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Abstract - Natural convection from roofs subjected to 
directional solar irradiation is numerically studied in a typical 
habitat. The roof consists of two slopes that do not receive the 
same amount of solar irradiation at any given time. The slopes 
would act as a thermal screen for each other, resulting in 
reduced heating through the roof. To achieve this, a cavity with 
a straight pentagonal cross-section is subjected to a heat flux 
model whose intensity on each slope depends on the apparent 
position of the sun relative to the roof. The numerical approach 
is based on the finite volume method. The resolution of the 
unsteady natural convection equations has enabled us to 
determine the heat transfer and air flow which are highly 
dependent on the apparent position of the sun and Rayleigh 
number. The east-west orientation and the apparent movement 
of the sun cause the right slope to receive solar irradiation first. 
It acts as a thermal screen for the opposite slope, which remains 
in the shadow until it reaches its peak solar irradiation. The 
average Nusselt numbers show that, overall, the heat exchange 
between the fluid and the slope that first received the solar 
irradiation remains high. Unlike many previous studies in which 
the slopes are subjected to the same heat flux profile (constant 
or variable over time), the flow exhibits no symmetry and is 
highly unstable, with the formation and disappearance of flow 
cells. The thermal field and system dynamics indicate that, for 
optimal ventilation driven by thermal buoyancy forces, it is 
essential to position the ventilation systems at the center of the 
slopes walls, especially the one that first receives the first solar 
radiation. 
 

Keywords: Thermal screen, roof, solar radiation, natural 
convection, asymmetric flow, unstable flow  
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1. Introduction 
Above all, the roof is the envelope most exposed to 

solar radiation during a sunny day. In modern buildings, 
it is made from durable weather-resistant materials. 
However, these materials have high thermal effusivity 
and store a significant amount of heat, which is then 
transferred to the interior of the building. Nearly 32% of 
thermal discomfort is due to heat gain and/or loss 
through building envelopes [1]. The roof contributes 
almost 50% of the heat gained by a cabin [2]. 
To save on electrical energy (around 5.6 kWh/m² per 
month in London according to Song et al. [3]) required 
for active cooling – between 40-60% as reported by Lam 
et al. [4] and Omrany et al. [5] – and to limit the damaging 
consequences such as climate change and global 
warming, which are expected to reach a world record 
between July and August 2024 with a 1°C increase [6], it 
will be necessary to improve the thermal properties of 
building envelopes. To this end, several innovative 
passive technologies are being deployed. 

Some methods involve improving the albedo of 
building envelopes, particularly roofs [7]-[9]. Nano-
coating of envelopes or the integration of reflective  
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Nomenclature 
Symbol Description (unit) 
𝐍𝐮̅̅ ̅̅  mean Nusselt number 

�⃗⃗�  dimensionless velocity vector 

A aspect ratio, H/B=0.75 
B base  (m) 
H height of the cavity (m) 
L length of the cavity (m) 

p dimensionless pressure 
Pr Prandtl number 
q0 peak heat flux (W/m2) 
Ra Rayleigh number 
t dimensionless time 
T0 base temperature (K) 
u,v dimensionless velocity coordinates 
x,y dimensionless coordinate 
α thermal diffusivity (m2/s) 
λ thermal conductivity (W/(K.m)) 
ρ density (kg/m3) 
𝛅 angle (rad) 
𝛉 dimensionless temperature, =

λ(T−T0)

q0B
  

 
nanomaterials [10] into envelopes can reduce heat gain 
through these surfaces by more than 40% [11],[12]. 
During the day, the absorption of solar radiation by the 
envelope also depends on its color. For example, painting 
the roof a light color [13],[14] can reduce thermal gains 
by almost 30% compared to a roof painted in a dark color 
under the same conditions. The work of Alrwashdeh et 
al. [15] classifies white as the color that promotes heat 
loss, while black is seen as the color that enhances 
energy conservation. 

Other technologies include green roofs, which 
involve covering building envelopes with green plants 
that grow and develop there. These green walls have the 
advantage of producing and regulating thermal airflow 
due to the plant’s ability to absorb carbon dioxide [16]. 
Through self-regulation, the green walls remain 
relatively warm in winter and relatively cool in summer. 
This thermal effect is estimated to range between 2°C 
and 2.63°C [17]. The thermal insulation effect of the 
envelopes is enhanced [18], and depending on the leaf 
area index, the loss or gain by convection [19],[20] is 
reduced because the wind speed is lowered. 

However, while the known and quantified 
advantages of these technologies are enlightening in 
terms of building energy consumption and their 
environmental and economic benefits, they remain 
technologies that require significant financial resources 

in the short term and high maintenance costs, 
particularly in the case of green roofs and walls [21]. 
Mechanical wear or the aging of colors causes them to 
lose their reflectance quality. In countries with low 
incomes and low rainfall, where modern, energy-
intensive buildings are on the rise, these technologies are 
either underdeveloped or non-existent. This is the 
common case of gable roofs made of metal roofing sheets 
in the sub-Saharan region. While the reflective surface of 
the metal sheets helps limit heat gain, this effectiveness 
could be further enhanced if the roof were properly 
oriented relative to the sun's rays. 

It is therefore important to gain a better 
understanding, through this study, of heat exchange by 
natural convection in homes where the gable roof is 
exposed to heat flux that depends on the apparent 
movement of the sun. This will allow us to assess the role 
of the slopes as thermal screens for each other. Before, it 
is important to remember that natural convection in a 
closed cavity does not have the same characteristics as 
that in an open system, because the same volume of fluid 
is considered and it interacts with itself, making the 
boundary conditions omnipresent.  

The fundamental aim of this study is to determine 
how the system evolves. The fact that the walls are 
subjected to constant or variable temperatures suggests 
that the system is evolving toward a quasi-stationary 
state [22] or oscillating periodically [23],[24]. However, 
by subjecting the inclined walls to sinusoidal 
temperatures, Saha et al. [24] numerically demonstrated 
that the flow is not stable. Since geometry affects the 
direction of transfer and modifies fluid dynamics 
[25],[26], this study also aims to identify the thermal 
buoyancy forces, whose direction depends on the 
orientation of the heat flux density. 

From a practical point of view, the study aims to 
limit heat gain through the roof and avoid vertical 
temperature gradients, which are often the cause of 
thermal discomfort. To achieve this, it is advisable to 
consider the east-west orientation of the roof in relation 
to the sun's rays from the design stage. 
 

2. Physical model and governing equation 
2. 1. Geometry 

This study deals with the cavity with the right 
pentagonal section as shown in Figure 1a, b. The sloped 
walls are subjected to variable heat flux described in 
Figure 3. The vertical walls are thermally insulated, 
while the bottom wall is kept at the lowest isotherm T0. 
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Then, we have the geometric configuration of an air-
filled habitat. 

 

 
(a)  

 
(b) 

Figure 1. Physical system (a) and study model (b) 
 
2. 2. Heat flux 

Empirical, experimental, and theoretical models 
[27]-[31] for assessing solar radiation flux density take 
into account many parameters such as the sun’s height, 
the incidence angle of direct and diffuse radiation, etc. 
However, as we are only interested in thermal effects, 
the mathematical formulation is intended to be very 
simple, but at best, it models the variation in heat flux 
intensity over time on an inclined plane. This variation, 
therefore, depends on the apparent east-west path of the 
sun. The assumptions used to calculate the variable 
density heat flux are as follows: 

 the plane is inclined to the east-west horizontal 
direction, 

 the sky is clear and not cloudy. The radiations are 
isotropic and direct. The diffuse radiations are 
neglected and there is no reflection on the 
planes, 

 the sun is very far away and we have a beam of 
parallel rays, 

 each plane is uniformly heated at a given time 
and the intensity varies with the direction of the 
beam relative to the normal to each plane, 

 the first beam of incident rays arriving on the 
roof at the first instant t0 (sunrise) is horizontal. 
This direction changes over time and becomes 
vertical at the average time tm (zenith). Its 
direction becomes horizontal again at the final 
time tf, which corresponds to sunset, 

 the walls subject to this heat flux are thermally 
thin. 

Taking into account all these assumptions, the 
useful flux in a direction normal �⃗�  to the walls is: 

𝑄(𝑡) = 𝑞0𝑒 (𝑡). �⃗�  (1) 
Where: 
 𝑞0  is the maximum value of the irradiation; 

𝑒 (𝑡) = −𝑠𝑖𝑛(𝜔𝑡 + 𝛿)𝑖 + 𝑐𝑜𝑠(𝜔𝑡 + 𝛿)𝑗 , is the unit 
vector of the incident flux direction. 
The dimensionless heat flux is then calculated by : 
 

𝑄 =
𝑄(𝑡)

𝑞0
= 𝑐𝑜𝑠 (

𝜋

2
.
𝑡 − 𝑡𝑚
𝑡𝑚 − 𝑡0

+ 𝛿) (2) 

  

By choosing 𝑡𝑓 = 2𝑡𝑚 − 𝑡0, the dates 𝑡1 and 𝑡2 when the 

flux is zero on the west and east inclined wall, are 
respectively : 

𝑡1 = 𝑡𝑚 + (−1 +
2𝛿

𝜋
) (𝑡𝑚 − 𝑡0) (3) 

 

𝑡2 = 𝑡𝑚 + (1 −
2𝛿

𝜋
) (𝑡𝑚 − 𝑡0) (4) 

 
Thus, the radiation received by a horizontal plane 

(when 𝛿=0 rad) exhibits a parabolic profile similar to the 
one predicted by Blal et al. [32] (Figure 2a, b). This model 
does not aim to evaluate the exact intensity of solar 
radiation but allows to approximate the amount of heat 
flux received over time by a plane due to the apparent 
east-west movement of the sun.  

Therefore, the variations observed according to 
the east-west tilt of the surfaces (Figure 3.), show that 
the concept of directed flux or the thermal screen effect 
is taken into account in this study. The left inclined wall 
starts receiving solar radiation at t1=375, which 
corresponds to the peak flux received by the right 
inclined wall. At the median time tm=750, both walls 
receive the same amount of solar radiation. The peak for 
the left inclined wall is reached at t2= 1125 when the 
radiation on the right wall becomes zero. 
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(a) 

 
(b) 

Figure 2. Parabolic radiation in clear sky: predictive 
model of Blal et al. [32] (a) and our model (b) 

 
Figure 3. Heat flux applied on the inclined walls  (𝛿 =

𝜋

4
  

rad) 

3. Methods 
3.1. Governing equations    

The fluid is air with a density ρ, thermal 
conductivity λ, and thermal diffusivity α. The equations 
governing the motion and the transfers are the simplified 
Navier-Stokes equations obtained under the Boussinesq 
assumptions and for an incompressible laminar flow. In 
terms of the dimensionless physical quantities 

�⃗� (𝑢, 𝑣), 𝜃 and p, which represent the velocity, 
temperature, and pressure, respectively, they are 
written as follows in cartesian plane (𝑥, 𝑦): 
- conservation of mass; 

 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
=  0               (5) 

 
- conservation of momentum ;  

𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
=

−𝜕𝑝

𝜕𝑥
+ 𝑃𝑟 (

𝜕2𝑢

𝜕𝑥2 +
𝜕2𝑢

𝜕𝑦2)                                   (6) 

 
𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
=

−𝜕𝑝

𝜕𝑦
+ 𝑃𝑟 (

𝜕2𝑣

𝜕𝑥2 +
𝜕2𝑣

𝜕𝑦2) +

𝑃𝑟𝑅𝑎𝜃                      
(7) 

- conservation of energy  

𝜕𝜃

𝜕𝑡
+ 𝑢

𝜕𝜃

𝜕𝑥
+ 𝑣

𝜕𝜃

𝜕𝑦
= (

𝜕2𝜃

𝜕𝑥2 +
𝜕2𝜃

𝜕𝑦2)                 (8) 

 
The reference quantities used to obtain the above 

equations are 𝐵, 
𝐵2

𝛼
, 
𝐵𝑄

𝜆
 et 

𝜌𝛼2

𝐵2  , which represent the base 

length, velocity, temperature difference, and pressure, 
respectively. In the equations (6) and (7), the 
dimensionless numbers of Prandtl, Pr, and Rayleigh, Ra, 
appear.  
The initial and boundary conditions are translated as 
follows: 
- at t=t0 : 

       

𝑢(𝑥, 𝑦, 0)=𝑣(𝑥, 𝑦, 0)=𝑝(𝑥, 𝑦, 0)=𝜃(𝑥, 𝑦, 0)=0 (9) 
 
- at  t>0:   

 Hydrodynamic conditions on the walls 
 

𝑢 = 𝑣 =
𝜕𝑝

𝜕𝑛
= 0 (10) 
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 Thermal conditions on the horizontal wall, 
vertical walls, and inclined walls are 
respectively:        

𝜃 = 0 (11) 
 
𝜕𝜃

𝜕𝑥
= 0 (12) 

  
𝜕𝜃

𝜕𝑛
= −𝑄 (13) 

 
The heat exchange between the walls and the air is 
represented by the local and mean Nusselt numbers, 
which are respectively defined as follows:  

𝑁𝑢 =
1

𝜃𝑝
 (14) 

 

𝑁𝑢 =
1

𝑆
∫𝑁𝑢𝑑𝑆
𝑆

 (15) 

   
with  𝜃𝑃   and S the wall temperature and surface.  
 
3.2.  Numerical resolution 

The finite volume method was used to numerically 
treat each of the governing equations. In their 
conservative form, they are written as: 
 

∫
𝜕∅

𝜕𝑡𝛺
+ ∫ �⃗� 

𝛺
. (�⃗� . ∅ − 𝜉. �⃗� ∅)𝑑𝛺 = ∫ 𝑆∅𝑑𝛺

𝛺
                             (16) 

 

For a control volume 𝛺 bounded by the surface S=∑ 𝑆𝑓𝑓 , 

and centered at the node P, equation (16) is 
approximated by: 
 

𝛺.
𝜕∅𝑃

𝜕𝑡
+ ∑ 𝐽 (𝑓 ∅). �⃗� 𝑓 . 𝑑𝑠𝑓 = 𝑆∅                             (17) 

with : 

∅𝑃 =
1

𝛺
∫ ∅
𝛺

𝑑𝛺;       

𝐽 (∅) = �⃗� . ∅ − 𝜉. �⃗� ∅ .         

Where ∅, 𝑑𝛺, 𝜉 and 𝑆∅ are respectively the 

physical quantities (𝑢, 𝑣, 𝑝, 𝜃), a control volume 
element, the diffusion coefficient, and the source term of 
each equation. We summarize for each equation the 

quantity ∅, the diffusion coefficient 𝜉  , and the source 

term 𝑆∅: 
 

Equation  ∅ ξ  𝑆∅ 

mass 1 0 0 

momentum along x-axis 𝑢  𝑃𝑟 −𝜕𝑝

𝜕𝑥
 

momentum along y-axis 𝑣 𝑃𝑟 −𝜕𝑝

𝜕𝑥
 +𝑅𝑎𝑃𝑟𝜃 

energy 𝜃  1 0 

 
We used the power-law scheme of Patankar [33],[34] 
and an implicit decentred Euler scheme with a staggered 
mesh, to calculate the coefficients for each algebraic 
equation. Knowing the pressure field is essential for 
determining the velocity field. We decoupled velocity 
from pressure using the SIMPLER algorithm. The 
algebraic equations obtained for each quantity  ∅ 
calculated at the node P, surrounded by the cardinal 
neighbors O, E, S, and N, are: 
 

𝑎𝑃
𝑘+1∅𝑃

𝑘+1 = ∑ 𝑎𝑖
𝑘+1∅𝑖

𝑘 + 𝑎𝑃
𝑘

𝑖∈{𝑂,𝐸,𝑆,𝑁}

∅𝑃
𝑘 + 𝑆∅ (18) 

with 𝑘 the time iteration index. 
 

5. Results and discussions 
For cases that are close to our study with cavities 

heated uniformly or not from above, the literature 
results fundamentally show that, overall, convective 
exchanges between the heated wall and the air in the 
cavity only begin when the Ra number is >106 [35]-[37]. 
Our calculations are therefore carried out in the Rayleigh 
Ra= 106-108 range, where the flow remains laminar [38]-
[42]. 
 
5.1. Code validation 

From one iteration to the next, the convergence 
criterion used at each step is: 
 

∑ |∅𝑖,𝑗
𝑚 − ∅𝑖,𝑗

𝑚−1|𝑖,𝑗

∑ |∅𝑖,𝑗
𝑚 |𝑖,𝑗

≤ 10−5 (19) 

With i,j as the discrete indices for sweeping the 
domain along the x-axis and y-axis, respectively, and m, 
as the iteration index at a given time. The mesh with 
181×141 nodes and a time step Δt =10-5 are used.  

A reference case for the validation of our 
computational code is the work of Joudi et al [43], 
conducted under similar heating conditions in a 
triangular cross-section cavity. The computational code, 
developed in FORTRAN, is adapted to the model 
described above with the parabolic heat flux conditions. 
It is also tested under the working conditions of Flack 
[36], who measured natural convection in a triangular 
cavity heated from above. The comparisons of our 
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results (see Figure 4 and Figure 5) with the findings of 
these authors show that our computation code is reliable 
 

 
(a)                                      (b) 

Figure 4. Temperature distribution during the winter 
day condition: Joudi et al. [43] (a) and present work (b)  

 
 
Figure 5. Temperature of the mid-plane [36]with 
Gr=2.84×106. 
 
5.2. Nusselt numbers 

The curves in Figure 6 show the trend of heat 
exchanges between the inclined roof walls and the air. 
The thermal gains through the roof come only from the 
first inclined wall, which receives solar radiation until 
the moment t1 = 375 when the second inclined wall 
begins to receive it. For relatively low Rayleigh numbers, 
the heat input from the first wall receiving solar 
radiation (right inclined wall) remains high. One might 
expect an inversion with a much larger contribution 
from the left wall starting at the median time tm, but it 
will be necessary to wait for the peak of radiation 
received by this wall to be reached. This inversion is 
quickly observed as the Rayleigh number increases.  It is 
also noted that not only do the transfer rates increase 
with the Rayleigh number, but also, after the left active 
wall receives the heat flux, the gap between the transfer 
rates between the two active walls and the fluid 

decreases, eventually tending toward zero (see Figure 
6c). 

(a) 

 
(b) 

 
(c) 

Figure 6. Mean Nusselt numbers calculated on actives 
walls : (a) Ra=5×106 ; (b) Ra=107 ; (c) Ra=108 
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Furthermore, the first decrease of the curves 
corresponds to the state where transfers occur through 
weak convection. A single-cell flow is present. As 
convection develops, the sudden variations show the 
change of state with the birth of multicellular flows or a 
reorganization of the flow with the disappearance of 
cells. 
5.3. Streamlines and isotherms 

In Figure 7, the streamlines (on the right) and 
isotherms (on the left) are shown.  
The streamlines represent the fluid flow within the 
domain. Thus, the movement is initiated by the fluid 
particles near the wall (on the right), which first receive 
the heat flux. Under the effect of buoyancy forces, they 
move along this wall and rise until they reach the left 
wall, from where, slightly cooled, they descend. Indeed, 
this wall not only acts as a barrier to the upward 
movement of the hot fluid but also as the place where it 
cools for moments t < t₁ = 375 (a time before the left wall 
does not receive irradiation). Thus, a main vortex is 
formed, extending along the active wall and rotating in 
counterclockwise. Its volume, which increases with time, 
shows the portion of the fluid in motion within the cavity 
(Figures 7a,b) for Ra = 5×10⁶, for example. However, the 
flow’s core remains at the same horizontal level in the 
triangular section and slowly migrates towards the mid-
plane. High-intensity movements occur in the attic space. 
Unlike previous works [35],[37], where the flow exhibits 
a symmetry of two cells rotating in opposite directions, a 
single-cell flow is observed here. It becomes a 
multicellular flow more quickly as the Rayleigh number 
increases (see Figure 8f for Ra =107). Indeed, the main 
flow carries the relatively heavy fluid that rotates 
clockwise. The driven cell forms in the angle formed by 
the inclined and vertical right walls (see Figure 7f for Ra 
= 5×10⁶). 

Additionally, near the left inclined wall, which 
increasingly receives the heat flux, thermal buoyancy 
forces are created, leading to the development of a 
counter-rotating convective cell. The main cell, thus 
trapped, disappears (see Figures 7c,d for Ra = 5×10⁶, for 
example) in favor of secondary cells. The system 
reorganizes, and the flow, with several cores, tends to 
become a monocellular counter-rotating flow, due to the 
relaxation of the right inclined wall (see Figures 8f-h for 
Ra=107). The multicellular nature of the flow appears 
after a relatively longer period when the Rayleigh 
number is low. Thus, the transition to a multicellular 
regime is observed at times t = 900 (see Figure 7b,c) and 

t = 300 (see Figures 9i,o), respectively for Rayleigh 
numbers Ra = 5×10⁶ and Ra = 10⁸. 

The isotherms represent the temperature 
distribution within the domain. The nearly parallel 
shape of the isotherms at the first wall receiving the heat 
flux shows that, in the early moments t ≤ 300 (see 
Figures 7a and 8e), the transfers are dominated by 
conduction. Their deformation, with sudden depressions 
towards the left wall, indicates the expansion of the hot 
fluid due to recirculation movements. They are evenly 
spaced when conduction transfers remain predominant. 
The significant gaps that appear indicate that the regime 
is purely convective. Their tightening over longer times 
in the rectangular area shows that this zone is strongly 
stratified, due to the low fluid movement. These 
deformations also appear more quickly as the Rayleigh 
number increases. 

 
(a) t = 300 

 
(b)   t = 900 

 
(c)  t = 1300 

 
(d)  t = 1500 
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Figure 7.  The isotherms (left) and stream function 
(right) for Ra = 5 × 10⁶. 

 
(e) t = 300 

 
(f) t = 900 

 
(g) t = 1300 

 
(h) t = 1500 

 Figure 8.  The isotherms (left) and stream function 
(right) for Ra = 107. 

 
(i) t = 300 

 

 
(j) t = 900 

 
(k) t = 1300 

 

(l) t=1500 

Figure 9. The isotherms (left) and stream function 
(right) for Ra= 108. 
 

6. Conclusion 
Natural convection heat transfer in laminar flow is 

studied in a cavity with a straight pentagonal cross-
section. This could represent a room, a warehouse, or a 
two-sided greenhouse. Due to its geographic orientation 
(east-west) and the apparent path of the sun, the two 
sides do not receive the same solar radiation. As a result, 
the sides act as thermal barriers for each other, reducing 
the thermal input from the roof. The contribution to the 
heating of the air in the habitat from the side that first 
receives the solar radiation remains high. 
Fundamentally, the uneven heating of the two sides leads 
to an asymmetrical and highly unstable flow. From a 
practical perspective, understanding these dynamics 
allows for better management of heat distribution and 
the prevention of cold or overly hot areas inside the 
building. This helps improve the design of natural or 
mechanical ventilation systems in buildings, optimizing 
the circulation of warm air to the areas where it is 
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needed. Thus, it is preferable to create or place these 
ventilation systems (chimney, fan, etc.) in the center of 
the slopes, especially the one that first receives solar 
radiation.  
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