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Abstract—This work focused on the channel gap effect on 

the passive cooling of hybrid system PVT. The main objective of 

this numerical study is to improve passively the photovoltaic cells 

cooling. The resolution of the governing equations ensures by 

using the finite volume method. The numerical analysis has been 

made for fixed Rayleigh number and varied channel gap (S) 

between 6 to 36 cm. Validation of the numerical model is done 

with previous experimental work, such that the numerical results 

are in better agreement with that found in the literature. The 

numerical results show that the average Nusselt number increases 

proportionally with the channel gap. Correlations of mean 

Nusselt numbers were noted and commented. 

Keywords— Finite volume method, Hybrid system PV/T, heat 

transfer enhancement, channel gap effect, passive cooling. 

 

Introduction 

The heat transfer by natural convection between vertical 

parallel plates is extremely important in many engineering 

problems. Particularly, this problem is of considerable interest 

to engineers because of its application to electronic equipment 

cooling and solar energetically system. They are often 

encountered in solar power systems. Elenbaas [1] is the first 

who studied the phenomenon of natural convection between 

the vertically parallel plates. Since then, extensive theoretical 

and experimental works have been carried out on this problem. 

Anand et al. [2] have studied a theoretical study of the gap 

height effect between hot parallel plates on free convection. A 

considerable attention has been given to natural convection 

between heated vertical parallel plates by the many scientific 

researchers in the past. The literary survey indicated that there 

are several theoretical, numerical and experimental works 

concentrated on the heat transfer rate by free convection along 

the slanted panel with an opposite wall [3-13]. Recently, many 

scientific researchers have been designing 

photoelectric/thermal technology (PV / T) to develop the 

performance of photovoltaic solar cells [14-19].  

However, the information is very rare about the 

relationship between the channel gap and the heat transfer rate. 

Therefore,  

 

 

Nomenclature 

 

X,Y Dimensionless Cartesian coordinates, 

[m]  

U,V Dimensionless velocity comments, [m 

/ s]  

g Acceleration of gravity, [m / s2] 

P Dimensionless pressure, [-] 

T Temperature, [K] 

θ Dimensionless Temperature, [-] 

Pr  Prandtl number, [-] 

Ra Rayleigh Number, 

Ra* Modified Rayleigh number, 

* ( / )cos( )Ra S L Ra  

Nus-moy  Average Nusselt number  

Greek 

symbols 
 

α Channel inclination angle, α = 60 ° 

ρ Density, [kg / m3] 

λ Thermal conductivity, [W /m.k] 

β Coefficient of thermal   

expansion, [1 / K] 

µ Dynamic viscosity, [Kg / m.s] 

Indices and 

exhibitors 
 

abs absorber 

glass Glass cover 

moy average 

PV pannel 

mailto:mlebbipvt@gmail.com
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This paper presents a numerical study of turbulent natural 

convection air-cooling of the photovoltaic panel. The main 

objective is to investigate numerically the channel gap effect 

on the air passive cooling of photovoltaic cells. 

2. Formulations of the problem 

2.1. Physical model  

In this work, the aim is to enhance the heat transfer rate of 

one panel, the mass flow rate and the heat transfer rate of the 

single-pass thermal-photovoltaic module (PV/T-I) where 

panels cool down from below are considered for this study as 

shown in Figure 1. 

 

Fig. 1. Physical configurations of the studied problem 

2.2. Dimensions of geometric parameters 

All dimensions of three configurations are 
summarized in Table 1.   

 

Table 1. Dimensions of the geometry  

Geometric 

parameter  

Symbol Dimension (m) 

Channel 

length 

H 1.2 

Channel depth 

ratio 

H/Sin 3 to 20 

   

2.3. Governing equations   

The airflow through the hybrid system PV/T air 

collectors is prescribed by two-dimensional 2D laminar 

natural convection in Cartesian coordinates. The 

equations [18] that describe the flow are given by: 
 

Continuity equation: 
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X-momentum conservation equation: 
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Y-momentum conservation equation: 
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Energy equation: 
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Turbulent kinetic Energy (k) equation: 
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Kinetic energy of turbulence dissipation (ε) equation: 
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 (6) 

The average Nusselt number along the panels module is 

defined as: 

_H moy

c

h H
Nu




  (7) 

The average convective heat transfer coefficient is defined as: 

exp

conv

osed
surface

h h dn   (7) 

2.4.   Boundary Conditions 

Two-dimensional open channel asymmetrically heated 

by imposing constant temperature on the PV panels as 

noted in Table 2. All walls are no-slip and impermeable 

boundary conditions were used. 

 

Table 2. Boundary conditions of the considered 

problem 

Geometri

c parameter  

Hydrodyna

mic  

Thermal 

Channel 

inlet 
atmP P  ambT T  

Channel 

outlet 
atmP P  ambT T  

Panels 

surface 
0u v   

pvT T  

Insulation 

wall 

0u v   / 0T y    

3. Numerical approach 

3.1.   Numerical procedure  

The governing equations presented above are 

discretized into algebraic equations by using the Finite 

Volume Method (FVM), which is widely used in 

computational fluid dynamics (CFD). The SIMPLE 

algorithm made coupling between the momentum and 

continuity equations. 

 

3.2. Mesh independence study 

 Fig. 2 presents the average Nusselt number evolution as a 
function of the number of nodes for a modified Rayleigh, Ra*. 
The mesh test is used to ensure that the numerical solution is 
independent of the mesh. It is clear that the mesh (40x270) nodes, 
present a better solution, in order to optimize the CPU time and 
the cost of the calculations. 
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Fig. 2. Average Nusselt number evolution  versus the 

nodes number for fixed Rayleigh number value of Ra=1.28E+10 

3.3. Validations 

 

The validation of the numerical code was carried out in 

under the same conditions of experimental studies that 

examined by of Onur et al. [19]. Fig. 3 presents the 

average Nusselt number evolution for fixed channel gap 

as a function of Rayleigh numbers, Ra. This numerical 

result is in a good agreement with the experimental 
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value reported by the ref. [19] for the same geometrical 

conditions, in the present study, the average Nusselt 

number was estimated by following correlation 

equation:  
 

0.362

_ 0.072( )H moyNu Ra                                                               

(7) 

 
The comparison of our correlation with the experimental 
evaluated by Onur et al. [19] has an error of about ε = 7%. 
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Fig. 3. Average Nusselt number evolution compared to 

the experiment examined by Onur et al. [19].for S=10mm. 

 4. Results and discussion  

4.1. Influence of the channel gap on the temperature 

field 

Figure 4 shows the temperature evolution along the 

inclined channel, for different channel air gaps.   
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Fig. 4. Temperature evolution versus dimensionless channel for 

various channel  gap at y=S/2cm and Ra = 1.28E+10  

Everything is approaching in the center until the channel 

outlet of PVT air collector it is observed that the 

temperature is higher compared to the entrance, because of 

the thermal exchanges by the turbulent natural convection 

between the airflow and the panel wall.  In addition, it is 

noted that the temperature increase with the increase of 

the channel gap. This is explained by the decreasing of 

the velocity suction of the air, which allows escaping a 

quantity of heat outside. 

 

4.2. Influence of the channel gap on the velocity field 

Fig. 5 illustrates the velocity evolution as a function of 

dimensionless channel height in the for the different 

channel air gap. As the channel gap of the hybrid system 

PVT increases, the velocity decreases.  On the other hand, 

the velocity reaches its maximum at the channel outlet 

because of heat exchanges between the panel and the 

airflow. 
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Fig. 5. Magnitude velocity evolution versus dimensioneless 

channel height  for various channel gap is plotted  at y=3cm and 

RaH= 1.28E+10 

 

4.3. Influence of the channel gap on the mass flow rate 

Figure 6 shows the evolution of the mass flow rate of the 

air as a function of the channel entrance. The mass flow 

rate of air rising with the increase in the aspect ratio of the 

channel length relative to its gap to a certain optimum 

value at Gamma = 7.   
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Fig. 6. Mass flow rate evolution versus aspect ratio plotted at 

y=3cm and RaH= 1.28E+10 

4.3. Influence of the channel air gap on the Average 

Nusselt number   

Fig. 7 illustrates the average Nusselt number evolution as a 

function of the aspect ratio.   The heat transfer rate 

decreased with increasing the aspect ratio.  
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Fig. 7. Average Nusselt number evolution versus aspect ratio 

(Γ=H/S) RaH= 1.28E+10 

It decreases of about 47% of the lower aspect ratio value 

compared to the large value Γ=3.33. The heat transfer rate 

as a function of aspect ratio is correlated by the following 

equation:
 

2 3

_ 275.6 18.95* 1.142* 0.022*H moyNu      

 (8) 

5. Conclusions  
 

A bidimensionnelle numerical study on the channel gap 
effect on the air-cooling by turbulent natural convection 
was analysed. This work started with a comparison of 
current obtained numerical results and those obtained from 
the experiment of Onur [19], a good agreement has been 
found.  

The main results are as follows: 

• The velocity increases near the channel outlet of the 
hybrid system PVT due to the heat exchanged 
between the hot panels and the airflow. 
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• Correlations of average Nusselt numbers as a 
function of channel gap are analysed and discussed. 

• The evolution of the average Nusselt number   
according to the air gap of the channel is increased 
proportionally. 

References 
 

[1]   ELENBAAS, W. Heat dissipation of parallel plates by free 

convection. Physica, 1942, vol. 9, no 1, p. 1-28.  

[2]   ANAND, N. K., KIM, S. H., et FLETCHER, L. S. The effect of plate 

spacing on free convection between heated parallel plates. Journal 

of Heat Transfer (Transactions of the ASME (American Society 

of Mechanical Engineers), Series C);(United States), 1992, vol. 

114, no 2. 

[3]  SPARROW, E. M. et BAHRAMI, P. A. Experiments on natural 

convection from vertical parallel plates with either open or closed 

edges. Journal of Heat Transfer, 1980, vol. 102, no 2, p. 221-227. 

[4]  WIRTZ, R. A. et STUTZMAN, R. J. Experiments on free convection 

between vertical plates with symmetric heating. Journal of Heat 

Transfer, 1982, vol. 104, no 3, p. 501-507. 

[5]  MARTYNENKO, O. G., BEREZOVSKY, A. A., et SOKOVISHIN, 

Yu A. Laminar free convection from a vertical plate. International 

journal of heat and mass transfer, 1984, vol. 27, no 6, p. 869-881. 

[6] AZEVEDO, L. F. A. et SPARROW, E. M. Natural convection in 

open-ended inclined channels. Journal of heat transfer, 1985, vol. 

107, no 4, p. 893-901. 

[7]  Manca, O., Morrone, B., Naso, V., 1994. A numerical study of natural 

convection 

between symmetrically heated vertical parallel plates. Proceedings 

XII 

Congresso Nazionale sulla Trasmissione, 379–390. 

[8] DEHGHAN, A. A. et BEHNIA, M. Numerical investigation of natural 

convection in a vertical slot with two heat source 

elements. International journal of heat and fluid flow, 1996, vol. 

17, no 5, p. 474-482. 

[9]  Manca, O., Nardini, S., Naso, V., 2003. Effect on natural convection 

of the distance 

between an inclined discretely heated plate and a parallel shroud 

below, ASME. 

J. Heat Transf. 124, 441–451. 

 [10]  DESRAYAUD, G., CHÉNIER, Eric, JOULIN, A., et 

al. Benchmark solutions for natural convection flows in vertical 

channels submitted to different open boundary 

conditions. International journal of thermal sciences, 2013, vol. 

72, p. 18-33. 

 

 

 

 

 

 

[11]  ALZWAYI, Ali S. et PAUL, Manosh C. Transition of free 

convection flow inside an inclined parallel walled channel: 

Effects of inclination angle and width of the 

channel. International Journal of Heat and Mass Transfer, 2014, 

vol. 68, p. 194-202. 

[12]  HUSSAIN, Shafqat et HARRISON, Stephen J. Experimental and 

numerical investigations of passive air cooling of a residential 

flat-plate solar collector under stagnation conditions. Solar 

Energy, 2015, vol. 122, p. 1023-1036. 

[13]    HUSSAIN, Shafqat et HARRISON, Stephen J. Evaluation of 

thermal characteristics of a flat plate solar collector with a back 

mounted air channel. Applied Thermal Engineering, 2017, vol. 

123, p. 940-952. 

 

[14] Mittelman, G., Alshare, A., Davidson, J.H., 2009. A model and 

heat transfer correlation for rooftop-integrated photovoltaics 

with a passive air-cooling channel. Sol. Energy 83, 1150–1160. 

 

[15]    Misiopecki, C., Gustavsen, A., Time, B., 2012. Cooling of PV 

Panels by Natural 

Convection, ZEB Project Report 6. SINTEF Academic Press. 

 

[16]    HEMMER, Cédric, SAAD, Aissa Abidi, POPA, Catalin 

Viorel, et al. Early development of unsteady convective laminar 

flow in an inclined channel using CFD: Application to PV 

panels. Solar Energy, 2017, vol. 146, p. 221-229. 

[17] PHIRAPHAT, Sahachai, PROMMAS, Ratthasak, et 

PUANGSOMBUT, Withaya. Experimental study of natural 

convection in PV roof, solar collector. International 

Communications in Heat and Mass Transfer, 2017, vol. 89, p. 

31-38. 

 [18]    BOUTINA, L., KHELIFA, A., TOUAFEK, K., et 

al. Improvement of PVT air-cooling by the integration of a 

chimney tower (CT/PVT). Applied Thermal Engineering, 2018, 

vol. 129, p. 1181-1188. 

[19]    ONUR, N., SIVRIOĞLU, M., et AKTAŞ, M. K. An experimental 

study on the natural convection heat transfer between inclined 

plates (Lower plate isothermally heated and the upper plate 

thermally insulated as well as unheated) Eine experimentelle 

Untersuchung zum Wärmeübergang bei natürlicher Konvektion 

zwischen geneigten Platten (Unterplatte isotherm beheizt, 

Oberplatte unbeheizt und einseitig adiabat). Heat and Mass 

transfer, 1997, vol. 32, no 6, p. 471-476. 
 

 


