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Abstract 
In solar chimneys, heat released by the absorber plate warms the air, enabling 
natural ventilation driven by thermal buoyancy. However, such systems are 
often prone to reverse flow phenomena, which reduce the effectiveness of air 
renewal. To address this limitation, a photovoltaic (PV) chimney is proposed. 
This active yet autonomous ventilation system features walls comprising a glass 
surface and a PV panel connected to an extractor fan at the chimney outlet. The 
PV panel replaces the conventional absorber by simultaneously providing heat 
to warm the air and generating electricity to drive forced extraction. The pre-
sent study quantifies the impact of forced air jet misalignment at the chimney 
outlet on system performance, with particular attention to the onset of reverse 
flow and recirculation patterns. Here, misalignment is defined as the deviation 
of the jet orientation from the chimney axis. The physical phenomena are 
modeled using the governing equations for laminar forced convection, solved 
numerically via the finite volume method. Simulations are performed with a 
Fortran-based computational code for a fixed Reynolds number of Re = 50, 
while varying the jet orientation angle from 0˚ to 66˚ relative to the chimney 
axis. The results indicate that increasing jet misalignment promotes the for-
mation of secondary flow structures, notably recirculation zones and reverse 
flow within the system. Consequently, both the heat transfer rate between the 
PV panel and the air and the airflow rate decrease as the forced jet deviates 
from the chimney axis. 
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1. Introduction 

Among the various technologies developed to enhance both energy efficiency and 
indoor comfort in buildings, the solar chimney represents a promising passive 
solution. Particularly suitable for dwellings in regions with high solar exposure, 
this system operates based on the thermosiphon principle. It significantly influ-
ences heat transfer and indoor air movement, and has been shown to reduce cool-
ing energy demand by more than 14% [1] [2]. 

Over the past decade, research has increasingly focused on optimizing this sys-
tem by strengthening the thermal buoyancy forces responsible for natural venti-
lation. In most configurations, the chimney walls consist of a glazed surface on 
one side and a thermal absorber and/or photovoltaic (PV) panel on the opposite 
side [3]-[9]. When exposed to sunlight through the glass, the absorber heats up 
and transfers additional thermal energy to the circulating air. In reference [8], the 
absorber plate is perforated, allowing the mass flow rate to increase by approxi-
mately 35% compared to a conventional chimney. This enhanced airflow improves 
heat removal and overall performance. 

Several studies have demonstrated correlations between the outlet airflow rate, 
heat flux density, and the Rayleigh number [9]-[12]. As solar radiation increases, 
so does the outlet velocity. The Nusselt number, describing heat exchange between 
the channel walls and the air, also increases with heat flux [13] [14]. For instance, 
Ren et al. [13] improved ventilation performance by integrating discrete heat sources 
into the chimney walls, which prevented reverse flows. 

Parametric geometric analyses show that the inclination angle, chimney dimen-
sions, and air gap are strongly interdependent [3] [14]. Jing et al. [14] identified an 
optimal air-gap-to-height ratio of 0.5 for a vertical chimney, while Abdeen et al. [3] 
reported an optimal ratio of approximately 0.15 for a 75˚ inclination. Imran et al. 
[12] observed that at 750 W/m2 of solar radiation and a 50 mm air gap, a 60˚ incli-
nation yields a maximum air velocity of about 0.8 m/s. When the air gap was in-
creased to 150 mm, no reverse flow was detected. The inclination angle is partic-
ularly important [15], as it affects both the vertical component of buoyancy forces 
and the amount of solar energy received by the absorber. In general, the angle of 
maximum irradiation corresponds to the local latitude. In West African regions 
near the equator, this optimal angle ranges between 0˚ and 15˚ [16]. Deviations of 
±20˚ from the latitude result in irradiance losses below 5%. For instance, in a re-
gion of Ghana located at 17˚ latitude, the annual optimal angle is around 26.8˚, 
with only a 1% irradiance loss compared to the monthly optimum [17]. For Cam-
eroon (latitudes 4˚ to 5˚), Ekoe A Akata et al. [18] recommend a PV tilt between 
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10˚ and 20˚ with a south orientation. However, the inclination angle optimizing 
airflow does not necessarily coincide with the optimum angle for solar radiation, 
especially because airflow is also affected by seasonal and meteorological varia-
tions. Studies conducted at mid to high latitudes (typically above 20˚) often report 
optimal chimney inclinations between 40˚ and 60˚. For example, Abdallah et al. 
[19] observed that optimal airflow at 27.3˚N occurred at 40˚, while performance 
declined at 70˚. Bassiouny and Nader [20], working at 28.4˚ latitude, reported op-
timal airflow between 45˚ and 70˚. Harris and Helwig [21] found that airflow was 
maximized at angles above 67.5˚, although maximum solar radiation occurred at 
22˚ (the site latitude). Similarly, Kong et al. [22] showed that the optimal inclina-
tion for three Australian cities varied between 45˚ and 60˚ depending on latitude 
and season. In tropical climates, Ardila et al. [23] reported that an inclination of 
55˚ provided optimal thermal comfort during several months of the year in Buca-
ramanga, Colombia, although performance decreased during the most critical 
month (September). These differences between optimal angles for solar radiation 
and for airflow are therefore not contradictory, as they result from the combined 
effects of latitude, seasonal variations, and the competing influences of solar gain 
and buoyancy-driven flow dynamics. 

Another key limitation identified in the literature is the occurrence of reverse 
and recirculation flows, which prevent continuous air renewal and can lead to 
thermal discomfort. Such secondary flows tend to arise when the channel width 
or outlet openings are excessively large. Using an improved predictive method, 
Hou et al. [24] identified an optimal gap-to-height ratio of 0.4 over a tested range 
of 0.1 to 0.5. Jing et al. [14], using another method, had previously found an opti-
mal ratio of 0.5 for gaps between 0.2 and 0.6. Beyond these ratios, reverse flows 
develop and penetrate deeper into the chimney as the gap increases. Chimney 
height also influences ventilation, and although no critical height is clearly defined, 
the width-to-height ratio plays a key role. Generally, taller chimneys increase air-
flow, but Jing et al. [14] recommend maintaining a ratio of 0.5 to avoid reverse 
flow at the outlet. Conversely, Nguyen and Wells [25] showed that at low width-
to-height ratios and constant Rayleigh number, flow separation zones can occur. 
Inclination relative to the vertical is another trigger for reverse or recirculating 
flows. Outlet velocity tends to increase with inclination angles closer to 90˚ [22] 
[26], but this trend is not always observed. When the chimney is inclined, the 
vertical component of buoyancy decreases, which may promote reverse flows and 
separation zones [27]. These results are not contradictory: the occurrence of sec-
ondary flows depends on both the Rayleigh number and inclination angle. Ren et 
al. [13] observed that increasing the angle between the absorber and the horizontal 
from 45˚ to 90˚ at constant Rayleigh number led to the progressive emergence of 
reverse flows. Under low heat flux or reduced Rayleigh number, buoyancy forces 
may be insufficient to overcome gravity, viscosity, and inertia, making reverse 
flow more likely. Nguyen [28] reported reverse flows at a Rayleigh number of 
about 106 for a height-to-gap ratio of 5, while Ren et al. [13] observed the same 
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phenomenon at Ra = 5 × 106 and an inclination of 75˚. The intensity of reverse 
flows increases when both the Rayleigh number and inclination angle rise simul-
taneously. Reverse flow may thus occur at any Rayleigh number, even at high val-
ues where buoyancy would normally dominate. For instance, within Ra values 
from 109 to 1011, Rakesh and Chengwang [29] detected reverse flows at the chim-
ney outlet, with penetration depth increasing with Rayleigh number. These find-
ings highlight that geometrical and thermal parameters are highly interdependent, 
making the control of reverse flows challenging in passive systems. 

However, Kpode et al. [30] demonstrated that controlling the outlet jet velocity 
can effectively suppress reverse flows and reduce recirculation. Their analysis im-
plicitly assumes alignment of the outlet jet with the chimney axis, thereby limiting 
the general applicability of their conclusions. In practical systems, however, the 
jet orientation may deviate from the chimney axis due to design constraints, fan 
placement, installation tolerances, or deliberate flow-control strategies. Such mis-
alignment can alter flow stability and heat transfer characteristics, potentially pro-
moting the development of reverse flows and recirculation regions, thereby de-
grading chimney performance. A systematic investigation of the exhaust angle is 
therefore required to assess how flow stability, heat transfer, and ventilation per-
formance are affected by jet misalignment, and to identify configurations that re-
main effective under non-ideal operating conditions.  

2. Methodology 
2.1. Physical Domain 

The physical domain depicted in Figure 1 is similar to that studied by Kpode et al. 
[30]. It is composed of a rectangular enclosure and an adjacent chimney inclined 
at 9˚ to the horizontal. This inclination angle corresponds to the recommended 
value [16] to maximize the irradiation of photovoltaic (PV) panels in a West Af-
rican country located between latitudes 0˚ and 15˚, characterized by high solar 
insolation. The chimney is an air duct with a thickness e, formed by a glazed wall 
and a photovoltaic panel. Through the glazed wall, the PV panel receives solar 
radiation iΦ , part of which is converted into heat transferred to the air circulat-
ing within the chimney, while the other part is converted into electricity. The gen-
erated electricity powers a fan that imposes an outgoing air jet with a velocity outV , 
oriented at an angle σ  relative to the chimney axis. 

2.2. Assumptions and Equations 

The habitat model is represented as a cavity with walls exposed to a constant heat 
flux, except for the right lateral wall and the horizontal wall, which are respectively 
insulated and cooled. The flow is assumed to be laminar, and the Boussinesq 
approximation is applied. Under these conditions, corresponding to low buoy-
ancy and low flow velocity with a Reynolds number of Re ≈ 45, optimal ventilation 
performance can be achieved for this configuration [30]. The amplitude of the 
outlet velocity, denoted outV , is imposed by the fan. From this value, a reference 
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Figure 1. Physical domain: adapted from prior studies [30]. 

 
time outL V , and a reference temperature gradient iL λΦ  are defined, where L 
and λ  represent the cavity length and the thermal conductivity of air, respec-
tively. Using these reference parameters, the dimensionless governing equations, 
namely the continuity, momentum, and energy equations, can be written as fol-
lows: 

 ψ⋅ = −Ω∇ ∇  (1) 

 
1 Ra

t Re Pe Re x
θ∂Ω ∂ + ⋅Ω − Ω = − ∂ ⋅ ∂ 

V∇ ∇  (2) 

 
1 0

t Pe
θ θ θ∂  + ⋅ − = ∂  

V∇ ∇  (3) 

where: 

ψ  is such that u
z
ψ∂

=
∂

 and v
x
ψ∂

= −
∂

; 

Ω  is such that = ∧VΩ ∇ . 
To complete these equations, nondimensional initial and boundary conditions 

from earlier works [30] are used to maintain consistency. This choice allows the 
effect of the outlet jet angle to be assessed in direct comparison with their results. 

Thus, at 0t = , the system is in thermal and dynamic equilibrium, with the di-
mensionless velocity and temperature fields being zero everywhere. This equilib-
rium is broken by imposing a heat flux on the wall. Then, we have at 0t > : 
- Fluid flow boundary conditions: 

0u v ψ= = = , ( ) ( )ψ⋅ ⋅ = −Ω  n n∇ ∇ , at the solid walls; 

( ) ( ) ( ) 0x x xu v ψ⋅ ⋅Ω = = = ⋅ =e e e∇ ∇ ∇  at the inlet; 

0Ω = , ( ) ( )cosz ψ σ=⋅e ∇ , ( ) ( )( )cos sinout out x zV σ σ= +V e e  at the outlet. 

- Thermal conditions:  

( ) 0 if 0 at inlet, and
0 if 0

x u
u
θ

θ
= >

=
⋅

 ≤



e ∇
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0θ =  along the bottom wall; 
( ) 0x θ =⋅e ∇  at outlet; 

( ) 0θ =⋅n ∇  along the insulated wall; 

( ) 1θ −⋅ =n ∇  at the upper horizontal and left vertical walls; 

( ) glθ α= −⋅n ∇  along the glazing; 

( ) ( )PV glθ α τ η⋅ = − ⋅ −n ∇  on the PV panel. 

where n  and η  denote, respectively, the unit normal vector to each wall and 
the efficiency of the PV cells. 

Dimensionless parameters are employed, in particular the Rayleigh number Ra, 
whose variation is used to characterize heat transfer and fluid flow within the do-
main for each value of the angle σ . The thermophysical properties of air are as-
sumed to be constant, and the Prandtl number is fixed at 0.71. The Reynolds and 
Rayleigh numbers are respectively defined as follows: 

outV LRe
υ

=  and 
4

ig LRa β
λαυ
Φ

=  

To characterize the heat transfer, the local and average Nusselt numbers are 
used and defined as follows: 

 
1 1and du ul
P

Nu N N l
lθ

= = ∫  (4) 

where l  denotes the wall length over which the average value is determined. 
The volume flow rate V  is computed using the formula below: 

 d
S

V S= ⋅∫ V n  (5) 

where V  denotes either the inlet or outlet air velocity, and S is the corresponding 
inlet or outlet cross-sectional area. 

2.3. Efficiency of Energy Conversion 

The electrical power of the PV is expressed as follows: 

 PV iP Sη= Φ  (6) 

and η  is calculated using the following expression [31]: 

 ( )1 logref PV PV ref iT Tη η β γ = − − + Φ   (7) 

Neglecting frictional losses, the electrical power required to drive the fan is as-
sumed to match the kinetic energy kE  of the airflow leaving the chimney. The 
corresponding expression is: 

 21
2k outE mV=   (8) 

where m  denotes the mass flow rate of air at the chimney and is determined as 
follows: 

 c outm S V Vρ= 

  (9) 

where cS  denotes the chimney’s cross-sectional area. 
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2.4. Numerical Procedure 

To solve the governing equations numerically, the finite volume approach is ap-
plied. The computational domain is divided into a number of control volumes ϑ , 
which serve as the elementary regions for performing the integration. The equa-
tions are then written in their integral form for each control volume as follows: 

 ( )d d dS
t φϑ ϑ ϑ

φ ϑ φ ξ φ ϑ ϑ∂
+ ⋅ ⋅ − ⋅ =

∂∫ ∫ ∫V∇ ∇  (10) 

where { }, ,φ ψ θ∈ Ω , Sφ  and ξ  represent the physical quantities, the source 
term and the diffusion coefficient, respectively. The temporal term of the equation 
is discretized using the implicit Euler scheme, while the spatial terms are handled 
using the finite volume method. The coefficients of the resulting algebraic equa-
tions are calculated using the power-law scheme developed by Patankar [32]. The 
overall system, completed by boundary conditions discretized via the finite differ-
ence method, was implemented in a Fortran-based computational code using the 
Gauss-Seidel iterative method with under-relaxation. 

3. Results 
3.1. Code Validation 

A uniform computational grid with dimensions of 101 × 91 and a time increment 
of 5Δ 5 10t −= ×  is utilized. The convergence condition is defined by a relative dif-
ference of 10−5 between two consecutive iterations. Using these numerical param-
eters, the developed code is validated under the study conditions defined by Raji 
and Hasnaoui [33], which are similar to the present rectangular cavity configura-
tion, except for the absence of the chimney. The numerical code is further assessed 
using the conditions established by Saha et al. [34], who investigated mixed con-
vection within a ventilated rectangular enclosure heated from the bottom and 
thermally insulated on the remaining walls. Figure 2 and Figure 3 present the 
comparisons, highlighting a good agreement between the results obtained and 
those reported in [33] [34]. 
 

 
(a) 

 
(b) 

Figure 2. Streamline (left) and isotherms (right) plots for Re = 100 and Ra = 106: compar-
ison between the numerical results reported by Raji and Hasnaoui [33] (a) and those ob-
tained using the present computational code (b). 
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Figure 3. Variation of the average dimensionless fluid temperature with Richardson num-
ber: Comparison between the numerical results reported by Saha et al. [34] and those ob-
tained by the present computational code for Re = 50. 

3.2. Discussions 

The computational conditions are defined such that the Reynolds number is fixed 
at Re = 50, while the Rayleigh number varies from 103 to 5 × 105. This study uses 
the same configuration as described in earlier work [30], with the chimney in-
clined at 9˚ to the horizontal and the air jet aligned parallel ( 0σ = ) to the chim-
ney walls. Results from that case show that, for Re > 45, complete air renewal 
within the system is achieved. This setup is therefore used as the reference case for 
assessing how different jet deviations from the chimney axis affect system perfor-
mance. The misalignment angles σ  considered in this study range from 0˚ to 
66˚. All other computational parameters are identical to those presented in Table 
1 of reference [30]. 

3.2.1. Analysis of Flow and Thermal Fields as a Function of Jet 
Inclination Angle 

Figures 4-8 present, for each jet velocity inclination angle, the flow fields (stream-
lines on the left) and temperature fields (isotherms on the right) obtained for three 
Rayleigh numbers: Ra = 103, 5 × 104, and 5 × 105. 

For 0σ =  and 21˚, the flow field is characterized by well-organized stream-
lines forming an almost parallel pattern with respect to one another and to the 
cavity walls for Ra = 103 and 5 × 104 (see Figure 4(a), Figure 4(b), Figure 5(a), 
and Figure 5(b)). In these cases, the regime is clearly dominated by forced con-
vection, with the flow mainly governed by the momentum imposed by the fan. 
The cold air enters the cavity at a relatively high speed, then changes direction 
near the opposite wall before being extracted through the chimney outlet. In con-
trast, at Ra = 5 × 105, the streamlines exhibit an upward deflection, indicating the 
increasing influence of buoyancy forces. The resulting mixed convection regime, 
combining both forced and natural convection, enhances the effectiveness of air 
renewal. The associated isotherms display a hump-shaped pattern at the chimney 
inlet, reflecting the penetration depth of the cold air into the cavity, especially at 
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lower Rayleigh numbers. Moreover, the vertical stacking of the isotherms and 
their clustering near the top wall reveal a pronounced thermal stratification, char-
acterized by heat accumulation in the upper region of the cavity. 

When the misalignment exceeds 21˚, secondary flow structures begin to de-
velop. For Ra = 103, a vortex forms at the chimney inlet, growing in size with σ  
and partially obstructing the duct (see Figure 7(a) and Figure 8(a)). As natural 
convection becomes stronger, this vortex diminishes slightly but remains embed-
ded at the inlet, particularly at higher misalignment (see Figure 7(b) and Figure 
8(b)). Concurrently, a second unstable vortex appears in the upper right corner 
of the cavity. Although it disappears rapidly as Ra increases, the embedded vortex 
persists and disrupts the evacuation of warm air, as indicated by the reduced num-
ber of open streamlines reaching the outlet. This behavior is most evident for Ra = 
5 × 105 and angles 51σ =  and 66˚, where reverse flow is observed: a portion of 
the incoming air exits directly through the inlet, severely disrupting air renewal 
within the cavity (see Figure 7(c) and Figure 8(c)). The corresponding isotherms 
reveal a highly stratified temperature distribution in the cavity. Near the lower 
horizontal wall, where the lowest temperature is imposed, the isotherms rise grad-
ually, indicating overall warming due to insufficient ventilation. In the chimney, 
the widely spaced isotherms reflect a low temperature gradient and, consequently, 
a less effective heat transfer process. 
 

 
(a) Ra = 103 

 
(b) Ra = 5 × 104 

 
(c) Ra = 5 × 105 

Figure 4. Streamline (left) and isotherms (right) plots for 0σ = . 
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(a) Ra = 103 

 

(b) Ra = 5 × 104 

 
(c) Ra = 5 × 105 

Figure 5. Streamline (left) and isotherms (right) plots for 21σ = . 

 

 
(a) Ra = 103 

 
(b) Ra = 5 × 104 
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(c) Ra = 5 × 105 

Figure 6. Streamline (left) and isotherms (right) plots for 36σ = . 

 

 
(a) Ra = 103 

 
(b) Ra = 5 × 104 

 
(c) Ra = 5 × 105 

Figure 7. Streamline (left) and isotherms (right) plots for 51σ = . 

 

 
(a) Ra = 103 
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(b) Ra = 5 × 104 

 
(c) Ra = 5 × 105 

Figure 8. Streamline (left) and isotherms (right) plots for 66σ = . 

3.2.2. Mean Values of Nusselt Number, Dimensionless Temperature, and 
Volume Flow Rate 

To complement the qualitative analysis of flow structures and thermal fields, a 
quantitative investigation was carried out using the average Nusselt number, the 
dimensionless mean temperature, and the dimensionless volume flow rate. The 
heat transfer rate between the channel air and the photovoltaic panel is presented 
in Figure 9. A moderate increase in heat exchange is observed for Ra < 3 × 104 
and for deviations 36σ < ° . Forced convection dominates the transfers under 
these conditions, with the flow primarily controlled by the fan-imposed velocity. 
However, for larger deviations ( 51σ =  and 66˚), a sharp increase in heat transfer 
is observed, attributed to thermal instabilities that induce the formation of sec-
ondary flows, notably recirculation zones. These zones enhance thermal mixing, 
leading to a sudden rise in heat transfer. Considering the evolution of the average 
Nusselt number over the entire range of Ra values, it is noted that for 36σ < , Nu 
increases moderately under the influence of buoyancy. In contrast, for 36σ ≥ , Nu 
decreases, indicating a reduction in the heat exchange rate between the air and the 
panel. This decrease is explained by the partial obstruction at the chimney en-
trance, which limits airflow and consequently heat transfer, resulting in heat ac-
cumulation on the panel. Conversely, the evolution of average temperatures, 
shown in Figure 10 and Figure 11, reveals that for 36σ < , the average panel 
and living space temperatures decrease and then tend to stabilize as Ra increases. 
This behavior illustrates the predominance of forced convection, with relatively 
high-velocity fresh air efficiently removing heat from both the panel and the living 
space. For 36σ ≥ , the temperature initially decreases but then rises for Ra > 3 × 
104 due to the development of unstable convective cells. A 66˚ misalignment can 
even cause a 75% increase in the average living space temperature, highlighting 
the significant impact of jet deviation on thermal performance. 
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Inlet and outlet flow rates are key indicators for evaluating the ventilation per-
formance of the system under study. Figure 12 shows the outlet flow rates for 
different deviations σ . Since the outlet is controlled by a constant imposed ve-
locity, the outlet flow rate, according to Equation (5), is expected to remain con-
stant. It is slightly higher when the jet deviation from the chimney axis is smaller. 
Figure 13, in contrast, illustrates the variations of the inlet flow rate as a function 
of the Rayleigh number. For deviations 36σ ≤ , the inlet flow rate increases mod-
erately with Ra, consistent with previous studies [11] [13] [35] that reported a rise 
in volume flow rate with the Rayleigh number. Nevertheless, the inlet flow rate 
generally remains slightly below the theoretical outlet flow rate, which may be at-
tributed to thermal stratification that slows down the flow. When σ  exceeds 36˚, 
the inlet flow rate becomes unstable and exhibits significant fluctuations charac-
terized by abrupt increases. These fluctuations are associated with the inherently 
unstable flow structure, involving the formation and disappearance of vortices. In 
some cases, the inlet flow rate even surpasses the controlled outlet flow rate, par-
ticularly beyond critical Rayleigh numbers (1.5 × 105 for 51σ =  and 5.1 × 104 
for 66σ = ). This situation clearly indicates the formation of a recirculation loop, 
in which part of the air exits through the cavity inlet opening. 
 

 
Figure 9. Average Nusselt number calculated on PV. 

 

 
Figure 10. Dimensionless average temperature of the PV. 
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Figure 11. Dimensionless average temperature of the living space. 

 

 
Figure 12. Dimensionless outflow rate. 

 

 
Figure 13. Dimensionless inflow rate. 

3.2.3. Effect of Jet Misalignment on the Ratio of Fan Power to 
Photovoltaic Power Output 

Figure 14 shows the fraction of electrical power consumed by the fan, in compar-
ison with earlier findings [30]. This fraction varies with the jet misalignment rel-
ative to the chimney axis. It is important to clearly state that the electrical power 
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required by the fan is strictly constant in all cases, since the Reynolds number is 
fixed. Consequently, the observed variation of this fraction is solely due to a de-
crease in the electrical power generated by the photovoltaic panel. This decrease 
results from insufficient ventilation of the panel under misaligned jet conditions, 
leading to panel overheating. As widely documented, an increase in photovoltaic 
cell temperature causes a reduction in electrical efficiency [36] [37], which directly 
degrades the overall system performance. 
 

 
Figure 14. The fraction of photovoltaic power consumed by the fan. 

4. Conclusion 

This study models, under the Boussinesq approximation, the heat transfer and 
airflow within a building incorporating a photovoltaic chimney connected to an 
extractor fan. The ventilation system operates autonomously by combining buoy-
ancy-driven flow with a kinetic impulse applied at the chimney outlet by the ex-
tractor. The angle of this imposed velocity was identified as a key parameter. Nu-
merical solutions of the governing equations were obtained using the finite vol-
ume method, implemented in a Fortran-based code. Simulation results show that 
the efficiency of an active photovoltaic chimney strongly depends on the align-
ment of the forced air jet with the duct axis. For small deviation angles ( 21σ ≤ ), 
the flow remains stable, air renewal is effective, and heat transfer is optimal. Be-
yond 21˚, vortices and reverse flows appear, disrupting ventilation and reducing 
heat transfer, with a thermal impact reaching up to 75% for 66σ = . From a prac-
tical design perspective, these findings indicate that, irrespective of chimney incli-
nation, the axial fan should be installed in a nearly parallel alignment with the 
duct, with a maximum allowable misalignment of 21˚, in order to ensure efficient 
ventilation and optimal thermal performance. 

Some limitations of the present study should nevertheless be acknowledged. 
The adopted modeling assumptions, including two-dimensional laminar flow and 
the Boussinesq approximation, define the range of validity of the results. In addi-
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tion, the use of the vorticity–stream function formulation inherently eliminates 
the pressure field. However, under real operating conditions, meteorological var-
iations may induce fluctuations in pressure and inlet air velocity, which could in-
fluence system performance. Therefore, caution is required when extrapolating 
the present results to full-scale applications. Furthermore, the assumption of a 
constant heat flux does not account for temporal variations in solar radiation, 
which may also affect system performance. 
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Nomenclature 
,x ze e  Horizontal and vertical axis 

V  Dimensionless velocity vector 

L Length of the cavity, m 

Nu Local Nusselt number along the PV 

Pe Péclet number 

Pr Prandtl number, ν α=  

T Dimensionless time 

T Temperature, K 

u, v Horizontal and vertical velocity dimensionless velocity 
coordinate 

x, z Horizontal and vertical dimensionless coordinates 

Greek Symbols 
α  Thermal diffusivity (m2∙s−1) 
β  Thermal expansion coefficient (K−1) 
λ  Thermal conductivity (W∙m−1∙K−1) 
Ω  Dimensionless vorticity 
ψ  Dimensionless stream function 

iΦ  Intensity of solar radiation (W∙m−2) 
θ  Dimensionless temperature 
ν  Kinematic viscosity (m2∙s−1) 

Subscripts 

f Fluid 

p Wall 

out Outlet 

in Inlet 
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