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ABSTRACT: Based on the global consensus on mitigation of greenhouse gas and human footprint as 
well as improvement of engineering application sustainability, the mission of this study is dedicated to 
the numerical simulation of plane solar gas heaters under different solar irradiation for both radiating 
and non radiating working gases. In the numerical simulation, the continuity and momentum equations 
for the gas flow were solved by the finite volume method using the semi-implicit method for pressure 
linked equation, and the energy equation for the forced convection gas flow coupled with the conduction 
equation for solid parts have been solved by the finite difference method. The intensity of radiation in 
participating gas flow was computed by numerical solution of the radiative transfer equation with the 
discrete ordinate method. It is seen that increase in gas optical thickness causes a significant reduction in 
temperature difference between the absorber plate and flowing gas, especially at high solar irradiation. 
In the cases of using radiative gas with an optical thickness of 0.2. for instead the non-participating gas, 
numerical results show 55%, 64%, and 77% improvement in the gas temperature increase along with 
the heater under the incidence of 900
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1- Introduction
One of the methods for using the energy of the sun is 

converting solar irradiation into gas enthalpy by plane Solar 
Air Heaters (SAHs). A flat plate solar air heater which is our 
interest in this paper is generally used for low and moderate 
temperatures. They are used effectively for some applications 
including crop drying, space heating, textile, marine prod-
ucts, and water desalination. The key components of these 
systems are; a blackened absorber (normally made from a 
thin Aluminium sheet), a thin transparent glass (glazing), a 
duct, an air blower or fan, and insulation material. In brief, 
transparent glass is used to allow solar radiation inside the 
SAH and a blackened thin sheet as an absorber is used to 
absorb and store the solar energy in a good amount. Insula-
tion material is used to reduce the conduction losses (from the 
sides and bottom of the system). An air blower, pump, or fan 
is used for forced convection, while the duct is used for the 
air supply and exhaust.

Different factors affect the air heater efficiency such as 
collector dimensions, type, and shape of absorber plate and 
glass cover, ambient temperature, wind speed, etc. The ther-
mal efficiency of a solar air heater is generally considered 
poor because of the low rate of heat transfer capability be-
tween the absorber plate and air flowing in the duct. In or-
der to make a solar air heater more effective, thermal perfor-

mance needs to be improved by enhancing the heat transfer 
rate from the absorber plate to air flowing in the duct. One of 
the methods for the enhancement of convective heat transfer 
is by creating turbulence at the heat transfer surface with the 
help of artificial roughness on the absorber plate. Efforts have 
been made by many investigators to combine a number of the 
most important factors including the type of flow passes, the 
number of glazing and type of absorber including flat, corru-
gated, or finned, and using thermal storage by phase change 
materials to describe the thermal performance of solar collec-
tor in a computationally efficient manner [1-5].

Because of the low power of air in absorbing and emitting 
thermal radiation, especially at low and moderate tempera-
tures, the gas radiation was neglected in numerical simula-
tion of plane solar air heaters. It is evident that if radiating 
working gas is used instead of air, some of the incident solar 
radiation can be absorbed directly by the gas flow and more 
energy transfer will take place from the absorber because of 
the combined radiation-convection heat transfer. In some pre-
vious work by the first author, the combined radiation and 
convection heat transfer in radiating gas flow with different 
geometries was simulated, numerically [6, 7]

A schematic of a solar gas heater with radiating working 
gas in a closed cycle for space heating is shown in Fig. 1.  Re-
cently, using participating gases such as a mixture of air with 
carbon dioxide and water vapor instead of pure dry air in so-*Corresponding author’s email: ganj110@uk.ac.ir
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lar gas heaters was examined by Foruzan Nia et al. [8]. In that 
work, the set of governing equations for the working gas flow 
and the conduction equation for the solid parts were solved, 
numerically.  It was reported that the gas radiation effect im-
proves the thermal efficiency of solar heaters, especially while 
the radiating gas with high optical thickness is used in the 
system. In that work, all numerical computations were per-
formed for constant solar heat flux equal to 900 2W m . It is 
worth mentioning that if the proposed solar air heater is used 
for producing hot air for engineering applications, the thermal 
efficiency will be decreased because of the closed-loop and 
needing an extra heat exchanger. In the present paper which is 
the continuation of the previous work, more efforts are made 
to report the thermal behavior of solar gas heaters with more 
details while the working gas is radiating. Besides, the effects 

of gas radiation on the thermal performance of heaters were 
examined under different solar irradiation. To this end, the 
conservation equations of mass, momentum, and energy for 
the gas flow and the conduction equations for the glass cover, 
absorber plate, and insulation layer were solved, simultane-
ously, by writing a computer code in FORTRAN. It should be 
mentioned that the time variation of incoming radiative flux 
to the heater was not considered in simulation, and the study 
was done under static condition. 

 
2- Methodology

The geometry of the studied system is illustrated schemat-
ically in Fig. 2. The radiating gas flow is bounded by the glass 
cover and absorbing plate and a draft fan causes the gas flow 
inside the heater duct with length L and height b.  All geo-

 

Fig. 1.  Schematic diagram of a closed cycle solar system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Schematic diagram of a closed cycle solar system

 

 

Fig. 2. The geometry of the solar gas heater 
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metrical parameters of the heater including the glass cover, 
absorber plate, and insulation layer are provided in Fig. 2. At 
the inlet section, gas enters with uniform temperature inT and 
uniform velocity inV , while the Reynolds number defined as 

/inV bρ µ   is kept less than 2400 for avoiding turbulent flow. 
At the outer surface boundaries adjacent to the surrounding, 
the third kind of boundary condition (convection boundary 
condition) with known convection coefficient is employed. 
From the total sun heat flux on the glass cover, a major part is 
equal to ''. sunqτ transmits and the rest is absorbed. So, for this 
element, the conduction equation with heat generation term 
should be considered to describe the temperature distribution. 

2- 1-  Governing equations
Computational fluid dynamics technique was used to in-

vestigate the gas flow and interactive heat transfer in the solid 
parts and also in the fluid domain. In the numerical simula-
tion, all of the gas thermophysical properties were considered 
constant and evaluated at the inlet temperature, because the 
low gas temperature increase along with the heater. The simu-
lation entails numerical solution of the governing equations 
(both linear and non-linear partial differential equations) in-
cluding the continuity, momentum, and energy for laminar 
convection flow and conduction equation for solid elements 
as follows:
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In the gas energy equation, the last term in the right-hand 
side is due to the gas radiation effect. Besides, the following 
conduction equations are considered for temperature compu-
tations in solid elements.
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Because the temperature variation in the gas flow is not 
too high, the thermophysical gas properties were considered 
to be constant and the flow equations become temperature 
independent. Consequently, the continuity and momentum 
equations have been solved at first, after which the tempera-
ture distributions inside the heater were determined. The ra-
diative term in the gas energy equation which is due to the 
gas radiation effect is a function of temperature and radiant 
intensity distributions as follows:
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For computing the radiant intensity at each nodal point 
in the gas flow, the Radiative Transfer Equations (RTE) have 
been solved by the discrete ordinate method. This equation 
for an absorbing, emitting, and scattering medium is as given 
in Modest [9]: 
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The above equation indicates that the change of intensity 
along a path, or the energy accumulation, is equal to the dif-
ference between the energy gained by emission and positive 
scattering and energy lost by absorption and negative scat-
tering. The boundary condition for a diffusely emitting and 
reflecting gray wall is: 
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The method of solution by the discrete ordinate method 
and also the detail of boundary conditions in solving flow and 
energy equations were described in the previous works by the 
first author [6-8] and are omitted here for avoiding too long 
paper.  
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3- Numerical Solution 
Since, all of the gas thermophysical properties were eval-

uated at the inlet gas temperature, the dependency of flow 
equations with temperature vanishes. Therefore, at first, the 
Navier Stokes equations were discretized by the Finite Vol-
ume Method (FVM) on a non-uniform staggered grid system 
using the Semi-Implicit Method for Pressure Linked Equa-
tions (SIMPLE) algorithm of Patankar [10] with a first-order 
UPWIND scheme for convective terms. The set of discretized 
equations was then solved by the line-by-line procedure of 
the Tri-Diagonal Matrix Algorithm (TDMA).

 After velocity computations, the energy equation for the 
gas flow and conduction equation for solid elements were 
numerically solved by using the Finite Difference Method 
(FDM). This technique was chosen because of its simple form 
and especially, its simplicity in employing coupled boundary 
conditions at interfaces (continuity of temperature and heat 
flux).  Besides, we did not have any stability problem and 
oscillation in computations, for solving the energy equations 
and also the conduction equation, because fine grids were 
used. For accurate estimation of derivative terms in computa-
tional domain with non-uniform grid, the central differencing 
for the first and second derivatives in energy equation was 
used. All computations were performed by writing a com-
puter code in FORTRAN.

Different grid sizes were examined for having the grid-

independent solutions and the optimum grid of 800×120 was 
determined with clustering in both x and y-directions where 
high temperature and velocity gradient exist (Fig. 3). In radia-
tive computations, the same grid size was used and the RTE 
was solved with S6 approximation. In Table 1, the effects of 
grid size in calculations of maximum velocity and bulk tem-
perature at the outlet section and also the maximum tempera-
ture of absorber plate of the solar air heater whose parameters 
are provided in Table 2 were investigated. It should be noted 
that the gas outlet temperature and also the maximum value of 
absorber temperature were distinguished to be very sensitive 
against the grid size. For the velocity computations based on 
FVM, the converged value of velocity was recognized when 
the sum of mass residuals at each control volume became less 
than 510− , and for temperature computations based on FDM, 
the sum of errors for each grid node was less than 410−  as the 
convergence criteria 

4- Validation
In order to validate the present numerical work with ex-

perimental data, the plane SAH which was studied experi-
mentally in Ref. [11] is simulated and the numerical results 
are compared with the experiment. The values of all of the 
geometrical parameters of the heater with the thermophysical 
and radiative properties used in the simulation are summa-
rized in Table 2. 

 

Fig. 3. Structure of the grid on the computational domain 
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The computed air outlet temperatures from the solar heat-
er at different hours at the test day are shown in Fig. 4 and a 
comparison is made with the experimental data reported in 
Ref. [11]. As was expected, the outlet air temperature increas-
es with an increase in solar radiation, and the maximum tem-
perature happens at 12 AM. Comparison between the simu-
lated and experimental results presented in Fig. 4 revealed 
that they were in reasonable agreement with each other with 
a slight overestimation.

The efficiency of SAHs is one of the main parameters that 
shows the performance of the heater in converting thermal 
radiation into gas enthalpy which is defined as follows:
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At different air mass flow rate, the efficiency of solar air 
heater studied in Ref. [11] is computed and the values of 
heater efficiency at different air mass flow rate is tabulated in 
Table 3 and a comparison is made with experiment. This table 
shows that the heater efficiency increases with an increase in 
mass flow rate. However, there is a good consistency between 
the present numerical results with experiment. 
5- Results and Discussion

The governing equations in their steady, incompressible, 
and two dimensional states were solved after the appropriate 
definition of the computational domain, mesh generation, and 
boundary condition using the Fortran computer code written 
by the authors based on both finite volume and finite differ-
ence method. All numerical results in this section are for a 
solar gas heater whose geometrical parameters are as reported 
in Table 2, except the heater length which is considered to be 
1m and also the gas mass flow rate equal to 0.005 kg/s cor-
responds to =0.2 m/sV .

Table 1. Grid independent study 

 
                                                                   Table 1. Grid independent study  
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Table 2. Parameter values of the test case Table 2. Parameter values of the test case  

Value Parameter Value parameter 

1.2 mm 
a 3 mm 

g 

0.95 
a 0.9 

g 

W/mK80  
ak 0.05 

g 

oC30 inT T= 0.9 
g 

2 cm 
insul W/mK0.78  

gk 

4 cm b W/mK0.037  
insulk 

0.01 kg/s m 0.4 m/s 
airV 

50 cm B 70 cm L 
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In the solar gas heater unders tudy, the absorber plate is 
diffusely opaque and working gas is considered to be both 
participating and nonparticipating medium. The glass cover 
is transparent ( 0.9gτ = ) for solar irradiation with a short 
wavelength, but it behaves as an opaque body for long-wave-
length thermal radiation emitted from the absorber plate and 
glass cover. 

Fig. 5 depicts the plot of velocity magnitude contours in 
the flow domain. The trend of velocity changing along the 
duct from uniform distribution towards the fully developed 
form where the centerline velocity becomes 1.5 times the av-
erage velocity is clearly seen in this figure.

The temperature contours inside the heater are shown in 
Fig. 6 at three different values of the solar irradiation for non 
radiating working gas such as air ( 0 0τ = ). The high-tem-
perature region inside the heater occurs in the vicinity of the 
absorber plate and insulation layer adjacent to the absorber, 
and the low-temperature region in the gas flow near to the 

glass cover and also in the bottom of the insulation layer.  Fig. 
6 shows how the gas temperature increases along the duct by 
convection heat transfer from the high-temperature absorber 
surface. It can be seen that a small part of heat transfer to 
gas flow takes place by convection with glass cover, but the 
major part is due to absorber plate. Also, Fig. 6 depicts that 
solar irradiation has a considerable effect in increasing gas 
temperature and also its pattern inside the duct of the heater, 
such that the difference between gas temperature fields for 
two cases of '' 2=900 W/msunq and 21400 W/m  is considerable.

To study more about the thermal characteristics of the so-
lar heater and also the main factors of heat loss from the sys-
tem, the temperature distributions along the top and bottom 
boundary surfaces of the heater (surfaces of the glass sheet 
and insulation exposed to surrounding) and also the gas mean 
bulk temperature distribution along the heater are drawn in 
Fig. 7 at two different values of solar radiation. It is seen that 
the insulation temperature is much higher than the gas and 

 

Fig. 4. The outlet air temperature from SAH at a function of time [11] 
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Fig. 4. The outlet air temperature from SAH at a function of time [11]

Table 3. The efficiency of solar air heater at different air mass flow rate
Table 3. The efficiency of solar air heater at different air mass flow rate 

Air mass flow rate 

(kg/s) 

Efficiency 

Present work Ref. [11] 

0.01 46% 46% 

0.02 58% 56% 

0.03 64% 62% 
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Fig. 7. Temperature distributions of gas flow, glass cover, and insulation along with the heater, 0 0 =  
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glass temperature, especially at high solar irradiation. So, it 
can be found that the major part of heat loss from the heater 
takes place from the insulation layer. The trends of tempera-
ture distributions for the gas flow and almost for glass cover 
are close to linear, where this trend is not seen for the insu-
lation layer. If one compares the curves plotted in Fig. 6-a 
and b with each other, it can be found that under high solar 
radiation, a part of energy conversion from thermal radiation 
into gas enthalpy takes place via the glass cover, because its 
temperature is greater than the gas flow except close to the 
outlet section. 

The plots of temperature distributions on the absorber plate 
adjacent to gas flow at different solar irradiation are depicted 
in Fig. 8. The absorber plate is chosen for this demonstration 
because the maximum temperature in the solar heater occurs 
on this element where incoming solar heat flux is absorbed 
and then changes to gas enthalpy by convection heat transfer. 
Fig. 8 shows that the temperature increase along the absorber 
surface takes place with a high gradient near to the inlet sec-
tion, such that this temperature gradient decreases towards 
the downstream direction. It is also seen that the temperature 
of the absorber is much affected by solar radiation such that 
there is a considerable temperature increase in the absorber 
with increasing in solar radiation, say about the maximum 

temperature of 130 0C   for 1400 2W m solar radiation. 
The temperature distributions along the y-direction from 

the bottom of the insulation layer up to the glass top surface 
are drawn in Fig. 9 at two different solar heat fluxes. This 
figure is a useful one to demonstrate the temperature pattern 
in different parts of the solar heater. Across the insulation 
and absorber plate, a sharp temperature gradient happens 
while the maximum temperature at each axial section takes 
place on the absorber surface, where the solar irradiation 
is absorbed. It is seen in Fig. 9 that the temperature in all 
parts of the heater increases along the flow direction, while 
the maximum temperature increase happens on the absorber 
plate and the minimum one on the bottom of the insulation 
layer. Fig. 9 also reveals that the most heat loss happens 
from the insulation layer where high temperature with high 
gradient occurs. The gas layer adjacent to the absorber plate 
receives more thermal energy by convection and far from 
the absorber closed to the duct centerline, gas flow with a 
lower and more uniform temperature equal to inT  is seen. 
This is the major reason for having small thermal efficiency 
of the plane solar gas heater which is due to the low con-
vection coefficient between the gas flow and heated surface. 
This temperature pattern is seen for both solar radiations in 
Fig. 9-a and b. 
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Fig. 10. Temperature field for radiating working gas. 0 1 = , '' 2900W/msunq =  
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Fig. 10. Temperature field for radiating working gas. 
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 , 

As it was noted before, the present numerical simulation 
includes both participating and nonparticipating working gas. 
To demonstrate the effect of gas radiation on the thermal per-
formance of the plane solar heater, the temperature contours 
inside the heater for radiating gas flow with 0 1τ =  are de-
picted in Fig. 10. The effect of gas radiation on the thermal 
behavior of the solar heater can be found if one compares 
this figure with the temperature contours drawn in Fig.6-c. 
In the case of using radiative working gas, the radiation heat 
transfer combined with its convection counterpart causes a 
more uniform temperature with a smaller temperature gradi-
ent inside all parts of the heater including the flowing gas. 

In the case of using participating working gas, some of the 
solar radiation absorbs directly by the gas flow. It leads to 
a temperature increase for the gas flow at the outlet section. 
However, Fig. 10 reveals that using radiative working gas in 
the solar gas heater improves the system performance and in-
troduces a considerable temperature increase for the gas flow 
at the outlet section. The same result can be found by compar-
ing Fig. 11 with its similar figure corresponds to a non-radi-
ating working gas (Fig. 9-b). Fig. 11 displays the temperature 
variation across the heater at different axial sections for the 
case of 0 1τ = . This figure also shows the positive effect of 
gas radiation on the performance of the plane solar gas heater.
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To study more about the effects of optical thickness and 
solar radiation on the thermal behavior of the heater, the dis-
tributions of gas mean bulk temperature along the axial di-
rection are drawn in Fig. 12. Almost the linear trend for gas 
bulk temperature along the axial direction is seen for different 
solar radiation and optical thickness of gas flow, with this be-
havior that the solar heater works more efficiently with higher 
outlet gas temperature while radiating working gas is used. 
Besides as was expected, the outlet gas temperature increases 
with increase in solar radiation. 

6- Conclusion
In this paper, the performance of plane solar gas heater 

operates under different solar heat flux was examined for both 
radiating and non radiating working gas. For the solid ele-
ments in the heater, the conduction equation and the gas flow, 
the continuity, momentum, and energy equation containing 
conduction, convection, and radiation terms were consid-
ered as governing equations. These coupled equations were 
numerically solved by combined finite difference and finite 
volume methods, using the TDMA. A direct comparison of 
performance with the non radiating gas flow in the solar heat-
er at different solar radiation has been made and a detailed 
mathematical model has been presented. It was found that the 
gas optical thickness has a considerable positive influence on 
the efficiency of solar gas heater, especially when the heater 
is under the incidence of high solar radiation, such that more 
than 100% enhancement in the gas temperature increase was 
seen from the numerical findings in the test cases.

Nomenclature
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Fig. 12. Gas temperature distributions along with the heater at different solar radiation and optical thickness
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