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ABSTRACT: A numerical analysis of a two-dimensional turbulent air flow in a
solar chimney, with a Venturi device at the outlet, was conducted. The Venturi
device creates a pressure drop, significantly enhancing the air evacuation at the
outlet. Simulations were performed using Ansys Fluent, employing the finite
volume method to determine and analyze the dynamic and thermal fields under
the influence of wind velocity.

The validation of the numerical model with the experimental results shows
good agreement. The results demonstrate a linear and direct proportionality
between the increase in wind speed and the ventilation flow rate at the out-
let, keeping other factors constant. The system also showed the presence of
ventilation even in the absence of wind.

KEY WORDS: Energy security, energy efficiency in buildings, natural ventila-
tion, solar chimney, wind effect.

1 INTRODUCTION

Sustainable systems in buildings play a crucial role in enhancing energy security.
They achieve this by reducing energy consumption.In the future, the energy demand
may double or multiply or even triple as the population grows and developing coun-
tries expand their economies.

Today the building sector accounts for about 35.3% of the global final energy
consumption [1]. Given this, designing buildings with very little energy consumption
has become increasingly important. Consequently, the use of passive techniques is
emerging as a good strategy for energy efficiency in buildings.
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Generally, the energy requirement in buildings is affected by Heating, Ventilation,
and Air Conditioning (HVAC) systems, which consume more than 60% of the total
energy in Buildings [2]. This has led to an increase the use of sustainable building
systems like, wind catchers, Passive cooling, heating systems, Trombe walls, and
Solar chimneys as techniques to reduce building energy consumption.

Passive systems are increasingly proposed for natural ventilation, as they can re-
place mechanical ventilation systems; because of their potential benefits in terms of:
operational cost, energy requirement and emissions reduction. Natural ventilation
offers cooling energy saving by 10% and fan power savings about 15% of annual
energy consumption when climatic and operational conditions are suitable [3].

Solar chimney is a simple and efficient tool to improve natural ventilation. It
transforms solar irradiation into kinetic energy to extract air from the interior space
from the external ambient to provide comfort. It can replace mechanical ventila-
tion systems because of their potential benefits in terms of operational cost, energy
requirement and carbon dioxide emission.

A solar chimney system creates a difference in the density of air between the
inside and outside causing forces called buoyancy forces.

Many studies carried out to understand solar chimney’s behavior, conventional
and solar chimney are compared by Afonso et al. [4]; they observed 10% to 22%
increase in efficiency by solar assistance. The results of C. Jiménez-Xamán et al.
[5] showed that in a room with an integrated solar chimney, the ventilation rate is
improved by 8−−45% in summer and by 1.16−−24.89% in winter. Xinyu Zha
et al. [6] examine the performance of a full-scale vertical solar chimney in a real
building in Eastern China, it illustrates that the solar chimney is an effective technique
to save energy for residential buildings in transition seasons in areas with hot summer
and cold winter; the energy saving rate is around 14.5%.

The main goal of designing a solar chimney is to optimize its performance with
the lowest cost. For this challenge, it is important to identify the factors influencing
the efficiency as key factors to improve it. Solar chimneys receive considerable atten-
tion by researchers [7–13] in order to improve their performances; the main influenc-
ing factors are installation and position, geometry, material usage and environment
(location and meteorological conditions).

The wind can have a significant impact on building ventilation. It creates a fas-
cinating phenomenon known as pressure drop between the windward side and the
leeward side of a building. This pressure difference plays a crucial role in ensuring
proper airflow and ventilation inside buildings known as wind-driven ventilation. By
understanding how wind affects ventilation, we can optimize our buildings to maxi-
mize energy efficiency and improve occupant well-being.

External wind shows significant influence on the solar chimney performance [14].
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Due to wind, high-pressure is generated from one side of the building pushes air into
the building; in this situation the wind improve significantly the ventilation while the
solar chimney is installed on the low-pressure side.

A wind-induced channel was designed and studied by Ning Gao et al. [15] to
enhance indoor natural ventilation under a combination of wind and solar energy
action; it is found that the ventilation rate and indoor air quality are influenced by the
external wind speed.

In some configurations, other arrangements are included at the exhaust of the
chimney in order to enhance the ventilation efficiency. For example, article [16]
shows wind-assisted solar chimneys used to drive natural ventilation through the
classrooms of a school in Damascus; the chimneys are designed to use wind to create
negative pressure at the top of the chimney which improves the stack air movement
inside the chimney. E. Mahnoosh and M. Abbas [17] designed a zero-energy passive
system to ventilate the building and provide comfortable conditions; the solar chim-
ney is assisted by the wind catcher to improve the ventilation system. Haw LC et
al. [18] explored the application of a wind-induced natural ventilation tower viability
in building under the hot and humid climatic conditions with a Venturi-shaped roof
geometry; this design offers 57 air changes per hour (ACH) at an external wind ve-
locity of 0.1 m/s when, with only the cross ventilation, the air change is only 7 air
changes per hour (ACH).

The present study aims to combine solar and wind impact to improve natural
ventilation considering the random nature of wind. It demonstrate how to boost the
ventilation system using the wind impact on the solar chimney exhaust for any wind
direction and speed. The design should have advantageous contribution of the wind
because the wind can have positive or negative impact on the top of the solar chimney
depending on the direction.

2 DESCRIPTION

When the wind blows, with an appropriate geometry at the chimney exhaust, such as
the venturi, it creates a pressure drop that can boost the flow through the chimney and
provide better ventilation. In this situation, the wind acts at the exit of the chimney.
The pressure difference generated by the wind near the outlet area of the chimney
structure is added to the buoyancy effect; consequently, the driving force for the
ventilation is higher.

Moreover, the adopted system can serve the following purposes:

• Improve the solar chimney performance

• Extend the ventilation process during night-time or cloudy days
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Fig. 1. Chimney cap arrangement for wind assistance.

• serve as a chimney cap keeping out rainwater, snow and debris going down the
chimney

• Prevent animals mainly birds from building nests inside the chimney

• Prevent undesirable wind interference

In order to catch advantageous contribution of wind and prevent undesirable wind
interference, the chimney top should be strategically positioned. A vane tail is de-
signed to allow the device to catche the wind direction (Fig. 1). When mounted on
the system, the vane rotates under the influence of the wind such that its center is to
leeward and directs the assembly into the wind direction.

3 SIMULATION

3.1 MODEL GEOMETRY AND BOUNDARY CONDITIONS

A 2D computational domain is used. Figure 2 shows the structure of chimney with
solar and wind assistance, composed of two main parts: the ventilation channel and
the wind channel. The ventilation channel consists of the absorber and glazing in-
stalled on the south wall in order to catch solar advantages and conduct the extracted
air from the interior space to the exterior. The second part is the wind channel is
installed on top of the ventilation channel. It features a Venturi-shaped cap designed
to capture the advantages of wind.

Boundary conditions are the following:
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Fig. 2. Geometry and boundary conditions.

Inlets
At the inlet section of the solar chimney, a pressure inlet boundary condition is set
to define the fluid pressure, pressure inlet boundary conditions is used since the flow
rate and velocity are not known. The total (gauge) pressure is set to zero at the inlet,
and the inflow is normal to the inlet. The incoming air is at the reference temperature.

In contrast, at the wind channel inlet, the incoming velocity value is imposed
normal to the inlet as the wind velocity.

Outlet
At the outlet area, we consider the pressure outlet boundary condition; it is assumed
that the stream wise variations of all velocity components and temperature are neg-
ligible. In case of a backflow at the exit, its velocity is supposed to be normal to the
exit boundary and the backflow temperature is at the reference temperature.

Walls
No slip boundary conditions are adopted on solid boundaries. A constant heat flux is
imposed at the absorber wall. All other walls are adiabatic.
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3.2 GOVERNING EQUATIONS AND ASSUMPTIONS

The numerical simulation is done using a 2D computational fluid dynamics model.
For the natural ventilation prediction, the fluid is Newtonian; the flow is considered
steady, incompressible and turbulent. The standard k-ε model with a standard wall
functions is used. Material properties are independent of temperature except for the
density in the buoyancy term; density variation caused by temperature rise is ex-
pressed using Boussinesq approximation.

The equations represent the conservation principles of mass, momentum, and en-
ergy of the flow:

Continuity

(1)
∂Ui
∂xi

= 0 .

Momentum
The expression for conservation of momentum (Navier-Stokes equations) is
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k-equation of turbulent kinetic energy of turbulence model:
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ε-equation of dissipation rate of turbulent model

(5)
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where Ui is the component of average velocity in xi direction, [m/s]; (i = 1, 2) so X
and Y are coordinate axis in 2D. P is the average pressure, [Pa]; ρ is the air density,
[kg/m3]; T , T0 are the average temperature and the reference point temperature, re-
spectively, [°K]; Γ is the generalized diffusion coefficient; k is the turbulence kinetic
energy and ε its rate of dissipation; ν and νt are the laminar and the turbulent (or
eddy) viscosity.
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To evaluate Gk in a manner consistent with the Boussinesq hypothesis:

Gk = νtS
2 ,

where S is the modulus of the mean rate-of-strain tensor, defined as: S ≡
√

2SijSij .
The model constants have the following values:

C1ε = 1.44, C2ε = 1.92, Cµ = 0.09, σk = 1.0, σε = 1.3

Gb is the generation of turbulence due to buoyancy defined by

Gb =
1

ρ
βgi

νt
Prt

∂T

∂xi
.

For ideal gases Gb = −1

ρ
gi
νt
Prt

∂ρ

∂xi
; Prt is the turbulent Prandtl number, gi is

the component of the gravitational vector in i-th direction [m/s2]; β is the thermal
expansion coefficient

β = −1

ρ

(
∂ρ

∂T

)
p

.

The buoyancy effects on ε are neglected simply by setting Gb to zero in the trans-
port equation for ε. However, the buoyancy effect on ε can be included. In this case,
the value of Gb is given considering air as an ideal gas.

C3ε determines the degree to which ε is affected by the buoyancy, it is calculated
by C3ε = tanh |v/u|, v and u are the components of velocity parallel and perpendic-
ular to the gravitational direction respectively.

So C3ε becomes unity when the flow is parallel to the gravity direction and zero
(0) when the flow is perpendicular to the gravitational vector. YM indicates the com-
pressibility effect, which is neglected in modelling incompressible flows. Sk and Sε
are source terms.

3.3 MESH AND SENSITIVITY ANALYSIS

A surface meshing method with quadrilateral mesh and refinement near walls is used.
The accuracy of calculation is dependent on the number of cells used to represent the
domain. If few cells are used small scale may not be resolved and if too many cells are
used the computational cost will be incredibly high in terms of time and memory. A
mesh sensitivity study was carried out to have the best compromise between accuracy
and time. The number of cells is optimized by means of a grid independence test.
The key value is the average velocity of the ventilation air (at the inlet of the solar
chimney). Figure 3 shows that there is no significant change in average velocity
beyond the set point.
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Fig. 3. Mesh sensitivity analysis.

3.4 VALIDATION

CFD process solves systems of non-linear partial differential equations in discretized
form on meshes of finite control volumes that cover the domain of interest and its
boundaries. This process gives rise to uncertainty and errors.

Errors and uncertainty are inevitable aspects in CFD; therefore, it becomes neces-
sary to validate the simulation tool in order to quantify the level of confidence in its
results. For this reason, CFD and previous experimental results [19] were compared;
key parameters selected for the comparison are the average velocity and temperature
of the ventilating air.

Figure 4 indicates that the results obtained numerically show a smaller difference
compared to the experimental results. The values indicate that the model underesti-
mates the temperature behavior by 7.5% to 12%. Regarding the velocity, the model
sometimes underestimates and sometimes overestimate the value during the test pe-
riod. Hence, numerical results show a very good agreement with the experimental
results.
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Fig. 4. Experimental and numerical results comparison for the outlet air velocity and temper-
ature.
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4 RESULTS AND DISCUSSION

A solar chimney operates on the principle of buoyancy-driven natural convection.
The sun’s energy heats the air trapped in the channel, causing it to become warmer
and less dense, as shown in Fig. 5. This warm and low-density air is lighter than
the surrounding cooler air, creating a pressure difference between the base of the
chimney and the outside environment.

As the heated air rises, it flows upward through the chimney. The air’s buoyancy
causes it to move from the high-pressure area at the base (cooler ambient air) to the
low-pressure area at the top (warmer rising air). As the air ascends, it maintains a
pressure gradient along the height of the chimney, with higher pressure at the base
and lower pressure at the top (Fig. 6).

In the convergent-divergent (CD) channel, the pressure contours vary along the
length of the channel due to changes in the channel’s geometry and the fluid’s be-
havior. The pressure contours in a CD channel depend on the flow regime, fluid
properties, and the specific design of the channel. Here, since the pressure distribu-
tion in a solar chimney is the key factor that drives the airflow within the chimney,
the CD channel is used to create a pressure drop in the SC exhaust using the wind
power. Figure 6 shows the pressure distribution in the SC and the CD channel; it is

(a)
(b)

Fig. 5. Temperature contours in the CFD domain: (a) Vwind = 0 m/s; (b) Vwind = 0.1 m/s.
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Fig. 6. Pressure distribution in the SC and wind channel CD: Vwind = 0.1 m/s.

noticeable that the lower pressure area is located at the intersection of the CD and the
SC channels.

In the convergent section of the channel, the flow is accelerated as the cross-
sectional area of the channel decreases; according to Bernoulli’s principle, as the fluid
velocity increases, the pressure decreases. The pressure contours in the convergent
section typically show a gradual decrease in pressure from the inlet towards the throat.

The throat is the narrowest part of the channel. At this point, the flow reaches
its highest velocity (Fig. 7), and the pressure is at its lowest value. The pressure
contours at the throat show the lowest pressure value along the channel (Fig. 6).
This decrease in pressure is a result of the fluid’s acceleration through the converging
section providing a favorable pressure gradient inside the SC and an increase in flow
rate driven by the SC.

As the fluid exits the throat and enters the divergent section, it begins to decelerate.
The pressure contours in the divergent section typically show an increase from the
throat to the exit.

It is important to note that the actual pressure contours can be influenced by fac-
tors such as the shape of the channel, the angle of divergence and the presence of
shocks.

The velocity and pressure distribution in a solar chimney can be affected by var-
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Fig. 7. Velocity contours in the CFD domain (Vwind = 0.1 m/s).

ious factors, such as the height and other dimensions of the chimney, the solar irra-
diation, the surrounding environment, and weather conditions. In this simulation, we
consider only the effect of wind by varying its velocity and set a constant heat flux at
the absorber.

In this case, especially under certain assumptions and simplifications, the rela-
tionship between wind speed and ventilation flow rate is practically linear as shown
in Fig. 8. This means that if the wind speed doubles, the ventilation flow rate would
also double, assuming other factors remain constant. We note also that with no wind
(wind velocity = 0 m/s) the ventilation flow rate is 0.0012 m3/h.

5 CONCLUSION

Convergent-Divergent (CD) geometry with a vane tail at the chimney discharge area
is proposed to create a pressure drop and harness the wind’s advantages for any di-
rection and speed; a numerical simulation using Ansys Fluent code is achieved to
predict the wind impact on solar chimney (SC) performances. The main results are:

• The wind has a significant effect on the chimney efficiency.
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Fig. 8. Ventilation flow rate variation with wind velocity.

• With this design, the chimney can provide the ventilation without the solar
assistance mainly for low or no insolation periods as well as at night.

• Linear relationship between wind speed and ventilation flow rate can serve as:
the ventilation flow rate doubles if the wind speed doubles.
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