fig. 4 Schematic of the Arrangements (a) RT42- Separation, (b) RT50- Separation, (c) Series. 

  

2.2.Data Processing 
The SAHs’ thermal performance was 
investigated based on the stored and 
discharged thermal powers and the charging 
and discharging efficiencies. The SAH’s thermal 
energy balance can be expressed as [5-6]: 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠 + 𝑃𝑃𝑙𝑙𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎 (1) 

𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝛼𝛼 𝜏𝜏 𝐼𝐼 ̅𝐴𝐴 (2) 

where 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 is the total absorbed power by the 
absorber plate surface, 𝑃𝑃𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠  is stored power, 
𝑃𝑃𝑙𝑙𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠𝑎𝑎 is total thermal losses, 𝐼𝐼 ̅ is the average 
incident solar energy during the charging 
period, and A is the aperture area. The amount 
of power stored during charging and recovered 
for discharging period inside the storage unit is 
expressed as [28],  
𝑃𝑃𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃�𝐶𝐶𝑃𝑃,𝑆𝑆(𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑖𝑖𝑖𝑖𝑠𝑠) + ℎ𝑓𝑓

+ 𝐶𝐶𝑃𝑃,𝑙𝑙�𝑇𝑇𝑓𝑓𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑚𝑚��/∆𝑡𝑡𝑐𝑐ℎ 
(3) 

𝑃𝑃𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃�𝐶𝐶𝑃𝑃,𝑙𝑙�𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑓𝑓𝑖𝑖𝑖𝑖−𝑠𝑠𝑖𝑖𝑎𝑎�
+ ℎ𝑓𝑓
+ 𝐶𝐶𝑃𝑃,𝑎𝑎(𝑇𝑇𝑖𝑖𝑖𝑖𝑠𝑠−𝑠𝑠𝑖𝑖𝑎𝑎 − 𝑇𝑇𝑚𝑚)�
/∆𝑡𝑡𝑠𝑠𝑖𝑖𝑎𝑎 

(4) 

where 𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃  is the mass of PCM, 𝐶𝐶𝑃𝑃,𝑆𝑆 and  𝐶𝐶𝑃𝑃,𝑙𝑙. 
are the specific heat of the PCM in the solid and 
liquid phase, 𝑡𝑡   is the increment in time, 𝑇𝑇𝑖𝑖𝑖𝑖𝑠𝑠  
and 𝑇𝑇𝑓𝑓𝑖𝑖𝑖𝑖  are the initial and final temperature of 
the PCM, ℎ𝑓𝑓 is the latent heat of the PCM, and 
𝑇𝑇𝑚𝑚 is the melting temperature of the PCM. The 
general equation of losses power from the 
external surfaces of each solar air heater SAH 
part is defined as,  
𝑃𝑃𝑙𝑙𝑠𝑠𝑎𝑎𝑎𝑎 ,   𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑙𝑙 = [𝑃𝑃𝑠𝑠.𝑐𝑐 + 𝑃𝑃𝑎𝑎.𝑝𝑝 + 𝑃𝑃𝑎𝑎−𝑐𝑐ℎ + 𝑃𝑃𝑎𝑎.𝑎𝑎.𝑠𝑠

+ 𝑃𝑃𝑐𝑐.𝑠𝑠] (5) 

The charging efficiency (𝜂𝜂𝑐𝑐ℎ𝑎𝑎𝑠𝑠𝑠𝑠) and 
discharging efficiency (𝜂𝜂𝑠𝑠𝑖𝑖𝑎𝑎𝑐𝑐ℎ𝑎𝑎𝑠𝑠𝑠𝑠) can be written 
as [29,30], 

𝜂𝜂𝑐𝑐ℎ𝑎𝑎𝑠𝑠𝑠𝑠 =
𝑃𝑃𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠
𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎

 (6) 

𝜂𝜂𝑠𝑠𝑖𝑖𝑎𝑎𝑐𝑐ℎ𝑎𝑎𝑠𝑠𝑠𝑠 =
𝑃𝑃𝑢𝑢𝑎𝑎𝑠𝑠𝑠𝑠
𝑃𝑃𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠

 (7) 

where 𝑃𝑃𝑢𝑢𝑎𝑎𝑠𝑠𝑠𝑠  is the used power that can be 
defined as [31], 

𝑃𝑃𝑢𝑢𝑎𝑎𝑠𝑠𝑠𝑠 = �̇�𝑚 𝑐𝑐𝑝𝑝 (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑖𝑖) (8) 

2.3.The Uncertainty 
Calculating uncertainties in any experimental 
investigation is crucial to consider unavoidable 
errors in measurement devices. The present 
experimental work measured data are the 
temperatures of PCMs, the absorber surfaces, 
the plate at the bottom of the SAH, the glass, 
and the ambient; air velocity; and solar 
radiation. The uncertainty calculations in the 
present investigation followed the Kline and 
McClintock method [32]. The fractional 
uncertainty for the absorbed power is 

𝑤𝑤𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎

=
𝑤𝑤𝐼𝐼
𝐼𝐼

 (9) 

The fractional uncertainty for the useful power 
is 

𝑤𝑤𝑄𝑄𝑢𝑢𝑎𝑎𝑢𝑢
𝑄𝑄𝑢𝑢𝑎𝑎𝑠𝑠

= ��
𝑤𝑤�̇�𝑚

�̇�𝑚
�
2

+ �
𝑤𝑤𝑇𝑇

𝑇𝑇
�
2
�
1 2⁄

 (10) 

The fractional uncertainty for the stored power 
is 

𝑤𝑤𝑄𝑄𝑎𝑎𝑠𝑠𝑠𝑠
𝑄𝑄𝑎𝑎𝑠𝑠𝑠𝑠

=
𝑤𝑤𝑇𝑇

𝑇𝑇
 (11) 

The fractional uncertainty for the charging 
efficiency is 

𝑤𝑤𝜂𝜂𝑐𝑐ℎ
𝜂𝜂𝑐𝑐ℎ

= ��
𝑤𝑤𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎

�
2

+ �
𝑤𝑤𝑄𝑄𝑎𝑎𝑠𝑠𝑠𝑠
𝑄𝑄𝑎𝑎𝑠𝑠𝑠𝑠

�
2
�
1 2⁄

 (12) 

The fractional uncertainty for the discharging 
efficiency is 

𝑤𝑤𝜂𝜂𝑑𝑑𝑑𝑑𝑎𝑎𝑐𝑐ℎ
𝜂𝜂𝑠𝑠𝑖𝑖𝑎𝑎𝑐𝑐ℎ

= ��
𝑤𝑤𝑄𝑄𝑎𝑎𝑠𝑠𝑠𝑠
𝑄𝑄𝑎𝑎𝑠𝑠𝑠𝑠

�
2

+ �
𝑤𝑤𝑄𝑄𝑢𝑢𝑎𝑎𝑢𝑢
𝑄𝑄𝑢𝑢𝑎𝑎𝑠𝑠

�
2

�
1 2⁄

 (13) 

The studied parameters’ fractional 
uncertainties are tabulated in Table 3. 

RT50 solar air 
heater 

air 
blower 

RT42 solar air 
heater 

RT50 solar air 
heater 

air 
blower 

RT42 solar air 
heater 

RT42 solar air 
heater 

RT50 solar air 
heater 

air 
blower 

(a) (b) (c) 

air 

air air 

air 

air 

air 
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Table 3 The Studied Parameters Uncertainties 
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Fractional 
Uncertainty 
(%) 

0.93 0.04 2.8 2.3×10-5 2.2×10-5 

3.RESULTS AND DISCUSSION 
The results of an experimental work conducted 
aim to investigate a novel solar air heaters SAH 
are presented. The new proposed design was a 
closed SAH system combined with an internal 
finned heat exchanger filled with phase change 
material PCM. Fig. 5 depicts the air outlet 
temperature, PCM temperature, incident solar 
radiation, and ambient temperature. At the 
beginning of the experiment, both PCMs’ 
temperatures rapidly increased because the 
PCMs were in their solid state. During the PCM 
charging period, the PCM temperature 
increased as the solar radiation augmented. 
Within six hours of work (at 2:00 PM), both 
PCMs reached their maximum temperatures, 
i.e., 54 °C for RT42 in both connecting 
arrangements, 59 °C for RT50 in the separation 
arrangement, and 58 °C in the series 
arrangement. After 2:00 PM, the PCMs’ 
temperatures dropped with the solar radiation 
decrease and the ambient temperature 
increase, so the thermal losses increased. When 
the discharging started at 5:30 PM, an air 
blower at 0.065 kg /s through the thermal 
storage-heat exchanger forced the cold ambient 
air. At 5:30 PM, both PCMs for both 
arrangements were at 44 °C. The PCMs’ 
temperatures continued to decrease because 
the forced air absorbed heat from the PCMs. 
Besides, the ambient air temperature 
decreased, leading to increased thermal heat 
losses. The PCM and the air outlet temperature 
difference was very low, revealing that the heat 
exchanged between them was high. The huge 
heat exchanged between the PCM and the outlet 
was due to the finned heat exchanger use. At the 
beginning of the discharging period, the 
temperature difference was 2 °C for RT42-
separation and series arrangements. The RT42 
SAH was the first in the series arrangement, 
and as a result, its behavior was similar to that 
in the separate arrangement. While for RT50, 
the temperature difference was 1°C for the 
separation arrangement and 3 °C for the series 
arrangement. At the end of the discharging 
period, the temperature differences were 0.5 
°C, 0.7 °C, 0 °C, and 0.1 °C for RT42-separation, 
RT42-series, RT50-separation, RT50-series, 
respectively. Fig. 6 shows the stored, 
discharged, and lost powers during the 
discharging period for both RT42 and RT50 
through solar air heaters at 0.065 kg/s. As the 
forced air absorbed heat from the PCMs and the 

thermal losses increased due to ambient 
temperature drop, the stored power decreased 
through the discharging period. As the 
discharging period for RT42 started, the stored 
power was 1550 W, and the discharged power 
was 1352 W for both studied arrangements. As 
the discharging period ended at 3:00 AM, the 
stored power was 120 W, and the discharged 
power was 22 W. As for RT50 for the separate 
arrangement, at the beginning of the 
discharging period, the stored and discharged 
powers were 630 W and 535 W, respectively. 
While at the discharging period end, i.e., at 
2:00 AM, the stored and discharged powers 
were 2.5 W and 5 W, respectively. For the series 
arrangement, at the beginning of the 
discharging period, the stored and discharged 
powers were 12 W and 80 W, respectively. 
While at the discharging period end, i.e., at 
6:00 AM, the stored and discharged powers 
were 12 W and 0 W, respectively. In other 
words, the RT50 and the forced air temperature 
difference was too low to cause heat transfer. 
From Fig. 6 (a, b), it can be seen that the stored 
power in RT42 was higher than with RT50. The 
immense stored power of RT42 resulted from 
its high latent heat, i.e., 165 kJ/kg K, compared 
to that of RT50, i.e., 160 kJ/kg K. It can be 
concluded from Fig. 5 that the discharging of 
RT42 ended at 3:00 AM in both separation and 
series arrangements, while RT50 ended at 2:00 
AM in the separation arrangement. While at 
4:30 AM, the RT42 was completely discharged, 
so the air inlet temperature applied to the RT50 
became similar to the ambient temperature. 
Therefore, this RT50 discharging continued in 
the series arrangement to the test end. As the 
later solar air heater received warm air from 
RT42 SAH, the configuration with RT50 took 
more time to discharge. Fig. 7 shows the 
percentages of the thermal power absorbed by 
RT42 and RT50 besides the thermal losses from 
the SAHs during the charging period. Fig. 7 (a, 
b) assure that the stored power in RT42, i.e., 
74%, was higher than that in RT50, i.e., 65%, 
due to the RT42 high latent heat. The high 
latent heat of RT42 also decreased RT42 
thermal losses compared to RT50 ones. In both 
RT42 and RT50 SAHs, the heat loss from the 
glass cover was the highest among other heat 
losses due to the lack of thermal insulation 
compared to other SAHs surfaces. Fig. 8 shows 
that, due to cold weather in winter, the 
accumulator of the stored power was similar for 
both paraffin RT42 and RT50 at the beginning 
of the test, i.e., 8000 kW at 8:00 AM. With 
ongoing exposure to solar radiation, the wax 
RT42 reached the phase change region faster 
than the RT50 due to its lower melting point 
and large storage capacity. Therefore, the RT42 
spent more time in the phase change area; thus, 
the cumulative stored power of RT50 was 
higher than with RT42. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5 Solar Radiation and Temperature 
Through Experiment Period at 0.065 kg/s for 
(a) RT42-Separation, (b) RT50-Separation, (c) 

RT42-Series, and (d) RT50-Series. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6 Stored, Discharged, and Losses Powers 
During the Discharging Period at 0.065 kg/s 

for (a) RT42-Separation, (b) RT50-Separation, 
(c) RT42-Series, and (d) RT50-Series. 
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Fig. 9 presents the charging efficiency of both 
RT42 and RT50 SAHs in separate arrangement 
during the charging period. As the test began, 
the charging efficiencies of RT42 and RT50 
SAH were 93.1% and 93.2%, respectively. The 
charging efficiencies were at their highest value 
at the beginning of the test because the PCMs 
were in a state of solid, and the absorption rate 
was at its highest value. With ongoing exposure 
to solar radiation, the charging efficiency 
gradually decreased due to increased thermal 
losses because of the temperature difference 
augmentation between the PCM and the 
ambient (Fig.9 (a, b)). The reduction slowed 
down at noon for both PCMs. From 12:00 PM 
to 3:00 PM, the average charging efficiency of 
the RT42 was 73%, and the RT50 was 74%. 
After 3:00 PM, the charging efficiency 
significantly dropped due to the solar radiation 
reduction and the thermal losses increase. As 
the charging period ended at 5:00 PM, the 
charging efficiency of the RT42 was 32% and 
35.9% for the RT50. Fig. 10 shows the RT42 and 
RT50 SAHs discharging efficiency in the 
separation and series arrangements at 0.065 
kg/s. The RT42 SAH showed similar behavior 
in both arrangements since it was the first in the 
series arrangement. While the SAH with the 
paraffin RT50 was the second in the series 
arrangement. The forced air through it was 
preheated in RT42 SAH configuration. 
Therefore, the wax RT50 showed a different 
behavior in the series arrangement. In the case 
of RT42 in both arrangements and RT50 in the 
separation arrangement, the discharging 
efficiency was essential at the beginning of the 
discharging period, i.e., 85% and 90%, 
respectively, due to the huge temperature 
difference between the PCMs and the ambient. 
With time, the discharging efficiency for the 
three cases continued to decline due to the 
decreased stored energy and the increased 
thermal losses because of the ambient 
temperature drop. Therefore, the discharging 
efficiency dropped to zero at 1:30 AM for the 
RT50-separation case at 2:30 AM for RT42 in 
both arrangements. As for RT50 in the series 
arrangement, at the beginning of the 
discharging period, the discharging efficiency 
was 20%. The forced air entering the RT50 
solar heater in the series case was already 
preheated in the RT42 solar air heater. 
Therefore, the temperature difference between 
the forced air and RT50 was low, reducing the 
heat transfer rate, which caused a decrease in 
the discharging efficiency. However, as the 
ambient temperature kept dropping through 
the night, the heat transfer rate increased, 
augmenting the discharging efficiency to reach 
its highest value of 63% at 10: 00 PM. With 
ongoing discharging of the stored energy, the 
discharging efficiency decreased. However, 
unlike the other three cases, the discharging 

efficiency of the RT50 solar heater dropped to 
15% at the end of the discharging period at 6:00 
AM the next day. 

 
                (a)                                    (b) 

Fig. 7 Percentages of Net Solar Energy Stored 
in PCM and Thermal Losses from the Solar Air 
Heaters During the Charging Period (a) RT42, 

and (b) RT50. 

 
Fig. 8 Stored Powers of RT42 and RT50 

During the Charging Period. 

 
(a) 

 
(b) 

Fig. 9 The Charging Efficiency of SAHs in the 
Separate Arrangement (a) RT42 and (b) RT50. 
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Fig. 10 RT42 and RT50 SAHs Discharging 

Efficiencies in the Separation and Series 
Arrangements. 

4.CONCLUSIONS 
An experimental investigation of a novel SAH 
design was conducted. The new proposed 
design was a closed SAH system that included 
an absorber-thermal storage-finned heat 
exchanger unit filled with paraffin wax RT42 
and RT50. The following are the key obtained 
conclusions from the experimental results: 
• Six hours after starting the experiment 

(at 2:00 PM), both RT42 and RT50 
reached their maximum temperatures. 
The highest recorded temperature value 
of RT42 was 54 °C in both connecting 
arrangements. While with the paraffin 
RT50, the highest recorded temperature 
value was 59 °C in the separation 
arrangement and 58 °C in the series 
arrangement. 

• The discharging period of the RT50 SAH 
in the series arrangement was extended 
to 4:30 AM the next day of experiments, 
and while in the separation arrangement, 
it ended at 2:00 AM the next day. On the 
other hand, in the case of RT42, the 
discharging period ended at 3:00 AM the 
next day for both arrangements. 

• The average charging efficiencies of RT42 
and RT50 in mid-day were 73% and 74%, 
respectively. 

• At 6:00 AM the next day, the discharging 
efficiency of the RT50 solar heater 
dropped to 15%, contrary to the other 
three cases that dropped to zero by 3:00 
AM. 

NOMENCLATURE 
Notation Description 

A Area (m2) 
cp Specific heat capacity (kJ/kg.°C) 
hf Latent heat of PCM (J/kg) 
I Incident solar radiation (W/m2) 
k Thermal conductivity (W/m K) 
�̇�𝑚 Mass flow rate (kg/s) 
P Power (W) 
T Temperature (°C) 

Greek Symbols 
α Absorptivity 

ηcharg Charging efficiency (%) 
ηdischarg Discharging efficiency (%) 

ρ Density (kg/l) 
τ Transitivity 

Subscripts 
abs Absorber 
a-ch Side air channel 
av Average 
b.p Backplane 
c.e Cylinder ends 
g.c Glass cover 
i Inlet  

m Melting 
o Outlet 

s.s.t Side storage tank 
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