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ABSTRACT    

The main contribution of this study is to highlight the position 
effect of the absorber plate as a passive heat transfer 
enhancement technique on the ventilation and thermal 
performance of a solar air heater, including outlet air 
temperature, airflow rate, and thermal efficiency. The 
turbulent free convection heat transfer in a vertical flat-plate 
solar air heater with single and double passes is numerically 
studied. A total of four cases of airflow (three double-pass and 
one single-pass air heater) are simulated and compared. The 
set of transient governing equations, including the continuity, 
momentum, and energy are solved to simulate the turbulent 
free convection airflow inside the heater based on the    

turbulence model, while the transient conduction equation is 
solved inside the solid elements, i.e., bottom plat, absorber, and 
glass cover based on the finite-element method. The results 
reveal that the position of the absorber plate has a double-
edged sword impact on the performance of solar air heaters, 
including the airflow rate and outlet air temperature. 
Moreover, a 100% increase in the natural air flow rate is 
observed for the double-pass heater compared to the single-
pass one. Moreover, a 15% improvement in thermal efficiency 
can be obtained from 68% to 78% in the double-pass solar air 
heater based on the position of the absorber plate. Based on 
the criteria, including the outlet temperature, airflow rate, or 
thermal efficiency, the presented results can be used as a good 
reference to choose an alternative for solar air heaters. 
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1.Introduction 

Solar air heaters (SAH) have been substantially 
used in many applications with low to moderate 

temperature demands, which has been of great 
concern to researchers and engineers in recent 
years. According to their geometries and flow 
patterns, they are classified into different types, 
including single- or multiple-pass, parallel or 
counter-flow configuration, natural or forced 
convective flow, etc. Solar air heaters are cost-
effective and easily installed, in which the solar 
radiation warms up the cold air, which may be 
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used for many engineering applications such as 
space heating [1,2], drying agricultural products 
[3,4], air condition systems [5,6], preheating for 
industrial applications [7], desalination systems 
[8], etc. Among widely mentioned applications, 
space heating is the main contribution of the 
present study. Choudhury and Baruah [9] 
presented a review on the importance of solar air 
heaters in space heating of residential 
applications in which some issues were of great 
concern, including installation constraints, 
output temperature, balancing between demand 
and supply, and so on. Moreover, to increase the 
reliability of SAHs, using modular design was 
also investigated as a performance improvement 
suggestion in residential space heating. Flat-
plate solar air heaters with natural convection 
flow have been widely investigated for space 
heating purposes. Shi et al. [10] presented an 
empirical model of a solar chimney placed on the 
roof to enhance the ventilation inside a building. 
The effect of geometrical parameters, including 
inclination angle, inlet and outlet section areas, 
air gap, etc., was investigated on the 
performance of the thermal system. 

Despite various advantages of solar air 
heaters, including low installation cost, simple 
configuration, negligible maintenance cost, and 
reduced fossil energy consumption, they have 
low thermal efficiency due to the low rate of heat 
transfer between the airflow and the heated 
surfaces. For this purpose, different active and 
passive heat transfer enhancement techniques 
have been widely developed for saving energy, 
optimal use of energy sources, increasing 
thermal efficiency, and reducing the size and 
cost of the system. Since the passive techniques 
are economical and further maintenance is not 
required, they have been widely used in solar air 
heaters. There are several experimental, 
theoretical, and numerical research works and 
published papers just to attack this issue in which 
some new thermal enhancement techniques have 
been proposed for increasing the system 
performance. An outstanding review of these 
research works was presented in a paper by 
Aravindh and Sreekumar [11].  

Using fins, ribs, winglets, and obstacles can 
effectively increase the thermal performance of 
solar air heaters by increasing the area of heat 
transfer, disturbing the airflow, and increasing 
the convective heat transfer coefficient, which 

has been widely used by researchers [12-16]. 
Abdullah et al. [17] experimentally investigated 
the effect of turbulators on the performance of a 
double-pass solar air heater. The turbulators 
were cans attached to the upper and lower side of 
the absorber plate. The pressure drop, Nusselt 
number, and thermal efficiency were measured 
for aligned and staggered cans configurations 
and compared to the simple SAH. Esen [18] 
experimentally presented the exergy and energy 
analysis of a double-pass SAH in which various 
types of obstacles were placed on the absorber 
plate. The obtained results were presented and 
compared with and without obstacles. The 
exergy analysis based on the measurement of 
outlet air temperature and airflow rate showed 
that the thermal performance of the SAH was 
increased with obstacles. Akpinar and Kocyigit 
[19] experimentally investigated the effect of 
three different types of obstacles on the thermal 
performance of a flat-plate solar air heater. Using 
linear regression, some correlations were 
developed for the experimental measurements. 
The results showed that using obstacles can 
considerably improve the thermal efficiency of 
SAH. Sheikhnejad and Gandjalikhan Nassab 
[20] numerically investigated the flow pattern 
and thermal behavior of a solar air heater in 
which an elastic vortex generator was placed on 
the absorber plate to disturb the flow inside the 
boundary layer and increase the heat transfer 
coefficient and thermal performance of solar air 
heater. 

Increasing the heat transfer area can 
effectively increase the thermal performance of 
solar air heaters as a passive thermal 
enhancement technique. For this purpose, 
double-pass solar air heaters have been 
developed in which the effective contact surface 
area between airflow and absorber plate is 
increased. Abo-Elfadl et al. [21] experimentally 
studied a double-pass solar air heater with a new 
design of an absorber, which was constructed 
from conductive aluminum tubes adjacent to 
each other. The measurements were carried out 
for various air flow rates. Moreover, the 
experimental results were compared to the 
results of a simple SAH with the same 
dimensions, which showed that higher efficiency 
and outlet air temperature as well as lower top 
heat loss was achieved. Alam and Kim [22] 
presented a comprehensive review of the thermal 
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enhancement strategies for double-pass solar air 
heaters. Three main techniques for performance 
improvement have been investigated both 
experimentally and numerically by the 
researchers, including increasing the convective 
heat transfer coefficients, decreasing the thermal 
losses, and increasing the heat transfer area. 
Hatami and Bahadorinejad [23] experimentally 
investigated the thermal performance of a flat-
plate solar air heater in which the effect of one 
and two glass covers was studied. The thermal 
efficiency of six different cases of air heaters was 
analyzed, and a general relation for the Nusselt 
number was presented based on the Rayleigh 
number. The results showed that the maximum 
performance is obtained in the case of the double 
glass cover. Velmurugan and Kalaivanan [24] 
numerically studied a multi-pass flat-plate solar 
air heater from both the first and second laws of 
thermodynamic viewpoint. The results showed 
that the triple-pass SAH had the highest thermal 
performance compared to the single and double 
passes.  

Using thermal storage and phase change 
materials (PCM) is another technique to improve 
the performance of single- and double-pass solar 
air heaters studied in the literature. Baig and 
Muhammad Ali [25] experimentally investigated 
a double-pass solar air heater in which the 
paraffin wax was used as the PCM integrated 
with porous aluminum metal. The experimental 
tests were carried out for different configurations 
during the winter season in which the effect of 
forced convection (using a fan) has been also 
taken into account. Mohamed Salih et al. [26] 
experimentally investigated a trapezoidal 
double-pass SAH with and without porous 
media. The experimental tests were carried out 
under free and forced convection airflow 
circulations. The results revealed that by using 
porous media, higher efficiency in both free and 
forced convection could be obtained. Sajawal et 
al. [27] experimentally studied the thermal 
performance of a double-pass solar air heater in 
which the metallic finned tubes of PCM were 
used as the thermal storage. The results of three 
different configurations with forced convection 
flow showed that optimum thermal performance 
could be obtained by using different PCMs in 
both passes. 

However, a review of the literature shows that 
some innovative designs and structural 

variations can effectively increase the thermal 
performance of double-pass SAH. El-Said et al. 
[28] experimentally investigated the 
performance of a double-pass solar air heater in 
which the absorber plate was corrugated and a 
reflector was used to improve its hydraulic and 
thermal characteristics. The experimental 
analysis was carried out at different operating 
conditions, including various inclination angles 
and airflow rates.  The results of the new design 
were compared with the conventional SAH, 
which revealed that a higher mass flow rate and 
a greater performance were obtained. Potgieter 
et al. [29] experimentally and numerically 
presented a new design for solar air heaters. 
Surface-to-surface radiation combined with a 
turbulence model was applied to numerically 
simulate the thermal behavior of the SAH, whose 
results were in good consistency with the 
experimental measurements. Moosavi et al. [30] 
presented a new and innovative design of a solar 
air heater combined with a windcatcher and a 
water spray system showing that the ventilation 
and performance could be increased 
significantly. Ozgen [31] experimentally studied 
a flat-plate double-pass solar air heater in which 
aluminum cans were placed inside the ducts as 
absorbers. Omojaro and Aldabbagh [32] 
experimentally studied the thermal performance 
of a single- and double-pass SAH with attached 
fins in which the absorber plate was made from 
a steel wire mesh, in which the thermal 
efficiency could be increased up to 20% 
compared to the single-pass SAH. Languri et al. 
[33] numerically studied a double-pass solar air 
heater in which a porous material was situated in 
the lower channel. The energy and exergy 
analysis was performed to obtain the optimum 
mass flow rate and maximum thermal efficiency 
of up to 30%. Mohamed Salih et al. [34] 
experimentally studied and compared natural 
and forced convection heat transfer in a double-
pass solar air heater with a trapezoidal shape in 
winter weather, in which uniform fins were 
placed on both sides of the absorber plate. In the 
study by Hosseini et al. [35], many design 
aspects for enhancing convection heat transfer in 
terms of air temperature rise along naturally 
convecting SAHs were investigated. In order to 
increase the hydraulic performance of the solar 
air heater, Singh et al. [36] numerically analyzed 
a SAH with a tapered flow duct and bell-mouth 
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inlet opening. The results showed that the new 
design could significantly increase the mass flow 
rate and performance of the SAH. Mesgar Pour 
et al. [37] numerically studied a double-pass 
solar air heater with a helical flow path and 
triangular cross-section channel. The effect of 
different geometric parameters of this SAH on 
heat transfer performance was numerically 
investigated. Moreover, an optimization 
procedure by the differential evolution (DE) was 
carried out to obtain the maximum thermal 
performance, in which the triangular section 
angles, dimensions, and the location of the 
entrance section of each channel were 
considered as the design variables. Kalash et al. 
[38] experimentally and numerically 
investigated a double-pass solar air heater that 
was constructed from ten tubes. The thermal and 
hydraulic characteristics of three different 
configurations were examined during the 
daytime. Moreover, numerical simulations were 
carried out using computational fluid dynamics. 

As the above review of the literature shows, 
many heat transfer enhancement techniques have 
been used to improve the thermal efficiency of 
solar air heaters. The double-pass solar air 
heaters with forced convection heat transfer and 
counter flow configuration were thoroughly 
studied in which some structural modifications 
such as using fins, cans, PCMs, and porous 
media could effectively improve the 
performance. However, passive thermal 
enhancement techniques in solar air heaters with 
natural flow regimes and parallel flow 
configuration, which are widely used for space 
heating, need to be more investigated, which is 
the main motivation of this study.  

This paper aims to bridge the knowledge gap 
between the position effect of the absorber plate 
(as a passive thermal enhancement technique) 
and the thermal performance of the double-pass 
solar air heaters, which has not been addressed 
in the literature. The main contribution and 
novelty of this study compared with the previous 
studies of literature can be expressed as follows: 

 Investigating the position effect of absorber 
plate as a passive thermal enhancement 
technique: Three different configurations 
of double-pass solar air heaters, in which 
the position of the absorber plate is 
changed, are simulated to investigate the 

hydraulic and thermal characteristics of 
SAH. Moreover, the obtained results are 
compared with each other and also with the 
single-pass SAH. The results show that the 
position of the absorber plate considerably 
affects the performance efficiency of the 
double-pass SAH. 

 Investigating the performance of double-
pass solar air heater: a 2-D transient set of 
transport governing equations is solved 
using commercial software COMSOL 
multi-physics to simulate the position effect 
of absorber plate on the performance of 
double-pass SAH, including airflow rate, 
air temperature, and thermal efficiency.  

 Providing deep insight into the 
configuration of double-pass SAH: The 
position of the absorber plate has a double-
edged sword impact on the outlet air 
temperature and airflow rate. The obtained 
numerical findings would provide good 
insight for the engineers, designers, and the 
scientific community in further developing 
efficient designs. The presented results can 
be used as a good reference to choose an 
alternative for the SAHs whether the 
criteria are the outlet temperature, airflow 
rate, or thermal efficiency. 

Nomenclature  

b Height of  air duct (m) 
cp Specific heat (kJ/kg K) 

L1 Length of the horizontal duct(m) 

g Gravitational acceleration(m./𝑠2) 

h Convection coefficient (W/𝑚2𝐾) 

kth thermal conductivity (Wm-1K-1) 

L Length (m) 

�̇� Mass flow rate (kg/s) 

n Normal direction 

Pr Prandtl number 

p Pressure (Pa) 

q'' Heat flux (W/m2) 

Ra Rayleigh number 

t Time (s) 

T Temperature (K) 

(u, v) Velocity components  (m/s) 

(x, y) 
Horizontal and vertical coordinates 

(m) 



 Amir Babak Ansari & Seyyed Abdolreza Gandjalikhan Nassab / Energy Equip. Sys. / Vol. 10/No. 4/Dec. 2022 357 

Greek symbols 
α Thermal diffusivity (m2/s ) 

β Volumetric thermal expansion (1/K) 

κ Turbulent kinetic energy (m2/s2) 

δ Thickness (m) 

ε 
Turbulence dissipation rate  (m2/
s3), Emissivity 

𝜏 Transmissivity 

μ Dynamic viscosity (Pa.s) 

ρ Density (kg/m
3
) 

Subscript 
a Absorber 

b Bottom plate 

amb Ambient 

g Glass 

t Turbulent 

o Reference value 

in Inlet 

Abbreviations 

SAH Solar air heater 

PCM phase change materials 

RANS Reynolds-Averaged Navier Stokes 

FVM Finite-Volume Method 

2.Model description 

The schematic of the solar air heater is presented 
in Fig. 1(a), whose components such as the 
absorber, the glass cover, the air duct, and the 
bottom plate are illustrated. The cold incoming 
air from the inlet section is passed through the 

duct to the outlet section due to the natural 
convection and buoyancy force. A constant solar 
heat flux is transmitted by the glass cover and 
reaches the thin absorber plate with high 
absorptivity. The outer surface of the glass cover 
is exposed to the ambient environment, for 
which an equivalent convection coefficient is 
considered as the boundary condition. The 
bottom plate is designed for absorbing the 
surface radiation from the absorber and 
converting more thermal radiation into gas 
enthalpy via convection heat transfer. The width 
and longitudinal length of the SAH duct are 
considered equal to L and 𝐿1, respectively, while 
the cross-sectional height of the duct is equal to 
b, as seen in Fig. 1(b). Moreover, the values of 
all geometrical parameters and also some other 
information, including thickness (𝛿), thermal 
conductivity (𝜅), thermal diffusivity (𝛼), 
transmissivity (𝜏), and temperature (T) are given 
in Table 1, in which the corresponding subscripts 
a, b, g, in, and amb indicate the absorber plate, 
bottom plate, glass cover, inlet, and ambient, 
respectively. It is worth noting that for the 
double-pass SAH, three different configurations 
are considered by changing the position of the 
absorber plate inside the main duct, as is shown 
in Fig. 2. In the first configuration, the absorber 
plate is placed near the glass cover on the upper 
third of the air duct, which is defined as case 1 
and is shown in Fig. 2(a). Moreover, in the other 
two configurations, the absorber plate is placed 
in the middle and lower third of the air duct 
respectively, which are defined as case 1 and 
case 2 in Fig. 2(b) and Fig. 2(c), respectively. 
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b) Details of SAH geometry for the simulation 

Fig. 1. Geometry definition of SAH 
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Table 1. Values of the solar air heaters parameters 

Value Parameter Value Parameter 
2 mm a 4 mm g 

0.95 a 0.9 g 

W/mK 80 ak  0.05 g 

W/mK 80 bk  0.9 g 

2 mm b W/mK0.78 gk 

293 K 𝑇𝑎𝑚𝑏  0.95 b 

293 K 𝑇𝑖𝑛 400 W/m2 𝑞𝑆𝑢𝑛
′′  

 

 

a) Case 1 

 

b) Case 2 

 

c) Case 3 

Fig. 2. Three different configurations for the vertical duct of SAH 

3.Theory 

The fluid flow results from the balancing of two 
opposing forces, which are the buoyancy force due 
to the thermally induced density gradient, on the 
one hand, and the viscous and gravitational forces, 

on the other hand. The transient set of governing 
equations, including conservation of mass, 
momentum, and energy are presented as follows 
[39], in which the Boussinesq approximation has 
been implemented: 
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𝜕𝑡
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𝜇𝑡

𝜎𝑘
] ∇𝑘] + 𝑃𝑘 + 𝑃𝑏 − 𝜌휀 + 𝑆𝑘 (4) 

𝜕(𝜌휀)

𝜕𝑡
+ 𝑉. ∇(𝜌휀) = ∇. [[𝜇 +

𝜇𝑡

𝜎𝜀
] ∇휀] + 𝐶1

휀

𝑘
(𝑃𝑘 + 𝐶3𝑃𝑏) − 𝐶2𝜌

휀2

𝑘
+ 𝑆𝜀 (5) 

where, 𝜇𝑡 = 𝐶𝜇
𝜌𝑘2

𝜀
 is the turbulent viscosity, 𝑃𝑘 

and  𝑃𝑏 denote turbulent and buoyancy 
production, while 𝐶1, 𝐶2, 𝐶3 are constants. 
Moreover, the input and initial parameters are 
presented in Table 2, while more details can be 
found in Ref. [39]. Moreover, the temperature 
dependency of all thermo-physical properties 
has been taken into account for the airflow, while 
the Boussinesq approximation is employed to 
consider the buoyancy effect. The well-known 
standard k   model [39] is implemented to 
simulate the turbulent nature of convective flow 
based on the RANS problem. It is worthwhile 
noting that since the value of Rayleigh number 
(𝑅𝑎 = 𝑔𝜌𝛽𝑞′′𝑏4/𝑘𝜇𝛼) is in order of 109, the 
turbulence regime is considered for the natural 
fluid flow [40]. 

In temperature computations of solid 
elements, the absorbed solar radiation by the 
absorber with an opaque surface is modeled by 
applying constant heat flux as a boundary 
condition, while the absorbed solar radiation 
inside the transparent glass cover is employed as 
a source term in the conduction equation. 
Thereby, the following partial differential 
equations are considered for temperature 
computations of the glass sheet, the absorber, 
and the bottom plates: 

2 2

2 2

. 1

.

Sun g

g g

qT T T

x y k t



 

  
  

  
 (6) 

2 2

2 2

1T T T

x y t

  
 

  
. (7) 

3.1.Initial and boundary conditions 

The set of governing equations is solved 
simultaneously in a transient condition by 
marching in time. Also, the turbulent    
model is applied to obtain the turbulent stress 
and heat fluxes. Initial and boundary conditions 
are considered as follows: 

 There is no airflow at the initial time            
( 0t  ), and it is supposed to be stagnant. 
Moreover, the temperature of all solid 
parts and the working gas is the same as 
the room temperature of 293 K. 

 Regarding pressure boundary conditions 
at the inlet and outlet duct sections, the 
ambient pressure is imposed (zero gauge 
pressure). 

 The convection boundary condition with 
its equivalent convection coefficient on 
the glass surface adjacent to the 
surrounding with 𝑇𝑎𝑚𝑏=288 K was 
employed. Moreover, the convective and 
.radiative parts of the equivalent 
coefficient of heat transfer are calculated 
based on the following expressions [41]: 

conv wind5.7 3.8h V      and (8) 

4 4

sky

rad

amb

)
(

)

g

g

g

T T
h

T T






, (9) 

where the sky temperature is approximated as  
4

sky amb0.0522T T . (10) 

 Because of insulation, the outer surface of 
the bottom plate is considered to be 
adiabatic. 

 On the absorber surface, a constant heat 
flux equal to (𝜏glass × 𝑞Sun) is assigned.  
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 In the surface radiation computations, the 
glass, absorber, and bottom plates are 
considered to be gray with constant 
emissivity. Also, the absorber and bottom 
plates are assigned opaque bodies.  

 For the interfaces between the airflow and 
solid elements, the following conjugate 
heat transfer boundary conditions 
(continuity of heat flux and temperature) 
are considered: 

solid air( ) ( )
T T

k k
n n

 


 
 (11) 

solid airT T  (12) 

3.2.Numerical scheme 

The computational domain is discretized by 
applying the finite-element method (FEM), and 
the numerical solution of the governing equations 
is obtained by employing the commercial 
software COMSOL multi-physics. The structured 
orthogonal grids with 24500 cells are used with 
clustering near the boundaries where the gradients 
of dependent variables are significant. This 
optimum grid size is obtained by a comprehensive 
grid-independency study, such that a 10% 

increase in the number of grids yields less than 2% 
variation in the computed value of the maximum 
temperature on the absorber surface as the most 
sensitive dependent variable to the size of the grid. 
The schematic of grid generation inside the 
solution domain is depicted in Fig. 3. Moreover, 
the results of grid dependency are tabulated in 
Table 3. Moreover, since the transient numerical 
simulation is considered, in addition to the spatial 
grid size, the time step has a significant impact on 
the accuracy of simulation results. For this 
purpose, the simulation has been carried out for 
different values of time steps, and the maximum 
time step of 0.006 seconds has been distinguished 
as the optimum time step. Moreover, in the 
numerical simulation, the convergence criteria are 

considered to be equal to 41 10  for the 

temperature field and 42 10  for the velocity 
field, turbulent kinetic energy, and its dissipation 
rate for the converged solution at each time step. 
It should be mentioned that as the wall function is 
considered in velocity computations near the 
walls, the minimum value of 𝑦+ is maintained 
about 35, which has been considered in grid 
generation [42]. The flowchart of the numerical 
procedure is presented in Fig. 4. 

Table 2. Summary of methodology 

Flow regime 
Flow modeling 

method. 
Algorithm of 

solution 
Rayleigh No. Reynolds No. 

Turbulent Standard 𝑘 − 휀 SIMPLE 109 3000 
𝑪𝟏 𝑪𝟐 𝑪𝟑 𝝈𝝐 𝝈𝒌 

1.44 1.92 0.09 1.3 1.0 
 

 

Fig. 3. Schematic of grid nodes inside a portion of vertical duct (𝟎. 𝟗 𝒎 ≤ 𝒚 ≤ 𝟏. 𝟏 𝒎) 
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Table 3. Comparison of maximum temperature at different grid sizes 

Number of grids 7800 11300 15400 19800 24500 29600 

maxT  (K) 325.9 350.7 370.2 381.2 386.4 388.3 

Error with respect to the 
previous step 

- 7.6% 5.7% 3% 1.3% 0.4% 
       

 

Fig. 4. Flowchart of the numerical procedure 
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   (a)                                                                          (b) 

Fig. 5.  Schematic of the simulated chimney:  a) Temperature and velocity distributions across the channel at 
y=7.8 m, and b) comparison with experiment [42]. 

4.Validation 

In order to validate the numerical method, a test 
case has been simulated in which natural 
convection heat transfer of airflow in a vertical 
channel is simulated. The channel is long with 
heated walls, which is similar to the geometry of 
the present study. This test case has been 
experimentally studied by Cheng and Muller [42].  
The vertical channel has a square cross-section area 
of 0.5×0.5 m, while its height is equal to 8 m. Since 
the top and bottom surfaces are considered to be 
adiabatic, a two-dimensional model can be 
regarded as a reasonable assumption. For this 
purpose, a 2D simulation is carried out at the mid-
plane (𝑧 = 𝐿𝑧/2).  

The heated wall is considered to be kept at a 
constant temperature of 423 K, while the 
adiabatic boundary condition is considered for 
the other wall. Moreover, the natural convective 
flow is considered to be turbulent with the 
Rayleigh number equal to 5 × 1012. In Fig. 5, 
the variations of velocity and temperature at the 
steady-state condition and y=7.8 m are presented 
and compared with the experimental 
measurements. As it is clearly observed, the 
obtained numerical results match well with the 
extracted experimental data (with a maximum 
error of 1.5 %), which confirms the validity of 
the present numerical method in the simulation 
of natural convective flow in SAHs. 

5.Results and discussion 

The simulation results for comprehensive 
hydraulic and thermal analysis of transient 
turbulent natural convection in a solar air heater 
for space heating are presented in this section. At 
first, the evolution of air velocity along the 
chimney at the steady-state condition is 
demonstrated in Fig. 6. It shows how the flow 
field evolves in both single- and double-pass 
SAHs. Also, in double-pass heaters, three 
different locations of the absorber are considered 
in cases 1 to 3. It is worth noting that the 
numerical simulation has been carried out from 
𝑡 = 0 s to 𝑡 = 4000 s, after which the steady-
state condition is achieved. At the initial time, 
the transmitted solar radiative by the glass cover 
reaches the absorber plate and is absorbed due to 
the high absorptivity. Since the absorber plate is 
heated up, a significant temperature gradient is 
created between the heated absorber surface and 
its adjacent air, which causes a great force to 
drive the air as fast as possible. The velocity 
magnitude contours in Fig. 6 depict that due to 
the buoyancy effect, the air flows with high 
velocity near the heated surface throughout the 
duct from the inlet toward the outlet section. In 
the double-pass SAHs, the existence of an 
absorber plate has two opposite effects on the 
airflow rate inside the chimney as the main 
desired parameter. On the one hand, as the free 
convection airflow passes from both the upper 
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and lower surfaces of the heated absorber, the 
area of convective heat transfer is increased, and 
the two high-velocity regions adjacent to the 
heated surface lead to more airflow rate inside 
the chimney. On the other hand, the viscosity 

effect in both upper and lower boundary layers 
has an opposite effect on the airflow rate. 
However, Fig. 6 shows similar flow patterns 
inside the single and double pass types with 
recirculated zones adjacent to the corners. 

 

 

 

 (a) Single-pass 

 
 

 (b) Case 1 

 
 

 (c) Case 2 

 
 

 (d) Case 3 

Fig. 6. Velocity magnitude contours 

g 
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The temperature contour plots inside the 
single- and double-pass SAHs are shown in Fig. 
7, respectively. These figures show how the free 
convective airflow is heated via convection heat 
transfer by the absorber and bottom plates. Fig. 
7 depicts that the major part of energy 
conversion from thermal radiation into the gas 
enthalpy in double-pass SAH takes place in the 
upper pass because the maximum temperature 
occurs on the absorber top surface, which is 
under the incidence of incoming solar radiation. 
Because of the low air conductivity, the depth of 
heat penetration from the heated absorber plate 

into the upper and lower convective air flows is 
still small, but it is more than the heat penetration 
depth in single-pass SAH. On the other hand, it 
should be recalled that the existence of a large 
heat transfer surface area between the absorber 
plate and working gas in double-pass heaters 
causes a temperature decrease on the heated 
surface, which leads to a more reversible heat 
transfer process. Thereby, the absorber plate in 
single-pass SAH is at a higher temperature in 
comparison with double-pass SAH, in which the 
absorber is in contact via its upper and lower 
surfaces with convective air flows. 

 

 

a) single-pass SAH 

 
 

b) Case 1  

 
 

c) Case 2  

 
 

d) Case 3  
Fig. 7. Temperature contours in single- and double-pass SAH 
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To study more about the thermal behavior of 
SAH in the transient period, the absorber 
temperature distribution along its length in 
single-pass SAH is plotted in Fig. 8 for four 
different times, including the steady-state 
condition (t=4000 s). For all different times, the 
absorber temperature has an increasing trend 
along the flow direction, which is due to the 
growth of the thermal boundary. Moreover, as 
expected, the maximum temperature occurs at 
the steady-state condition, and the end of the 
absorber with 𝑇𝑚𝑎𝑥 = 112 ℃.  

The temperature distributions along the 
absorber and bottom plate of double-pass SAH 
are plotted in Fig. 9 at the steady-state condition. 
The temperature increase in flow direction is 
observed again similar to the single-pass one, 
which is due to the growths of the thermal 
boundary layer thickness, such that the absorber 

temperature for all three cases remains almost 
the same, but the bottom plate has its maximum 
temperature for case 1, in which there is a narrow 
gap between this plate and absorber. This factor 
damps the convection heat transfer and leads to 
a higher temperature of the heated surface. If one 
compares the temperature distributions along the 
absorber and bottom plates, it can be found that 
the major part of energy conversion from solar 
irradiation into air enthalpy takes place by the 
absorber, such that the bottom plate doesn’t play 
an important role in this process. One of the 
important findings from Fig. 9 is the high rate of 
absorber temperature increase along the flow 
direction, which is due to the resistance of the 
thermal boundary layer that has a negative effect 
on the performance of the solar heater. So, it will 
be expected that SAHs with short ducts have 
higher performances in generating high-
temperature air flows. 

 

Fig. 8. Absorber temperature for single-pass SAH at different time 
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a) Absorber 

b)  

 

c) Bottom plate 

Fig. 9. Absorber and bottom plate temperature distributions for three cases at steady-state condition 

One of the main parameters that significantly 
affects the performance of SAHs is the airflow 
rate. As was mentioned before, the transmitted 
solar radiative flux heats the absorber plate in a 
way that a significant temperature gradient is 

created between the surface and its adjacent air, 
which causes a great force to drive the air as fast 
as possible. This phenomenon can be seen in Fig. 
10, which shows the time history of the 
volumetric airflow rate through both single- and 
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double-pass SAHs. Comparison between the 
curves plotted in this figure indicates that the 
airflow rate in double-pass SAH is much higher 
than that of single-pass, especially for case 3. 
The amount of airflow rate, in this case, is about 
two times of single-pass SAH. So, this case can 
be a good choice for more ventilation which 
induces more fresh air into the space in 
comparison with the other cases as well as with 
single-pass SAH. However, it is evident that the 
outlet temperature for case 3  must  be  less   than 

others because of energy conservation. 
To better elaborate on the thermal 

performance of SAH, the time histories of outlet 
bulk temperatures for all of the test cases are 
plotted in Fig. 11. The maximum outlet 
temperature belongs to the single-pass SAH with 
𝑇𝑜𝑢𝑡 = 327 K. Among the three cases studied for 
the double-pass type, the outlet temperature in 
case 1 is the highest (𝑇𝑜𝑢𝑡 = 317.5 K ), and the 
minimum one takes place in case 3 ( 𝑇𝑜𝑢𝑡 =

312 K) as was expected before. 

 

Fig. 10. Time history of air flow rate in single- and double-pass SAH 

 

Fig. 11. Time history of the air bulk temperature at the outlet section of single- and double-pass SAH 
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To better demonstrate the thermal behavior of 
SAHs, the temperature distribution across the main 
duct of SAHs at two different axial sections is 
plotted in Figs. 12 and 13. It is seen from Fig. 12 
that the penetration of thermal energy from the 
heated absorber into convective airflow mainly 
happens in a thin layer of air near the heated surface 
due to the poor convection coefficient. This 
defection is almost compensated in double-pass 
SAHs by increasing the surface area and dividing 
the convective airflow into two passes. In all test 

cases, the maximum temperature occurs at the 
absorber and the minimum one on the glass cover. 
As is seen in Fig. 13, the trends of temperature 
variation across the axial air duct section are almost 
identical for all of the cases. Another point worth 
mentioning is that although the bottom plate is 
under the incidence of emitted radiative energy 
from the absorber by surface radiation, it does not 
have a considerable role in heating the airflow by 
convection heat transfer. 

 

Fig. 12. Temperature distributions along the y-direction at two different axial sections of single-pass SAH at 
steady-state condition 

  

a) x=L/3 b) x=2L/3 

Fig. 13. Temperature distributions along the y-direction at two different axial sections of double-pass SAH at 
steady-state condition 
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Since the only heat loss from the SAH into the 
surrounding takes place from the glass cover, the 
surface temperature distributions of the glass cover 
for all of the test cases are depicted in Fig. 14 and 
15 for better illustration. These figures show 
relatively low glass temperature because this 
element is in heat transfer with the ambient air, 
which is considered to be at T=288 K, 
corresponding to the cold air in the winter. But the 
difference between the average glass temperature 
and ambient temperature is not too high, revealing 
a low rate of heat loss from this element. However, 
the glass temperature distribution for all test cases 
has a similar trend so that the maximum 
temperature occurs at the end of the channel with 
the maximum value of 301 K in case 3 of double-
pass SAHs. So, a high value of thermal efficiency 

can be predicted for these types of SAHs, which is 
defined as follows: 

 
'' .

p out in

Sun

mC T T

q A



  (13) 

The values of thermal efficiency, airflow rate, 
and temperature rise along the heaters for all test 
cases are tabulated in Table 4. As it is seen, 
relatively high thermal efficiencies are predicted 
for double-pass types of solar air heaters, such 
that the maximum efficiency belongs to case 3 of 
double-pass SAHs, which is about 78%.  So, 
Table 4 can be a good reference for choosing a 
good alternative for SAHs, whether the criteria 
are the outlet temperature, airflow rate, or 
thermal efficiency. 

 

Fig. 14. Time history of glass surface temperature distribution for single-pass SAH 

 

Fig. 15. Glass surface temperature distribution for double-pass SAH at steady-state condition 
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Table 4. The values of air flow rate, temperature rise, and efficiency for all test cases 

Test cases Air flow rate (m3/s) × 103 Temperature rise (K) Efficiency (%) 
Single-pass SAH           17 32 68 

Double-pass SAH 
Case 1 24 25 75 
Case 2 31 19.5 75 
Case 3 33 19 78 

 

6.Conclusion 

In the present study, the thermal-hydraulic 
performance of a single- and double-pass solar air 
heater with turbulent natural air flow is 
thoroughly investigated as a sustainable solution 
for space heating. The position effect of the 
absorption plate on the thermal performance of a 
double-pass solar air heater has been highlighted 
as the main contribution of this study.   For this 
purpose, the set of governing equations, including 
the conservations of mass, momentum, and 
energy were solved simultaneously to simulate 
the transient behavior of SAH. Numerical 
calculations were carried out using the finite-
element method (FVM), while the well-known 
standard κ- ε turbulent model was employed to 
simulate the turbulent natural convection airflow. 
Also, the conduction equation was solved for 
obtaining the temperature fields in the solid 
elements, including the glass cover, absorber, and 
bottom plate. The set of governing equations was 
solved simultaneously using the commercial 
software COMSOL multi-physics to simulate the 
thermal-hydraulic performance of the SAH at the 
transient period and steady-state conditions. The 
results of temperature and airflow fields in three 
different configurations of double-pass solar air 
heaters with natural airflow are comprehensively 
investigated and compared with a single-pass 
SAH. The obtained numerical results are 
summarized as follows: 

 The results revealed that the position of 
the absorber plate considerably affects the 
thermal and hydraulic behavior and 
performance efficiency of the double-pass 
SAH. Moreover, in both single- and 
double-pass SAHs, the absorber plate 
temperature is an increasing function of its 
length in the flow direction. 

 The position of the absorber plate has a 
double-edged sword impact on the outlet 
air temperature and airflow rate. 

 In the double-pass solar air heater, since 
both the upper and lower surfaces of the 
absorber plate are heated, the total 
convective heat transfer area is increased, 
and the two high-velocity regions adjacent 
to the heated surface lead to more airflow 
rate inside the chimney compared to the 
single-pass SAH. 

 In the double-pass SAH, as the absorber 
plate approaches the glass cover (case 3), 
the airflow rate increases significantly in a 
way that its value is two times greater than 
the airflow rate in the single-pass SAH (an 
increase of 100% in airflow rate). 

 Unlike the flow rate, among the three cases 
of double-pass SAH, the minimum outlet air 
temperature is observed in case 3 (𝑇𝑜𝑢𝑡 =
312 𝐾), in which the absorber plate is near 
the bottom wall. Moreover, the maximum 
outlet temperature belongs to the single-pass 
SAH with 𝑇𝑜𝑢𝑡 = 327 𝐾. 

 The performance analysis of all cases 
shows that double-pass SAHs generally 
have higher thermal efficiencies 
compared to the single-pass SAH with 
𝜂 = 68%. Moreover, among the three 
configurations of double-pass SAHs, 
maximum thermal efficiency belongs to 
case 3 with 𝜂 = 78%, which shows that a 
15% improvement can be achieved by 
changing the position of the solar 
absorber. 

 The presented results can be used as a 
good reference for choosing a good 
alternative for the SAHs whether the 
criteria are the outlet temperature, airflow 
rate, or thermal efficiency. 
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