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AB S T R A CT  

Numerical analysis is a good tool used to save time and effort and reduce cost when compared with practical 

methods that are expensive and time consuming. Two dimensional thermal analysis to obtain a mathematical 

model that represents thermal equilibrium of solar collectors was conducted to obtain a theoretical way to design 

flat plate solar collectors. A design characteristics and the effect of operational and geometrical parameters were 

studied. The results were compared with data from practically tested rigs. The results have shown good 

agreement with experimental data, where the error rate did not exceed 2.8% when compared to experimental 

results. In addition, the results were compared with data obtained from one-dimensional thermal analysis of flat 

plate solar collectors and the error was about 3.5%. Results also show that the solar collector’s insulation and the 

wind speed have a negative effect on the solar collector’s thermal efficiency. On the other hand, the water flow 

rate, solar irradiance and ambient temperature have positive effect on thermal efficiency with various degrees of 

impact. 
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1 Introduction 

H. Kazeminejad studied a temperature distribution over the absorber plate of a parallel flow, flat-plate solar 

collector is analyzed with one- and two-dimensional steady-state conduction equations with heat 

generations using a control volume-based finite difference scheme [1]. They found out that one-

dimensional analysis slightly deviates from two-dimensional analysis, particularly under low mass flow 

rate conditions. S.Farahat et al presented an exergetic optimization of flat plate solar collectors to 

determine the optimal performance and design parameters [2]. The developed computational program was 

in good agreement with the experimental measurements noted in the previous literature. Finally, the 

exergetic optimization has been carried out under given design and operating conditions and the optimum 

values of the mass flow rate, the absorber plate area and the maximum exergy efficiency have been 

presented.  

The description of solar heating systems can be found in Duffie and Beckman [3]. They normally consist of 

a solar collector and a working fluid storage tank connected with pipes. Depending on the application 

objective, the water is pumped or naturally flows from the collector to the tank and back to the collector 

through the pipes.  

https://www.sciencedirect.com/science/article/pii/S0960148101001215#!
https://www.sciencedirect.com/science/article/pii/S0960148108002620#!
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2 Mathematical Modelling 

Governing equations are obtained from the energy balance on the absorbing plate, Kirchhoff and Billups 

[3] :  

𝑘𝑓𝛿𝑓 (
𝜕2𝑇𝑓

𝜕𝑥2 +
𝜕2𝑇𝑓

𝜕𝑦2
) + (𝜏𝛼)𝑒  𝐻𝑡 = ℎ𝑓𝑔(𝑇𝑓 − 𝑇𝑔) + (

𝜎

𝑔
−1+ 𝑓

−1−1
) (𝑇𝑓

4 − 𝑇𝑔
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Boundary conditions: 

𝜕𝑇𝑓
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|
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|
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|

(0,𝑦)
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𝜕𝑇𝑓

𝜕𝑥
|

(𝑤,𝑦)
= 0             

The relation between the working fluid and the tube surface is given by: 

𝜕𝑇𝑤

𝜕𝑦
=

𝑟𝑤𝜋𝐷𝑟

�̇�𝐶𝑝
(𝑇𝑓 |𝑥=𝑤 2⁄

− 𝑇𝑤)                            (2) 

The governing equation of the glass cover is obtained from the energy balance, Hobson and Norton [3]:  

𝑘𝑓𝛿𝑓 (
𝜕2𝑇𝑓

𝜕𝑥2 +
𝜕2𝑇𝑓

𝜕𝑦2
) + (𝜏𝛼)𝑒 𝐻𝑡 = ℎ𝑓𝑔(𝑇𝑓 − 𝑇𝑔) + 𝑈𝑓𝑎(𝑇𝑓 − 𝑇𝑎) + (

𝜎

𝑔
−1+ 𝑓

−1−1
) (𝑇𝑓

4 − 𝑇𝑔
4) (3) 

In this study the fin and pipe are considered as one part which means that the governing equation of the 

heat transfer in the collector absorbing plate and working fluid are treated separately: Figure (1) shows the 

heat transfer mechanism from the fin to the tube and from the tube to the working fluid. 

 

Figure 1 Fin and tube section 

From the previous figure we obtain the following expression: 

2𝑄1 = 𝑄2                                                                     (4) 

where  𝑄1 and   𝑄2 are the energy transfer from the fin and the energy transfer from the fin surface to the 

working fluid respectively and therefore: 

2 (−𝑘𝑓𝛿𝑓
𝜕𝑇𝑓

𝜕𝑥
|

(0,𝑦)
) = 𝑈𝑓𝑤𝜋𝐷𝑟𝑖 (𝑇𝑓|

𝑥=0
− 𝑇𝑤)                            (5) 

The two dimensional fin energy equation is, 

      𝑘𝑓𝛿𝑓 (
𝜕2𝑇𝑓

𝜕𝑥2 +
𝜕2𝑇𝑓

𝜕𝑦2
) + (𝜏𝛼)𝑒 𝐻𝑡 = ℎ𝑓𝑔(𝑇𝑓 − 𝑇𝑔) + 𝑈𝑓𝑎(𝑇𝑓 − 𝑇𝑎) + (

𝜎
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)  (𝑇𝑓

4 − 𝑇𝑔
4)    (6) 
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The boundary conditions are, 

𝜕𝑇𝑓
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𝑥=0
− 𝑇𝑤) 

where 𝑈𝑓𝑤 is the heat transfer coefficient between the working fluid and tube. The governing equation of 

the working fluid in the tube is given by: 

�̇�𝐶𝑤
𝜕𝑇𝑤

𝜕𝑦
= ℎ𝑟𝑤𝜋𝐷𝑟𝑖(𝑇𝑠 − 𝑇𝑤)                                   (7) 

where  ℎ𝑟𝑤 and 𝑇𝑆 are heat transfer coefficient between the working fluid and tube internal surface and 

internal tube wall surface temperature respectively.  

Boundary conditions: 

𝑇𝑤|𝑦=0 = 𝑇𝑖𝑛 

The glass cover energy balance equation is given by:  

ℎ𝑔𝑓(𝑇�̅� − 𝑇𝑔) + (
𝜎

𝑔
−1+ 𝑓

−1−1
) (𝑇�̅�

4
− 𝑇𝑔

4)  = ℎ𝑤𝑖𝑛𝑑(𝑇𝑔 − 𝑇𝑎) + 𝜎휀𝑔(𝑇𝑔
4 − 𝑇𝑠𝑘𝑦

4 )   (8) 

The governing equation together with their boundary conditions were solved by finite difference method 

using MATLAB software. The instantaneous efficiency based on the total collector area is calculated by: 

ɳ𝑐 =
𝑄𝑢

𝐴𝑐𝐺
                                               (9) 

 

3 Results and Discussion  

The algorithms in the study were optimized through the number of nodes used in the grid. Figure (2) shows 

the error obtained in the exit working fluid temperature in function of the number of nodes in the X-

direction. As it can be verified, the error is inversely proportional to the number of nodes. After the 45 

nodes the change in the error can be considered as negligible and therefore, this number was considered to 

be the optimum. The number of nodes in the Y direction was not given attention because it has no influence 

on the results due to the fact of insignificant change in temperature distribution in this direction. The same 

conclusion can be obtained from Figure (3), which presents the relationship between the outlet temperature 

and the mesh grid. The outlet temperature reaches almost steady state when the grid in the X-direction 

reaches 45 nodes.  

 

Table 1 Properties and parameters used in the calculation of the thermal performance of the flat plate 
solar collectors 

Property/Condition 1
st
 collector [4]

 
2

nd
 collector [5]

 
3

rd
 collector [6]

 

𝐹𝑅𝜏𝛼 0.786 0.808 0.766 

𝐹𝑅𝑈𝑙 4.357 4.668 4.592 
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Solar Intensity 854 850
*
 800

* 

Wind Speed 3 3
*
 4

*
 

Water flow rate 145 200
*
 190

*
 

Inclination Angle 45 45 45 

Collector area (m) 2.272 2.024 2.49 

Port area (m) 2.013 1.825 2.259 

Absorbing Surface area (m) 2.018 1.782 2.26 

Collectors 

dimensions (m) 

Length (m) 2.090 2.008 2.008 

Width (m) 1.087 1.008 1.24 

Thickness (m) 0.105 .086 0.102 

Absorbing Surface 

Material Copper Aluminum Copper 

Absorbance 95% 97% 95% 

Emissivity 5% 5% 5% 

Thickness (mm) 0.2 0.5 0.2 

Tube 

Material Copper Copper Copper 

Tubes Number 8 8 10 

Internal Diameter (mm) 6.4 9.2 7 

External Diameter (mm) 8 10 8 

Cover 

Material Glass Glass Glass 

Transmittance 90.6% 90%
*
 90.5% 

Thickness 4 4 4 

Insulation 

Type of Insulation Mineral wool Glass wool Glass wool 

Back Ins Thickness (mm) 66 30 50 

Edge Thickness (mm) 20 15 20 

Thermal conductivity (W/m.K) 0.045 0.035
*
 0.046

*
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Figure 2 Algorithms error in function of mesh grid. 

 

 

Figure 3 The influence of the grid on the outlet temperature. 

After specifying the optimum grid size, the program was tested using flat plate solar collector results 

obtained by international solar energy centers according to European Standards (EN12975). Three different 

reports were used.  

Figure (4) shows the flat plate solar collector in function of (Tm-Ta) for the one and two dimensional 

solutions compared to the first tested collector results. As it can be seen, the results obtained by the 

developed algorithms have the same trend of those obtained experimentally.   

ɳ
𝑐

= 𝐹𝑅𝜏𝛼 − 𝐹𝑅𝑈𝑙 (
𝑇𝑖𝑛−𝑇𝑎

𝐺
)                                       (10) 
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Figure 5  Comparison between one and two dimensional algorithm results and the tested collector. 

ɳ
1𝑃𝑟𝑜𝑔𝑟𝑎𝑚

= 0.777 − 4.401 (
𝑇𝑖𝑛 − 𝑇𝑎

𝐺
)                                                 (11) 

ɳ
1𝐶𝑜𝐷𝑒𝑃𝑟𝑜

= 0.758 − 3.806 (
𝑇𝑖𝑛 − 𝑇𝑎

𝐺
)                                                 (12) 

Thermal conductivity of any material is directly proportional to temperature. Normally the average value of 

the insulation material is taken. This value is inaccurate in obtaining good results using the program. Figure 

(6) shows the relationship between the thermal efficiency of the solar collector and the insulation material 

thermal conductivity. As it can be noted, the solar collector thermal efficiency decreases steadily with the 

increase in insulation thermal conductivity and ends at an efficiency of about 0.69 at an insulation of 0.095. 

This decrease in the efficiency is due to the increase in the heat loss with the increase with the thermal 

insulation. The thermal resistance of contact between the pipes and the absorbent plate is usually not 

considered, but in some design cases it could be very high. In this study, it is considered to be sufficiently 

high to be neglected.  

 

Figure 6 Effect of insulation on the solar collector thermal efficiency. 
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The rate of water flow within the solar collector contributes significantly to the process of transferring heat 

from the solar collector to the water tank. Since increasing the flow rate would lead to an increase in the 

amount of heat obtained from the solar collector, which would consequently increase the efficiency of the 

solar collector. However, this is not always true, especially when the solar collector is connected to the 

thermal reservoir in open circuits. In some case increasing the working fluid flow rate could increase the 

heat transfer loss and therefore, it will negatively affect the temperature of the water inside the reservoir. To 

obtain the optimal flow rate, there is a strong need to conduct further research. In most cases, the flow rate 

should be close to the value of 0.02
𝑘𝑔

𝑚2𝑠
 unless the solar collectors manufacturers specify otherwise. Figure 

(7) shows the relationship between the thermal efficiency and the flow rate. The thermal efficiency is 

directly proportional to the flow rate.  

 

Figure 7 Effect of water flow rate on the solar collector thermal efficiency 

Wind is one of the most important factors affecting the heat loss coefficient in the solar collector. The 

specification determined that the wind speed in the tests is between 2 to 4 
𝑚

𝑠 
. Figure (8) shows the effect of 

wind speed on the thermal efficiency of the solar collector. In fact, the change could be even greater. Here, 

the mathematical model and heat transfer equations used in the program are insufficiently accurate and 

makes a disadvantage of the program. The effect is small for a wind speed up to 25 
𝑚

𝑠 
. The thermal 

efficiency is inversely proportional the wind speed. The enhancement of heat losses due to wind speed 

increase contributes to an efficiency decrease. 

Figure (9) shows the effect of atmospheric air temperature on the solar collector's efficiency curve. It is 

observed that the thermal efficiency increases with the increase of the atmospheric temperature and that 

would be due to the heat losses to the environment caused by temperature gradient increase. 
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 Figure 8 Influence of wind speed on the solar collector thermal performance 

 

Figure 9 Effect of ambient temperature on the collector thermal efficiency. 

Testing standards did not specify a fixed value for the intensity of solar radiation. The American Standard 

(ASHRAE) in this regard stipulates that the value of solar radiation should not be less than (790 𝑤/𝑚2) 

and should not change during the test by more than  (± 32  𝑤/𝑚2 ). On the other hand, ISO 9806-1 

specifies test radiation intensity to be  800𝑤/𝑚2and the radiation variation to be not more than 50  𝑤/𝑚2. 

It also states that the ratio of diffuse radiation to total radiation should not exceed 20%. Figure (10) 

illustrates the effect of solar radiation intensity on the determination of the solar collector's efficiency curve. 

Note that the solar radiation intensity has a significant effect on the performance of the solar collector. The 

efficiency goes from 0.3 for radiation intensity of 100 to about 0.78 for solar radiation intensity of 1300 𝑤. 

The variation in solar radiation intensity can occur in the nature due to climate change such as clouds, fog 

or dust. 



2nd Conference for Engineering Sciences and Technology -

CEST2 29-31 October 2019 - Sabratha –Libya 

  

9 

 

 

Figure 10 The influence of irradiation on the collector thermal efficiency 

4 Conclusion 

In this study a two dimensional model of a solar collector was modeled, coded and solved in order to 

determine the effect of the operational parameters on the thermal performance of the solar collector. The 

developed program is a reliable tool to design and evaluate flat plate solar collectors. The contact resistance 

of the welding between the tubes and the absorbing plate has negligible effect on the performance of the 

solar collector. On the other hand, the flow rate of the working fluid and the wind velocity have had 

moderate influence on the efficiency of the solar collector. The solar irradiance has a significant effect on 

solar collector’s thermal  performance. 
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