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ABSTRACT  

 

In this paper the variation of temperature field along the duct of a solar air heater is studied using specially 

developed a three dimensional model .The finite volume method [FVM] is used to solve the governing 

equations. The effect of different operating parameters is studied such as air mass flow rate, inlet air 

temperature and duct aspect ratio [duct height/duct width] or what is known as flow depth. It is found that as 

the flow depth or aspect ratio is reduced the air is more uniformly heated through the duct cross section 

especially at duct exit where the air temperature becomes uniform across the duct. This shown on isothermal 

contours map at different cross sections. It is also found that the bulk exit air temperature increases with 

increasing the absorber plate temperature,  i.e increasing the absorber plate temperature by about 60% gives 

an increase in bulk air temperature by about 9.5 
o
C,  and the bulk exit air temperature increases with  reducing 

air mass flow rate and flow depth, i.e. the decrease of mass flow rate by (27%) increases the bulk exit air 

temperature by about 3.3804
 o

C, and reducing the flow depth by about 33.333% increases the bulk exit air 

temperature increases about 4.45
 o

C). Also the local air temperature growth [temperature along duct height at 

the centre line] increases with reducing the mass flow rate and flow depth. The results also show that as the 

inlet air temperature increases the bulk exit air temperature increases for same mass flow rate, i.e. the increase 

in inlet air temperature by about 10 
o
C gives an increase in the exit bulk air temperature by about 6.5

 o
C).   

Key words: solar air heater, renewable energy, solar energy, flow depth. 

لذرجاث الحرارة للجريان داخل مجرى لاقط هواء شمسي  شبه ثلاثي الابعاد التحليل النظري  

 الخلاصت

ثلاثٙ  شبّ سٚاظٙ يٕدٚم ْٕاء شًسٙ باسخخذاو دساست انخٕصٚع ثلاثٙ الأبعاد نذسخاث انسشاسة عهٗ طٕل انًدشٖ نًسخٍانبسث  زافٙ ْحى 

كانخذفق  نظشٔف انخشغٛهٛتحأثٛش عذد يٍ اذساست ة نو انًسذدٕطشٚقت انسد لاث انساكًت باسخخذاو انًعاد ٔقذ حى زم .حى بُاءِ نٓزا انغشض الأبعاد

 أكثشٚكٌٕ حسخٍٛ انٕٓاء  عًق انًدشٖأَت كهًا قهج  بُٛج َخائح انذساست .)عًق انًدشٖ( انشكمدسخت زشاسة انذخٕل ٔ َسبت  ،أنكخهٙ نهٕٓاء 

ٔقذ حى حٕظٛر رنك يٍ خلال انًقطع  يُخظًت حقشٚبا حصبر دسخت زشاسة انٕٓاء نخشٔج زٛثٔخصٕصا فٙ يُطقت ا انًدشٖخلال يقطع  حداَسا

دسخت  بضٚادة دسخت زشاسة انهٕذ انًاص )أ٘ صٚادة الإخًانٛت حضدادخلال انًخططاث انكُخٕسٚت ٔنًقاطع يخخهفت .ٔكزنك ٔخذ أٌ دسخّ انسشاسة  

 9.5الإخًانٛت حضداد فٙ انًخشج بًقذاس ٔخذ أٌ دسخّ انسشاسةٔ 06%زشاسة انهٕذ انًاص بًقذاس 
o
C) ٔٔ ٙانًدشٖ عًق كهًا قم انخذفق أنكخه

3.3804حضداد دسخّ انسشاسة الإخًانٛت فٙ انًخشج بًقذاس (72عُٗ خفط انخذفق انكخهٙ بُسبت) %أ٘ بً)
 o

C  ٖٔاٌ خفط عًق انًدش

4.4515حضداد دسخّ انسشاسة الإخًانٛت فٙ انًخشج بًقذاس  %33.333بسذٔد
 o

C). ٌانًسٕس انعًٕد٘ دسخت زشاسة انٕٓاء عهٗ طٕل  ا

فٙ  نهٕٓاء كهًا صادث دسخت زشاسة انذخٕل فاٌ دسخت انسشاسة الإخًانٛتبُٛج اَّ . انُخائح عًق انًدشٖحضداد كهًا قم انخذفق أنكخهٙ ٔ نهًدشٖ

 10 )أ٘ صٚادة دسخت زشاسة انذخٕل بًقذاس حضداد نُفس انخذفق أنكخهٙ انًدشٖيخشج 
o
C  حضداد دسخّ انسشاسة الإخًانٛت فٙ انًخشج بًقذاس 

(6.5 
o
C  . 

 .عًق انًدشٖ طاقت شًسٛت، ة، طاقت يخدذد سخاٌ ْٕاء شًسٙ، :كهًاث انذلانت
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NOMENCLATURE 

 

Symbol Description Units 

A Area m
2 

εkε2ε1μ C,C,C,C,C  Coefficients of turbulence model                                        

cp Specific heat at constant pressure J/kg.K 

Dh Hydraulic diameter m 

G Generation source kg.m/sec
3 

h Convective heat transfer coefficient W/m
2
.
o
C 

I Incident solar radiation W/m
2 

k Turbulent kinetic energy m
2
/sec

2 

L Duct length m 

ṁ Mass flow rate kg/sec 

P Pressure N/m
2 

PP Wetted Perimeter   m 

T Temperature 
o
C 

T
*
 Dimensionless temperature  

u Velocity in (x) direction                                              m/sec 

v Velocity in (y) direction                                              m/sec 

w Velocity in (z) direction                                              m/sec 

Pr Laminar Prandtl number  

 

                                                                     Greek Symbols 

 

α Duct aspect ratio  

ε Rate of dissipation of turbulent 

kinetic energyu 

 

μ Fluid viscosity  kg/m.sec 

ρ Fluid density kg/m
3 

σk Constant  in eq. 7  

σε Constant  in eq. 8  

 

Subscripts 

b                                                                      bulk values 

eff                                                                    effective 

in                                                                      inlet section 

l                                                                        laminar 

t                                                                        turbulent 
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1. Introduction  

 

 Solar energy is clean, indepletable, and harmless to living organisms on the earth because the 

harmful short wavelength Ultraviolet Rays are absorbed before reaching the troposphere by 

stratospheric ozone layers and weakened by the air composition and moisture in the troposphere. 

Solar energy energizes the atmosphere and thus generates climatic phenomena, but the balance of 

energy is absorbed by molecules of the materials on the earth surface and converted in to the heat at 

low temperature [1]. Many significant experiments and simulations on solar collector were 

published, some aimed to reducing the cost and improvement the performance and efficiencies 

improvements. Many designs were suggested such as (single and multi-pass heater, some are of the 

packed type and others incorporate fins to enhance heat transfer) . 

 Ashish K. [2] studied theoretically the behavior of counter flow solar air heater and compared its 

performance with the conventional type under different operating conditions. He found that the 

counter flow heater is more efficient than the conventional type. 

 Hossien Assefi, et al [3] found that as the mass flow rate decreases the outlet temperature 

increases while the efficiency decreases. 

Molero Villar,  et al  [4] developed a three dimensional transient model for analyzing the 

performance of a flat plate collector. Different configurations were studied such as parallel tubes 

collector (PTC), serpentine tube collector (STC) and two parallel plate collectors (TPPC). 

Ho-Mong Yeh, et al [5] studied theoretically the effect of external recycle on collector 

efficiency in solar air heater. It was found that considerable improvement in collector efficiency is 

obtainable if the operation is carried out with external recycle.  

 In Iraq the use of solar energy is very attractive due to its geographical locations. Iraq lies 

within latitude (33
o 
N and longitude 44

o 
E). For sunny countries like Iraq the potential for developing 

solar energy technology is great. Thus, there is clearly a need for a systematic and serious studies on 

the performance and efficiency  of solar energy system of various designs.  

Nama S. et al [6] used sunshine duration and extraterrestrial radiation as input parameters in 

four mathematical models to estimate the daily average diffuse solar radiation in various locations of 

IRAQ during the period 1961-1991. It was found that the maximum value of diffuse solar radiation 

occurred in summer and it is in the range 2-9 MJ/m
2
.day.  

The aim of this work is to develop a numerical algorithm and to built a computer program to study 

the local and temporal temperature of air as it flows though the heater passages. The effect of 

absorber plate temperature, inlet air temperature, air mass flow rate, and passage configuration on 

temperature are studied. 

 

2. Model Description and Assumptions 

The physical model studied is shown schematically in fig. (1). It shows the main parts of the collector 

which are the wooden box, the absorber plate and the glass cover. The absorber plate is fabricated as an air 

duct. Different duct configurations are used. The working fluid (air) is allowed to flow in the duct and 

stagnant air is trapped between the cover and the absorber. Three different duct configurations will be used. 

The dimension of the first configuration (square duct) is (10x10 cm). The duct aspect ratio α, height to width 

ratio, is equal unity. This arrangement is the same as that employed by experimental work [7]. The aspect 

ratios for the second and third configurations are (1/4), and (1/11), respectively. The duct length is (4.5) m for 

all configurations. The flow field, temperature field and heat transfer to the air as it flows through the duct are 

analyzed. The governing equations are the conservations of mass, energy and momentum .The following 

assumptions are used in the solution of the governing equations: 
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1. Steady state conditions during each calculation step. 

2. Incompressible, three dimensional and turbulent flow. 

3. All thermo- physical properties of working fluid are considered independent of temperature. 

4. Developing flow at entrance. 

5. Negligible dissipated energy.   

6. Negligible body forces. 

7. Negligible buoyancy effect. 

8. No heat generation. 

9. Constant absorber plate (air duct walls) temperature. 

10. Constant bottom wall temperature which is equal to atmospheric temperature. 

 

3. Mathematical Formulation 

The governing equations are the continuity, momentum and energy in addition to the k-ε model proposed by 

Launder and Spalding [8]. In Cartesian coordinate, the continuity, momentum, energy and turbulence 

equations for steady incompressible flows can be written in the following compact form, Ibrahim [9]. 

 

 Continuity Equation (Mass Conservation) 

0
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 Momentum Equations: 
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Energy Equation 

The energy equation in Cartesian coordinate (x, y,z) is written as, Ibrahim [9]. 
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Where, 
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 The Standard  k-ε  Model: 
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The generation term (G) is written as, Ibrahim [9]. 

                                 (9) 

 Where: 

C =0.09 ، k =1.00 ،  =1.3 ،
1

C =1.44    ،
2

C =1.92 

 

4. Numerical solution procedure  

The solution is based on the following initial and boundary conditions. 

 Initial conditions 

The velocity and temperature profiles were assumed uniform at entrance section and the transverse velocities 

variations are neglected at this section. 
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For turbulence parameters the following initial conditions are used, Ibrahim [9]. 
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Where εC and   kC   are constants and given the following values  0.003)C&0.03(C kε    as indicated in 

Launder and Spalding [8]. hD represents the hydrodynamic diameter, hD =4A/PP. 

 Exit boundary conditions 

At exit section the stream wise variation of velocity components and temperature are neglected.     
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Wall boundary conditions 

The following wall boundary conditions are used. 
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Different values for absorbing plate temperature have been used, (TP = 80, 73, and 50 OC). It is assumed that 

the bottom wall temperature equal to the air inlet temperature. 

 Close to the wall the viscous effects predominate over turbulent ones and the variations of the flow properties 

are much steeper. Two methods for analyzing these regions are available which are the wall function method 

and the low Reynolds number –modeling method. The wall function method is used in this work.   

The boundary conditions for the k-ε model are, 
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(15) 

The governing equations and boundary conditions are discredited using the control-finite volume method. The 

numerical solution is obtained using the SIMPLE algorithm. The convective and diffusive fluxes are 

approximated using the up wind scheme, which was a more judicious approximation than either a hybrid or 

power-law scheme. The grids size in (x, y, and z) are (60x20x20, 60x18x29, 60x16x31) nodes for the three 

duct configurations respectively. Typically, it took about 1500-2500 iterations to reach convergence. 

 

5- Results and Discussion  

The effect of the flowing parameters namely, the inlet temperature, absorber plate temperature, duct 

configurations, and  mass flow rate, on the studied parameters are presented and discussed. 

Figs (2-a, 2-b and 2-c) show the variation air temperature growth with dimensionless height Y = y/ymax  at 

centre line of  the duct for different positions along the duct (the first configuration) .The absorber plate 

temperature is assumed to be  TP = 73 
o
C while the inlet air temperature is  Tin = 25, 30, and 35

o
C, the air mass 

flow rate is 0.109 kg/s. The figs indicate that the air temperature increases with (Y) until it reaches maximum 

value near the absorber plate (duct wall). The results show that the effect of inlet air temperature is to raise the 

starting point of growth but the trend of growth is approximately the same, for example at duct exit and 

Y=0.75 along the duct the air temperature is (38.9631, 42.5285, and 46.0717
 o
C) for inlet air temperature (25, 

30, and 35
 o
C) respectively .   

Figs (3-a, and 3-b), show the isothermal contours of air flow for the first duct configuration. The x-axis 

represents Z = z/zmax while the y-axis represents the height of duct Y = y/ymax. The contours represent the 

dimensionless temperature (T
*
), which is the ratio of local temperature to bulk temperature (Tb) .The figs 

represent the results for two locations along the duct, namely x = 1.5 and 4.5 m respectively. The wall 

temperature is assumed constant TP = 73
o
C, and the inlet air temperature is assumed to be Tin = 25

o
C. The 

results are for a mass flow rate of 0.109 kg/s. The results show that the value of contour is higher than unity  

near the hot wall at all cross section and decreases towards the centre and base of the duct .However there is a 

closed loop (cold region) at the duct centre for the 1.5 m cross section since there is no enough time to heat 

the air. Further down the duct the loop disappears and the contours become open. The minimum value of the 

contours is near insulation (bottom wall). 

The variation of bulk exit air temperature with inlet air temperatures for a mass flow rate of 0.109 kg/s is 

shown in fig (4) .The fig shows that the bulk exit air temperature increases with inlet air temperature since the 

initial temperature is higher. This result is for the first configuration. 

Figs (5-a, and 5-b) show the effect of absorber plate temperature on air temperature growth along the duct 

height for the first configuration at locations x = 3.0 and 4.5 m along duct respectively. The mass flow of air is 

0.109 kg/s and the inlet air temperature is 25 
o
C. The figs show that increases the absorber plate temperature 

increases the rate of temperature growth since the temperature gradient between the plate and the air increases 

which increases the rate of heat transfer to the air.   
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Fig (6) shows the effect of absorber plate temperature on the local bulk air temperature along the duct for the 

first configuration. The fig shows that the local bulk air temperature increases with the increase of absorber 

plate temperature. The increase of absorber plate temperature from 50 to 80 
o
C produces an increase in the 

bulk air temperature of 9.5
 o
C. 

Fig (7-a) shows the effect of duct configuration on air temperature growth at duct exit. The mass flow is 

maintained constant for all configurations and equal to 0.109 kg/s. It is seen that the third configuration gives 

rapid temperature growth than the other two configurations since the air flows as a thin sheet between 

absorber plate and the insulation, which means a shorter path of heat transfer. Fig (7-b) shows the variation of 

local bulk temperature with duct length for different duct configurations. The mass flow of air is 0.109 kg/s 

and constant absorber plate temperature of 73 
o
C. For all configurations the local bulk air temperature 

increases with distance along the duct until the exit since more time is available for heat transfer. The figure 

also indicates that the air in the third configuration reaches the maximum possible exit temperature at short 

duct length.  
 Fig (8-a) illustrates the effect of duct configuration on pressure drop at a plate temperature of 73 

o
C and inlet 

air temperature of 25 
o
C. It is clear that the third configuration gives higher pressure drop due to shorter flow 

depth. Also the pressure drop increases with duct length. Fig (8-b) shows a comparison of the exit pressure 

drop obtained in present work with the results of Baa and Adam [15]. Both figures show good agreement in 

trends. The present study gives higher pressure drop due to longer duct length. 

Figs (9-a, and 9-b) show  the isothermal  contours of air flow at duct exit for the second and third 

configurations for fixed mass flow rate, 0.109 kg/s, fixed inlet air temperature 25 
o
C  ,and constant absorber 

plate temperature of 73 
o
C. It is clear that air is heated more uniformly in the third configuration where the 

bulk air temperature is higher than the other two configurations. At Z = 0.5 and Y = 1 the value of the 

dimensionless temperature T*=1.456 and 1.5239 for configuration 2, and 3 receptivity.  

Fig (10) shows the effect of mass flow rate on air temperature growth at exit section. It is clear that the mass 

flow rate affects the air temperature growth significantly especially at low air flow rates .These results are for 

the first configuration. The plate temperature is 73 
o
C and the inlet air temperature is 25 

o
C. This is expected 

since low mass flow rate means larger temperature difference for same heat transfer.  

Fig (11) shows the effect of air mass flow rate on local bulk air temperature along the duct length. As 

expected, as the air mass flow rate increases the local air temperature decreases. The plate temperature and the 

inlet air temperature are as in fig (10). 

Fig (12) illustrates the variation of the pressure drop with duct length for different  mass flow rates for the first 

configuration. It is shown that the pressure drop increases with mass flow rate and duct length. The conditions 

are as in fig (8). 

 

6- CONCLUSIONS 
 

The following conclusions can be drawn from this work, 

1-Narrow duct configuration [low aspect ratio] is best suited for solar air heater design. 

2-The increase in inlet air temperature by about 10 
o
C gives increases in the bulk exit air temperature by about 

6.5
 o
C. 

3-The increase in mass flow rate of air reduces the bulk exit temperature of air. 

4-The increase of absorber plate temperature from 50 to 80
o
C gives an increase in bulk air temperature by 

about 9.5
 o
C 

5-Narrow duct configuration gives larger pressure drop. 
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Fig (1) Schematic Representation of Solar Collector. 
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Fig (2-c) Variation of Air Temperature Along Duct 

Height for Different Duct Lengths (Tin=35 
o
C) 

Fig (2-a) Variation of Air Temperature Along Duct 

Height for Different Duct Lengths  (Tin=25 
o
C) 

Fig (2-b) Variation ofAir Temperature Along Duct 

Height for Different Duct Lengths (Tin=30 
o
C) 
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Fig (3-a) Isothermal Contours of Air at  Duct 

Length of 1.5 m 

Fig (3-b) Isothermal Contours of Air at  Duct 

Length of 4.5 m 
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Fig (5-b) Variation of Air Temperature Along Duct Height 

for Differences Absorber Plate Temperatures (x=4.5 m) 

 

Fig (6) Variation of Local Bulk Temperature Along The 

Duct  for Differences Absorber Plate Temperatures 

 

 

Fig (4) Variation of Exit Bulk Temperature With 

Inlet Air Temperature 

 

Fig (5-a) Variation of Air Temperature Along Duct 

Height for Differences Absorber Plate Temperature 

(x=3.0 m) 
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Fig (7-a) Variation of Air Temperature Growth for 

 Different Configurations 

 

Fig (8-a) Variation of Pressure Drop Along the 

Duct for Different Configurations 

 

Fig (7-b) Variation of Bulk Temperature with Duct 

Length for Different Duct Configurations 

 

Fig (8-b) Comparison of Exit Pressure Drop Obtained 

in the Present Work With Results of .Ref[15]. 

 



 

 15 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Z

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Y

0.639523

0.675913

0.696217

0.696217

0.714867

0.714867

0.732585

0.748325

0.748325

0.748325

0.
76

37
01

0.763701

0.
78

22
56

0.782256

0.7822560.801455

0.8
01455

0.801455
0.

82
07

38

0.820738

0.820738

0.
84

10
17

0.841017

0.841017

0.919051
0.865118

0.
86

51
18

0.865118

0.8651180.
89

31
5

0.89315

0.89315

0.89315

0.
91

90
51

0.
91

90
51

0.919051

0.919051

0.
96

55
63

0.
96

55
63

0.965563

0.965563
0.

99
67

4

0.99674
0.99674

0.99674

1.03797

1.
03

79
7

1.03797

1.03797

1.03797
1.

11
03

9

1.
11

03
9

1.11039

1.11039

1.110391.
18

28

1.
18

28

1.1828
1.1828

1.1828

1.1828

1.
25

52
1

1.
25

52
1

1.2
5521

1.25521

1.25521

1.25521
1.

32
76

2

1.
32

76
2

1.32762
1.32762

1.32762

1.32762

1.
40

00
4

1.
40

00
4

1.40004 1.40004

1.40004
1.40004

1.
47

24
5

1.
47

24
5

1.
47

24
5

1.47245 1.47245

1.47245
1.47245

1.
54

48
6

1.54486 1.54486

1.54486

1.
61

72
7

1.61727

 
 

 

 

 

 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Z

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Y

0.6318
0.665812 0.665812

0.6995
0.6995

0.714757 0.714757

0.
73

81
41

0.738141

0.756642

0
.7

5
6
6
4
2

0
.7

8
1
2
5
4

0.781254

0
.7

8
1
2
5
4

0.803246 0.803246

0
.8

3
4
9

0.8349
0.8349

0
.8

6
4
5
0
4

0.864504

0
.8

6
4
5
0

4

0
.9

0
2
3

1

0.90231 0.90231

0
.9

0
2
3
1

0.90231

0
.9

3
6
8
2

6

0.936826

0
.9

3
6
8
2
6

0.936826

0
.9

7
0

3

0.9703

0
.9

7
0
3

0
.9

7
0

3

1
.0

0
5

1
7

1.00517
1.00517

1
.0

0
5

1
71

.0
3

8

1.038 1.038

1
.0

3
8

1
.0

7
4

2

1
.0

7
4

2

1.0742

1.0
74

2

1
.0

7
4

2

1
.1

2
6

2
3

1
.1

2
6
2
3

1.12623

1.12623

1
.1

2
6

2
3

1
.1

7
3

4

1
.1

7
3

4

1.1734

1.1734

1
.1

7
3

4
1

.2
1

3
7

3

1
.2

1
3

7
3

1.21373 1.21373

1
.2

1
3

7
3

1
.2

1
3

7
3

1
.2

4
1

1

1
.2

4
1
1

1.2411

1
.2

4
1
1

1
.2

4
1

1

1.1734

1
.3

0
8

8

1
.3

0
8
8

1.3088

1
.3

0
8
8

1
.3

0
8

8

1
.3

0
8

8

1
.3

7
6

5
1

.3
7

6
5

1.3765 1.3765

1
.3

7
6

5
1

.3
7

6
5

1
.4

4
4

2
1

.4
4

4
2

1.4442 1.4442

1
.4

4
4

2
1

.4
4

4
2

1
.5

1
1

9
1

.5
1

1
9

1
.5

1
1

9
1

.5
1

1
9

1
.5

7
9

6

1
.5

7
9

6

 
 

 

 

 

 

 

Fig (9-a) Isothermal Contours of Air for  

Configuration 2 at Duct Exit 

 

Fig (9-b) Isothermal Contours of Air for    

Configuration 3 at Duct Exit 
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Fig (10) Variation of Air Temperature Along Duct 

Height for Different Mass Flow Rates 

 

Fig (11) Variation of Local Bulk Temperature Along 

the Duct for Different Mass Flow Rates 

 

Fig (12) Variation of Pressure Drop Along the Duct for 

Different Mass Flow Rates 

 


