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Abstract. In this investigation, the effect of replacing the conventional solar absorber with a new solar absorber on the thermal performance of a 
double-pass solar air heater has been studied experimentally and numerically.  Three configurations have been introduced, the first configuration is 
a double pass solar air heater with a flat plate solar absorber (DPSAHWFP) for the aim of comparison, and the second configuration is a double pass 
solar air heater with a tubular absorber that includes a set of tubes which are fitted perpendicularly to the direction of airflow (DPSAHWT-1),  and the 
third configuration is double-pass solar air heater with a tubular absorber that involves set of tubes which are fitted in parallel to the direction of 
airflow (DPSAHWT-2). The experiments have been carried out under indoor conditions at a constant heat flux equal to 1000 W/m2 and different air 
mass flow rates (0.01– 0.03 kg/s). The results revealed that the air mass flow rate has a substantial impact compared to the rise in air temperature, 
hence, the thermal performance of solar air heater is directly proportional to increase air mass flow rate. In addition, the experimental and numerical 
outcomes indicated that for all air flow rates. The (DPSAHWT-2) offers higher thermal performance as compared to other models, where the maximum 
effective efficiency has been obtained at 0.03 kg/s equal to 80.9 %. Moreover, (DPSAHWT-2) is more efficient than DPSAHWFP and DPSAHWT-1 
by 4.2 % and 9.8 % respectively.  
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1. Introduction 

Recently, many countries paid attention to investing in the 
renewable energy sector as an attempt to reduce the 
consumption of fossil fuels and the consequences of burning 
these types of fuels such as pollutants that harm human beings 
and plants (Jasim Mahmood 2020). Solar energy  is the most 
available source among other renewable energy sources, in 
addition to that, it is free, clean, eco-friendly, and inexhaustible 
(Kumar et al. 2021a). Investing in the solar energy field 
contributes to minimizing CO2 levels and global warming since 
the systems that are used for converting solar irradiance into 
other's energy forms produce no pollutants (Khanmohammadi 
et al. 2021). Solar energy can be converted directly into 
electricity via photovoltaic panels (Monna et al. 2022) or into 
heat via many systems such as solar air heaters (SAHs) (Jalil et 
al. 2021), solar water collectors (Shafiee et al. 2022), solar 
chimneys (Karimipour-Fard and Beheshti 2017), etc. Solar air 
heaters are utilized in many applications such as supplying hot 
air in agriculture dryers for drying agricultural crops and fruits 
as well as supplying hot air in buildings especially in the winter 
season to make it comfortable for living (Razak et al. 2016). Solar 
air heaters (SAHs) are characterized by simplicity of design and 
low cost compared to other systems (Rajarajeswari et al. 2018). 
However, SAHs are not complete systems like other systems, 
they suffer from some weaknesses that can be represented as 
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follows: firstly, low system efficiency due to the weak heat 
transfer between airflow and solar absorber due to low heat 
capacity of air; secondly, the energy losses represented by 
(optical, convection, radiation and conduction); and finally, the 
intermittency of solar energy during the cloudy sky and 
nighttime (Salih et al. 2019a). Many efforts represented by 
research have been done to overcome these weaknesses and 
offered lots of solutions. Regarding energy losses, different 
technologies were used. Abdelkader et al. (2020) utilized CNTs 
and CuO nanoparticles to enhance the optical properties of 
black paint via enhancing surface roughness and surface 
spectral selectivity. The thermal efficiency was enhanced up to 
24.4% compared with ordinary black paint case when using just 
4% from CNTs/ CuO nanoparticles. Kumar et al. (2019b) 
investigated the effect of insulation types on reducing 
conduction energy losses, and they prevailed that ceramic wool 
is the best material among the tested materials for reducing 
conduction energy losses and improving thermal efficiency. 
Dhiman et al. (2012) mentioned that utilizing double or multi-
transparent covers at the top side of the collector can prevent 
most of the long-wave radiation from escaping to the outside 
surrounding. Regarding the solar irradiance intermittency 
problem, lots of researchers focused on solving this problem by 
integrating solar air heaters with different designs of thermal 
energy storage systems. For example, Assadeg et al. (2021) used 
a new design of a double-pass solar air heater and integrated it 
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with a built-in latent heat thermal energy storage system which 
is involved fins. The results revealed that the proposed system 
has the ability to increase thermal efficiency up to 73%. Habib 
et al. (2020) used a mixture of 3% of single-wall carbon 
nanotubes and paraffin wax as a hybrid latent thermal energy 
storage system. It was found that utilizing the paraffin 
nanocomposite improved the thermal storage efficiency by 
about 20.7% and 21.2% for natural and forced operating 
conditions respectively. Abd  (2016) studied the effect of using 
a combination of latent and sensible thermal energy storage 
materials on the thermal performance of the double-pass solar 
air heater. The study findings indicated the ability of the latent-
sensible mixture to allow the solar heater to work for 380 min 
during the discharge period. For improving the heat transfer 
rate between airflow and solar absorber, the researchers used 
different ways and methods such as creating artificial roughness 
on the solar absorber surface (Das et al. 2020; Kanase et al. 
2022), utilizing turbulators like dimples (Salman et al. 2022; 
Perwez et al. 2019), baffles (Abdu 2021; Rajendran et al. 2021), 
fins (Erol 2022; Saboohi et al. 2022), winglets (Kumar et al. 
2021b), etc., or replacing the conventional flat solar absorber by 
novel configurations of absorbers for the purpose of increasing 
contact surface area, and hence improving the thermal 
efficiency, for instance, Khanlari et al. (2020) replaced the 
conventional plate with a V-groove absorber and enhanced the 
thermal efficiency up to about 81%. Ho et al. (2020) used a 
sinusoidal corrugated plate as an alternative to a conventional 
plate absorber and achieved an increment in thermal efficiency 
up to about 70.3%. Mohammed et al. (2021) improved the 
thermal efficiency within a range of 63.7 -74.2% by replacing the 
conventional plate with a triangular absorber plate and metallic 
fiber. Akhbari et al. (2020) utilized triangular channels to 
enhance the thermal performance by about 45.27%, Gopi 
et al. (2021) used a photovoltaic panel integrated with slats from 
underneath instead of the conventional absorber plate and 
raised the energy efficiency up to 58.24%, Singh et al. (2021) 
used a combination of wavy channel and porous media as a 
solar absorber, and they achieved an enhancement in thermal 
performance of about 38 to 93%.  Abo-Elfadl et al. (2021a) 
proposed a new type of solar absorber that included a set of 
tubes and enhanced the thermal efficiency up to 133%.    

Recently, using novel solar absorbers as an alternative to the 
conventional flat plate absorber has become an interesting 
research idea. However, this technique is still under 
development and needs more investigation. Thus, the present 
work offers a novel design of solar absorbers involving a set of 
tubes with a circular cross-section as an alternative to the 
conventional flat plate absorber and studying the effect of the 
orientation of the tube relative to the airflow direction on 
thermal performance experimentally and numerically. 

2. Numerical Analysis steps 

2.1.  Geometry and meshing 

The modeling of proposed solar air heaters was done by using 
CFD software ANSYS fluent version (2021 R2). The geometry of 
double pass solar air heater with flat plate absorber 
(DPSAHWFP), double pass solar air heater with horizontal tubes 
(DPSAWT-1), and double pass solar air heater with longitudinal 
tubes (DPSAHWT-2) which are included the transparent cover 
layer, backplate, absorber tubes, side, and bottom insulations 
are made by designed modeler of ANSYS workbench 2021 R2. 
The generated models are presented in Figs. 1a to 1c. The 
collector’s projected area is 1200 × 300 mm.  

The meshing tool in ANSYS workbench 2021 R2 is used to 
perform meshing for the configurations as shown in Fig. 2. 
Structured mesh is generated, and the dependency of mesh on 
the solution’s accuracy was achieved by doing an independent 
mesh test, where the mesh concentration is increased gradually 
until the variation in outlet temperature becomes less than 1%. 

2.2 Governing equations 

 The governing equations that are utilized to determine the 
velocity, pressure, and temperature are the continuity, 
momentum, and energy equations (Alic et al. 2021; Heydari 
and Mesgarpour 2018). 
Continuity equation: 
  
 ∇. (𝜌𝜌�⃗�𝑣) = 0                                                                         (1) 
 
Momentum conservation equations: 

 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌�⃗�𝑣) + ∇. (𝜌𝜌�⃗�𝑣�⃗�𝑣) = −∇.𝑃𝑃 + ∇. (𝜏𝜏) + 𝜌𝜌�⃗�𝑔                              (2) 
 
Energy conservation equation: 
 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) + ∇. (�⃗�𝑣(𝜌𝜌𝜌𝜌 + 𝑃𝑃)) = ∇. �𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒∇.𝑇𝑇�                                (3) 
 
Where, (ρ) represents the density of the fluid, (v) 
represents the fluid flow velocity, (P) represents the static 
pressure, (ρg) represents the gravitational force, (E) 
represents the total energy of fluid, τ represents the shear 
tensor, and (keff) represents the effective conductivity 
(Singh et al. 2021). 

 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. (a) The geometry of  DPSAHF, (b) The geometry of DPSAHWT-1, (c) The geometry of DPSAHWT-2. 
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Fig. 2. The meshing of the 3D model. 

 
 
The governing equations have been solved by using the finite-
volume method and the pressure-based solver. In addition, 
A semi-implicit pressure-linked algorithm (SIMPLE) has been 
adopted for the purpose of pressure velocity coupling. 
Moreover, for discretizing the governing equations, a second-
order upwind scheme is applied. For simulating flow as well as 
heat transfer, the renormalization group (RNG)- 𝑘𝑘-𝜀𝜀 model has 
been selected since this model as well as both the Blasius 
empirical correlation and the Dittus-Boelter empirical 
correlation have approximately the same results (Yadav and 
Bhagoria 2013). The following transport equations were 
used to solve the turbulence kinetic energy and 
turbulence dissipation rate (BENSACI 2021): 
 

 𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+ 𝜕𝜕(𝜌𝜌𝜌𝜌𝑘𝑘𝑖𝑖)
𝜕𝜕𝑥𝑥𝑖𝑖

= 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝛼𝛼𝜌𝜌𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥𝑗𝑗
� + 𝐺𝐺𝜌𝜌 + 𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜀𝜀                        (4) 

 
𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+ 𝜕𝜕(𝜌𝜌𝜌𝜌𝑘𝑘𝑖𝑖)
𝜕𝜕𝑥𝑥𝑖𝑖

= 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝛼𝛼𝜌𝜌𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜌𝜌
𝜕𝜕𝑥𝑥𝑗𝑗
�+ 𝐶𝐶1𝜌𝜌

𝜌𝜌
𝜌𝜌

(𝐺𝐺𝜌𝜌 + 𝐶𝐶3𝜌𝜌𝐺𝐺𝑏𝑏)−

2𝐶𝐶2𝜌𝜌𝜌𝜌
𝜌𝜌
𝜌𝜌
− 𝑅𝑅𝜌𝜌                                                                                 (5) 

Where, (k) represents the turbulence kinetic energy, (ɛ)  
represents the turbulence dissipation rate, (Gk) and (Gb) 
represent the generation of turbulence kinetic energy due 
to the mean velocity gradients and buoyancy 
respectivialy. In the above equations, Cµ= 0.0845, αk = αk 
=1.393, C1ɛ = 1.42, C2ɛ =1.68, and C3ɛ =1.8. The term (R ɛ) 
which represents the main difference between the 
standard and renormlized group k-ɛ models can be 
expressed by the following formula: 
 

𝑅𝑅𝜌𝜌 =
𝜌𝜌𝐶𝐶𝜇𝜇

𝜂𝜂
𝜀𝜀
3
𝜌𝜌2�1− 𝜂𝜂

𝜂𝜂𝑜𝑜
�

1+𝛽𝛽𝜂𝜂3
                                                                           (6) 

 
Where, β=0.012, ηo= 4.38, and η= Sk/ ɛ. 
The convergence criteria for continuity, momentum, and 
energy equations are set to 1e-03 and 1e-06 respectively.  
 
2.3 Assumptions 

• Working fluid flow is assumed incompressible, and the 
type of case is 3D. 

• The airflow through the lower & upper channels is 
assumed forced convection turbulent flow. 

• Thermo-physical characteristics of the working fluid 
are assumed constant. 

• No slip condition is assumed for the airflow at the wall 
• The fluid inside the tubular capsules is assumed air 

with constant thermo-physical characteristics.  

Table 1  
Boundary conditions and operating parameters. 

Boundary condition Value 
Solar rate 1000 W/m2 
Mass flow rate 0.01, 0.015, 0.02, 0.025 and 0.03 

kg/s. 
Inlet air temperature 25 0C 
Wind velocity 1 m/s 

 

Table 2  
Glass cover, backplate, and absorber properties. 

Glass 
cover 

Density 2540.4 kg/m3 
Thermal conductivity 1.4 W/m.k 
Specific heat 770 J/kg.k 

Backplate Density 8013 kg/m3 
Thermal conductivity 80 W/m.k 
Specific heat 450 J/kg.k 

Absorber  Density 8978 kg/m3 
Thermal conductivity 387.6 W/m.k 
Specific heat 381 J/kg.k 
Absorptivity 0.944 

 
 
 
• Solar rate is uniform and equal to 1000 W/m2. 
• Back and side walls are assumed insulated (adiabatic 

walls). 
• Outlet pressure condition is assumed atmospheric 

pressure, and the inlet thermal conditions is assumed 
equal to 25 0C. 

2.4  Boundary conditions and operating parameters: 

The boundary conditions that are used in the simulation are 
mentioned in Table 1. Moreover, the properties of both glass 
cover, backplate, and absorber tubes are mentioned in Table 2. 
 

3 Experimental setup 

3.1  General description 

The solar air heater which is used in the experimental setup 
consists of the following main components: the first component 
is a transparent cover which is made from 4 mm glass material 
with a transmittance of 88% to allow the maximum rate of solar 
irradiance to pass through it and prevent longwave radiation to 
escape from the solar absorber to the surrounding, the second 
component is the solar absorber which is utilized to convert the 
incident solar energy into thermal energy.  
 
 

 
Fig. 3. Solar absorber models. 
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Table 3. 
 Dimensions and specifications of solar absorber models. 

Model  Details 
First model Material type: Copper. 

Length: 1200 mm. 
Width: 300mm. 
Thickness:0.9 mm. 

Second model Material type: Copper. 
Length: 300 mm. 
Outer Diameter: 28.6 mm. 
Inner Diameter: 26.7 mm. 
Thickness: 0.9 mm. 
Number of tubes: 42 tubes. 

Third model Material type: Copper. 
Length: 1200 mm. 
Outer Diameter: 28.6 mm. 
Inner Diameter: 26.7 mm. 
Thickness: 0.9 mm. 
Number of tubes: 10 tubes. 

 
 

Three configurations of the solar absorber as shown in Fig. 
3 were used for the purpose of investigating the influence of 
tubes’ direction with respect to the airflow direction namely: the 
first model involved using flat plate absorber as a reference 
(DPSAHWFP), the second model involved using a tubular 
absorber that is placed perpendicularly to the direction of 
airflow (DPSAHWT-1), and the third model involved using a 
tubular absorber that is placed in parallel to the direction of 
airflow (DPSAHWT-2). 

The dimensions and specifications of the three solar 
absorber configurations are described in Table 3. The third main 
component of the solar air heater is the wood box which 
represents the solar air heater’s body, this box is made from 
plywood material with dimensions and specifications that are 
mentioned in Table 4. The plywood box has been insulated from 
the sides and bottom with Polyurethane foam with a thickness 
of 50 mm.  The reason for selecting Polyurethane foam is its low 
thermal conductivity. Moreover, galvanized plate with 1 mm 
thickness has been used in the lower channel with the aim of 
investing some of the thermal losses. The schematic diagram 
and photograph of the experimental setup are shown in Figs. 4a 
and b. . 

Table 4. 
Dimensions and specifications of the solar air heater body. 

Model  Details 
DPSAHWFP Total length: 1260 mm. 

Total width: 340mm. 
Total hight:80.9 mm. 
Effective length:1200 mm 
Effective width:300 mm 
Upper channel height: 40 mm 
Lower channel height: 40 mm 

DPSAHWT-1 Total length: 1260 mm. 
Total width: 340mm. 
Total hight:80.9 mm. 
Effective length:1200 mm 
Effective width:300 mm 
Upper channel height:32.15mm 
Lower channel height:32.15mm 

DPSAHWT-2 Total length: 1260 mm. 
Total width: 340mm. 
Total hight:80.9 mm. 
Effective length:1200 mm 
Effective width:300 mm 
Upper channel height:32.15mm 
Lower channel height:32.15mm 

 

 

(a)  

 
(b)  

Fig. 4. (a) Schematic diagram of the experimental setup, (b) Photograph 
of the experimental setup. 

 

The experiments are performed under indoor conditions. The 
artificial solar rate was achieved by using a solar simulator 
which is controlled via variac transformation for purpose of 
adjusting the solar rate to 1000 W/m2. Furthermore, the 
turbulent flow is achieved by using an electric air blower. The 
air mass flow rates inside the solar air heater duct are ranged 
between (0.01-0.03) kg/s with an increment of 0.005 kg/s by 
using a manual valve that is located on the pumping side of the 
blower. The flow direction is set from the lower channel to the 
upper channel. The pressure difference through the solar heater 
is measured by connecting the measuring device to two tapes 
which are fixed at the inlet and outlet of the test section. The 
temperature distribution along both the glass cover, solar 
absorber, backplate, and upper and lower channels are 
measured by fitting four thermocouples type k in each part. 
Moreover, the inlet and outlet temperatures are measured by 
using two thermocouples that are fitted in the inlet and outlet. 
The positions of measuring points are shown in Fig. 5.  

 

 
Fig. 5. Positions of measuring points. 
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Table 5 
Details and specifications of instruments and measuring devices. 

Instrument 
type 

Model Purpose of usage Accuracy 
level 

Solar power 
meter 

SPM-1116SD Measuring solar 
intensity 

± 5 % 

Orifice meter 
+ U tube 

manometer 

- Measuring mass 
flow rate  

±5 % 

Data 
acquisition 

MC-4244r2 Measuring 
temperatures 

±0.1 0C 

Digital 
thermometer 

HT-9815 Measuring 
temperatures 

±2 0C 

Inclined 
manometer 

- Measuring 
pressure drop 

± 2 % 

 
3.2 Instruments and measuring devices 

The details and specifications of instruments and measuring 
devices that are used in experiments are mentioned in Table 5. 
 
 
3.3 Experimental procedure and data analysis 

3.3.1 Experimental procedure 

At the beginning of each experiment, the temperature of each 
thermocouple should give the same temperature as the room. 
Then, the air blower, as well as the solar simulator are switched 
on and regulated to maintain the desired value by using a 
control valve and voltage regulator. After that, the test rig runs 
until reaching a steady state, and during the running period, the 
temperatures of all thermocouples are measured every 5 
minutes. Finally, when the steady state is achieved after 1 hour, 
the pressure drop across the solar air heater as well as all 
temperatures are recorded. After that, the solar simulator is 
switched off and the inlet and outlet temperatures are recorded 
every 5 minutes until the temperature difference between them 
equals approximately zero. The procedure is repeated by 
changing the airflow rate and fixing solar intensity or by 
changing both to another desired value within the test range. 
 
3.3.2. data analysis 

Depending on the first law of thermodynamics, the solar air 
heater's performance can be evaluated by the following formula 
(El-Sebaii et al. 2011): 
 
η𝜕𝜕ℎ = 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜

𝑄𝑄𝑖𝑖𝑖𝑖
                                                                             (7) 

                                                              
Were Qout  and Qin represent the useful energy gain from solar 
air heater and received energy which can be represented by the 
following formulas: 
 
Q𝑜𝑜𝑘𝑘𝜕𝜕 = 𝑚𝑚.

𝑎𝑎𝑎𝑎𝑎𝑎 .𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑜𝑜𝑘𝑘𝜕𝜕 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑎𝑎𝑖𝑖)                                     (8)  
                                                                                            
Q𝑎𝑎𝑖𝑖 = 𝐴𝐴𝑐𝑐  . 𝐼𝐼                                                                               (9)   
                                                                                                  
The term thermo-hydraulic efficiency or effective efficiency is 
used to take into account the influence of pressure drop on the 
solar air heater performance which can be calculated as follows 
(Hussein and Farhan 2019): 
 
η𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜−𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑖𝑖𝑖𝑖𝑚𝑚𝑎𝑎𝑎𝑎

𝑄𝑄𝑖𝑖𝑖𝑖
                                                           (10) 

                                                                                                                      
 

Table 6  
Uncertainty for measurements in the experimental part. 

Parameters Uncertainty 
Mass flow rate 22.85673 - 71.28343 ± 
Solar radiation 0.000649 - 0.000809 ± 

Temp. difference 0.027972- 0.083917 ± 
Pressure drop 7.18E-05 - 2.39E-05 ± 

Effective efficiency 0.072354 - 0.177318 ± 
 
 
Q𝑚𝑚𝑒𝑒𝑐𝑐ℎ𝑎𝑎𝑖𝑖𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎 = 𝑚𝑚.

𝑎𝑎𝑖𝑖𝑎𝑎×∆𝑝𝑝
𝜌𝜌𝑎𝑎𝑖𝑖𝑎𝑎

                                                          (11)  

                                                                                                                  
Where, Q mechanical is a pumping power that is used for 
recycling air through the double pass solar air heater. 
 

3.4 Uncertainty analysis 

In general, any experimental work should have uncertainty 
analysis for purpose of indicating the possible error values in 
measurement instruments. The uncertainty values can be 
computed by the following the formula (Salih et al. 2021b): 
 

𝑊𝑊𝑅𝑅 = �� 𝜕𝜕𝑅𝑅
𝜕𝜕𝑥𝑥1

𝑊𝑊1�
2

+ � 𝜕𝜕𝑅𝑅
𝜕𝜕𝑥𝑥2

𝑊𝑊2�
2

+ ⋯+ � 𝜕𝜕𝑅𝑅
𝜕𝜕𝑥𝑥𝑖𝑖

𝑊𝑊𝑖𝑖�
2
�
1
2
                 (12)  

                                             
Where: W𝑅𝑅 represents total uncertainty and (W1, W2, … W𝑛𝑛) 
represent the uncertainty of independent variables (x1, x2, …, 
xn). 
Depending on eq-6 the uncertainty of effective efficiency can be 
written as follows: 
 

𝑊𝑊𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒 = ��𝜕𝜕𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝑚𝑚𝑎𝑎

. 𝑊𝑊𝑚𝑚𝑎𝑎
. �

2
+ �𝜕𝜕𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒

𝜕𝜕𝐼𝐼𝑠𝑠𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎
𝑊𝑊𝐼𝐼𝑠𝑠𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎�

2
+ �𝜕𝜕𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒

𝜕𝜕∆𝑇𝑇
𝑊𝑊∆𝑇𝑇�

2
+

�𝜕𝜕𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕∆𝑃𝑃

𝑊𝑊∆𝑃𝑃�
2
�
1
2
                                                                      (13) 

 
The uncertainty of measurements and effective efficiency have 
been presented in Table 6. 

 

4 Results and Discussion 

This section presents the outcomes of experimental and 
numerical works. The results included the effect of replacing flat 
plate absorber with new configurations (horizontal and 
longitudinal tubes) on the thermal performance of a double pass 
solar air heater. A comparison has been made between 
experimental and numerical results for validation. In addition to 
that, a comparison between the conventional and proposing 
systems has been presented.  
 

4.1 Experimental and numerical validation 

The validation between experimental and numerical work has 
been carried out as shown in Figs 6a to 6c.  It can be observed 
that the deviation between experimental and numerical results 
ranges from 6.7% to 9.6% showing acceptable agreement.  

4.2 Numerical results 

4.2.1 Temperature distribution contours  

The temperature distribution of airflow through the solar air 
heater for the three configurations has been presented in Figs. 
7a- 7i. It is clearly shown from these figures that the temperature 
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of airflow rises as the flow moves forwards through the path of 
the collector’s channels, and this increment is due to absorbed 
heat in the absorber which is transferred to airflow. In addition, 
it can be observed that reversing flow direction at the end of the 
lower channel leads to separating flow from the wall at the 
beginning of the upper channel, as well as creating vortices that 
enhance heat transfer via mixing the fluid flow. Moreover, the 

airflow temperature at the outlet decreases with increasing the 
mass flow rate as a result of lowering convection exchange with 
increasing airflow speed (Salih et al. 2019). Furthermore, it can 
be observed that the rising in the temperature of the airflow in 
the third configuration is higher than in the rest configurations 
due to increasing the heat transfer surface area. The 
temperature distribution for the absorber models is shown in 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. (a) Validation between experimental and numerical results for DPSAHWFP, (b) Validation between experimental and numerical results 
for DPSAHWT-1, (c) Validation between experimental and numerical results for DPSAHWT-2 . 

 

 
Figs. 7a-i. Temperature distribution of airflow along the double pass solar air heaters. 
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Figs. 8a-i.  Temperature distribution of the absorber models. 

 
Figs. 8a-i.  The temperature distribution for all absorber models 
is observed to increase towards the middle of the solar collector, 
then decreases beyond this point towards the end of the 
collector, and this decrease is due to the vortices which are 
created at the upper channel that cause mixing up the airflow 
and increasing the heat transfer rate between airflow and 
absorber (Mohammed 2017). Moreover, as shown in these 
figures, there is an inverse relationship between increasing 
airflow rate and absorber temperature. 

4.2.2.  Air velocity vectors 

A comparison between the three configurations in terms of 
velocity vector has been presented in Figs 9a-i for different mass 
flow rates. As observed from these figures, the location of 
maximum velocity at the end of the lower channel, and the flow 
separate at the beginning of the upper channel, and this 
separation increases as the air mass flow rate increases (Hussain 
et al. 2021). 

4.3 Experimental results 

4.3.1 Temperature variation of airflow 

Figures 10a-i present the dimensionless temperature 
distribution of airflow through collector’s channels for three 
selective values of air mass flowrates (0.01, 0.02, and 0.03) kg/s. 
In these figures, the temperature profile of airflow is described 
along the solar air heater’s path. The airflow enters the lower 
channel i.e., between the backplate and the lower face of the 
absorber, then, the airflow recycles toward the upper channel 
i.e., between the upper face of the absorber and the glass cover. 
In general, it can be observed a gradual increment in all 
temperature curves from the collector’s inlet to its outlet, and 
this increment can be attributed to the absorbed energy in the 
solar absorber which is transferred to airflow by convection 
(Handoyo and Ichsani 2016). 

Figure 11 shows the influence of varying air mass flowrate 
on the temperature rise of airflow (Tair,out-Tair,in).  It was 
noted that the temperature of airflow increases as the mass flow 
rate decreases, and this result can be attributed to the increase 
in the period time of passing air through the solar air heater's 
channels, which leads to making the air able to carry more 
thermal energy from the surface of solar absorber (Mahmood 
2020).
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Figs. 9a-i.  Velocity vectors of airflow through double pass solar air heaters 
 
 

 
 

Figs. 10a-i.  Temperature variation of airflow along lower& upper channels of double pass solar air heater
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Fig. 11. Temperature rise of airflow (Tair, out-Tair, in) for different mass 
flow rates. 

 

 
Fig. 12. Useful energy for different mass flow rates. 

 
4.3.2. Useful energy rate and effective efficiency 

For demonstrating the performance of the three configurations, 
the useful energy gain at different mass flow rates has been 
presented in Fig.12. It is clear from this figure that the amount 
of useful energy is directly proportional to the value of air mass 
flow rate (based on Eq. 2).  
 
 
 

 
Fig. 13. Thermal effectiveness for different mass flow rates. 

The maximum useful energy gain that equals (292 W) has been 
achieved at an airflow rate of 0.03 kg/s by the DPSAHWT-2, 
although the outlet air temperature rise at this mass flow rate 
value is less than other values, and this is mainly due to 
dominating effect of Reynolds number that leads to increasing 
convective heat transfer rate, hence, capturing more thermal 
energy from solar absorber’s surface (Abo-Elfadl et al. 2021b). 

To test the influence of pressure drop on the solar air 
heater's performance for the three configurations models, the 
effective efficiency or thermo-hydraulic efficiency of each 
configuration was calculated, and the outcomes are presented 
in fig. 13. Once again, the type of relationship between airflow 
rate and the effective efficiency is a positive relationship (i.e., 
effective efficiency increases with rising airflow rate value). This 
result can be attributed to increasing the gaining of useful 
energy by increasing the mass flow rate (Salih et al. 2019a). 
Moreover, the third configuration (DPSAHWT-2) has shown the 
highest effective efficiency (80.9%) at an airflow rate of 0.03 
kg/s, and it is more efficient than the first and second models 
by 4.2 % and 9.8 % respectively. 
 
 
5.  Conclusions  

In this work, conventional flat plate absorber has been replaced 
with tubular absorber. Furthermore, the influence of the tubes’ 
direction with respect to airflow direction has been investigated. 
The results showed that the rising in air mass flow rate leads to 
reducing the residence time of air through the collector's 
channels which negatively affects the heat absorption from for 
absorber, thus decreasing the temperature rise of air (Tair,out-
Tair,in). Moreover, and based on the air temperature rise 
(Tair,out-Tair,in), the amount of air that passes through the 
collector's channels has a remarkable impact on useful energy 
gain, although the air temperature rise is lower at the highest air 
mass flow rate, but the amount of useful energy gain is the 
highest. In addition, the maximum useful energy gain of (292 W) 
has been achieved at an air mass flow rate of 0.03 kg/s by the 
third configuration (DPSAHWT-2), while the lowest useful 
energy gain was in the second configuration (DPSAHWT-1) for 
the same mass flow rate.Moreover, the third configuration 
(DPSAHWT-2) offers better thermal performance than the other 
configurations, where the effective efficiency of this 
configuration is higher by 4.2% and 9.8 % than the first and 
second configurations respectively.  
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Nomenclature 

Ac                   Collector area, m2. 
Cpair                Specific energy of air, J/kg. 0 K. 
E                    Total energy of the fluid. 
I                       Solar radiation, W/m2. 
keff                  Effective conductivity J/mk. 
m.

air                Air mass flow rate, kg/s. 
P                     Pressure drop, Pa. 
Pair                 Air density, kg/m3. 
Qin                             Received energy, W. 
Qmechanecal       Pumping power, W. 
Qout               Useful energy gain, W. 
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Tair,in             Inlet air temperature, 0 C.  
Tair,out            Outlet air temperature, 0 C. 
WR                         Total uncertainty. 
Wn                Uncertainty of independent variables. 
xn                  Independent variables. 
η𝜕𝜕ℎ               Thermal efficiency. 
 η𝑒𝑒𝑒𝑒𝑒𝑒             Effective efficiency. 
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