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This study presents the numerical results of mixed convection in a habitat equipped with a
photovoltaic chimney. The photovoltaic panel of the chimney captures solar radiation
through a glazed upper surface and generates the electricity required to power a fan that
accelerates the hot air flow at the chimney outlet. The main objective is to prevent reverse
flow and eliminate air recirculation within the living space by combining the effects of
thermal buoyancy and the kinetic impulse provided by the fan. These reverse flows and
recirculations hinder the continuous and efficient renewal of the air. Using the simplified
Navier-Stokes equations, solved by the finite volume method and a power law scheme, a
calculation code was developed in Fortran. For Reynolds numbers below 45 and Rayleigh
numbers ranging from 103 to 5 x 10°, simulations reveal the presence of recirculating flows.
Beyond this threshold, the recirculations disappear, and the cavity is fully traversed by
open streamlines. This phenomenon improves thermal comfort, leading to a significant
decrease in temperatures within the living space and at the panel level.

1. INTRODUCTION

Buildings account for approximately 40% of global
electricity consumption, with nearly 60% of this energy
dedicated to heating and cooling purposes [1, 2]. Consequently,
they contribute significantly to global carbon emissions, as
highlighted in various studies [3-5]. Enhancing the energy
efficiency of buildings is therefore considered one of the most
effective strategies for reducing their carbon footprint [6, 7].
This includes insulation [8-10], green roofing or vegetation-
based solutions [11], and natural ventilation strategies [12],
among other elements that should be integrated from the
design phase. To ensure continuous indoor air renewal in
buildings located in areas with high solar radiation, passive
systems such as solar chimneys can be employed [13, 14].
These systems have a significant impact on building energy
consumption and contribute to reducing the energy required
for cooling [15, 16]. This reduction can reach up to
approximately 50% of the energy demand compared to
mechanical ventilation systems [15].

The natural operation of a solar chimney is based on the
principle of thermally induced convection (thermosiphon) [17].
Its effectiveness in contributing to thermal comfort within a
building is generally evaluated based on the airflow rate or the
velocity of the extracted air, both of which depend on
geometric and thermal parameters [13].

Thus, to enhance the natural thermal draft, recent research
has focused on optimizing heat transfer to the air flowing
within the channel to increase buoyancy forces. These modern
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or optimized solar chimneys [18, 19] generally consist of two
main walls: a glazing (collector) and an absorber or a
photovoltaic (PV) panel [20-23]. Solar radiation passing
through the glazing is absorbed by the absorber, which
transfers heat to the air within the channel. Under these
conditions, several studies [24, 25] have shown that a solar
chimney can induce an air renewal rate varying between 8%
and 45%, with a mass flow rate reaching up to 44.5 kg/s in
summer when solar radiation is at its peak. However, this rate
drops to values between 1.16% and 24.89% in winter due to
reduced sunlight. The work of Abdeen et al. [18] also showed
that the average air velocity in the solar chimney varies
between 0.28 m/s and 0.52 m/s for average irradiance levels of
500 to 850 W/m? received by the absorber, respectively.
Furthermore, it was observed that the airflow rate increases
with the Rayleigh number (Ra), which is proportional to the
thermal flux density. Finally, the work of Ren et al. [26]
highlighted a correlation between the chimney inclination
angle and the critical Rayleigh number. They demonstrated
that reverse flow occurs at a relatively low Rayleigh number
as the inclination angle increases.

Among the geometric parameters affecting the performance
of a solar chimney are the inclination angle relative to the roof,
as well as its dimensions such as thickness and width. Ren et
al. [26] showed that the chimney maintains high efficiency,
with airflow rate increasing as the Rayleigh number increases,
when its inclination angle is less than 30°. The location of the
openings also plays a crucial role in the airflow rate for the
renewal of thermally polluted air. By analyzing three different
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configurations [27] - vertical outlet, horizontal outlet, and mid-
level outlet - the authors observed that the chimney with a
vertical outlet and openings oriented in the same direction
generates a greater thermal draft. This naturally results in a
higher volumetric flow rate compared to the other
configurations.

The performance of a solar chimney is also measured by the
velocity of the renewed air within the living space. This
velocity depends on several geometric parameters, notably the
chimney width, the thickness of the air gap, and the inclination
angle [18, 28]. It has been observed that chimneys with
excessively wide outlet openings are prone to reverse flows
[29]. Regarding the height (or length) of the chimney, it does
not appear to have a significant influence on the airflow rate.
However, experimental studies by Jing et al. [30] have shown
that an optimal ratio between spacing and height
(spacing/height) is approximately 0.5, which maximizes the
airflow rate through the chimney.

In the absence of reverse flows, Nguyen et al. [29]
demonstrated that the thermal efficiency of a solar chimney
can reach up to 90%. However, reverse flow and recirculation
phenomena still occur. Although these are intrinsic to natural
convective flows, the literature indicates that they depend on
both the direction of heat flux and geometrical parameters. In
the case of habitats of hot climates, the heat flux is generally
directed downward due to significant thermal gains [31-33]
through the roof exposed to solar radiation. Under these
conditions, the flow structure within the living space becomes
particularly complex, with the emergence of zones where
buoyancy forces act favorably, but also regions characterized
by reverse flows or recirculation [34, 35], potentially caused
by the presence of obstacles (such as walls) or by gravitational
effects. In addition to enhancing the buoyancy forces by the
supply of heat, it is possible to strengthen the draft by
introducing a forced impulse, which would help eliminate
dead zones and recirculating flows detrimental to thermal
comfort [36]. In other words, this involves providing
additional kinetic energy to the fluid particles, complementing
that generated by the conversion of thermal flux. Furthermore,
through a comparative study of the performance between a fan
powered by direct current from a photovoltaic (PV) panel and
a solar chimney with an absorber plate of the same area as the
PV panel, Klimes et al. [37] made important observations.
They found that, under identical solar incidence, the mass flow
rate of air generated by the fan is three times higher than that
of the solar chimney. It therefore seems possible to utilize the
combined action of thermal thrust forces and the kinetic
impulse from the fan powered by the PV to optimize thermal
comfort.

In this context, a typical case of a building equipped with a
photovoltaic chimney, referred to as an “active chimney”, is
studied. In this chimney, the absorber plate is replaced by a
photovoltaic panel, which powers the fan it is equipped with.

Although passive solar chimneys have been the subject of
numerous studies, research on active configurations
integrating a photovoltaic panel powering a fan remains
limited. This hybrid system, combining the effects of thermal
buoyancy and mechanical impulse, represents an innovative
solution to improve air renewal and prevent reverse flows as
well as recirculation zones. Thus, considering the unfavorable
case where the flow remains laminar, this study aims to
identify the relevant parameters for quantifying these transfers
under the specific operating conditions of an active chimney.

The increase in the air exit velocity should allow the
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visualization of fully open streamlines, indicative of a
complete air renewal within the cavity. This study will also
provide useful numerical results for evaluating the efficiency
of active chimneys integrated into buildings, with a focus on
optimizing thermal comfort.

2. METHODOLOGY
2.1 Physical domain and equations

We consider a cavity with a rectangular cross-section
equipped with a photovoltaic (PV) chimney, as illustrated in
Figure 1. The photovoltaic panel (PV) of the chimney is
exposed to solar radiation ®; through glazing. The chimney
thus forms an airflow channel inclined at an angle § = 9°, with
a thickness e. The inclination angle 9§ is selected to optimize
the solar irradiation received by the photovoltaic (PV) panel,
thereby ensuring sufficient electricity production to power the
fan. This inclination falls within the recommended range for
solar installations in the Sahel region, which benefits from
high solar irradiance throughout the year [38].
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Figure 1. Physical system

The air entering the chimney is heated by the photovoltaic
panel, which is also assumed to generate the electrical energy
required to operate the fan to which it is connected. The
unfavorable laminar flow condition, characterized by weak
buoyancy forces that limit optimal ventilation, is considered to
evaluate the performance of the photovoltaic chimney in
achieving complete renewal of the indoor air volume in a
residential building. The flow is assumed to be incompressible
and two-dimensional ((€, €,) plane), and the governing
equations of mixed convection are formulated under the
Boussinesq approximation. Using the reference parameters L,
Vout> L/ Vour, and @;L/A, representing respectively the length
of the cavity, the magnitude of the outlet velocity imposed by
the fan, the reference time, and the temperature gradient, the
dimensionless continuity, momentum, and energy equations
are written as follows:

V.Vy = -0 (1)

20 +V(V q 1 VQ) _ Ra 06 @)
at ’ Re ~ Pe.Redx

ov 09— _—_79) = 3

at+v(ve Peve) 0 3)

where:
Y is such that u = 0/ dz and v = — 0/ 0%,



Qissuchthat @ = VAV.
These equations are supplemented by the following
dimensionless initial and boundary conditions:
- Initial conditions att =0
u=v=y=0=0=0
- Boundary condition at t>0
e Hydrodynamic conditions:
u=v=y=0, (. V)[(ﬁ’ V)lIJ]:—Q along the solid walls
Q = (e, V))u = (&5 V)v = ((e_X’.V)l]J) = 0 at inlet
Q=0 , ((&-YY)=cos®) , Xt’—“z = (cos(8)&, +
sin(8) €,) at outlet .
e  Thermal conditions
{((éﬁ)e) =0ifu>0
6=0ifu<o0
((ex- V)e) = 0 at outlet
((@. V)O) = 0 along the insulated wall
0 = 0 along the bottom wall
((ﬁ’. V)e) = —1 along the top horizontal and left vertical
walls
(@@ V))B) = —ag along the glazing
(@@ V))B) = —(apy. Ty — M) along the PV panel
where, 71 is the normal vector to each wall.

at inlet, and

Dimensionless parameters are therefore introduced and will
be used either to describe the nature of the fluid flow or to

characterize heat transfer. The Prandtl number, Pris setto 0.71.

The Reynolds number, Re is based on the cavity length L,
while the Rayleigh number Ra is determined from the constant
solar intensity ®;:
Pr=v/a ,
Ra = gBd;L*/Aav
Heat transfer analysis is performed using the local and mean
Nusselt numbers respectively expressed by:

Re=V,:L/v , Pe=PrRe and

- 1
Nu = 1/6p and N, = - [, Ndl @)

where, / is the length of the wall over which the mean value is
calculated.

2.2 Energy conversion efficiency

The electrical power of the PV is expressed as follows:
Pey =n®;S (5)

where, n is the PV cells' efficiency, calculated using the
following expression [39]:

n= T]ref[1 - BPV(TPV - Tref) + yLOchi] (6)

The electrical power required to operate the fan, neglecting
frictional losses, is equivalent to the kinetic energy Ej of the
air flow drawn at the chimney outlet. It can be obtained by the
following expression:

1
E = Emvgut (7

where, m and Vout are the mass flow rate of air at the chimney
outlet and the outlet velocity imposed by the fan, respectively.
The mass flow can then be determined from V,;, as follows:

m = S.pVoyue (3

where, S, is cross-section area of the chimney.
The efficiency e of converting PV energy into kinetic
energy of the fan is determined as follows:

1
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2 Vout

2 )
T]CDIS

Nel =

The thermal efficiency n, can be determined with the
following expression:

l'h(Tout - Tin)
- 10
Nth @S (10)

where, T,, and T, are the average air temperatures at the
inlet and outlet of the chimney, respectively.

2.3 Numerical procedure

The finite volume method is used to discretize the equations.
On each control volume 9, which is a subdivision of the
continuous domain, the equations are integrated. The general
form of the integrals over one control volume is as follows:

P o _ _
LEdG+LV.(V.¢—§.V¢)d8—qu)dﬁ (11)

where, ¢ €{(,8,0Q,}, Sy, and § are respectively the physical
quantities, the source terms, and the diffusion coefficient.

The temporal term of the above equation is calculated using
an implicit Euler scheme, while the spatial terms are calculated
using the finite volume method [40]. The power-law scheme
of Patankar [40] is applied to compute the coefficients of the
resulting algebraic equations. The system of equations,
supplemented by boundary conditions discretized using the
finite difference method, enabled the development of a
Fortran-based computational code employing the Gauss-
Seidel iterative method with under-relaxation.

3. RESULTS

3.1 Code validation

(b)

Figure 2. Diagram of streamline (left) and isotherms (right)
for Re = 100 and Ra = 10: (a) comparison between the
numerical results reported by Raji and Hasnaoui [41] and (b)
those obtained using the present computational code



A uniform mesh of dimensions 101 x 91 and a time step of
At = 5 x 107° are used. The convergence criterion is based
on a relative error of 107> calculated between two successive
iterations. With these parameters, the present code is then
tested under the working conditions of Raji and Hasnaoui [41],
who studied mixed convection in a cavity with two apertures.
In their study, the top and left vertical walls are subjected to a
constant heat flux. Figure 2 presents the comparison and good
agreement of the thermal and flow field results for Ra = 10°
and Re = 100.
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Figure 3. Extreme values of stream function

3.2 Discussions
The calculation conditions are summarized in Table 1.

Table 1. Computational parameters

Parameter Definition Value
Dimensionless length L/L 1
Dimensionless height h/L 0.5

Dimensionless inflow port d/L 0.2
Dimension air gap e/L 0.03
Dimensionless length of PV Lpv/L 0.2
Absorptivity of the glazing Ogl 0.0014
Transmissivity of glazing (13% 0.9
Absorptivity of the PV apy 0.9
Reference efficiency Nref 0.125
Temperature coefficient Bpv 0.0044°C"!
Temperature reference Tref 25°C
Solar irradiance Y 0

3.2.1 Extreme values of stream function

The strictly positive or negative values of the stream
function indicate a unidirectional flow. While vortices may be
present, they evolve in the same direction as the main flow.
The curves (see Figure 3) representing the extreme values
(minimum and maximum) of the stream function, plotted as a
function of the Ra for a fixed Re, show that for Re <45, reverse
flows occur. In contrast, for Re > 45, the flow direction
remains unique regardless of Ra, since Y, = 0. However,
these results are not sufficient to conclude that the streamlines
are entirely open or that no vortices exist, even when the flow
appears unidirectional. Indeed, a domain entirely traversed by
open streamlines implies a complete and continuous renewal
of air within the region - an assertion that cannot be confirmed
without further analysis.

(c)Ra=5x10*

Figure 4. Streamline (left) and isotherms (right) plots for Re
=20

3.2.2 Streamline and isotherms

To visualize the real nature of the flow, it is essential to plot
the streamlines that depict the movement of air from its entry
into the cavity to its exit through the chimney. Forced



convection develops with the increase in the Reynolds number
(Re), which reflects the increase in the fan speed. Accordingly,
Figures 4 to 9 illustrate the flow topology via streamlines (on
the left), as well as the temperature distribution through
isotherms (on the right).

For low Reynolds number (Re < 45), natural convection
dominates, leading to the formation of convective cells. This
behavior is particularly observed for Re = 20 and Ra = 10°
(Figure 4(a)), where a convective cell appears near the hot left
vertical wall.

(c)Ra=5x10°

Figure 7. Streamline (left) and isotherms (right) plots for Re

(¢)Ra=5x 103

Figure 5. Streamline (left) and isotherms (right) plots for Re

Figure 8. Streamline (left) and isotherms (right) plots for Re

Due to the suction effect exerted by the fan, this cell is
drawn toward the chimney inlet, which it tends to obstruct.
However, in accordance with the principle of mass
conservation, the fresh air flow entering the cavity bypasses
the convective cell by flowing along the upper horizontal wall

: to reach the chimney inlet, where it makes its way out.
(c)Ra=5x10° The associated thermal field reveals isotherms that are

. ' ' ) generally parallel to the horizontal wall, but with a marked
Figure 6. Streamline (left) and isotherms (right) plots for Re depression toward the left vertical wall. As a result, in the
=35 highly heated region located beneath the chimney, the
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temperature distribution becomes non-stratified, in contrast to
the rest of the domain, where thermal stratification persists.

(¢) Ra=5x10°

Figure 9. Streamline (left) and isotherms (right) plots for Re
=100

When Ra =5 x 10* (Figure 4(b)), the streamlines emerging
from the inlet are deformed by thermal buoyancy and adopt a
"Z"-shaped pattern. As the incoming airflow gradually heats
up, it tends to fill the entire cavity volume, leading to the
disappearance of the initially present convective cell. The
deformation of the isotherms within the cavity becomes very
slight, indicating a stratified temperature distribution,
including in the area below the chimney. In this regime
dominated by natural convection, the flow structure evolves
into a large counterclockwise-rotating convective cell when
Ra =5 x 10° (Figure 4(c)). Below the chimney, the isotherms
show a hump-shaped deformation.

As the Reynolds number increases, the rotating cells are
progressively weakened and eventually disappear entirely
beyond Re = 45 (Figures 5 and 6). At this stage, the entire
domain is characterized by open streamlines (Figures 7 to 9).
Heat transfer then becomes dominated by forced convection,
and the incoming fresh air flows directly toward the opposite

vertical wall, bypasses it, and subsequently enters the chimney.
Within the chimney, the streamlines run parallel to the walls.

The fluid undergoes a marked acceleration toward the outlet,
as fluid particles are increasingly influenced by kinetic
impulses acting parallel to the chimney walls. Nevertheless,
the residual buoyancy forces at Ra = 5 x 10° generate an
upward motion of the air entering the cavity, resulting ina "Z"-
shaped deformation of the streamlines (Figures 7(c) and 8(c)).
The corresponding isotherms accumulate along the
horizontal wall, forming a clearly visible thermal boundary
layer. The hump-shaped deformation of the isotherms at the
chimney inlet becomes increasingly pronounced. This
structure indicates good air renewal within the domain, while
only the areas near the active walls retain a high temperature.
It is generally observed that, in the chimney (Figures 4 to 9),
the isotherms are widely spaced, indicating the presence of
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weak temperature gradients.

3.2.3 Mean values of dimensionless temperature and Nusselt
number

Figure 10 highlights an intensification of heat exchange
between the fluid and the active surfaces, particularly the
photovoltaic (PV) panel, as the Rayleigh number increases.
This enhancement promotes the development of buoyancy
forces, which induce an upward motion of the fluid and
improve its mixing. These forces also cause thermal
instabilities, manifested through recirculating flow patterns.
The emergence and disappearance of convective cells may
thus account for the observed fluctuations in the average
Nusselt number in the case where Re = 20, a regime in which
natural convection dominates the overall heat transfer
mechanism. This result is consistent with the findings of Saha
et al. [42], who reported similar behavior when increasing the
Richardson number at a fixed Reynolds number. Furthermore,
the increase in the Reynolds number provides additional
kinetic energy to the hot, low-density fluid particles,
accelerating their movement toward the chimney outlet. As a
result, heat transfer is significantly enhanced with rising
Reynolds number, emphasizing the increasing role of forced
convection in the overall transfer process. This leads to an
increase in the average Nusselt number and a corresponding
decrease in the temperature of the PV panel, as shown in
Figure 11. The principle of mass conservation ensures that the
hot air evacuated through the chimney is generally replaced by
cooler air entering the cavity through the opening on the right
vertical wall. Consequently, the temperature within the living
space decreases significantly with increasing Reynolds
number, as illustrated in Figure 12.
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Figure 10. Average Nusselt number calculated on PV
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Figure 11. Dimensionless average temperature of the PV



0.14
012

- -t Ra=35
) e Rpwi4S
010 —a— Ae=50

.
\

\:‘:‘H—ro -
B e e e e e e e o o o o o o o ]

Q 100000

oos

200000 0000 00000

Ra

400000

Figure 12. Dimensionless average temperature of the fluid in
the living space

3.2.4 Energy efficiency

Figure 13 shows the thermal efficiency of the chimney as a
function of the Rayleigh (Ra) and Reynolds (Re) numbers. It
is observed that the efficiency increases with both parameters.
Despite the relatively low values of Ra and Re, a satisfactory
performance is achieved (ne = 38% for Re = 50 and Ra
=5x10°). This represents a significant improvement
compared to the 30% efficiency obtained by Ong and Chow
[28] under conditions of a 0.1 m air gap and a heat flux of 200
W/m? (i.e., a Rayleigh number Ra =~ 4 x 10° ). The
oscillations observed for the case where Re = 20 indicate the
presence of recirculating flow structures, which hinder the
continuous renewal of the fluid, especially when heat transfer
is primarily driven by natural convection. These oscillations
progressively vanish as the Reynolds number increases,
confirming that the addition of kinetic momentum to fluid
particles, already subject to buoyancy forces, promotes a more
stable flow and enhances continuous fluid renewal within the
chimney.

—— Re=20

f)m(%)

13 4
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200000 300000
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0 100000 400000 %00000

Figure 13. Thermal efficiency

Figure 14 illustrates the conversion efficiency of the
electrical energy generated by the photovoltaic panel into the
kinetic energy of the fan. We evaluated the efficiency using
the reference length L = 4 m, the PV length Lpy= 1.6 m, and
the air gap e =0.12 m. It is important to note that we have used
a logarithmic scale.

The conversion efficiency is very low, indicating that the
fan consumes only a small fraction of the electrical energy
produced by the PV panel. As expected, the efficiency
increases with the Reynolds number, since higher kinetic
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energy corresponds to greater electrical energy consumption
by the fan. For the considered values of Reynolds and
Rayleigh numbers, the fan's electrical consumption represents
between 10 and 2% of the electrical power produced by the
PV panel. However, the efficiency decreases as the Rayleigh
number increases. The reason for this behavior is that the fan
operates at low power, with its maximum output occurring at
low Ra, corresponding to low solar radiation. This observation
aligns with the results reported by Klimes et al. [22].
Furthermore, the fluid velocity at the chimney outlet remains
constant for a given Reynolds number, according to Eq. (10).
Therefore, the PV panel generates more energy than is
consumed by the fan. The surplus energy can be used for other
purposes or stored for later use.

10

v
500000

“00000

200000 300000

Ra

v v
Q 100000

Figure 14. Electrical energy conversion efficiency

4. CONCLUSIONS

This study benefits from a comprehensive approach that
integrates the analysis of both the chimney and the building.

The numerical results of mixed convection obtained from a
Fortran code based on the Gauss-Seidel algorithm show that:
In this type of chimney, reverse flow is absent;
however, recirculation zones develop at Reynolds
numbers below 45.
Beyond this critical Reynolds number, the airflow
exhibits increased uniformity, and the -cavity
becomes entirely occupied by open streamlines,
independently of the Rayleigh number.
The improvement in air circulation helps reduce
temperatures both within the living space and on the
panel.
With the calculation parameters, the system achieves
a thermal efficiency exceeding 20%, while
consuming less than 2.5% of the energy generated by
the photovoltaic panel to power the fan.

Consequently, the photovoltaic chimney constitutes an
effective solution for building cooling.
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NOMENCLATURE

€., €, horizontal and vertical axis

v dimensionless velocity vector

L length of the cavity, m

Nu local Nusselt number along the PV

Pe Péclet number

t dimensionless time

T temperature, K

u,v horizontal and vertical velocity dimensionless

velocity coordinate

X, Z horizontal and vertical dimensionless coordinates

Greek symbols

o thermal diffusivity, m?. s-!

B thermal expansion coefficient, K!

A thermal conductivity W.K!. s°!

Q dimensionless vorticity

U} dimensionless stream function

D, Intensity of solar radiation, W m™

6 dimensionless temperature

v kinematic viscosity, m?.s™!

Subscripts

f fluid

p wall

out outlet

in inlet





