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Abstract. The performance of photovoltaic (PV) panels is greatly impacted
by the efficiency with which heat is removed from their surface, especially
in air-based cooling configurations. Although natural and forced convection
in vertical air channels have been widely studied, the combined influence of
channel depth and transitions in airflow regimes on PV cooling performance
remains unclear. This study conducted a two-dimensional numerical
analysis of the flow topology and thermal behavior of air circulation within
an open vertical channel mounted behind a photovoltaic (PV) panel. Steady-
state CFD simulations are performed using the standard k—e turbulence
model implemented in ANSYS Fluent. The effects of channel depth and
airflow regimes, including natural, mixed, and forced convection, are
investigated at a variety of inlet velocities. The results show that channel
depth is an important factor in the development of flow and heat transfer.
The optimal configuration is achieved by setting the channel depth to 10 mm
and the inlet velocity to 2 m/s. This configuration has been shown to reduce
the PV panel temperature by over 10.7% compared to pure natural
convection alone. This thermal enhancement demonstrates the potential of
optimised air channels to minimise temperature-induced efficiency losses in
photovoltaic modules.

Nomenclature
H length of channel (m) Ri Richardson number
b depth of channel (m) Nu Nusselt number Nu = 22
2
X cartesian coordinates (x, y) Nuy/,  average Nusselt number at mid-
height
q heat flux (W /m?) Ra* modified Rayleigh number
g gravitational acceleration g = Pr Prandt] number Pr = “2
9.81m/s? A
p pressure (Pa) LB Local Bernoulli
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U; average velocity coordinates

(m/s) Greek symbols
Cp specific heat (J/Kg.K)
\% the velocity in y direction (m/s) Po constant density (Kg/m?)
k turbulent kinetic energy (m’/s?) Ce empirical constant
ot Nombre Prandtl turbulent Ue turbulent dynamic viscosity
Ok Nombre Prandtl turbulent de k

v kinematic viscosity

Oc Nombre Prandtl turbulent de € Ve turbulent kinematic viscosity
Vin velocity at inlet (m/s) Ot turbulent Prandtl number
T Temperature (K) A thermal conductivity of fluid (w/m.k)
Tamb ambient temperature € the specific rate of dissipation
h local heat transfer coefficient
LB-0 P=0 at the outlet

p = —0.5v2at the inlet
LB-LB p = —0.5v2at the outlet

p = —0.5v2at the inlet
Gy production of turbulent kinetic

energy due to buoyancy
Py production of turbulent kinetic

energy due to velocity

1 Introduction

Photovoltaic (PV) technology has been widely adopted as a renewable energy source due to
its sustainable performance, flexible deployment, and minimal environmental impact [1].
However, the electrical efficiency of PV modules remains strongly dependent on their
operating temperature [2,3]. Typically, only 15-22% of the incident solar radiation is
converted into electrical energy under outdoor conditions, with the remaining fraction
dissipating as heat within the PV structure [4]. This heat accumulation leads to a significant
rise in module temperature, which negatively affecting electrical efficiency and accelerating
material degradation. Consequently, effective thermal management has become a critical
aspect of the design and operation of photovoltaic installations [5,6].

Various strategies have been proposed to reduce PV overheating. Air-based cooling
methods have attracted considerable attention due to their ease of implementation,
affordability and compatibility with PV systems. In particular, open vertical air channels
installed behind PV panels provide a passive or semi-passive cooling solution, in which
buoyancy-induced airflow helps to carry heat away from the rear of the module. Natural
convection is an environmentally friendly solution that requires no additional energy input in
such configurations. However, its cooling capacity is often limited, particularly in conditions
of high solar irradiance and low ambient wind speed [7]. Consequently, several authors have
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demonstrated that natural convection alone is frequently insufficient to maintain PV modules
within their optimal operating temperature range. In order to address this shortcoming, many
studies have investigated the potential of forced convection, which involves introducing an
external airflow through the cooling channel. The results generally suggest that increasing
the airflow rate improves heat transfer and can lead to measurable improvements in the
electrical performance of PV systems. Ibrahim et al. [8] conducted an experimental
parametric study comparing free and forced convection conditions. They reported an
efficiency increase of around 11%, as well as economic advantages and reduced CO-
emissions. Overall, these results highlight the potential of airflow-assisted cooling for
photovoltaic applications. That said, using forced convection makes the system more
complex and increases energy consumption. Therefore, it is necessary to strike a balance
between cooling performance and design simplicity.

In addition to the airflow rate, the geometric characteristics of the cooling channel are
crucial in determining the system's thermal and hydrodynamic behaviour. In particular,
channel depth directly influences the development of the boundary layer, the stability of the
flow and the mechanisms of heat transfer.[9] Several studies based on numerical simulations
and experiments have focused on natural and mixed convection in vertical channels. These
studies usually consider uniform heat flux or constant wall temperature conditions. Chen et
al. [9] demonstrated that lower aspect ratios and enhanced secondary circulation can
significantly improve thermal performance in mixed convection regimes. Other studies have
reported that reverse flow and recirculation zones may occur in wider channels. This
phenomenon can potentially compromise convective heat transfer, despite an increase in
channel dimensions.

Despite the growing body of literature on PV cooling and convective heat transfer in
vertical channels, significant gaps remain. Most existing studies focus on either purely natural
or fully forced convection, while the transition between these regimes is often simplified.
Furthermore, the combined effect of channel depth and transition between airflow regimes
(natural, mixed and forced convection) on the cooling performance of PV-mounted air
channels has not yet been systematically analysed. Design-oriented studies that identify
optimal channel dimensions under different operating regimes are particularly limited.

This study aims to overcome these limitations by conducting a thorough numerical
analysis of airflow and heat transfer in an open vertical air channel positioned behind a
photovoltaic panel. A two-dimensional computational fluid dynamics (CFD) model was
created using ANSYS Fluent to examine the interaction between channel depth and inlet
velocity across a wide range of operating conditions. The Richardson number criterion is
used to clearly identify the natural, mixed and forced convection regimes, allowing a
comprehensive analysis of the regime transitions. Temperature fields, velocity distributions,
streamlines and Nusselt numbers are examined in order to characterise the flow topology and
thermal performance.

This work makes three key contributions. Firstly, it provides a comprehensive physical
understanding of the flow structures and heat transfer behaviour that occur with varying
channel depths. Secondly, it clarifies the impact of a transition in the airflow regime on PV
cooling efficiency. Finally, it identifies the optimal channel configurations for natural, mixed
and forced convection conditions, offering practical guidelines for the design of compact and
efficient air-cooled photovoltaic systems.

2 Physical model description
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2.1 Numerical proceeding

Turbulent flow in the vertical channel was simulated using a Computational Fluid Dynamics
(CFD) solver. The governing equations were discretized using the finite volume method
(FVM), and pressure—velocity coupling was achieved through the coupled algorithm, which
ensures stable convergence in the case of buoyancy-driven flows involving strong thermo-
fluid interactions. To enhance numerical accuracy, the momentum, energy, turbulent kinetic
energy (k) and turbulence dissipation rate (g) equations were discretized using a second-order
upwind scheme. Convergence was assumed when the residuals for continuity and momentum
fell below 1073, A stricter criterion of 107 was, however, imposed for the energy equation,
in order to ensure accurate thermal predictions. Enhanced wall functions were applied to
resolve near-wall flow behavior appropriately, while maintaining computational efficiency.

2.2 Geometrical model and assumptions

The physical model comprises an opening vertical air channel formed by two parallel plates
that represent the air gap between a photovoltaic panel and its support. The channel height is
fixed at 640 mm, which is typical for a PV module. Its depth varies from 10 to 90 mm in
order to study the effect on flow and heat transfer. The rear surface of the PV is heated with
a uniform heat flux, while the opposite wall is adiabatic. Allowing airflow to develop
naturally through open inlet and outlet boundaries, the channel depth has a strong influence
on boundary layer growth, buoyancy effects, flow stability and recirculation. A 2D
representation is adopted based on Dupont [10] who showed that side-wall effects are
negligible, capturing the main thermal and flow behaviors accurately.
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Fig. 1. Geometrical model of an air channel.

2.3 Mathematical model

The two-dimensional governing equations for continuity, momentum, and energy are solved
using the Boussinesq approximation, assuming steady, incompressible, Newtonian flow. Air
properties are constant, and turbulence is modeled with the standard k—¢ approach [12].

Continuity equation:



EPJ Web of Conferences 371, 01016 (2026)

AMT 2026
du 4 av —0 1
ox  dy 1

Momentum equations:

0(poryu; ) op ( ) aul Loy 20w o )
x| ox ax MR\ 5 T ax T3 ax, ) 0| TP @
Energy equation:
o|(1+55) T
a(pu;C,T) [( ot )ax,- 6uL 6u, au,- 2 0uy dp
om 5%, Wi\ G T om 3w ) % T e, @

Standard k-g Turbulence Model Equations [11]:

Turbulent Kinetic Energy (k):

(252 e 22 2 (20 %) v 4
P 9% TV8y) Tax \\H ox) Tay\\HT 5 ) ay) TR T Bk T PE )

Dissipation Rate (¢):

( oc | 65)_6(( +Mt)ae)+a<< + )06)+C Py + C3.G) — C < 5
puax "ay =9 u o) ox 3y u o) ay 1ek(k 3¢Gy) — ZEPk )

Where: u; and u; are the velocity components, p is the pressure, p is the fluid density, p is
the dynamic viscosity, T is the temperature, C,, is the specific heat capacity, 4 is the thermal
conductivity, oy, and g, are the turbulent Prandtl numbers, Py, is the production of turbulent
kinetic energy due to velocity gradients, G,is the production of turbulent kinetic energy due
to buoyancy, and C;,, C,., and C3, are empirical constants. [11]

2.4 Boundary conditions

This numerical study considers an open vertical channel to enable continuous fluid
recirculation between the cooling channel's inlet and outlet. Proper boundary conditions are
essential for accurately resolving the coupled thermo-hydrodynamic processes.

The heated wall is subjected to a uniform heat flux of 300 W/m?, while the opposite wall
is adiabatic. For forced convection, a velocity inlet is imposed with speeds ranging from 0,5
to 2m/s. For natural convection, a pressure inlet is applied at the inlet, along with a local
Bernoulli condition LB-0 which produces a more pronounced reverse flow than LB-LB.
According to [12], local Bernoulli conditions LB-0 have been chosen here for the channel
inlet and outlet, and ambient temperature is set to T,,,=298K. The pressure at the outlet is
equal to atmospheric pressure.

3 Numerical model

3.1 Mesh validation

A grid independence study was performed to ensure numerical accuracy while minimizing
computational cost. Several structured meshes were tested, and a final mesh of 102,400 cells

https://doi.org/10.1051/epjcont/202637101016
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was selected for all simulations. The mesh was refined near the heated wall to accurately
capture the thermal and velocity boundary layers. Increasing mesh density beyond this value
resulted in negligible changes in the mean Nusselt number and skin friction coefficient (<
0.5%), confirming the adequacy of the chosen mesh resolution. This approach guarantees a
reliable balance between computational efficiency and numerical precision.

3.2 Validation model

The numerical model was validated using experimental data on natural convection in
vertical air channels from Webb & Hill [13]. The comparison showed good agreement,
particularly for modified Rayleigh numbers Ra* above 1.5 x 10%, with a maximum deviation
of 7.1% at lower Rayleigh numbers.

The present study produced the following mid-height local Nusselt number correlation:
Nu = 0,734Ra**18°

while Webb’s experimental correlation is given by:
Nu = 0,58Ra*020¢

Fig. 2 shows a comparison between the present numerical results and the experimental
data reported by Webb & Hill [13]. The results are in good agreement over the studied range

of modified Rayleigh numbers, which supports the validity of the numerical model for
predicting heat transfer in vertical air channels.
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Fig. 2. Comparison between the present numerical results and Webb’s experimental data for
the variation of the local Nusselt number with the modified Rayleigh number.
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This validation shows that the numerical approach can accurately predict the heat transfer
characteristics of vertical channels under natural convection. The slight differences observed
at lower Ra* values are due to the limitations of the experimental measurements and the two-
dimensional approximation adopted in this study. Overall, the model reliably frames the
study of the combined impact of channel depth and inlet velocity on the natural, mixed and
forced convection regimes behind PV panels.

4 Results and Discussion

A comprehensive analysis was carried out to investigate how channel depth and inlet velocity
influence the thermal and flow behavior within the air-cooling channel. The performance is
evaluated using wall temperature distributions, streamlines, velocity contours and average
Nusselt numbers. These factors provide a comprehensive overview of the dominant heat-
transfer mechanisms.

4.1 Channel depth effect on thermal and flow behavior for natural convection

This section focuses on the impact of channel depth on the structure of the flow and the
performance of heat transfer under natural convection conditions. The corresponding
streamlines and temperature contours for various channel depths are presented in Fig. 3.
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Fig. 3. (a) streamlines (b) temperature contours for different channel depths.

The results show that channel depth has a significant impact on the flow structure, thermal
boundary layer development, and overall heat transfer performance (Fig. 3a).
For depths of 30 mm or less, the flow becomes progressively more organised and fully
developed along the channel. The formation of stable boundary layers near the walls
promotes predictable, buoyancy-driven motion and enhances convective heat transfer.
However, for a channel that is very narrow (b = 10 mm), there is insufficient space for the
thermal boundary layer to develop fully. As shown in Fig. 3a, buoyancy-induced motion is
weak and heat transfer is dominated by conduction. This results in poor cooling performance.

The flow structure changes markedly when the channel depth exceeds 30 mm. A well-
defined boundary layer forms near the heated wall, and a recirculation zone develops close
to the adiabatic wall near the outlet. This reverse flow is driven by buoyancy forces and
constraints on mass conservation, producing a characteristic V-shaped flow pattern. In this
pattern, cooler air enters through the outlet and descends along the adiabatic wall. This
recirculation reduces the upward velocity of the main flow, weakening convective transport
and deteriorating cooling effectiveness.
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Fig. 4. Average wall temperature and average Nusselt number for different channel depths.
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The temperature contours presented in Fig. 3b illustrate how channel depth affects heat

transfer. For b > 30 mm, the high-temperature region is confined to a thin thermal boundary
layer next to the heated wall, while the rest of the channel remains relatively cool. Increasing
the channel depth beyond this value does not improve convective heat transfer. Instead,
intensified reverse flow recirculation restricts the entrainment of cold air and leads to a
degradation of thermal performance. This trend is confirmed by the quantitative results
shown in Fig. 4, which demonstrate that an increase in channel depth beyond 30 mm leads
to a higher average wall temperature and a lower average Nusselt number.
A detailed analysis of Fig. 4 indicates that the optimal channel depth occurs at b = 15 mm,
where thermal performance is maximized. At this depth, the wall temperature decreases to
its minimum value of 356 K, while the average Nusselt number attains a maximum value
above 362. This demonstrates that the thermal boundary layer and buoyancy-driven flow are
most efficiently developed at b = 15 mm, with no recirculation zones present. Therefore, b =
15 mm represents the optimal channel depth for natural convection in the present study.

This analysis shows that channel depth is crucial in determining the development of
buoyancy-driven flow and the resulting heat transfer performance. However, the geometry
of the channel alone is insufficient to control the system's thermal behaviour. In practical
applications, introducing an imposed airflow significantly alters the flow structure and heat-
transfer mechanisms. The following section therefore examines the effect of inlet velocity on
the transition between the natural, mixed, and forced convection regimes.

4.2 Effect of inlet velocity on flow structure and heat-transfer performance

This section examines how inlet velocity affects the structure of the airflow and heat transfer.
The evolution of the velocity profiles inside the channel and their effect on heat transfer are
shown in Fig. 5. The aim of the analysis is to clarify how the imposed airflow modifies the
dominant heat-transfer mechanisms and the transition between different convection regimes.
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Fig. 5: (a) streamlines (b) velocity contours for different inlet velocity.

In the natural convection regime (Ri > 10), the flow is insufficiently developed and
velocities remain low, which limits its ability to remove heat. Consequently, the Nusselt
number is low. Under these conditions, buoyancy forces alone are insufficient to generate
vigorous upward flow, resulting in weak convective heat transfer.

For an inlet velocity of 0.5 m/s, the corresponding Richardson number is 0.1 < Ri < 10
[14], which is in the mixed convection regime. In this intermediate regime, both buoyancy
and inertial forces contribute to the flow development. In this configuration, the flow
becomes more organised and developed along the channel. This results in better internal
mixing and improved momentum transport towards the heated wall. The reorganised flow
structure is clearly visible in the streamlines and velocity contours shown in Fig. 5. This
results in a significant increase in the Nusselt number, which indicates an improvement in
heat transfer caused by the combined effects of buoyancy and forced flow. At imposed
velocities greater than 1 m/s (Vin > 1 m/s), the Richardson number becomes less than 0.1 (Ri
< 0.1) [15], indicating that the flow is fully dominated by forced convection.

The imposed inertia suppresses buoyancy-induced instabilities, promoting a uniform,
high-velocity flow upwards. In this regime, the Nusselt number reaches its maximum value,
indicating the flow's significantly enhanced ability to remove heat from the heated wall.
Fig. 6 shows that as the inlet velocity increases, the flow progressively transitions from
natural convection to mixed convection, and eventually to forced convection. The imposed
airflow significantly enhances the fluid velocity inside the channel, strengthening momentum
transport and thermal mixing near the heated wall. Consequently, the average Nusselt number
increases continuously, indicating an improvement in convective heat transfer intensity,
while the average wall temperature decreases. In contrast, under natural convection, the flow
velocity remains weak and negligible compared to forced convection, leading to limited heat
transfer and higher wall temperatures.
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Fig. 6. Average wall temperature and average Nusselt number for different inlet velocity.

Fig. 7 shows that the wall temperature depends on the air velocity and channel depth.
Increasing the inlet velocity enhances forced convection, reducing the wall temperature. In
contrast, a larger channel depth weakens flow development, leading to a higher hot-wall
temperature. This trend highlights the strong coupling between channel geometry and the
intensity of the imposed airflow.

For natural convection, a depth of b= 15 mm is optimal. By contrast, a depth of b =10 mm
is most effective for mixed and forced convection. In narrow channels with an imposed inlet
velocity, flow confinement plays a key role in the system's thermal behavior. It increases the
local air speed, promoting a more organized flow structure and strengthening forced
convection to enhance wall cooling. Consequently, optimising both the inlet velocity and the
channel depth significantly reduces the PV operating temperature.
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Fig. 7. Average Wall temperature of heated wall for different channel depths and inlet velocity

Conclusion
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This study investigated the thermal and flow behavior of air circulation within an open
vertical channel positioned behind a photovoltaic panel, considering the effects of natural,
mixed and forced convection. A two-dimensional numerical approach was used to analyze
the combined impact of channel depth and inlet velocity on heat transfer performance.

The results show that channel depth is crucial in determining the development of
buoyancy-driven flow and the related heat transfer mechanisms. When natural convection is
the dominant factor, the most optimal configuration is achieved with a channel depth of
b =15 mm. At this depth, the thermal boundary layer develops completely without causing
flow recirculation. This results in lower wall temperatures and higher average Nusselt
numbers.

For mixed and forced convection regimes, the optimal configuration is a narrow channel
with a depth of b= 10 mm. In this case, the combination of flow confinement and an imposed
inlet velocity enhances local air speed, suppresses buoyancy-induced recirculation and
strengthens forced convection. Consequently, the wall temperature decreases significantly,
with a maximum reduction of over 10.7% compared to natural convection. The influence of
inlet velocity was also found to be significant. Increasing the inlet velocity clearly causes a
transition in the flow from being buoyancy-dominated (Ri > 10) to mixed convection (0.1 <
Ri < 10) and finally to forced convection (Ri < 0.1). This transition is characterised by
progressive flow structuring, enhanced momentum transport towards the heated wall and a
significant rise in the Nusselt number.

Overall, the results highlight the strong coupling between channel geometry and operating
airflow conditions. To be efficient cooling design cannot rely solely on natural convection or
geometric optimization, they must also account for the interaction between confinement
effects and imposed airflow.

From a practical perspective, the findings offer clear design guidelines for compact,
efficient photovoltaic cooling systems. Selecting an appropriate channel depth and inlet
velocity can significantly reduce the operating temperature of PV systems, improve electrical
efficiency and mitigate temperature-induced performance degradation.
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