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ABSTRACT 
Our work focuses on a numerical and experimental study of a flat plate solar collector designed and tested at the 
Ecole Normale Supérieure (ENS) in Burkina Faso at the Ouagadougou annex site. This device converts solar 
radiation into thermal energy. It was designed using locally available materials by a local designer. The objective 
of our work is to study temperature changes, efficiency, and the impact of solar radiation on the system during a 
less sunny period (rainy weather) that is conducive to the use of domestic hot water in order to evaluate its 
performance and provide solutions to optimize the device's efficiency and performance. The numerical results 
show that the average water temperature is 33°C compared to 49°C for the experimental results, with a theoretical 
efficiency of around 70%. Our results show that this device can heat water during the day despite unfavorable 
meteorological conditions. 

Keywords: Thermal energy, water heater, solar collector, optimization. 

1. Introduction 
Solar energy is currently one of the most promising sources for meeting global energy needs. This energy has the 
advantage of being clean and renewable, with 169,440 TWh per year of sunshine (BOUALAMALLAH et al., 2021). 
Solar water heating systems can be used in all climates. However, their performance varies depending on the 
amount of solar energy available in the region and, above all, the temperature of the water entering the system: 
the colder the incoming water, the higher the efficiency of the solar water heater(Sunday S. Nunayon et al., 2022), 
and BURKINA FASO is ranked as one of the countries with the most abundant solar energy. The development and 
use of this energy could reduce the use of conventional sources, which are polluting and harmful to the planet, 
according to the Energy Sector Regulatory Authority(ARSE - Burkina Faso, n.d.) and (KY, 2024). When determining 
the performance of a solar water heater installed at a given site, the parameters used for the calculation are 
generally averaged. This is true for determining long-term performance, but does not reflect actual performance 
behavior on a daily basis due to fluctuations in weather parameters(S.A. Hakem et al., 2008). In addition, the 
thermosiphon solar system, or natural circulation solar water heater, is the most interesting, simplest, and most 
popular technological device used for solar energy exploitation. The overall objective of this work is to 
numerically evaluate the external and internal parameters influencing the performance of the solar collector; to 
compare the numerical and empirical results under unfavorable weather conditions; and to study possible 
improvements to optimize the collector, giving priority to locally available materials. Specifically, we studied: 

•    The evolution of global radiation;  

•    The evolution of the average temperature of the heat transfer fluid 

•    The evolution of the temperatures of the collector components and the useful power 

•    The instantaneous numerical and experimental efficiency of the flat-plate solar collector. 

•    The mass flow rate 

 



 
31 IRA International Journal of Applied Sciences, Vol. 21(2) 

 

2. Materials and Methods 
The solar prototype under study was designed and built in Burkina Faso by a local company called Atelier 
Nikiema&frère. It was installed on the premises of the teacher training college in 2020. The water heater is a 
separate-component type consisting of a solar collector and a storage tank. 

2.1 Description of the flat plate solar collector (figure 1) 

 

2.2 Experimental study 

2.2.1 Site 

The water heater is installed in Burkina Faso at the Institute of Science in the city of Ouagadougou (latitude 
12°21'45“ North, longitude 1°29'21.8” West). The water heater is fixed to the ground next to a two-story building 
that serves as student accommodation. 

2.2.2 Equipements de mesures 

Water is stored in a cylindrical tank placed vertically above the solar collector on a base. Three key criteria were 
used to select and use the materials: availability, acceptable cost, and thermal properties. 

• Thermocouple 

A thermocouple is a sensor used to measure temperature. Our thermocouple (photo 2) is type K, with a chrome 
metal positive (+) pole and an aluminum metal negative (-) pole, with a measurement error of plus or minus 1.5°C. 
(figure 2) 

• Data logger  

The thermocouples are connected to a data recording unit called a data logger. The data logger used is a Keithley 
type with an uncertainty of 1%. To power the data logger, we used energy produced by SONABEL (figure 2) 

Figure 1 : Components of the thermosiphon solar collector 
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• The solarimeter 

 The solarimeter is the device used to measure global radiation. It is placed on the surface of our sensor with the 
same inclinations. The error made by the device during a given measurement is estimated at 5%. (figure 2) 

 

 

2.2.3 Experimental protocol 

This work, we focused primarily on global radiation and component temperatures at the sensor level. These data 
will enable us to study the actual performance of this system. Temperature measurements are taken using type K 
thermocouples attached to the surface of the system where the temperature is to be measured. The 
thermocouples are held in place using aluminum adhesive tape. The solar meter, used to measure solar radiation, 
is placed on the system's glass panel at the same angle as the panel. Finally, all of the thermocouples and the solar 
meter are connected to a data logger, which automatically records the data on a USB drive for subsequent 
processing on a computer. 

2.3 Instantaneous efficiency estimate Experimental 

Efficiency of 𝜂𝑐𝑎𝑝 sensors in (%) :(ARMAND NOËL NGUECHE CHEDOP et al., 2018)  

𝜂𝑐𝑎𝑝 = 𝛽 − 𝑎1
[𝑇𝑚−𝑇𝑎]

𝐺
− 𝑎2

[𝑇𝑚−𝑇𝑎]2

𝐺
 (John A. Duffie (Deceased) & William A. Beckman, 2013)                                                                                  

( 1) 

𝛽 = 𝛼 × 𝜏                                                                                                                                  ( 2) 

𝑇𝑚 = (𝑇𝑒 − 𝑇𝑠) ÷ 2                                                                                                                   (3) 

 The efficiency (𝜼𝒄𝒂𝒑) depends on the amount of sunlight and the temperature difference between the ambient 
environment and the absorber. It is zero when the heat transfer fluid is shut off. 

 • Power received by the absorber P absorber in (W/𝑚²)  

𝑃𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑢𝑟 = 𝛽 × 𝐼𝑠                                                                                                                       (4) 

• Useful power of the absorber (P_useful) per unit of collector surface area (W/m²): is the power transferred to 
the water. 

𝑃𝑢𝑡𝑖𝑙𝑒 = 𝑃𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑢𝑟 −  𝐻𝑒𝑎𝑡 𝑙𝑜𝑠𝑠                                                                                             ( 5) 

Keithley data logger Solarimeter Type K thermocouple 
Figure 2 : Experimental data measurement equipment 
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𝑃𝑢𝑡𝑖𝑙𝑒 =  𝛽 × 𝐼𝑠   −  𝜅 × [𝑇𝑚 − 𝑇𝑎]                                                                                           (7 ) 

 

𝑃𝑢𝑡𝑖𝑙𝑒 = 𝜂𝑐𝑎𝑝 × 𝐼𝑠                                                                                                           (8) 

 

• Useful power (𝑃𝑈𝑡
) total solar collector in (W) 

𝑃𝑈𝑡
= 𝑠𝑒𝑛𝑠𝑜𝑟 𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒 𝑎𝑟𝑒𝑎 × 𝑃𝑢𝑡𝑖𝑙𝑒  

𝑃𝑈𝑡
= 𝜂𝑐𝑎𝑝 × 𝐼𝑠 × 𝑆                                                                                                          ( 9) 

3. Theoretical Study 
3.1 Simplifying assumptions 

✓ The sky radiates at the TC temperature calculated using an empirical formula; 

✓ Diffuse solar radiation is isotropic;  

✓ The ground temperature is taken to be equal to the ambient temperature; 

✓ The flow regime is transient;  

✓ The physical properties (mass, density, thickness) of the materials are assumed to be constant and 
independent of temperature; 

✓ The surfaces of the glass, the absorbing plate, and the insulation are isothermal; 

✓ The surfaces where radiative exchanges occur are considered to be diffuse gray. 

✓ The inner walls of the tubes are perfectly smooth so that losses due to roughness can be neglected. 

✓ The side walls and rear face of the collector are insulated. 

✓ The glass is opaque to infrared radiation emitted by the absorber. 

✓ Exchanges between the ground and the device are negligible. 

3.2 Physical model and equivalent electrical diagram (M. BOURAGBI Lakhdarn, 2024) 

The figure 3 shows physical model and equivalent electrical diagram 
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The electrical analogy related to the different thermal resistances during heat exchanges carried out on the 
different elements of the sensor is illustrated in Figure 4.(Michel Daguenet, 1985) 

Figure 4 : Electrical diagram of the solar sensor 

Figure 3 : Physical model of the solar collector 
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3.3 Energy and thermal balance (Article_KABORE_Elixir (2).Pdf, n.d.) 

To establish the heat balance that reflects the behavior of our sensor, the nodal method was applied. 

Energy balance of the outer surface of the glass pane 
1

2
𝑀𝑣𝐶𝑝𝑣

𝑑𝑇𝑣𝑒

𝑑𝑡
= ℎ𝑟𝑐𝑖𝑆𝑣(𝑇𝑐𝑖 − 𝑇𝑣𝑒) + ℎ𝑐𝑣𝑆𝑣(𝑇𝑎 − 𝑇𝑣𝑒) + ℎ𝑐𝑑𝑣𝑆𝑣(𝑇𝑣𝑖 − 𝑇𝑣𝑒) + 𝛼𝑣𝐼𝐺𝑆𝑣  ( 10) 

Energy balance of the inner surface of the glass pane 
1

2
𝑀𝑣𝐶𝑝𝑣

𝑑𝑇𝑣𝑖

𝑑𝑡
= ℎ𝑟𝑣−𝑡𝑆𝑣(𝑇𝑡 − 𝑇𝑣𝑖) + ℎ𝑐𝑣−𝑡𝑆𝑣(𝑇𝑡 − 𝑇𝑣𝑖) + ℎ𝑐𝑣−𝑎𝑏𝑆𝑣(𝑇𝑎𝑏 − 𝑇𝑣𝑖)  + ℎ𝑟𝑣−𝑡𝑆𝑣(𝑇𝑎𝑏 − 𝑇𝑣𝑖) +

ℎ𝑐𝑑𝑣𝑆𝑣(𝑇𝑣𝑖 − 𝑇𝑣𝑒)          ( 11) 

Energy balance of the tube 

𝑀𝑡𝐶𝑝𝑡
𝑑𝑇𝑡

𝑑𝑡
= ℎ𝑟𝑡−𝑣𝑆𝑡(𝑇𝑣𝑖 − 𝑇𝑡) + ℎ𝑟𝑎𝑏−𝑡𝑆𝑡(𝑇𝑎𝑏 − 𝑇𝑡)+ℎ𝑐𝑡−𝑣𝑆𝑡(𝑇𝑣𝑖 − 𝑇𝑡) + ℎ𝑐𝑑𝑎𝑏𝑆𝑡(𝑇𝑎𝑏 − 𝑇𝑡) + ℎ𝑐𝑡−𝑓𝐴𝑡(𝑇𝑓 −

𝑇𝑡) + 𝛼𝑡𝜏𝑣𝐼𝐺𝑆𝑡           (12) 

Energy balance of the heat transfer fluid 

𝜌𝑒𝐶𝑝𝑒
𝐷ℎ

4

𝑑𝑇𝑓

𝑑𝑡
+ 𝜌𝑒𝐶𝑝𝑒

𝑚̇𝐷ℎ

4𝑛

𝑑𝑇𝑓

𝑑𝑥
= ℎ𝑐𝑡−𝑓𝐴𝑡(𝑇𝑓 − 𝑇𝑡)         ( 13) 

Energy balance of the absorber plate 

𝑀𝑎𝑏𝐶𝑝𝑎𝑏
𝑑𝑇𝑎𝑏

𝑑𝑡
= ℎ𝑟𝑎𝑏−𝑣𝑆𝑎𝑏(𝑇𝑣𝑖 − 𝑇𝑎𝑏) + ℎ𝑟𝑎𝑏−𝑡𝑆𝑎𝑏(𝑇𝑡 − 𝑇𝑎𝑏) + ℎ𝑐𝑎𝑏−𝑣𝑆𝑎𝑏(𝑇𝑣𝑖 − 𝑇𝑎𝑏) + ℎ𝑐𝑑𝑎𝑏𝑆𝑡(𝑇𝑡 − 𝑇𝑎𝑏) +

ℎ𝑐𝑑𝑖𝑠𝐴𝑎𝑏(𝑇𝑖𝑠 − 𝑇𝑎𝑏) + 𝛼𝑎𝑏𝜏𝑣𝐼𝐺𝑆𝑎𝑏                            (14) 

Energy balance of the internal insulation 

𝑀𝑖𝑠𝐶𝑝𝑖𝑠
𝑑𝑇𝑖𝑠

𝑑𝑡
= ℎ𝑐𝑑𝑖𝑠−𝑏𝑆𝑖𝑠(𝑇𝑏 − 𝑇𝑖𝑠) + ℎ𝑐𝑑𝑎𝑏𝑆𝑎𝑏(𝑇𝑎𝑏 − 𝑇𝑖𝑠)                (15) 

Energy balance of the external insulation 

𝑀𝑖𝑠𝐶𝑝𝑖𝑠
𝑑𝑇𝑖𝑠

𝑑𝑡
= ℎ𝑐𝑏−𝑎𝑆𝑏(𝑇𝑎 − 𝑇𝑏) + ℎ𝑐𝑑𝑏𝑆𝑏(𝑇𝑖𝑠 − 𝑇𝑏)                 (16) 

This gives us a system of equations with six unknowns: 

𝑻𝒗𝒆, 𝑻𝒗𝒊, 𝑻𝒕, 𝑻𝒇, 𝑻𝒂𝒃, 𝑻𝒊𝒔 , 𝑻𝒃   

• heat transfer coefficients 

 convective heat transfer coefficient of the air confined between the inner surface of the glass and the absorbing 
plate 

ℎ𝑐,𝑣𝑖 = ℎ𝑐,𝑎𝑏 = ℎ𝑐,𝑡𝑢𝑏 =
𝜆𝑎𝑖𝑟𝑁𝑢

𝑒1
         ( 17) 

Pour l’air  

𝑁𝑢 = [0.06 − 0.017(
𝛽

90
)] 𝐺𝑟

1/3                      (18) 

𝐺𝑟 =
𝑔.∆𝑇.𝑒1

3

𝜈𝑎𝑖𝑟
2 .𝑇𝑎

                        ( 19) 
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Convective heat transfer coefficient of the heat transfer fluid in the tubes ℎ𝑐𝑓  

 

ℎ𝑐𝑓 =
𝑁𝑢.𝜆𝑒𝑎𝑢

𝐷𝐻
            (20) 

 𝐺𝑟𝑎𝑒𝑡𝑧 𝑛𝑢𝑚𝑏𝑒𝑟:                                   𝐺𝑧 = 𝑅𝑒. 𝑃𝑟.
𝐷𝐻

𝐿
                   21) 

 𝑅𝑒𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟:      𝑅𝑒 =
𝜌𝑒𝑎𝑢𝑣𝐷𝐻

𝜇𝑒𝑎𝑢
                     22) 

 𝑃𝑟𝑎𝑛𝑑𝑡𝑙 𝑛𝑢𝑚𝑏𝑒𝑟:                         𝑃𝑟 =
𝐶𝑝∙𝜇

𝜆
                 (23) 

➢ 𝐿𝑎𝑚𝑖𝑛𝑎𝑟 𝑓𝑙𝑜𝑤     

▪ 𝐺𝑧 < 100 𝐻𝑎𝑢𝑠𝑠𝑒𝑛 

𝑁𝑢 = 3.66 +
0.085×𝐺𝑧

1+0.047×𝐺𝑧2/3 × (
𝜇𝑒𝑎𝑢

𝜇𝑡
)

0,14

              (24) 

Radiative exchange coefficient between the outer surface of the window and the sky 

ℎ𝑟,𝑣𝑒,𝑐𝑖𝑒𝑙 = 𝜎𝜀𝑣𝑆𝑣(𝑇𝑣𝑒 + 𝑇𝑐𝑖)(𝑇𝑣𝑒
2 + 𝑇𝑐𝑖

2 )              (25) 

 

The equivalent sky temperature as a function of ambient temperature is given by 

𝑇𝑐𝑖 = 0,0552𝑇𝑎
1,5               (26) 

 Radiation exchange coefficient between the glass and the absorber 

ℎ𝑟,𝑣→𝑎𝑏 =
𝜎(𝑇𝑣𝑖+𝑇𝑎𝑏)∙(𝑇𝑣𝑖

2 +𝑇𝑎𝑏
2 )

1

𝜀𝑣
+

1

𝜀𝑎𝑏
 −1

                           (27) 

 Radiation exchange coefficient between the absorber and the tube 

ℎ𝑟,𝑎𝑏→𝑡 =
𝜎(𝑇𝑡+𝑇𝑎𝑏)∙(𝑇𝑡

2+𝑇𝑎𝑏
2 )

1

𝜀𝑡
+

1

𝜀𝑎𝑏
 −1

         (28) 

Conduction exchange coefficient at the window 

ℎ𝑐𝑑,𝑣 =
𝜆𝑣

𝑒𝑣
           (29) 

The power absorbed by the glass 

𝑃𝑣 = 𝛼𝑣𝐼𝐺𝑆𝑣           (31) 

The power absorbed by the tube 

𝑃𝑡𝑢𝑏 = 𝛼𝑡𝑢𝑏𝜏𝑣𝐼𝐺𝑆′𝑡𝑢𝑏     𝑎𝑣𝑒𝑐 𝑆′𝑡𝑢𝑏 = 3𝑆𝑡𝑢𝑏       (32) 

The power absorbed by the absorber 

𝑃𝑎𝑏 = 𝛼𝑎𝑏𝜏𝑣𝐼𝐺𝑆𝑎𝑏            (33) 

• Thermal efficiency 
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The instantaneous (or thermal) efficiency of a flat-plate solar collector is equal to the ratio between the useful 
flux recovered and the total incident irradiance received by the collector surface.(KANOUTÉ et al., 2021)   

Output power = Power captured – Losses 

𝜂 =
𝒬𝑢

𝑆𝑎𝑏𝐼𝐺
           (35) 

𝑄𝑢 = 𝑚̇𝑐𝑝𝑓(𝑇𝑓𝑠 − 𝑇𝑓𝑒)                      (36) 

4. Results and Discussions 
4.1 Experimental results 

4.1.1 Experimental temperature profiles of different parts of the solar collector 

Figure 5 : Temperature changes in different elements 

Figure 5 shows that the temperature changes of the various components in the sensor are closely linked to the 
overall solar radiation received by the sensor. The temperature of the various components rises to reach its 
maximum between 10:30 a.m. and 4:00 p.m. on the day in question. Overall, we can see that the absorbing plate, 
which is the main element for capturing radiation, logically has the highest temperature. There is a relatively 
large temperature difference between the temperature of the fluid at the sensor outlet and that of the absorber 
plate. This is because the fluid does not exchange heat directly with the plate, but rather with the tubes through 
which it flows. The curves show that the temperatures of the tubes and the fluid are similar. It can also be seen 
that the temperature of the insulation is higher than that of the tubes. This may seem paradoxical, as one might 
implicitly attribute this difference to high losses on the rear side of the absorber, but on the contrary, it is due to 
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the fact that the tubes transfer heat to the fluid instantaneously. The lowest temperature is that of the outer glass 
(transparent cover), which is relatively low due to direct contact with the surrounding environment and which 
gives rise to heat loss by convection with the ambient environment, particularly in the presence of wind. These 
same observations were made by Bentoumi Hadjer in 2017 in a digital and experimental study of a solar thermal 
collector in Boussaâda(Bentoumi, 2017).  

4.1.2 Changes in average heat transfer fluid temperatures 

The curves in Figure 6 below show the evolution of the average temperatures of the heat transfer fluid. These 
curves have the same shape. From this curve, we can see that on this typical day, the average temperature rises 
to a maximum of around 40°C. This can be explained by the very low water temperature at the sensor inlet due to 
the relatively cold climate at this time of year (rainy weather), as noted by Sunday S Nunayon in his study, which 
found that the performance of solar water heaters is influenced by the climate of the region(Gargab, 2021) and a 
clear influence of radiation on temperature variation(S.A. Hakem et al., 2008).  

Figue 6 :  Temporal evolution of the experimental average temperature of the heat transfer fluid in the collector 

4.1.3 Change in instantaneous efficiency over time 

Figure 7 shows the curve of the instantaneous yield measured during the day of September 7, 2023. It can be seen 
that the instantaneous yield increases gradually from sunrise to reach maximum levels between 9 a.m. and 4 p.m., 
even though sunlight begins to decrease from 1:30 p.m. onwards. Thus, we can see that the performance of the 
collector does indeed depend mainly on the intensity of sunlight during the day. This trend is also observed by 
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Sunday S in his study entitled Potential application of a thermosyphon solar water heating system for hot water 
production in beauty salons: A thermo-economic analysis published in 2022.(Sunday S. Nunayon et al., 2022)  At 
the end of the day, efficiency is around 70%, which is in line with the result obtained by PRIETO et al. of 74%(M.M. 
Prieto 1 et al., 2016). 

Figure 7 : Hange in instantaneous experimental yield on 09/07/23 

4.2 Theoretical results 

4.2.1 Temporal evolution of theoretical solar radiation 

Figure 8 :  Temporal evolution of theoretical solar radiation 
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Figure 8 shows the temporal evolution of global radiation obtained from theoretical data from numerical 
simulation. It can be seen that the maximum is reached between approximately 12 noon and 2 p.m. This is 
consistent with the results of several studies conducted on this physical phenomenon(Hamani Nadjette, 2005). 

4.2.2 Changes in theoretical temperatures of the various components of the solar collector 

Figure 9 :  The evolution of sensor component temperatures based on theoretical data from numerical 
simulation 

The curves in Figure 9 illustrate the temperature evolution of the sensor components based on theoretical data 
from numerical simulation. These curves show a correlation between the temperature curve of the tubes and that 
of the heat transfer fluid, which is drinking water. We can therefore conclude that this trend is linked to the fact 
that the water circulating in the tubes placed on the absorbing plate absorbs its heat to raise its temperature. The 
numerical results give a fluid close to boiling point. We note that towards the end of the day, the curves for the 
absorber, the tube, and the fluid merge. This trend is real because these three elements exchange heat directly 
through the three modes of transfer. This trend in the evolution of the three temperatures was found in the study 
published by Selvakumar P in 2016(Selvakumar P & Somasundaram P, 2016). 

4.2.3 Temperature changes as a function of tube length 

The curves in Figure 10 below illustrate the change in temperature of the heat transfer fluid (water) in the tubes 
that act as heat exchangers in the solar collector at different positions along the tube.  It can be seen that the 
temperature increases with the length of the tube. For example, for a length of 0.50 m, a maximum temperature 
of 40°C is reached, compared to 50°C for a length of 2 m, a considerable difference of 10°C. Thus, the performance 
of the solar collector is optimized according to the length of the tubes and, indirectly, the number of tubes. 
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Figure 10 :  Temperature changes as a function of tube length 

4.2.4 Change in theoretical average temperature and instantaneous numerical efficiency 

Figure 11 : Change in theoretical average temperature 
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Figures 11 and 12 show the evolution of the theoretical average temperature and the theoretical yield, 
respectively, based on data from the numerical simulation of the solar collector. In Figure 11, the curve indicates 
a maximum average temperature of around 33°C. This lower maximum is due to the thermal characteristics of 
galvanized steel, which is less thermally efficient than other materials such as aluminum and copper. 
Furthermore, in the model, the inlet water temperature is fixed, whereas in reality the system operates in a closed 
loop. Consequently, the inlet temperature varies throughout the day as it depends on the temperature of the tank 

Figure 12 :  The theoretical instantaneous yield of the collector during the day 

Figure 12 shows the theoretical instantaneous efficiency of the sensor throughout the day. The curve shows three 
major phases. An upward phase in the morning due to the onset of sunlight. Thus, the sensor's performance 
increases when the inlet temperature is low.(Sunday S. Nunayon et al., 2022) A horizontal phase during most of 
the day shows constant sensor performance when there is sunlight, and a downward phase at sunset shows that 
the thermosiphon effect, which depends on the temperature gradient, has stopped. This curve trend was obtained 
by Sunday S. The theoretical results give a maximum efficiency of 78%. 

4.2.5 Mass flow rate variation over time 

It can be seen that the variation in flow rate closely follows the profile of solar radiation, reaching a maximum of 
0.06 kg/s. Three phases can be observed in the curve (Figure 13): an ascending phase and a descending phase 
corresponding respectively to the periods of increasing and decreasing sunlight on the sensor during the day. 
The three roughly horizontal phases correspond to the period of the day when the fluid temperature gradient is 
almost stationary due to the strong solar radiation accumulated on the absorber. These results are similar to those 
of the model developed by H. Abdi and N. Aït Messaoudène (H. Abdi & N. Aït Messaoudène, 2000). 
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Figure 13 :  Mass flow rate evolution over time 

4.2.6 Change in instantaneous efficiency as a function of mass flow rate 

Figure 14 : Change in instantaneous efficiency as a function of mass flow rate 
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Figure 14 shows the sensor's performance profile as a function of mass flow rate. Two phases can be observed, 
indicating rapid growth in performance when the flow rate is below 0.015 kg/s and a quasi-stationary phase for 
higher flow rates. This leads to the conclusion that this type of flat-plate sensor is well suited to thermosiphon 
operation, which corresponds to low flow rates, in order to improve performance. The result is identical to that 
found by Thiago P. Lima et al.(Thiago P. Lima et al., 2015). 

4.2.7 Fluid temperature variation as a function of mass flow rate 

Figure 15 illustrates the changes in the water outlet temperature (A) and heat loss (B) curves for the solar 
collector. Curve (A) shows a decreasing outlet temperature profile and an increasing loss (B) profile as the mass 
flow rate increases. This is justified because the higher the heat loss, the less heat the water receives. 

Figure 15 : Change in outlet water temperature (A) and losses (B) 

4.3 Validation of numerical and experimental results  

Figure 16 shows the profile of the temporal evolution of digital and experimental global radiation. Overall, the 
trend shows realistic conformity. Indeed, we note that sunshine reaches its maximum between 11 a.m. and 2 p.m. 
on both curves, which is consistent with many results in the literature (Abdellatif Oudrane, 2018) and S.A. Hakem 
et al. 
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Figure16 : Profile of the temporal evolution of numerical and experimental irradiance. 

Figure 17 illustrates the variation over time of the experimental and theoretical temperatures of the solar 
collector components. These curves show similarities for each component and are consistent with those already 
established by Selvakumar et al.(Selvakumar P & Somasundaram P, 2016). There is therefore a good correlation 
between the experimental and theoretical temperatures, with a correlation coefficient of approximately 0.97. 

Figure 17 : Changes in theoretical and experimental temperatures of solar collector components solaire 



 
Theoretical and Experimental Study of The Performance … by Souleymane Ramdé et al.  46  

 

 
Figure 17 : Changes in theoretical and experimental temperatures of solar collector components solaire 
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Similarly, Figures 18 show a trend in the evolution of the theoretical and experimental average temperature 
curves with a correlation coefficient of around 0.92 and a relative average error (RAE) of 14%.  

Figure18. : Evolution of the theoretical and experimental average temperature curves 

 

Figure 19 : Theoretical and empirical instantaneous yield curves 
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As for the yield curves, Figure 19 illustrates a trend between the theoretical and experimental yields. Both curves 
clearly show the three phases during the day and reach a maximum of 80% and 70% for the theoretical and 
experimental yields, respectively. The results obtained are compared with those of another conventional system 
available on the market, which consists of a flat plate collector and a storage tank placed vertically or horizontally, 
and are consistent with those found by Ahmed Aisa (Ahmed Aisa & Tariq Iqbal, 2016). 

It can be seen that the curve in Figure 20 is a straight line, which is consistent with the literature by Safaa 
Mohammed Ali Mohammed Reda et al. in 2024(Safaa Mohammed Ali Mohammed Reda et al., 2024). This shows 
that the forward heat loss coefficient does not vary significantly. The maximum efficiency obtained is 0.70 for 
experimental performance and 0.9 for theoretical performance. This can be explained by the fact that the smaller 
the difference between the average temperature of the tank and the average ambient temperature, the greater 
the efficiency(B. Chaouachi* & et S. Gabsi, 2006).  

Figure 20 : Variation in the theoretical and experimental efficiency of the system over the course of a day 

Figure 21 shows the theoretical and experimental power curves for the solar collector. This figure clearly shows 
that the curves have similar profiles, with a maximum of approximately 800 W for the experimental power 
compared to 1400 W for the theoretical power. This difference reflects the impact of the climatic conditions 
recorded on the solar collector during the tests during this rainy period in Burkina Faso. It also shows that the 
collector can provide more useful power to raise the water temperature under better conditions. There is also a 
similarity between the solar radiation curve and the useful power delivered by the solar collector. These results 
are consistent with those of Koffi in 2013(koffi, 2013)  and VASSILIS BELESSIOTIS(VASSILIS BELESSIOTIS & 
EMMANOUIL MATHIOULAKIS, 2002), which demonstrates that the performance of the collector depends greatly 
on external thermal parameters such as solar irradiance, ambient temperature, and wind speed. ambient 
temperature, and wind speed.… 
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Figure 21 : shows the theoretical and experimental power curves for the solar collector  

5. Conclusion 
This study enabled us to develop a digital model, simulate a number of external and internal parameters affecting 
the efficiency and temperature of the flat-plate solar collector, and compare these results with the results of 
measurements taken during the rainy season under the meteorological conditions of Burkina Faso. Thanks to the 
experimental study, we were able to evaluate the instantaneous efficiency, useful power, and temperature 
behavior of the flat-plate solar collector components (absorber plate, heat exchanger tube, glazing, insulation, 
and fluid), as well as the overall solar radiation. The operation of the various components of our solar water heater 
is linked to global solar radiation. The results showed that the maximum instantaneous efficiency is 70% with a 
maximum global solar radiation of 1101W/m2 and a maximum ambient temperature of 39.64°C. The temperatures 
of the collector components range from 40°C to 72°C. Finally, the temperature of the heat transfer fluid at the 
outlet varies between 39°C and 60°C. The numerical results showed that the temperature increases with the length 
of the tube; the influence of radiation on the efficiency and useful power of the collector and, consequently, on 
the mass flow rate of the fluid. 

Nomenclature 

ℎ𝑐:convection coefficient and the tube 

ℎ𝑐𝑡−𝑓: between the tube and the heat transfer fluid.  

ℎ𝑐𝑏−𝑎: between the external insulation and the ambient air. 

𝑒1= distance between the glass and the absorber [m] 
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𝜆𝑎𝑖𝑟= thermal conductivity of air [W.m⁻¹·K⁻¹] 

𝑁𝑢= the average Nusselt number 

𝐺𝑟 : Grashoff dimensionless number 

 𝜈𝑎𝑖𝑟= The kinematic viscosity of the confined air [m2.s⁻¹] 

g = acceleration due to gravity [m.s⁻²] 

 = The difference between the respective temperatures of the upper surface of the absorber and the inner surface 
of the glass [K]. 

𝑇𝑎= Ambient temperature [K] 

 𝑅𝑒: Reynolds number 

𝑃𝑟: Prandtl number 

𝑒𝑖𝑠= thickness of the insulation [m] 

𝜆𝑖𝑠= thermal conductivity of the insulation [W.m⁻².K⁻¹] 

 = thickness of the glass [m] 

 = thermal conductivity of the glass [W.m⁻¹.K⁻¹] 

𝑃𝑡𝑢𝑏: Power absorbed by the tube 

𝑃𝑎𝑏: Power absorbed by the absorber 

𝑆𝑡𝑢𝑏: Surface area of the tubes 

𝑄𝑢: Useful flux recovered by the heat transfer fluid (W). 

𝐶𝑝𝑓: Specific heat of the heat transfer fluid (J/kg K).  

𝐼𝐺: Solar irradiance (W/m²) 

𝑀𝑎𝑏: The mass of the absorber  

𝐼𝑠:𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑠𝑜𝑙𝑎𝑖𝑟𝑒 (𝑊/𝑚² 

𝛽:𝑓𝑎𝑐𝑡𝑒𝑢𝑟𝑠 𝑜𝑝𝑡𝑖𝑞𝑢𝑒 (%) 

𝜅: 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑑𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜 𝑛 𝑡ℎ𝑒𝑟𝑚𝑖𝑞𝑢𝑒 (𝑊 /𝑚².𝐾) 

𝑇𝑚∶𝑇𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑚𝑜𝑦𝑒𝑛𝑛𝑒 𝑑𝑢 𝑐𝑎 𝑝𝑡𝑒𝑢𝑟 𝐾 

𝑇𝑎 :𝑡𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑚𝑏𝑖𝑎𝑛𝑡𝑒 𝐾 

𝑇𝑒: 𝑇𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑒𝑛𝑡𝑟é𝑒 𝑐𝑎𝑝𝑡𝑒𝑢𝑟𝐾 

𝑇𝑠: 𝑡𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑠𝑜𝑟𝑡𝑖𝑒 𝑐𝑎𝑝𝑡𝑒𝑢𝑟 𝑘 

𝛼:𝑡𝑎𝑢𝑥 𝑑′𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛𝑑𝑒 𝑙′ 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑢𝑟% 
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𝜏: 𝑇𝑎𝑢𝑥 𝑑𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑑𝑢 𝑣𝑖𝑡 𝑟𝑎𝑔𝑒 (%) 

𝑇𝑣𝑒: 𝑇𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑒 𝑙𝑎 𝑣𝑖𝑡𝑟𝑒 𝑒𝑥𝑡𝑒 𝑟𝑛𝑒°𝐶 

𝑇𝑣𝑖: 𝑇𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑒 𝑙𝑎 𝑣𝑖𝑡𝑟𝑒 𝑖𝑛𝑡𝑒 𝑟𝑛𝑒°𝐶 

𝑇𝑡𝑢𝑏:𝑇𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑢 𝑡𝑢𝑏𝑒°𝐶 

𝑇𝑎𝑏𝑠: 𝑇𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑒 𝑙𝑎 𝑝𝑙𝑎𝑞𝑢𝑒 𝑎𝑏𝑠 𝑜𝑟𝑏𝑎𝑛𝑡𝑒 °𝐶 

𝑇𝑒𝑐:𝑇𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑒 𝑙′ 𝑒𝑎𝑢 𝑒𝑛𝑡𝑟𝑎𝑛𝑡 𝑑𝑎𝑛𝑠 𝑙𝑒 𝑐𝑎𝑝𝑡𝑒𝑢𝑟° 𝐶 

𝑇𝑠𝑐:𝑇𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑒 𝑙′ 𝑒𝑎𝑢 𝑠𝑜𝑟𝑡𝑎𝑛𝑡 𝑑𝑎𝑛𝑠 𝑙𝑒 𝑐𝑎𝑝𝑡𝑒𝑢𝑟° 𝐶 

𝑇𝑓:𝑙𝑎 𝑡𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑒 𝑙′ 𝑐𝑎𝑢 𝑓𝑟𝑜𝑖𝑑𝑒°𝐶 

𝑉: 𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒  𝑟𝑒𝑝𝑟é𝑠𝑒𝑛𝑡𝑒 𝑙𝑒𝑠 𝑏𝑒𝑠 𝑜𝑖𝑛𝑠 𝑒𝑛 𝐿/𝑗 

𝐶: 𝑙𝑎 𝑝𝑢𝑖𝑠𝑠𝑎𝑛𝑐𝑒  𝑞𝑢𝑖 𝑟𝑒𝑝𝑟é𝑠𝑒𝑛𝑡𝑒 𝑙𝑒𝑠 𝑏𝑒𝑠𝑜𝑖𝑛𝑠 𝑒𝑛 𝑘𝑊ℎ/𝑗 

𝑇𝑐:𝑙𝑎 𝑡𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑒 𝑙′ 𝑐𝑎𝑢 𝑐ℎ𝑎𝑢𝑑𝑒°𝐶 

𝑇𝑖𝑠:𝑇𝑒𝑚𝑝é𝑟𝑎𝑡𝑢𝑟𝑒 𝑑𝑒 𝑙′𝑖𝑠𝑜𝑙𝑎𝑛𝑡 °𝐶 
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Tables 

 

matériaux Density (kg m-3) thickness (mm) Thermal capacity (J kg-
1 K-1) 

water  1000 - 4180 

glass 2530 5 840 

Collector plaque 7800 1.5 470 

Collector Tuber  7800 2 470 

Isolant interne 40 30 840 

Air  1.2 40 1006 

 

Collector   Galvanized steel 

Glazing  

Clear glass 

ransmissibility: 𝜏𝑉= 83% 

Reflexibility: 8 % 

Absorptivity: 𝛼𝑉=9% 

Tilt angle 15° 

 

Collector dimensions  

 

Length: L=2 m 

Width: l=1 m 

Gross surface area:  

S=2 m² 

 

Pipe dimensions  

 

Length: Lt=1.80 m 

Diameter DH:15 mm 

Diameter: dt=21 mm 

Number: 12 

Maximum operating temperature  Tmax=95 °C 

 

 

 

 

Table 2 : Physical properties of solar collector components materials 

Table 1 : Components of a solar water heater 
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 glass Collector 

plaque 

Collector 

tuber 

Laine 

de 

verre 

Heat 

transfer 

fluid 

air 

Viscosity 

dynamics 

(Pa·s) 

 - - - 1,00·10⁻³  

1,81·10⁻⁵  

absorptivity 0.02 0.95 0.95  - - 

conductivity 

(W m-1 K-1) 

0.78 50 46.7  0.041 0.6 0.023 

Emisivity 0.89 0.16 0.04 0.85 - - 

 
 

Table 3 : Thermal properties of solar collector components 


