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A B S T R A C T  
 

  

In this paper, the thermal characteristics of single and double flow plane solar heaters with radiating 

working gas were analyzed and compared by numerical analysis for the first time. The laminar mixed 
convection gas flow in the heaters was numerically simulated by the CFD method using the finite volume 

technique. The set of governing equations included the conservation of mass, momentum and energy for 

the convective gas flows and the conduction equation for solid parts. Besides, the radiative transfer 
equation was solved by the discrete ordinate method for radiant intensity computation. From numerical 

results, the thermal efficiency of single flow heater found very sensitive to gas optical thickness, such 

that gas radiation always has positive influence on the performance of system. The efficiency increase 
about 50% was computed for optical thicknesses more than 2 in the test cases.  However, for double flow 

gas heater with less sensitivity to gas radiation and reciprocating trend for thermal efficiency with optical 

thickness, 15% increase in thermal efficiency was seen at the optimum optical thickness. Comparison 
between the present numerical results and those reported in literature, showed good consistency. 

doi: 10.5829/ije.2020.33.06c.14 

 

 

NOMENCLATURE   

b height of gas flow (m) 
Greek Symbols 

B width of heater (m) 

pc  specific heat (kJ/kg K) g
 

absorbtivity of glass 

h          convection coefficient 2( / )W m K  
a s  = +  extinction coefficient (1/m) 

I radiation intensity (W m-2)   thickness (m) 

Ib black body radiation intensity(W m-2)   emissivity 

gk  glass thermal conductivity  (Wm-1K-1)   albedo coefficient, )/( ass  +  

ak  absorber thermal conductivity (Wm-1K-1)   efficiency 

L length of heater  (m) s
 scattering coefficient (m-1) 

m   mass flow rate (kg/s)   5.67×10-8 (W m-2K-4) 

n  normal to the surface a  absorption coefficient (m-1) 

' 'q  heat flux ( 2/W m ) 0 .b =  optical thickness 

r position vector (m)   transmissivity 

s  direction 
Subscript 

inT  inlet temperature (K) 

T temperature (K) a absorber 

u x- velocity component (m/s) conv convection 

v y- velocity component (m/s) g glass 

V  average velocity (m/s) insul insulation 

x horizontal coordinate (m)  in inlet 

y vertical coordinate (m) p bottom plate 
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1. INTRODUCTION 
 

Renewable energy technologies are receiving increased 

attention to fulfill the world energy requirements, given 

the growing awareness about the change of climate. One 

of the methods in energy saving is conversion of solar 

irradiation into gas enthalpy by plane solar air heaters 

(SAHs). The outlet high temperature airflow can be used 

in many engineering applications [1, 2].  The flat plate 

solar air heater studied in this work is generally designed 

for low and moderate temperatures. Due to the low rate 

of heat transfer capability between the absorber plate and 

air flowing in the duct, thermal efficiency of these heat 

exchangers is generally low. In order to make this heat 

exchanger more effective, the thermal performance needs 

to be improved by enhancing the heat transfer rate. 

Efforts have been made by many investigators to 

combine a number of the most important factors to 

describe the thermal performance of solar collectors in a 

computationally efficient manner. The suggestion of 

present work is employing radiating working gas in solar 

gas heaters and receiving more thermal energy by 

combined radiation-convection heat transfer in the gas 

flow. 

Many efforts have been put forward during the past 

two decades via experimental and theoretical methods for 

modification and optimum design of conventional solar 

air heaters by increasing convection coefficient and 

surface area [3, 4]. One of the promising methods is using 

double flow solar air heaters, in which the surface area 

between the gas flow and absorber plate is doubled by 

passing two airflows from above and below the absorber 

plate. They are called double flow single pass solar air 

heater in literature. The schematics of both the single and 

double flow heaters analyzed in the present work are 

presented in Figure 1.   

In addition to studying multiple flow heaters, many 

investigators have given their attention on different 

factors such as using corrugated or finned absorber, 

heaters with phase change material, attaching baffles, 

artificial roughness, etc. [5-7]. Saha and Sharma [8] 

planned to investigate the effect of corrugated absorber 

plate on the performance of double-flow SAH based on 

the energy and exergy efficiencies. Chand et al. [9] 

studied the thermal behavior of louvered finned solar air 

collectors, numerically. Their work involves evaluating 

various parameters such as temperature rise, thermal 

efficiency, and effective efficiency compared with the 

simple plane solar air heater. Ozgen et. al [10] presented 

an analysis of the efficiency evaluation on a new type of 

double flow SAH. According to the results of the 

experiments, double-flow type of SAHs with aluminum 

cans have been introduced for increasing the heat-

transfer area, leading to higher thermal efficiency. In 

addition, it was reported that double flow heaters have 

higher efficiency than single flow heaters operating 

under the same air mass flow rate. The effect of multiple 

C shape roughness on the absorber plate of double flow 

solar air heater was examined experimentally by 

Mohitkumar et. al [11]. Tyagia et al. [12] carried out a 

review of solar air heating system with and without the 

thermal energy storage technique. In a recent study by 

Kabeel et al. [13], a detailed review about a wide variety 

of design configurations and improving methods in 

SAHs was presented.  

In all of the previous studies, the radiation effect of 

air was neglected, due to the low or moderate air 

temperature in these heat exchangers and low radiant 

absorption coefficient of air. It is expected that under 

high temperature condition or using radiating working 

gas such as the mixture of air with carbon dioxide and 

water vapor, which are two gases with high absorption 

coefficient, the gas radiation will play a central role in 

thermal behavior of gas heaters. In addition, by using 

radiating gas rather than air, some of the incoming solar 

irradiation directly absorbs by the convection flow, that 

enhances the energy transfer from solar irradiation into 

the gas flow.  

Numerable research works has been carried out in 

reported in literature [14-15] on the effect of gas radiation 

in combined radiation and convection radiating gas flow.  

However, the thermal behavior of single flow plane solar 

heaters with gas radiation effect has been analyzed by 

Foruzan Nia et al. [16]. for the first time. In that study, 

the set of governing equations for the forced convection 

gas flow and the conduction equation for the solid parts 

solved by numerical methods. Numerical results revealed 

that the thermal efficiency of solar gas heaters is greatly 

affected by gas radiation, in such a way that the 

performance of the system increases considerably with 

the increase of gas optical thickness. Since, in the 

proposed solar gas heater, radiating gases are used, a 

closed cycle for working gas should be designed. 

Therefore, an extra heat exchanger is needed to transfer 

the thermal energy of high temperature gas flow into a 

second working fluid for using in many engineering 

applications. [17, 18].  

In the present study, which is the continuation of the 

previous work reported in literature [16], the gas 

radiation effect on the performance of double flow gas 

heaters is investigated for the first time. It is expected that 

this type of solar heater with radiating working gas will 

operate very efficiently. The second target of the present 

research work is comparing the thermal performances of 

single and double flow solar heaters with considering gas 

radiation at different optical thicknesses. The literature 

review by the authors shows that this problem has not 

been studied before in any research work.  

Based on the applied mathematical model, the 

conservation equations of mass, momentum and energy 
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for the gas flow and the conduction equations for the 

glass cover, absorber plate and insulation layer for both 

single and double flow gas heaters solved, numerically. 

Radiation computations are based on the numerical 

solution of the radiative transfer equation (RTE) with the 

discrete ordinate method (DOM). The discretized forms 

of the governing equations obtained by the finite volume 

method (FVM) and solved with the CFD technique along 

with three diagonal matrix Algorithm (TDMA) via an 

iterative procedure. The authors performed the numerical 

simulations by writing a Fortran computer code. Results 

presented in the forms of temperature contours inside the 

whole computational domain including all parts of 

heaters, and the gas temperature distribution in the heater 

ducts. Besides, the effect of gas optical thickness on the 

rate of energy conversion and thermal efficiency is 

thoroughly explored. 

 

 

 

 
Figure 1. Schematics of single flow and double flow solar 

air heaters 

 

 
2. PROBLEM STATEMENT 
 

The solar gas heater investigated in this study is 

schematically depicted in Fig. 2. Although, the same 

equations govern the phenomena in single and double 

flow heaters, the analysis of double flow heaters is more 

complicated. therefore, for simplicity, only the 

simulation and mathematical model of double flow type 

is explained in this section. The flow of radiating working 

gas passes both above and below the absorbing plate in 

order to increase the surface area for heat transfer. These 

two flows with equal mass flow rate enter into the heater 

with uniform velocity 
inV and uniform temperature

inT . 

All geometrical parameters of the heater including the 

glass cover, absorber, bottom plate and insulation layer 

are shown in Fig. 2. In both upper and lower ducts, the 

gas flows are assumed to be laminar, keeping the 

Reynolds number, defined as 𝑅𝑒 = 𝜌𝑉𝑏/𝜇, below 2000. 

As the solar heater is inclined, the buoyancy effect in the 

gas flow also considered into account by the Boussinesq 

approximation. A major part of the incoming short-wave 

solar irradiation is transmitted across the glass cover and 

an amount equal to ''.g sunq  is absorbed. Accordingly, the 

conduction equation with heat generation term should be 

solved for temperature computation in this element. 

 

2. 1. Basic Equations          In the analysis of double 

flow solar gas heater, the set of governing equations for 

two dimensional steady and incompressible laminar 

mixed convection flow of radiating gas with employing 

the Boussinesq  approximation is as follows [16]: 
i) Flow equations 

Continuity:       

. 0
u v

x y
V

 

 
 = + =  (1) 

x-momentum:       

2
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1
. ( )sin

p
V u u g T T

x
  




 = − +  + −

  
(2)

 
y-momentum: 
 
 

 
(a) Schematic view of the solar heater 

 
(b) Layout of the gas flow in heater’s duct 

Figure 2. Geometry of the double flow solar gas heater 
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Energy: 
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ii) Glass cover conduction equation  

''

2
.

0
.

g sun

g
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q
T

k




 + =  

(5) 

iii) Conduction equation for absorber, bottom 
plate and insulation 

2 0aT =
 

(6) 

2 0pT =  (7) 

2 0insulT =  (8) 

Since the flow equations are temperature-dependent 

because of the buoyancy terms, all of the governing 

equations (Equations (1)-(8)) should be solved 

simultaneously.   

 
2. 2. Radiation Computations            The divergence 

of radiative heat flux presented in the gas energy equation 

depends on to temperature and radiant intensity 

distributions inside the participating medium as follows 

[19]: 

4

4

ˆ. .(4 ( ) ( , ) )r aq T r I r s d


  = − 
 

 (9) 

The distribution of radiation intensity ˆ( , )I r s  can be 

computed using the RTE, which is the following integro-

differential equation [19]: 

b
ss. I(r, s) I(r, s) I (r) I(r, s) (s, s )da 4 4


  = − + +  

 

 

 (10) 

The radiant intensity distribution along the boundary 

walls has the role of boundary condition for solving the 

RTE via the following relation [19]: 

0s.n         ds.n)s,r(I
)1(

)r(I)s,r(I w

0s.n

ww
w
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w
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 (11) 

The details of the discrete ordinate method in numerical 

solution of the radiative transfer equation is omitted here 

to save space, and readers are referred to literature [14-

16] for details. 

 

2. 3. Boundary Conditions            In numerical 

computations, six sub-domains including the glass cover, 

two gas flows, absorber, bottom plate, and insulation 

layer, exist inside the computational domain of double 

flow gas heater. The flow equations, including the 

conservation of mass, momentum and energy solved for 

the gas flows and heat conduction equation for four solid 

parts of the heater. In numerical solution of flow 

equations, no slip condition employed at the solid-gas 

interface. The gas flow has uniform velocity and 

temperature distributions at inlet section, while the gas 

velocity at the outlet section is corrected based on the 

continuity requirement and zero axial conduction 
2 2/T x   considered in gas temperature computation. 

Besides, the continuity of temperature and heat flux 

imposed at the gas-solid interfaces. In the radiating gas, 

the total heat flux is the sum of conductive and radiative 

terms. Therefore, the following boundary condition 

according to the continuity of heat flux employed on the 

interfaces of gas flow with the glass cover and solid 

plates [15]: 

       .)()(

0.














−+




−=




− 



→→

→→

iw sn

iiwwwbw

gas

gas
solid

solid wsnrIrI
n

T
k

n

T
k




 

 (12) 

Finally, on the outer surfaces of the heater exposed to the 

surrounding, the convection boundary condition with 

equivalent radiation- convection coefficient is applied in 

the mathematical model [16].  

 

 

3. OVERALL SOLUTION PROCEDURE  
 

In the analysis, the discretized forms of the governing 

equations were obtained by integrating over each control 

volumes with nonuniform staggered grids in the 

computational domain by the well-known Finite Volume 

Method (FVM). The first-order upwind scheme and the 

central differencing method were employed for 

discretizing the convective and diffusion terms, 

respectively. Navier Stokes equations were numerically 

solved using the SIMPLE algorithm of Patankar [20]. 

The strategy of calculating each dependent variable was 

based on the line-by-line procedure of the tri-diagonal 

matrix algorithm (TDMA). 

In radiation computations, the discretized form of 

RTE is obtained by the FVM and solved by the DOM. In 

the present analysis, S6 approximation was employed in 

the numerical solution of RTE. In total, thirteen equations 

(four conduction equations for solid element, eight flow 

equations for two gas flows and the RET) had to be 

solved, simultaneously.   

Different mesh sizes used in the grid study to arrive 

at a grid independent converged solution. Accordingly, 

an optimum grid of 800×160 was chosen, with clustering 

in both x and y-directions in the regions with high 

temperature and velocity gradients (Fig. 3). In radiation 

computations, the same grid size inside the flow domains 

was considered. In Table 1, the effects of grid size on 

calculations of maximum velocity and gas bulk 
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temperature at the outlet section and the maximum 

temperature of absorber plate of the double flow solar air 

heater whose parameters are reported in Table 2, were 

investigated. Accordingly, the optimum discretized 

computational domain 800×160 determined and used in 

all subsequent test cases. It should be noted that in the 

construction of double flow solar heaters, the absorber 

and the bottom plate are identical with the same 

geometrical and physical properties. 

Figure 4 shows the flow chart of computations. In 

iterative solution of flow equations, the converged 

velocity distribution was considered to be achieved when 

the sum of mass residual at each control volume became 

less than 410− . Besides, the following criteria was used 

for obtaining the converged solution in temperature and 

radiant intensity computations: 

1

410

n n

p p

n

p

I I
ErrorI Max

I

−

−
−

= 
 

(13) 

1

410

n n

p p

n

p

T T
ErrorT Max

T

−

−
−

= 
 

(14) 

 

 

 
Figure 3. Structure of the grid on the computational domain 

 

 
TABLE 1. The effect of grid size on converged solutions 

850*160 800*160 750*120 320*100 Grid size 

335.1 334.7 330.2 300.1 [ ]o

outT C  

376.1 375.7 371 355 
max[ ]oT C  

1.498 1.497 1.463 1.390 
max /u V  

TABLE 2. Values of parameters used in numerical simulation 

Value Parameter Value Parameter 

1.2 mm a  3 mm g  

0.95 a  0.9 g  

80 

/W mK  ak  0.05 g  

35
oC  inT  0.9 g

 

2 cm 
insul  0.78 /W mK  

gk  

2 cm b 0.037 /W mK  
insulk  

0.01 kg/s m  0.4 m/s 
airV  

50 cm B 70 cm L 

30 
0

   35 oC  T
 

 

 

In Equations (13) and (14), the subscript ‘p’ and 

superscript ‘n’ denote to the grid point and iteration level, 

respectively.  

 

 

 
Figure 4. Flow chart of numerical procedure 



1161             A. Dehghani Rayeni and S. A. Gandjalikhan Nassab / IJE TRANSACTIONS C: Aspects  Vol. 33, No. 6, (June 2020)   1156-1166 
 

4. VALIDATION 
 

In order to validate the mathematical model and 

numerical strategy used in the present study with 

experimental data, the double flow SAH which was 

experimentally studied in literature [10] is simulated and 

the numerical results are compared with the experiment 

in Table 3. The air mass flow rate is 0.03 kg/s and the 

values of all of geometrical parameters of the heater with 

the thermo-physical and radiative properties of all parts 

are given in that reference. In Table 3, the operating 

conditions of the heater on the test day from 9 am to 4 pm 

including the air inlet and outlet temperatures as well as 

the solar radiative flux are tabulated. In the last three 

columns, the computed air temperature at the outlet is 

compared with experimental data reported in literature 

[10] and the relative error is also reported. It is apparent 

that the present numerical simulation over-estimates the 

air outlet temperature which may be due to the two 

dimensional analysis, but the maximum error is lower 

than 4.3%. In another test case, the plane solar air heater 

studied theoretically by Chand et al. [9] and 

experimentally by Karwa et al. [21] is simulated and its 

thermal efficiency versus air mass flow rate is drawn in 

Fig. 5. The values of all input data for simulating this test 

case have been reported in literature [9, 21]. Figure 5 

shows an increasing trend for thermal efficiency with 

increasing in the air mass flow rate. Besides, good 

consistencies are seen between the values predicted in the 

proposed numerical simulation and those reported in 

literature.  

 
 
5. RESULTS AND DISCUSSION 
 

The results presented in this section are obtained from the 

numerical simulation of the double flow solar gas heater 

whose geometrical parameters are reported in Table 2. 

The total mass flow rate of the working gas is equally  

 

 
TABLE 3. Comparison between the computed air outlet 

temperatures with experiment [10] 

Time 

(h) 
( )o

inT C  '' 2( / )Sunq W m  ( )o

OutT C

(Expt.) 

( )o

OutT C

(Theor.) 

Relative 

Error% 

9 23.5 420 28 29.2 4.3 

10 31 630 38 38.8 2.1 

11 35 800 46 47.2 2.6 

12 37.5 900 53 55.3 4.3 

13 39 950 57.5 58.6 1.9 

14 37 910 53.5 55.1 3.0 

15 34 800 46.5 48.2 3.6 

16 29 660 38 39.2 3.1 

 
Figure 5. Variation of thermal efficiency with air mass flow 

rate, ( ''( ) /out in Sunmc T T q A = − ) 

 

 

divided into the upper and lower ducts of the heater with 

the same conditions in the inlet section. The Reynolds 

number of the gas flows according to the data given in 

Table 2 becomes less than 2000 and the Rayleigh number 

is in the order of 510 , assuming laminar flow. Also, the 

Richardson number, 2/ ReRi Gr= , is in the order of one, 

for considering the mixed convection flow. The value of 

the incoming solar heat flux is considered to be 1100 
2/W m  in all numerical simulations. In the solar gas 

heater under study, the absorber and the bottom plate are 

diffusely opaque and the working gas is considered to be 

participating medium. The glass cover transmits a major 

part of the short-wave incoming solar irradiation, but it is 

opaque against the long-wave thermal radiation emitted 

from low temperature bodies.  

The temperature contours for both double and single 

flow SAH are visualized in Figure 6 at three different 

values of gas optical thickness, including the non-

radiating case (
0 0 = ). For non-radiating working gas in 

double flow heaters, it is seen that the upper flow is 

heated along the heater through convection heat transfer 

by the absorber and slightly by the glass cover, which 

absorbs some of the incoming solar radiation equal to 
''.g sunq . As physically expected, the maximum 

temperature inside the heater is reached on the absorber 

and this element plays the main role in generating the 

high temperature gas flow at the outlet. Besides, more 

temperature increase in the upper gas flow takes place as 

it passes through the heater in comparison with the lower 

gas flow, especially when the working gas is radiative 

and has high optical thickness. This is due to the fact that 

the upper gas flow receives higher rate of convection heat 

transfer from high temperature absorber surcease and 

also absorbs directly a part of short-wave solar radiation, 

such that the lower gas flow is not exposed to this 

radiative source.  The gas radiation has a similar effect in  
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Figure 6. Temperature contours inside the single and double flow gas heaters at different optical thickness 
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single flow SAHs, a higher energy conversion takes place 

in the heater in the case of using radiating working gas. 

Besides, Figure 6 demonstrates that the maximum 

absorber temperature decreases by gas radiation, 

especially when the optical thickness gets higher. 

To show the temperature pattern inside the heaters 

more clearly, the temperature distributions along the y-

direction at different axial sections are drawn in Figure 7 

for single and double flow heaters operating under 

different optical thicknesses. This figure shows clearly, 

how the gas flow gets thermal energy from solar 

irradiation by both convection and radiation mechanisms.  

It seen that the high temperature region in the heater is 

due to the absorber and the hottest point happens on this 

element at the outlet section. Figure 7 depicts that the 

major part of heat loss takes place from the insulation 

layer in which, large temperature gradient in y-direction 

exists at its boundary adjacent to surrounding.  It is also 

seen that in double flow gas heaters, the temperature 

increase in the upper gas flow is greater than the lower 

one, especially at high optical thickness condition. This 

behavior was also seen in the previous figures. 

Furthermore, it can be seen that the upper flow is more 

sensitive to gas radiation because it is exposed to two 

strong radiative fluxes from its upper and lower surface 

boundaries. These two heat fluxes are the incoming solar 

radiation and the emitted radiant energy from absorber 

plate. The temperature distributions drawn for single 

flow heater show that the temperature of absorber plate 

in these heaters is much higher than the double flow ones, 

because less energy conversion from solar radiation into 

gas enthalpy takes place in these systems. Also, Figures 

7 (a) and (b) visualize that in both types of heaters, the 

temperature distribution along the y-direction for each 

axial section become more uniform, when radiating 

working gas is used. This is due to more thermal energy 

penetration into the gas flow by combined radiation-

convection heat transfer. 

This energy transfer is enhanced in double flow 

heaters in which the absorber is adjacent to gas flows 

from both its upper and lower surfaces. This behavior led 

to more reversible heat transfer and then higher thermal 

performance.  

Figure 8 shows the variation of gas bulk temperature 

along the channel of a single flow heater at different 

values of the gas optical thickness. It is seen that the bulk 

temperature distribution in the x-direction is almost 

linear, so that greater temperature increase takes place in 

the radiating working gas with high optical thickness. 

This behavior was seen before in the previous work by 

the author and it was concluded that the performance of 

single flow heaters is improved by using optically thick 

gas flows [16]. Figure 9 shows the variation of gas bulk 

temperature along the upper and lower channels in 

double flow solar heater at different values of the gas 

optical thickness. For the upper flow, greater temperature 

increase along the heater takes place in the case of using 

radiating working gas. This is due to this fact that in the 

case of using radiating working gas, a part of solar 

incoming radiation is absorbed directly by the gas flow 

and the mechanisms of energy transfer from heater to the 

gas flow takes place by both convection and radiation. 

But for the lower gas flow inside the heater, opposite 

behavior is seen, such that radiating working gas receives 

much less energy. It should be recalled that weather the 

performance of double flow solar heater improves by 

using radiating working gas or nor, the effect of gas 

optical thickness on thermal efficiency should be studied. 

The performance of solar gas heaters can be evaluated by 

defining their thermal efficiency which can be computed 

as follows: 

2

1

''

( )

.

i out in i

i

sun

m c T T

q A
 =

−

=


 

 (15) 

In Equation (15), 
im  is the gas mass flow in the upper 

and lower duct of double flow heater, and for single flow 

heaters, the numerator only has one term. The variations 

of double flow and single flow efficiencies as a function 

of optical thickness are drawn in Figure 10. As physically 

expected, there is an increasing trend for thermal 

efficiency of single flow heater with optical thickness. It 

is visualized in Figure 10 that using radiating gas with 

2 = , yields to 80% thermal efficiency. However, for 

double flow heaters, there is an optimum value of optical 

thickness, say  =0.8, for having the best performance, 

corresponds to 80%. = . To the best of the author’s 

knowledge within the well-documented techniques in the 

open literature, such high efficiency has not yet been 

reported. Besides, it is seen from Figure 10 that the 

double flow heater has higher efficiency than the single 

flow one in a wide range of gas optical thickness 

0 1.4  , and the maximum difference between the 

efficiencies of these heaters happens in the case of non-

radiating working gas corresponds to 0 = . 

As noted before, the efficiency of SAHs has been 

found to be low because of low convective heat transfer 

coefficient between absorber plate and the flowing air 

which increases the absorber plate temperature, leading 

to higher heat losses to the environment. Due to the main 

role of absorber in SAHs, the surface temperature 

variation of this element in axial direction for both single 

and double flow heaters are drawn in Figure 11 taking 

into account the gas radiation effect. This figure depicts 

the increasing trend of absorber temperature along x-

direction that is due to growing temperature boundary 

layer thickness, leading to decrease in convection 

coefficient. Therefore, it is expected that the absorber’s 

maximum temperature takes place at the outlet section, 

as it can be seen in Figure 11. Because, the absorber plate 

in double flow heaters is exposed to convection from both  



A. Dehghani Rayeni and S. A. Gandjalikhan Nassab / IJE TRANSACTIONS C: Aspects  Vol. 33, No. 6, (June 2020)   1156-1166              1164 
 

 

  

0 0 =  
0 1 =  

(a) Double flow 

  

0 0 =  
0 1 =  

(b) Single flow 
Figure 7. Temperature variations in all parts of solar heaters along the y-direction at different axial sections 

 

 

 
Figure 8. Gas bulk temperature distribution along the single 

flow gas heater 
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(b) Lower gas flow 

Figure 9. Gas bulk temperature distribution along the double 

flow gas heater 

 

 

 
Figure 10. Comparison between the efficiencies of single 

and double flow heaters 

 

 

 
Figure 11. Absorber surface temperature distributions at 

different optical thickness 

its upper and lower surfaces, the temperature of this 

element is lower that the single flow heater. It leads to 

more reversible convection heat transfer and then higher 

performance. By enhancing the rate of heat transfer into 

the gas flow from pure convection into the combined 

radiation-convection heat transfer with using radiative 

working gas, the absorber plate temperature decreases as 

it is demonstrated in Figure 11, especially when the gas 

optical thickness gets higher. 

 

 

6. CONCLUDING REMARKS 
 
In the present investigation, the main motive is to 

improve the performances and efficiencies of the single 

and double flow plane solar gas heaters based on using 

radiating working gas. For this purpose, these types of 

solar heaters are simulated and analyzed numerically. For 

solid elements in the heaters, including the glass cover, 

absorber, bottom plate and insulation layer, the 

conduction equation and for the gas flows, the continuity, 

momentum and energy equations were considered as 

governing equations and solved by FVM. The computed 

temperature field in double flow gas heaters revealed that 

more rate of energy conversion from solar irradiation into 

gas enthalpy takes place in this type of solar heater, and 

this behavior enhances with gas radiation. In the test 

cases, more than 50% increase in thermal efficiency in 

single flow haters was also seen with using radiating gas 

flow with 2 =  instead of non-radiating working fluid 

( 0) = . On the other hand, numerical results revealed 

that double flow heaters have lower sensitivity to optical 

thickness, because the opposite effect of gas radiation in 

temperature increase inside the upper and lower gas 

flows. So, there is an optimum value of optical thickness, 

say 0.7 = , for having the maximum thermal efficiency, 

which is about  80%. It is a very high efficiency for plane 

solar gas heaters. Besides, numerical analysis revealed 

that in a wide range of optical thickness 0 1.4  , 

double flow heaters work more efficiently in comparison 

to single flow ones, and the maximum difference in their 

efficiencies happens at 0 = , corresponds to non-

radiating working gas. 
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Persian Abstract 

 چکیده 

جايي  تابشي گاز به صورت عددی مورد مطالعه شده است. در اين راستا جريان جابهای با در نظرگرفتن اثرات  های خورشيدی صفحهكن ی حاضر، مشخصات حرارتي گرمدر مقاله

كن شامل معادلات پيوستگي، سازی گرمتركيبي و آرام گاز با روش ديناميك سيالات محاسباتي و استفاده از روش حجم محدود حل شده است. معادلات حاكم به منظور شبيه

جا كه گازتوانايي صدور و جذب تابشي  اند. از آن زمان به جواب رسيدهكن به طور همی هدايت حرارتي برای ساير اجزای جامد گرمعادلهژی برای جريان گاز و ممومنتم و انر 

های كن د عملكرد گرمی وابستگي زيادهندهبه منظور محاسبه شار تابشي حل شده است. نتايج عددی نشان    (DOM)به روش جهات مجزا    (RTE)ی انتقال تابش  را دارد، معادله

  2افزايش راندمان در صورت استفاده از جريان گاز تابشي با ضخامت اپنيكي معادل   %50جريانه به تابش گاز بوده و اين تاثير همواره مثبت ارزيابي شده است. نتايج گواه بر يك

ای های حرارتي، ضخامت اپتيكي بهينه كنازدياد دمای جريان بالايي و پاييني در اين مبادله ی تاثير معكوس تابش گاز برهای دوجريانه، به واسطهكنباشد. اما در مورد گرممي

افزايش راندمان در صورت استفاده از گاز تابشي ديده شده است. مقايسه   %15اند معادل  سازی شدهبرای داشتن بيشترين راندمان به دست آمده است. همچنين در مواردی كه شبيه

 بخش بوده است.گران رضايت های ديگر پژوهشر حاضر با يافته نتايج عددی كا
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