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 In this study, two techniques to improve the thermal performance of the double-pass solar 

air heater are experimentally investigated. The first is integrating a phase change material 

(PCM) as a thermal storage system, and the second is using flow turbulators with the 

absorber plate to enhance the heat transfer in the solar air heater (SAH). Four different 

arrangements of the modified SAH absorber plate, integrated with and without PCM and 

flow turbulators, with longitudinal fins on the plate's lower surface, are investigated. The 

modified SAH was examined based on three air flow rates, 0.002, 0.005, and 0.012 kg/s, 

under the climatic conditions of Baghdad city. The results demonstrated that the modified 

double-pass SAH integrated with PCM outperformed the conventional SAH. The outlet air 

temperature in modified cases 1, 2, and 3 was higher by about 22, 14, and 9%, respectively, 

compared with the conventional case of a flat plate. The V-shaped flow turbulator revealed 

optimal performance, with an improvement in thermal efficiency of 35%, compared with 

26% and 19% for cases 1 and 2, respectively. It was observed that the use of PCM increased 

the operating time by 2 hours after sunset. 
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1. Introduction 

World population growth and its material needs increase energy 

requirements every year. On the other hand, the use of fossil 

fuels for energy production leads to environmental degradation. 

Therefore, the world turned to using renewable energy sources 

for energy production to meet the energy shortage. Solar energy 

is one of the most important sources of renewable energy, 

which is free, available, endless, and environmentally friendly 

[1]-[3]. The most common way to invest in solar energy is by 

converting it into thermal energy through the use of solar 

collector systems such as solar air heater (SAH). A solar air 

heater is a device that absorbs solar radiation as a renewable 

source of energy and converts it into thermal energy to heat the 

air passing through the heater channel. A conventional SAH 

consists of an absorber plate, air channel, air fan, glass cover, 

and thermally insulated structure. The function of the solar air 

heater (SAH) is to absorb the heat energy of solar radiation and 

release it to the air through heat exchange between the absorber 

plate and the air. The efficiency of the conventional SAH 

(single pass) can be improved by using a double pass for 

airflow, which will extend the heat transfer surface area and 

then enhance the heat transfer process in the SAH. Solar air 

heater is used in many applications such as space heating, 

drying crops, desalinating water, and other applications. The 

use of solar air heaters to accomplish these operations leads to 

reduced operational costs and reduces the consumption of 

traditional energy sources. 

Conventional air heaters usually have low efficiency due to 

increased thermal resistance and a low heat transfer coefficient. 

An improvement can be made on the heat transfer rate by 

creating increased turbulence in the air flow field. Much work 

has been carried out worldwide to evaluate the performance and 

use of various optimization techniques for different types of 

solar air heaters [4], [5]. Rajendran et al. [6] conducted an 

experimental study to improve the performance of SAH by 

adding V-shaped perforated baffles at different values of air 

mass flow rate with and without baffles. It was found that the 

highest thermal efficiency was 89.3% at an air flow rate of 

0.0346 kg/s, which was 13% higher than in the case without 

baffles. Kumar et al. [7] investigated double-pass solar air 

collectors to improve their performance by using a V-

corrugation winglet with different arrangements. It was 

observed that the highest thermal efficiency was 49.5% at an air 

mass flow rate of 0.02 kg/s. In addition, increasing the air flow 

rate from 0.01 kg/s to 0.02 kg/s increased the pressure drop 

inside the collector. The researchers Kumar et al. [8] and Bekele 

et al. [9] used artificial roughness represented by delta shape 

obstacles to study the effect of the length of the space between 
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shapes and the effect of increasing turbulence on improving 

heat transfer. The results showed that when the space between 

the shapes decreases, the air turbulence increases, indicating the 

effectiveness of obstacles in enhancing the heat transfer of 

SAH. Rajaseenivasan et al. [10] studied experimentally the 

effect of using circular and V-type flow turbulators fixed on the 

absorber plate for six different cases with Reynolds numbers 

(6000-12000). It was noticed that the efficiency of SAHs 

increased by increasing the Reynolds number and the number 

of flow turbulators. Furthermore, the maximum outlet 

temperature of the air was 66 °C at an airflow rate of 57.7 when 

a V-type was used inside the circular tube. Pandey and Kumar 

[11] fabricated a solar air heater with a V-baffle perforated at 

an angle of 45 ° and distributed in a staggered arrangement 

above and below the absorber surface to improve heat transfer. 

The results proved that the staggered arrangement method 

enhanced the heat transfer, and the highest thermal efficiency 

was 96.6% at Re = 13021. To preserve the environment, Yaseen 

et al. [12] used metal cans as flow turbulators by reusing them 

inside a double-pass solar air heater. It was observed that the 

surface area for heat transfer increased, and the maximum 

efficiency was 75.9% at a temperature difference of 21 °C 

during the experiment. Abdullah et al. [13] investigated the 

effect of placing an external mirror to increase the solar 

radiation falling on the SAH and using aluminum cans as flow 

turbulators. The results revealed a daily efficiency of 73% at an 

air flow rate of 0.05 kg/s. Many research works [14]-[16] 

examined effective procedures to improve the performance of 

SAH by using phase change material (PCM) such as paraffin 

wax placed inside a container or capsules, and benefit from it 

during sunset periods. During their experimental works, the 

researchers demonstrated an improvement and increase in the 

outlet temperature of air and an increase in the daily efficiency 

of SAH. Ali et al. [17] conducted an experimental study for a 

double pass solar air heater in the conditions under Baghdad 

city. Metal tubes filled with paraffin wax were used to evaluate 

the charging and discharging characteristics for different days 

in the winter season at different flow rate values (0.025-0.06) 

kg/s. The greatest efficiency was 90% and 61% at 0.04 kg/s 

with and without PCM, respectively. Abdelkader et al. [18] 

evaluated energy and exergy of a solar collector with the use of 

arc-shaped ribs. The authors concluded that the increase in 

efficiency when using the ribs was 18.8% higher than that for 

the smooth plate. Alabdeen et al. [19] investigated 

experimentally the thermal performance of SAH with different 

arrangements of delta turbulators. These turbulators were used 

for vortex generation and damping development of the thermal 

boundary layer, in the direction of air flow, and increased 

energy conservation. Hussein et al. [20] studied the effect of 

replacing the traditional absorber plate of SAHs with a tubular 

solar absorber filled with water as a phase change material. The 

longitudinal tubular proved effective to produce hot air, and the 

efficiency reached 80.9% at an air flow rate of 0.03 kg/s. The 

researchers [21]-[27] investigated various shapes to create 

turbulence in the airflow field, represented by baffles, fins, ribs, 

obstacles, and various flow turbulators to improve the heat 

transfer in SAHs. Several studies were conducted by the 

researchers [28], [29] to improve the thermal efficiency of SAH 

by increasing the heat load using different techniques such as 

artificial roughness, V-grooves, obstructions, or fins on the 

absorber surface. Based on the previous literature, it can be 

concluded that the thermal efficiency of SAH can be 

significantly improved by creating a turbulence effect in the air 

flow field to enhance the heat transfer rate. In addition, 

incorporating thermal storage systems with SAHs has proven 

effective in developing SAH performance. Low thermal 

performance represents one of the SAH disadvantages; thus, 

many developments are required to improve its efficiency. 

Therefore, in the present work, two techniques to improve the 

thermal performance of the double-pass SAH are 

experimentally investigated. The first is integrating a phase 

change material (PCM) as a thermal storage system, and the 

second is using flow turbulators with the absorber plate to 

enhance the heat transfer in the SAH. The current study aims to 

enhance the thermal performance of conventional SAH by 

incorporating PCM and flow turbulators of different shapes on 

the upper surface of the absorber plate and longitudinal fins on 

the plate's lower surface. Different effective parameters on SAH 

thermal performance, such as air flow rate, flow turbulator 

shape, air outlet temperature, energy saving, and thermal 

efficiency, were studied to determine their effects on the 

thermal performance of modified SAH. Experimental work was 

conducted under Baghdad city (latitude 33°19′ N, longitude 

44°25′ E) climatic conditions in February and March at various 

operating conditions. 

2. Materials and Methods 

2.1. Experimental Setup 

The experimental work was conducted using a test rig for a 

double-pass solar air heater integrated with PCM, as shown in 

Figs. Figs. 1 and 2. The solar air heater consisted of outer 

structure fabricated from Aluminum sheets of thickness 0.09 

cm and size of (90 x 40 x 14) cm3 with two openings for air 

entry and exit of area (40 x 6) cm2 as illustrated in Fig.3. The 

SAH is thermally insulated from the sides and bottom using 

glass wool (k = 0.038 W/m.oC, and 4 cm thickness) for reducing 

the heat loss to the surrounding and covered by 0.4 cm thick 

glass sheet at the top. The PCM container of size (80 x 40 x 2) 

cm³ was fabricated from 0.09 cm-thick Aluminum sheets and 

filled with 6 kg of paraffin wax as PCM. The upper surface of 

the PCM container, which is subjected to solar radiation, 

represents the absorber plate of the SAH and is painted black. 

While the lower surface of the container was equipped with five 

longitudinal fins of 5mm thickness Aluminum sheet equally 

distributed along the container surface to enhance the heat 

exchange between entering air and SAH absorber plate as 

shown in Fig.1. The air is supplied to SAH at flowrate 0.002–

0.012 kg/s using centrifugal air fan of 27.5W capacity, model 

AKS 680–180 with power regulator placed at the SAH air outlet 

opening. The SAH test rig was equipped with measuring 

devices; K-type thermocouples in the range of -200 to 1250 oC 

with a digital reader fixed at different locations in the SAH air 

flow channel and PCM container, three thermocouples at the 

absorber plate, five inside the PCM container, one at the air 

channel inlet, and one at the air channel outlet. The air velocity 

through the air channel was measured using a digital 

anemometer (Am802), and the pressure drop in the SAH air 

channel was measured using an adjustable slope manometer at 

an angle of 15 °15 °. The solar irradiance was recorded using a 
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solar irradiance meter of model (TES1333) with a measuring 

range of 100–1250 W/m2.The thermophysical properties of 

PCM used in the current study are illustrated in Table 1.   

2.2. Air Flow Turbulators 

To modify the conventional solar air heater, air flow turbulators 

with different geometries are fabricated and installed on the 

SAH absorber plate in the present study. Integrating air flow 

turbulators with the absorber plate can create turbulence in the 

air flow through the SAH channel, thereby enhancing heat 

exchange and improving SAH thermal performance. Three 

different geometrical shapes of air flow turbulators, namely, V-

shape, vertical cylindrical, and horizontal cylindrical, are 

manufactured and welded in staggered arrangement on the 

absorber plate of the SAH as shown in Figs. 4 and 5. The air 

flow turbulators are constructed using Aluminum sheets and 

tubes with approximately equal dimensions, as illustrated in 

Table 2.  

 

      Figure 1. A schematic of a conventional double-pass solar 

air heater (SAH). 

 

Figure 2. Double pass solar air heater with measurement 

devices. 

 

 

Figure 3. Dimensions of SAH: (a) air channel, (b) absorber 

plate. 

Table 1. Thermophysical properties of PCM [30]. 

 Properties PCM (Paraffin Wax) 

Melting temperature 52-54 oC 

Thermal conductivity 0.4 W/m.oC (liquid) 

0.34 W/m.oC(solid) 

Density 890 kg/m3 (liquid) 

910 kg/m3 (solid) 

Specific heat capacity 4 kJ/kg.oC (liquid) 

3 kJ/kg.oC (solid) 

Latent heat of fusion 230 kJ/kg 

 

 

Figure 4. Distribution and dimensions of air flow turbulators 

installed on the absorber plate. 
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Figure 5. Solar air heater with air flow turbulators. 

Table 2. Dimensions of air flow turbulators. 

Cases Geometry Dimension 

Case1 V-shape L=6.3cm, H=4cm, = 

60o 

Case2 Circular shape-vertical H=4cm, D=4cm 

Case3 Circular shape-

horizontal 

H=4cm, D=4cm 

 

2.3. Experimental Methodology 

The experimental tests are conducted in February and March 

2023 during sunshine hours from 9.00 am to 4.00 pm under 

Baghdad city (latitude 33°19′ N, longitude 44°25′ E) climatic 

conditions. To face the solar radiation, the SAH was installed 

on a wooden stand at an angle of 30 ° with the horizontal and 

directed to the southwest. 

Four testing cases of SAH with and without PCM and flow 

turbulators are experimentally investigated as illustrated in 

Table 3 and Fig.6. After preparing the SAH test rig and 

connecting the thermocouples and measuring devices properly, 

the SAH system was turned on 10 minutes before recording the 

measurements to ensure all devices were working properly. The 

air fan speed was regulated to ensure the specified air mass flow 

rates of 0.002, 0.005, and 0.012 kg/s. In the first case (base case) 

without flow turbulators and PCM (flat absorber plate), at air 

flow rate 0.002 kg/s, the readings of absorber plate, PCM, and 

air temperatures, solar radiation, and outlet air speed at a time 

interval of 30 minutes during a testing period from 9.00 am to 

4.00 pm are monitored and recorded. These steps are repeated 

for air flow rates of 0.005 and 0.012 kg/s with PCM, and for 

other test cases 1, 2, and 3 without and with air flow turbulators 

and PCM.  

2.4. Data Reduction                                           

The sound heat energy supplied to the air by the solar air heater 

due to the heat exchange between the absorber plate and the air 

can be determined as follows [31],[13]: 

Qu = ṁa Cpa (Tout − Tin)                        (1) 

The mass flow rate of the air flowing in the SAH channel, ṁa, 

was calculated by: 

ṁa = 
𝑎

 𝑎  𝐴𝑐                                     (2) 

Where: 

𝐴𝑐: cross-sectional area of the SAH air channel (m2). 

 Cpa: air specific heat (J/kg. s). 

Tin: air inlet temperature (oC). 

Tout: air outlet temperature (oC)  


𝑎
: air density (kg/m3) 

𝑎: air velocity in the SAH channel (m/s). 

Disregard the heat losses to the surroundings and the heat stored 

by the absorber plate; the rate of heat (Qpcm) transferred to the 

PCM during a sunshine period can be determined by: [30]: 

𝑄𝑝𝑐𝑚 = 𝐹𝑟 .(α. τ. G. 𝐴𝑠 – (ℎ. 𝐴𝑠. ( 𝑇𝑠-𝑇𝑖𝑛)            (3) 

The heat transfer coefficient h (W/m2.oC) of the SAH absorber 

plate can be determined experimentally from Eq. (4): 

ℎ =  
𝑄𝑢

𝐴𝑠.( 𝑇𝑠−𝑇𝑖𝑛)
                                   (4) 

Where, 𝐴𝑠 is the SAH absorber plate surface area (m2),  𝑇𝑠 is 

the absorber plate temperature, and G is the solar irradiance 

(W/m2), and:  

𝐹r: heat removal factor for the collector    

α: absorptivity of the absorber plate 

τ: transmissivity of the collector glass cover 

The values of the factors  𝐹r, τ, and α are approximated to 0.9, 

0.85, and 0.9, respectively [32].  

 

Table 3. Testing cases are considered in the present 

experimental work. 

Cases Geometry Air flow rate 

(kg/s) 

With & Without PCM 

Base 

Case 

 

 

Case-1 

 

 

Case-2 

 

 

 

Case-3 

Flat Plate 

 

 

V-Shape 

 

 

Cylindrical shape (vertical 

position) 

 

 

Cylindrical shape 

(Horizontal position) 

 

 

ṁ1=0.002 

ṁ2=0.005 

ṁ3=0.012 
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Figure 6. Testing cases of the SAH absorber plate with flow 

turbulators. 

The charging time (𝑡𝑐ℎ) during the PCM melting process 

through a sunshine period (s) and PCM mass (𝑚𝑝𝑐𝑚) can be 

estimated by (5) [29]: 

𝑚𝑝𝑐𝑚. 𝐿𝑝𝑐𝑚 + 𝑞𝑠𝑒𝑛 =  𝑄𝑝𝑐𝑚 . 𝑡𝑐ℎ              (5) 

The heat energy (J) stored by PCM during the charging cycle 
(melting process) at the excess heat energy period through 

sunshine hours represents the energy saving (𝑄𝑠𝑎𝑣) by PCM and 

can be estimated by: 

𝑄𝑠𝑎𝑣 = 𝑞𝑙𝑎𝑡  . 𝑓𝑙𝑞 +  𝑞𝑠𝑒𝑛                            (6) 

Where 𝐿𝑝𝑐𝑚  represents the PCM latent heat of fusion (J/kg), 

𝑞𝑙𝑎𝑡  and 𝑞𝑠𝑒𝑛 are the PCM latent heat and sensible heat (J) of 

the PCM, respectively, which can be determined as follows:  

𝑞𝑙𝑎𝑡 =  𝑚𝑝𝑐𝑚. 𝐿𝑝𝑐𝑚                                   (7) 

𝑞𝑠𝑒𝑛 =  𝑚𝑝𝑐𝑚. 𝐶𝑝𝑝𝑐𝑚. (𝑇𝑙𝑞 − Tml  )        (8) 

Where Tml is the PCM melting point temperature, and 𝑓𝑙𝑞   is the 

liquid fraction of PCM, which can be estimated by [33]: 

𝑓𝑙𝑞 = 0  if     𝑇𝑝𝑐𝑚 < Tsd                        (9a) 

𝑓𝑙𝑞 = 1  if     𝑇𝑝𝑐𝑚 > Tlq                          (9b) 

𝑓𝑙𝑞 =  
(𝑇𝑝𝑐𝑚−Tsd  )

(𝑇𝑙𝑞−Tsd  )
  if    Tsd < 𝑇𝑝𝑐𝑚 < Tlq(9c) 

Where 𝑇𝑝𝑐𝑚 is the PCM temperature at the specified time, 𝑇𝑠𝑑 

is the solid PCM temperature when the last liquid content is 

solidified, and 𝑇𝑙𝑞  is the liquid PCM temperature when the 

previous solid content is liquefied. 

Through a relatively low solar radiation period, the heat stored 

in the PCM is released to the air passing through the SAH 

channel during the time (𝑡𝑑𝑠) at the discharging cycle (PCM 

solidification process) can be expressed by Eq. (10): 

ṁa. Cpa. (Tset − Tin).  𝑡𝑑𝑠 = 𝑞𝑙𝑎𝑡 . 𝑓𝑙𝑞 +  𝑞𝑠𝑒𝑛     (10) 

The desired set point air temperature (Tset) for building heating 

purposes is approximated in the range of (35–40 ◦C) [34].   

The thermal efficiency of the solar air heater ( 
th

) can be 

expressed by: 


th

=  
Qu

α.τ.𝐺.𝐴𝑠.
. 100%                                (11) 

2.5. Uncertainty Analysis 

An error analysis was conducted to ensure the accuracy of the 

measurements for the present experimental work. The 

uncertainty in the measurements is determined based on the 

method reported in Coleman [35].  

Assume (R) is a function of independent variables x1, x2, …, 

xn. Thus, the measurements are used to calculate some results, 

R in the experiment: 

R=R(x1, x2, x3 …, xn)          (12) 

Let W1, W2, W3 …Wn represent the uncertainties in the 

independent variables. Therefore, the uncertainty in the results 

(WR) can be expressed by: 

𝑊𝑅 = [(
𝑅

𝑋1
 𝑊1)

2

+ (
𝑅

𝑋2
 𝑊2)

2

+ ⋯ + (
𝑅

𝑋𝑖
 𝑊𝑛)

2

]

1

2

        (13) 

For a thermal efficiency th from equation (11), if  Ab, Cp, and 

α. If τ is assumed to be a constant, it can be concluded that: 

th= f ( 𝑚̇,𝑇, 𝐺)               (14) 

The relative uncertainty of the th results can be expressed as  

follows: 

𝑊𝑡ℎ
= [(

𝑡ℎ

𝑚̇
 𝑊𝑚̇)

2

+ (
𝑡ℎ

𝑇
 𝑊𝑇)

2

+ (
𝑡ℎ

𝐺
 𝑊𝐺)

2

 ]

1

2
     (15) 

The uncertainties of measured and resulting data are illustrated 

in Table 4.  

Table 4. Uncertainties of measured and resulting data. 

Parameter Uncertainty 

Temperature of air (oC) ±1.5 

Mass flow rate (kg/s) ±0.03 

  

Solar radiation (W/m2) ±1.5 

Efficiency (%) ±2.5 

 

3. Result and Discussion 

3.1. Performance of the SAH Without PCM 

Three different arrangements for the solar air heater, as well as 

a flat plate case integrated with and without PCM and flow 

turbulators, are investigated experimentally in February and 

March 2023 under Baghdad city climatic conditions. The SAH 

arrangements include airflow turbulators incorporated with the 

absorber plate in V-shaped, cylindrical vertical, cylindrical 

horizontal, and flat configurations, without turbulators. 

Variation of inlet, outlet, absorber plate temperatures, and the 
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difference between inlet and outlet temperatures for the SAH 

without PCM for different cases are shown in Figs. 7, 8, 9, and 

10. The variation in the solar radiation during the SAH testing 

period is also illustrated in these figures. It can be observed that 

the air and absorber plate temperatures increase with time due 

to the irradiance increasing, and the maximum values were at a 

relatively lower air flow rate of 0.002 kg/s during a peak solar 

radiation period at hour 13.0. Average temperature of the SAH 

absorber plate was 54.5, 43.9, 46.9, and 50.5 °C for the cases of 

flat plate, V-shape, circular-shape-vertical, and circular-shape-

horizontal, respectively. The SAH with a V-shape flow 

turbulator had reflected a lower plate temperature due to the 

enhancement in the heat exchange with the air in this case, 

compared to other flow turbulators (circular-shape-vertical and 

circular-shape-horizontal). This behavior in the results can be 

obviously explained in Fig. 11, which shows the variation of 

outlet air temperature with time for different testing cases of 

SAH without PCM. The maximum air outlet temperature was 

about 43, 38.5, 37, and 35.5 oC for the flow turbulators cases 1, 

2, 3, and flat plate, respectively. It can be observed that the 

outlet air temperature for the SAH at case 1 of flow turbulators 

was higher by about 11.7, 16, and 21% compared to cases 2, 3, 

and the flat plate, respectively. The turbulence in the air flowing 

in the SAH channel at case 1 was higher, resulting in an 

enhancement in the heat exchange between the air and the 

absorber plate and a significant rise in the air outlet temperature. 

A similar trend in the outlet air temperature results can be seen 

in Fig. 12, which shows the variation of outlet air temperature 

with air flow rate for different testing cases of SAH without 

PCM. The outlet air temperature decreased with increasing air 

flow rate. This behavior can be explained based on energy 

balance in the SAH, where, at a specified heat gain from the 

absorber plate, the air with a lower flow rate is highly affected 

by the heat compared with other flow rates. The variation of 

thermal efficiency with time for different testing configurations 

of SAH without PCM is depicted in Fig. 13. From the definition 

of the thermal efficiency, the SAH at a relatively greater air 

flow rate of 0.012 kg/s has revealed higher thermal efficiency. 

The average thermal efficiency of the SAH was about 65, 52, 

38, and 30% for cases 1, 2, 3, and the flat plate, respectively.   

3.2. Performance of the SAH With PCM 

Performance evaluation of the solar air heater integrated with 

PCM at different SAH configurations with and without flow 

turbulators is explained in Figs. 14, 15, and 16. Incorporating 

phase change material (Paraffin wax) as a thermal storage 

system with the SAH absorber plate will contribute to storing 

the excess heat of solar radiation during peak sunshine hours. 

This heat gained by PCM is released into the air passing through 

the SAH channel during a low solar radiation period. Therefore, 

the duration of the SAH operation can be extended, and the 

energy used for space heating can be saved. Investigating the 

experimental results in the previous section reflects relatively 

higher performance for the SAH arrangement with the V-shape 

flow turbulator (case 1). Variation in temperatures of the air 

inlet, air outlet, absorber plate, and PCM, with time for SAH 

with PCM at case 1 and ṁ=0.002 kg/s, is shown in Fig.14. As 

discussed previously, a lower air flow rate has shown a higher 

temperature distribution in the SAH air channel and PCM 

compared with other air flow rates. 

 
Figure 7. Variation of temperature and solar radiation with 

time for SAH with a flat plate at ṁ= 0.002 kg/s. 

 
Figure 8. Variation of temperature and solar radiation with 

time for SAH at case 1 (V-shape) and ṁ= 0.002 kg/s. 

 
Figure 9. Variation of temperature and solar radiation with 

time for SAH at case 2 (circular shape-vertical) and ṁ= 0.002 

kg/s. 
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Figure 10. Variation of temperature and solar radiation with 

time for SAH at case 3 (circular shape-horizontal) and ṁ= 

0.002 kg/s. 

Fig.15 illustrates the variation of outlet air temperature with 

time for different testing cases of SAH with PCM at a flow rate 

of 0.002 kg/s. It can be noticed that as the solar radiation 

increases, the air temperature also increases over time. The 

highest temperature was recorded during peak irradiance at 

hour 13.0. Among the three cases studied, SAH (with a V-

shaped turbulator) had the highest outlet air temperature. It was 

about 4%, 7%, and 12% higher than the temperature of cases 2, 

3, and the flat plate, respectively. The variation in energy saving 

of PCM during the charging and discharging cycles of the PCM 

at different testing cases and flowrate 0.005 kg/s is depicted in 

Fig.16. The energy saving represents the excess heat stored in 

the PCM during charging cycle at peak solar radiation period, 

and released at low solar radiation in the discharging cycle 

beyond the hour 14.0. Maximum heat stored by the PCM 

(energy saving) was 900, 930, 950, and 1040 kJ for the flow 

turbulator cases 1, 2, and 3, and the flat absorber plate, 

respectively. The SAH arrangements with the flow turbulators 

in cases 1, 2, and 3 demonstrated lower heat storage compared 

to a flat plate. The reason for this outcome is the turbulence 

effect in the airflow, which improves the heat transfer between 

the absorber plate and air, resulting in a decrease in the amount 

of heat transferred to the PCM. 

 
Figure 11. Variation of outlet air temperature with time for 

different testing cases of SAH without PCM. 

 

Figure 12. Variation of outlet air temperature with air flow 

rate for different testing cases of SAH without PCM. 

 

Figure 13. Thermal efficiency as a function of time for 

different testing configurations of SAH without PCM. 

 

Figure 14. Variation of temperatures with time for SAH with 

PCM at case 1 (V-shaped flow turbulators) and ṁ=0.002 kg/s. 

3.3. Effect of Flow Turbulators and PCM on SAH 

Performance  

To study the effect of flow turbulators and the integration of 

PCM with a solar air heater setup on the thermal performance 
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of the SAH, the results of outlet air temperature, sound energy, 

and thermal efficiency are compared in two cases: one without 

turbulators and PCM, and the other with turbulators and PCM. 

The comparison of the SAH sound energy and thermal 

efficiency results is demonstrated in Figs. 17 and 18, 

respectively.  

 

Figure 15. Variation of outlet air temperature with time for 

different testing cases of SAH with PCM at a flow rate of 

0.002 kg/s. 

 

Figure 16. Energy saving of PCM during the charging and 

discharging cycles of the PCM at different testing cases and a 

flow rate of 0.005 kg/s. 

Fig.17 demonstrates the comparison of the valuable energy 

supplied to the air for SAH with and without PCM and flow 

turbulators at an air flow rate of 0.005 kg/s. It can be noticed 

that, during the PCM discharging period after 14.0 hours at 

relatively low solar radiation, the SAH arrangement with flow 

turbulators and PCM reflected a higher sound energy. The 

useful energy supplied by modified SAH with flow turbulators 

and PCM in cases 1, 2, and 3 was greater than conventional 

SAH by about 27, 16, and 9% respectively. While the 

comparison of the thermal efficiency of SAH at an air flow rate 

of 0.005 kg/s had reflected a higher efficiency for SAH 

arrangements with flow turbulators, as shown in Fig.18. As 

depicted in the Figure, the efficiency of SAH with PCM and 

flow turbulators increases significantly during low solar 

radiation after 14:00 due to the effect of heat release by PCM. 

This heat is added to the solar radiation energy during the 

discharging cycle, when the efficiency is determined based on 

the thermal efficiency equation (11). The modified SAH had 

higher thermal efficiency than the conventional SAH integrated 

with PCM. Efficiency improvements were 35%, 26%, and 19% 

for cases 1, 2, and 3 of the modified SAH, respectively.    

3.4. Validation of the Present Study Results 

The current work results of thermal efficiency at an airflow rate 

of 0.012 kg/s have been compared with the results reported by 

Abdulrahman [15], and the comparison is shown in Fig. 19. The 

solar air heater studied by Abdulrahman did not have flow 

turbulators and used paraffin wax as a PCM. Thus, the results 

obtained from the present SAH integrated with PCM and 

without flow turbulators are compared with Abdulrahman's 

work. The results indicate a similar trend, with a deviation of 

around 11%. This deviation in the results can be attributed to 

some variations in the operating conditions and measurements.  

 

Figure 17. Comparison of the valuable energy for SAH with 

and without PCM and turbulators at an air flow rate of 0.005 

kg/s. 

4. Conclusions 

The results showed that the modified double-pass SAH has 

better thermal performance than the conventional SAH, and the 

Maximum heat stored by the PCM (energy saving) was 900, 

930, 950, 950, and 1040 kJ for the flow turbulators V-shaped, 

cylindrical shaped-vertical, cylindrical shaped-horizontal, and 

flat absorber plate, respectively. The modified SAH 

configurations with flow turbulators of V-shaped, cylindrical-

shaped vertical, and cylindrical-shaped horizontal showed 

higher outlet air temperature by about 22, 14, and 9%  

respectively, compared with the case of a flat plate integrated 

with PCM. The improvement in modified SAH thermal 

efficiency was 35%, 26%, and 19% for cases of V-shaped, 

cylindrical-shaped-vertical, and cylindrical-shaped-horizontal, 

respectively. It can be concluded that the modified SAH with a 

V-shaped turbulator resulted in a 22% increase in maximum 
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temperature and an efficiency improvement of 35% compared 

to the conventional solar air heater. 

 

Figure 18. Comparison of the thermal efficiency for SAH 

with and without PCM and turbulators at an air flow rate of 

0.005 kg/s. 

 

Figure 19. Comparison of the present study results of thermal 

efficiency with the reported results of Abdulrahman [15]. 
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Nomenclature 

𝐴𝑐: cross-sectional area of the SAH air channel (m2). 

𝐴𝑠: solar heater absorber plate surface area (m2). 

Cpa: air specific heat (J/kg. s). 

𝐹r: heat removal factor for the collector (-)   

G:  solar irradiance (W/m2), 

ṁa: air mass flow rate (kg/sec). 

Tin: air inlet temperature (oC). 

Tout: air outlet temperature (oC)  

Ts: absorber plate temperature (oC)  


𝑎
: air density (kg/m3) 

α: absorptivity of the absorber plate (-) 

τ: transmissivity of the collector glass cover (-) 
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