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Nomenclature

Latin letters:

Th  Hot temperature (K]
T.  Cold temperature (K]
hey  Diffuser’s height [m]
he  Collector’s height [m]
P Pressure [Pal
r,z  Cylindrical coordinate [m]
D. Collector diameter [m]
t  Time [s]
g Gravitational acceleration [m/s2 ]
Cp  Specific heat capacity [ke™ k7]
v Velocity [m/s]

Pr  Prandtl number, = g

. AT D3
Ra  Rayleigh number, = 88472
vy Velocity component in (r) direction [m/s]
v,  Velocity component in (z) direction [m/s]
vg  Velocity component in (@) direction [m/s]
rt Dimensionless radial coordinates
zt  Dimensionless z coordinates

Tt Dimensionless temperature

pt Dimensionless pressure

v.T  Dimensionless velocity component
v,*  Dimensionless velocity component
vgt  Dimensionless velocity component



Greek letters:

Bt  Coefficient of thermal expansion

p Density of the fluid

>

Thermal conductivity

a Thermal diffusivity
u Dynamic viscosity

y Kinematic viscosity

D@

Cylindrical coordinate

Subscripts:

r,0,z Cylindrical coordinate

Superscripts:

+ Dimensionless

[1/K]
[ke/m’]
[w/m. k]
[m? /s]

[kg. m™ s
[m?/s]

[rad]
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The global energy consumption rates are escalating due to the prevalent use of traditional
energy sources such as coal, petroleum, and gas. These conventional energies are often credited
as the main catalysts for the swift economic expansion in the twenty-first century. However, this
increased reliance on such energy sources also brings with it heightened health and

environmental hazards, as well as a surge in greenhouse gas emissions.

Solar chimney technology, which harnesses solar power, operates on the principle of free
convection caused by a fluid density gradient change. This gradient is created by the
temperature difference between the ground and the collector within the system. As a result, an
airflow is generated within the enclosure, which ascends to drive the turbines responsible for

electricity production.

Our computational analysis is centered on examining the influence of a diffuser height on the

performance of the solar chimney by altering the development of the airflow within the system.
The structure of the manuscript is outlined as follows:

The first chapter, titled “Introduction to solar chimney technology,” provides a comprehensive
overview of solar chimney system; It gradually delves into the specifics of solar chimney
technology. The chapter concludes with a literature review and a discussion of previous studies

related to the topic.

The second chapter, titled “Mathematical model formulation,” begins by presenting the
problem of an axisymmetric solar chimney. This is depicted through a schematic figure to

provide a clearer and more detailed understanding of the geometry.

Next, we delve into the description of the problem, employing governing equations in
cylindrical coordinates and utilizing the Boussinesq approximation. We also consider

appropriate assumptions and mathematical formalisms to simplify the case under study.

The third chapter delves into the numerical simulation software. It provides a brief overview of

the Comsol Multiphysics software and outlines the numerical simulation procedures used to
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solve the fundamental equations of the problem. It also includes a straightforward definition of

the finite element method, which serves as the foundational meshing method of the software.

In the final chapter, we present various results, accompanied by detailed interpretations and

discussions.

The chapter concludes with a summary that emphasizes the key findings.
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1.Introduction

The quantity of energy consumption has significantly increased with the advancement of
technology and industrialization of countries. Increasing the capacity of power grids depends
on the investment and production of new power plant units

There is a growth trend in the implementation of renewable energy sources in the whole
world today. There are also significant investments into research and development of new
concepts that are related to the production of electricity and also thermal energy. New
concepts that produce electricity through the utilization of natural resources (solar and wind
energy) are of special interest

Solar chimney technology, also known as solar updraft tower or the Solar Chimney Power
Plant (SCPP) is a renewable energy method that harnesses the sun's thermal energy to
generate electricity. It relies on the natural principle of convection, where hot air rises and
cool air sinks. The solar chimney consists of a tall vertical tower, a collector, and a turbine
system

1. Solar chimney key component

2.1 Solar collector:

The solar collector is usually a large, transparent, greenhouse-like structure surrounding the
base of the tower. This structure allows sunlight to pass through and heat the air inside. The
ground within the collector is covered with a dark, heat-absorbing material to enhance the
heating process.

Figure 1: Solar collector [1]
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1.2 Tower:

The tower is a tall, vertical structure located at the center of the solar collector is designed to
create a temperature difference between the air inside the collector and the outside

atmosphere. The tower is typically made of lightweight and heat-absorbing materials.

Flgure 2 Solar tower [2]

1.3 Turbine system:

At the base of the tower, there is a turbine system connected to a generator. The low-
pressure zone at the tower's base draws air from the surroundings into the collector The

incoming air is accelerated as it passes through the turbine, driving the generator and
producing electricity.
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Solar Chimney — Renewable Energy Concept

e
L
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1000 m high chimney. This grants a significant
temperature and pressure difference between the
base (greenhouse) and the chimney's outlet, thus
generating the up-draught.

Rising up-draught spins the wind
turbine generating electricity

Air inlets

Various crops and plants that
can benefit of hot humid air.

Sandwich type floor with integrated solar water heaters. The water gets hot during the day and it releases the
warmth during the night, keeping the turbine spinning.

Figure 3: Turbine system [3]
1.4 Diffuser

A diffuser, in a general sense, is a device that spreads or scatters a substance. In fluid
dynamics, a diffuser is a device that slows down the fluid flow and increases its static
pressure. This can be achieved through various designs, such as a diverging duct or a series of
vanes.
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Air outflow
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Figure 4: Diffuser diagram [4]

2. Solar chimney applications
3.1 Power generation:

The primary application of solar chimneys is large-scale electricity generation. Solar chimneys
can be used to produce electricity to power residential areas, industrial facilities, or even
contribute to the grid.
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tt
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: | Collector
Turbine j N roof Surrounding ax
1 k inlet
1 ¥, { \\ \\ l::.:-(_
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Figure 5: Power generation [5]
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3.2 Desalination:

Solar chimneys can be integrated into desalination plants. The generated electricity can be

used to power the desalination process, providing a sustainable solution to address water
scarcity issues in arid regions.

—_—
ot A Out

Chimney

Incoming Solar
Radiation Turbine

Transparent
Solar Tewer's Roofl —/ @ PV Layer Glazing Layer
/ O g /
[ . L Fi ]
C # i .
old Air In __ Salar Sull P ____f{ ______________
- —— ?

—
ilscilled Warer Distied Water

Trsiir
thasin

Black Paimt

Hiinsutation

Figure 6: Desalination prototype [6]

3.3 Space heating and cooling:

Solar chimneys can be adapted for space heating in buildings during cold seasons.

Conversely, the system can be reversed to provide cooling by channeling air through the
collector during hot periods.

Figure 7: Passive home cooling and heating [7]
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3.4 Drying process:

Solar chimneys can be used for drying agricultural products and food processing. The hot air
generated within the collector can be directed into drying chambers, contributing to the
preservation and processing of crops.

_ﬁ\i\“‘
Dryver rhamhﬁm“m“

2 & # Fan

! §
‘stef sl lalet,

Y ‘*Q“Q“&.}}L‘f}%} Trays

Electrical element

(277,

Batteries i

Controller box

Figure 8: Food drying method [8]
3.5 Agricultural and environmental applications:

Solar chimneys can play a role in mitigating environmental issues. For example, they can be
used to enhance air circulation in certain agricultural areas, preventing the formation of frost
during cold nights.

10
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Figure 9: Greenhouse effect [9]
3.6 Remote power generation:

In remote or off-grid areas, solar chimneys can provide a reliable source of electricity without
the need for extensive infrastructure. This can be particularly valuable in regions with
abundant sunlight and limited access to conventional power sources.

Figure 10: numerical modeling of solar chimney [10]

11
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3.7 Research and education:

Solar chimneys can serve as educational tools for studying thermodynamics, fluid
dynamics, and renewable energy concepts. Constructing smaller-scale models can be a
practical way to demonstrate these principles in educational settings.

B S 204 e R
S o Y B s-ll-:,"“ -
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e . ¥ Py 5

e —_—

Figure 11: Manzanares SCPP [11]
3.8 Hybrid systems:

Solar chimney technology can be integrated with other renewable energy systems, such
as solar photovoltaic or wind turbines, to create hybrid power plants. This approach can
enhance energy production by leveraging multiple renewable sources.

12
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Figure 12: SCPP in Europe [12]

3. Working principals

The sun's natural heat warms the air in the chimney, causing it to rise and create a draft that
moves the hot air out of the structure. This heating process causes the cooler air from below
to be pulled into the chimney for heating while the hot air is released from the top.

A
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oy \ Ny N T Turbine Collector
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A r'q
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Air —» — — 3 — «— - — Air

GROUND

Figure 13: Solar Updraft Tower Schematic Diagram [13]
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5. Literature review

The Solar Vortex Engine (SVE) seeks to substitute the tall and costly chimney structure in
solar updraft power plants with a more compact and economical component known as the
vortex generator. [14] employs Computational Fluid Dynamics (CFD) to simulate the entire
SVE system, aiming to identify the optimal location for the turbine unit and demonstrate the
vortex generator's capability to replace the traditional chimney. Three distinct cases for the
SVE are analyzed and compared against corresponding cases of the Solar Chimney Power
Plant (SCPP). The findings highlight that the most effective turbine location is at the outlet
hole of the vortex generator. The outlet hole achieves an updraft air velocity of 1.82 m/s,
surpassing the 1.56 m/s recorded at the base of a solar chimney with an equivalent diameter
to the upper hole. Incorporating the turbine pressure drop does not compromise the
formation and preservation of the air vortex. Consequently, the 1-meter-high vortex
generator successfully replaces the 8.6-meter chimney component in solar updraft power
plants, significantly reducing both the cost and construction complexity of the plant.
Moreover, the vortex generator accelerates the air from the solar collector, enhancing its
velocity by 14 times. The SVE's power output is directly correlated with the static pressure
drop across the turbine. The mean difference values across the air vortex field between cases
with and without a turbine are 0.67 Pa and 0.026 m/s for static pressure drop and velocity
magnitude, respectively.

This study by [15] involves a two-dimensional numerical calculation of laminar airflow
induced by natural convection within a solar chimney. The mathematical model employed
encompasses continuity, momentum, and energy equations in a cylindrical coordinate
system, applying Boussinesq's approximation. The simulation was executed using Comsol
Multiphysics software. The outcomes revealed a significant correlation between the
performance of the solar chimney, the Rayleigh number, and geometric properties such as
the junction curvature radius and collector height.

In recent study done by [16] they did an analytic and numerical research conclude that
utilizing solar chimney technology is a viable method for harnessing power from solar energy.
In this study, an investigation was conducted by analyzing the weather map of Iran and
employing GIS software to identify a suitable location for a solar power plant. Four distinct
physical models for solar chimneys were proposed and examined. The study, conducted
through numerical simulation using MATLAB, focused on these models within the city of
Bam, located in Kerman province. The variability among the four solar chimney models lies in
the storage system and the incorporation of an air diffuser. The behaviors of each model
were scrutinized based on valid meteorological data collected on a specific day at the chosen
site. The simulation results, encompassing airflow speeds in various internal sections of the
chimney and the production capacity of each model, contribute to the identification of the
most effective and suitable solar chimney model for the study site. This facilitates a reliable
estimation of the final production output.

This investigation by [17] aims to empirically explore the impact of a divergent solar chimney
in contrast to a cylindrical chimney on the performance of a solar chimney. Three scaled-
down divergent solar chimney models, measuring 1 meter, 1.5 meters, and 2 meters, were

14
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manufactured and subjected to testing under various simulated heat loads. The obtained
results were juxtaposed with those from cylindrical solar chimneys of comparable heights.
The experiments reveal that a divergent solar chimney enhances the theoretical power
generation potential, augments the stack effect, and attains higher outlet velocities
compared to a cylindrical solar chimney. The outlet temperature on the 2-meter divergent
chimney was recorded at 341.3K, surpassing the 330.4K on the cylindrical chimney, indicating
an improved stack effect. The highest average velocities in both the divergent and cylindrical
chimneys were observed under an electric heat load of 2 kW at 0.994 m/s and 0.820 m/s,
respectively, in the 1-meter configuration. Additionally, it was noted that the air velocity in a
shorter divergent chimney is higher than in taller divergent chimney models, while still being
superior to all cylindrical heights. This study concludes that a shorter divergent solar chimney
yields greater energy production compared to a taller cylindrical solar chimney.
Consequently, it becomes feasible to reduce the overall cost of a solar chimney by
diminishing the height of the main structure without compromising the solar chimney's
performance.

This paper published by [18] seeks to examine the experimental data derived from a
divergent solar chimney, with the experiments conducted in an open atmosphere under
sunlight. The airflow rates within the chimneys are evaluated with variations in the collector
outlet height. The experimental findings indicate that a chimney with a greater collector
opening outperformed other models. Additionally, computational analysis using the ANSYS
Fluent software package was conducted, revealing that a collector opening of 2.5m is
recommended for achieving higher mass flow rates and system efficiency.

This study done by [19] involves three-dimensional axisymmetric modeling and numerical
simulations of a Solar Chimney Power Plant (SCPP). Utilizing CFD software, a numerical model
is developed and validated against experimental data from the literature. The research
investigates the effects of geometric parameters of the chimney and collector, as well as
different configurations, on the SCPP's performance. The findings highlight the optimal
configuration as a diverging chimney, leading to enhanced power generation. The study
emphasizes the positive impact of increased chimney height and collector radius on power
output and efficiency, with each factor having an optimal value when construction and
material costs are considered. The chimney tower radius is identified as having the most
significant impact on performance, while the collector height and inclination exhibit optimum
values. Based on the results, the most efficient SCPP configuration includes a 3.5 m chimney
height, 30 cm tower diameter, 400 cm collector diameter with a 6 cm height, and zero
inclination angles. The study provides valuable insights for the design of a SCPP real-scale
prototype, allowing for the selection of dominant performance parameters to meet
maximum power requirements.

In a study done by [20], they have conducted numerical investigations to explore potential
enhancements in the flow field and heat transfer characteristics of a prototype solar chimney
designed for power generation. Our focus has been on passive flow control methods, and we
have modeled three different schemes to boost the velocity magnitude at the chimney
entrance. The first scheme assesses the impact of varying the number of turbulent

15
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generators on the maximum flow speed achieved. The second scheme examines the
influence of the throat area at the entrance of the chimney. The final scheme delves into the
effects of incorporating rounded edges with different radii at the chimney entrance.

In this work by [21] involves the investigation of geometric parameters' influence on
convection airflow within a solar chimney, focusing on a two-dimensional prototype model.
The chosen boundary conditions replicate real-world scenarios. The mathematical model
adopted comprises a system of partial differential equations, including the continuity,
momentum, and energy equations, along with the standard k- turbulence model. Numerical
simulations were executed using a commercial Computational Fluid Dynamics (CFD) code
based on the finite volume method. The obtained results exhibit good agreement with both
experimental and numerical data. The study scrutinizes the effects of tower and collector
radius/heights on the aerodynamic structure, providing insights applicable to the design of
novel solar chimney systems.

[22] Found that, developing a solar chimney with optimal efficiency necessitates a
dependable model for estimating the airflow rate generated by the solar irradiation-induced
heat. Current analytical models commonly overlook density variations, either throughout the
entire channel or within the channel gap. This research introduces a plume model founded
on energy balances and thermal boundary theory, accounting for density variations in both
horizontal and vertical directions. Implicitly expressed as a function of heat flux, this plume
model is easily solvable through straightforward iterations. The validity of the model was
assessed using experimental data available in literature. The results demonstrate that the
plume model surpasses existing analytical models in performance. Acknowledging the
challenges associated with airflow measurement, we propose further tests and calibrations of
the plume model using more concrete and accurate experimental data. Despite its simplicity,
the plume model holds potential for inclusion in building simulation programs.

In this study done by [23] found that the impact of replacing the conventional cylindrical
tower with a diffuser tower on the power output of the Manzanares Solar Chimney Power
Plant has been examined. An estimation of the power output of the plant was conducted
under the assumption that a diffuser tower was employed. To facilitate the implementation
of the draft in the tower, an alternative structure is suggested, deviating from the
conventional sheet steel ring structure.

A study by [24] details a numerical exploration of a conical collector solar chimney featuring
specific dimensions. To examine the impact on air velocity distribution, a square cross-section
glass spiral was incorporated into the collector. The findings reveal that, at inlet air velocities
of Re=99945 and 499729, the spiral enhances velocity distribution by 11.57% and 12.82%,
respectively. This improvement is expected to have a direct effect on the instantaneous
electric power output achievable with such a device. The investigation utilized the CFD
program FLUENT 14.5, employing the K- model.

In this combined experimental and numerical investigation done by [25] found that the
impact of varying the reduction area of the solar collector was explored. The reduction area
refers to alterations in the height of the glass cover from the absorbing plate (specified as

16
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h1=3.8cm, h2=2.6cm, and h3=1.28cm). The numerical analysis utilized the ANSYS Fluent
software package (version 14.0) to solve the governing equations. The objective of this study
was to assess how changes in the reduction area height affect the design velocity (the
velocity that propels the turbine blade at the chimney inlet). The findings indicate that the
third height (h3=1.28cm) yields the most favorable outcome.

17
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1. Introduction

This chapter introduces the physical issue through a system of partial differential equations
(PDE) that describes the diffuser effect within the physical domain of a solar chimney, as

depicted in cylindrical coordinates.
2. Problem description

Using the right assumption and the mathematical formalisms using the Boussinesq’s
approximation in order to identify and analyze the behavior of the diffuser effect in two-
dimensional air updraft solar chimney. Both air temperature and velocity parameters were

experimentally tested for different temporal and spatial sites.

The output ——— 5

The chimney ——»

hq
Diffuser

Roof collector

The ground

Figure 1: Solar chimney geometry
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3. Mathematical model

Mathematical model formulation _

Mathematical equations suitable for the geometry and flow conditions employed to describe

the problem are:
3.1 Continuity equation:
dp/ot +div (p. V) = 0
Where:
p: Fluid density

V': Velocity components

3.2 Momentum conservation equations:

p (Z—‘: + (ﬁ’gradV)) = —Vp + pg + uhk
3.3 Energy equation:

aT = — y)

E + (Vgrad T) = EAT

4. Simplifying hypothesis:

e The flow is assumed to be permanent and laminar.

e The fluid is assumed to be Newtonian and incompressible.

e The flow is assumed to be axisymmetric where (%) =0.

(2.1)

(2.2)

(2.3)

e The conduction and the radiation through the collector are neglected.

e Viscous dissipation and pressure forces are neglected in the energy equation.

e The Boussinesq’s approximation is used for the variations of the density in the terms of

force of volume and directly correlated with temperature T. The reference temperature Ty

controls the fluid's physical characteristics, which are constant in the other terms of the

equations;

p = po(1-Br (T —Tp))

20
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Where:

1

Br= — _a_ The coefficient of thermal expansion
Po

5. Mathematical modeling in cylindrical coordinates:

According to the above simplifying hypothesis, the continuity, momentum, and energy balance
equations are reformulated as follows:
5.1 Continuity equation:

10(rVy) . OV,
r or 0z

=0 (2.5)
5.2 Momentum conservation equation:

vy _ _9p 109GV Ve 0%V
p(Vra )_ 6r+'u(r6t or r2+6zz) (2.6)

vV, 1000V | 9%V,
p (Vr ?) - 6 gzp'BT(T TO) + (r dr Or + ?) (2'7)
5.3 Energy equation:
aT oT A (10 oT 2T
Vra“fza—a(m(raﬁm) (2.8)

6. Boundary conditions

o Attheairinput: T =T, V. =0,V,=0

vy _ or

=0
0z 62

v,
e Atthe output: a—z =

e Boundary Conditions for the ground: Ty,oyna=Th, =0, 1V, =0

e Boundary Conditions for the collector: T =T,, V,,=0,V, =0
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7. Dimensionless mathematical model

It’s suitable to use dimensionless model equations in order to discretize them using a numerical
method and to make appearing the controlling parameters as the Rayleigh and Prandtl
numbers. In this study the simulation software uses the finite elements method. Variables are

considered as following:

r z T—T P
rt=—zt =Tt = - Pt =
D D Th—Tc p(Y/p)
v+=—Vr V= vz

O (Yp)

7.1 Continuity equation:

1a(r+v+) vt
rt  ort 62*‘

=0 (2.9)

7.2 Momentum conservation equation:

vyt vyt op™ 1 4 a(rtyt v eyt

Vr+ oV +VZ+ r _ _9p +Pr_ ( r) Jr r) (2.10)
art azt ar+ rtort ort rt2 dzt2
v, vy ap* 1 9 a(r+v+) a2vy

+ -’z +77z _ __ - z +
V2 +V; ozt ozt r (r"’ ort ort az+2) tRe. B T (2.11)
7.3 Energy equation:

oT+ oT+ 1 9Tt 9Tt  a?rt

Vf"+_+I/Z+_=__+ (2.12)
ar+ dzt rtort drt2 dz12

8. Dimensionless boundary conditions:

e Attheairinput: T* =0,I;* =0,V,- =0
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vy @ aTt
° Attheoutput:i—@=L—

dz+t  ox az+t
e Boundary Conditions for the ground: Ty = 1,,* = 0,1, =0

e Boundary Conditions for the collector: T,;f = 0,V =0,V =0

{av; _ovt _ort 0}
az+t 9zt a9zt

P\

TH=0

+ c
\TC—O =0
=0

—_—— e e - ——— k=)

+
T =1 v = Vv
=0 vt = ¢
V;r=0

rd

Figure 2: Dimensionless boundary conditions
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1. Introduction:

Numerical simulation software represents a pivotal tool in modern engineering, scientific
research, and various industries. This software enables the modeling and analysis of complex
systems and phenomena through computational methods, offering insights and predictions
that might be challenging or impossible to attain through traditional experimental
approaches alone. By leveraging mathematical algorithms and computational techniques,
numerical simulation software can replicate real-world scenarios, allowing researchers and
engineers to explore and understand intricate processes in fields such as fluid dynamics,
structural mechanics, electromagnetics, and more. These simulations can range from
simulating the behavior of airflow around an aircraft wing to predicting the structural
integrity of a building subjected to seismic forces. One of the primary advantages of
numerical simulation software is its ability to rapidly iterate and test different scenarios
without the need for costly and time-consuming physical prototypes. This accelerates the
design process, enhances product development cycles, and ultimately leads to more
efficient and optimized solutions. Moreover, numerical simulation software empowers
researchers to investigate phenomena that are difficult or unsafe to replicate in a laboratory
setting, such as extreme weather conditions, astronomical events, or the behavior of
materials under extreme pressure or temperature. In addition to its application in
engineering and science, numerical simulation software also finds utility in fields like
medicine, finance, and environmental science, where it aids in modeling biological
processes, predicting market trends, or simulating the impact of human activities on
ecosystems. Overall, numerical simulation software plays a vital role in advancing
knowledge, driving innovation, and solving complex problems across a diverse range of

disciplines, making it an indispensable tool in the modern era of technology and discovery.
2. COMSOL software overview:

COMSOL Multiphysics is a powerful numerical simulation software package that enables
engineers, scientists, and researchers to model and simulate a wide range of physical
phenomena across various fields and disciplines. It stands out for its versatility in handling
coupled physics phenomena, meaning it can simulate interactions between different

physical processes simultaneously.
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Here's an overview of some key features and capabilities of COMSOL Multiphysics:
1-Multiphysics Simulation
2-Customizable Physics Interfaces
3-Geometry Modeling
4-Mesh Generation
5-Solver Technology
6-Post-Processing and Visualization
7-Application Builder
8-Multiphysics Coupling
3. Software computation process
3.1 Phase 1: Model selection

In this phase, we begin by choosing the suitable mode and spatial dimensions, which, in our
scenario, is 2D. Next, we specify the variables from the Multiphysics options. Then, we
proceed by selecting the Model Navigator button. In our context, the model tree is

displayed, showcasing the relevant components and settings.
1-Incompressible Navier-Stocks (ns)

2-Convection and Conduction (cc)
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® Model Navigator = et

Mew  Model Library User Models Open Settings

Space dimension: 2D w Multiphysics
Application Modes Remove
-7 coMsoL Mulkiphysics -
-- Acouskics : Geam1 (20)
__ Convection and Diffusion ----- # Incompressible Mavier-Stokes (ns)
i =

=+ Fluid Dynamics

- # Incompressible Navier-Stokes
# Steady-state analysis
@ Transient analysis

=+ Heat Transfer

El # Convection and Conduckion

: i Transient analysis

E I Steady-stake analysis

- # Conduction

Dependent variables: T

Application Mode Properties. ..

Add Geametry. ..
[ Skructural Mechanics
[+ PDE Modes Add Frame...
Dependent variables: |12 Ruling application maode:
Apphcation mode: name: [cc2 Incompressible Mavier-Stokes (ns) e
Element: Lagrange - Quadratic v [ Mulkiphysics ]
K Cancel Help

Figure 1: Model navigator window

3.2 Phase 2: Geometry creating

During this phase, the physical design is executed utilizing the CAD tools accessible on the
draw menu. Lines and curves are chosen, each assigned with suitable coordinates, and

subsequently linked with each other to generate the chimney and diffuser geometry.
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1B COMSOL Muiphics - Geom 1 Camvection snd Canduction b Hlmsh
File Fd Optioms Drow Py Mesh Sohoy Pontpuscessing Mltiphyics Help

O & &R I_HIH'L‘} Lbs 4= PEEERF MR OH T

NUMERICAL siMULATION SOFTWARE ||

ol

bk ke e W
S | =
cament |
Convedts

BIL TS| 6
TS N .

ILENO0RES8 >3 HOH
EEIE Tk

fioess

[GRTD (F (S [ERC5E FRAT (LD

iermasy (591 | 5580

Figure 2: Geometry creation

3.3 Phase 3: Constant input

By heading to Options then constants

B Constants >
Mame Expressian Value Description

Ra led 10e5 raleigh number

Pr 0.71 0.71 prandtl number

Tc 0 0 Low Eemp

Th 1 1 high kemp

"]
L= E Cancel Apply Help

3.4 Phase 4: Defining the physics

Figure 3: Constant table

This phase involves establishing all the parameters and equations governing the physics

within the model.
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Physics-> Subdomain setting: select subdomain and then define the fluid properties (in our
case it is dimensionless)

Subdemain Settings - Incompressible Mavier-Stokes (ns) x

Equations

plu¥)u = 7{-pI + n(Vu + (Fu)" )]+ F

Vu=10
Subdomains  Groups Physics  Stabilization Init Element
Subdaomain selection Fluid properties and sources|sinks

Library material: e Load...
Quantity Value/Expression Unit Description
p 1 lg/m® Density
n 1 Fa-s Dynamic viscosity
F, 0 Mim? Volume Force, x dir,
Fy  [(T-TONTh-Te*(Ra*Pr) Mfm®  Volume Farce, v dir.
Group:
[ select by group

B Active in this domain

Cancel Apply Help

Figure 4: Subdomain setting window in the Navier-stocks mode

Subdemain Settings - Convection and Conduction (cc) X
Equation
V{(-kVT)= Q- pCuVT

T = temperature

| Groups Physics  sStabilization Init  Element

Subdomain selection Thermal properties and heat sources/sinks

__ Library material: " Load...
Quantity Value/Expression Unit Description
© k(isotropic) 1 WIm-K) Thermal conductivity
() k{anisotropic) |0.025000.025 WIm-K} Thermal conductivity

P 1 kg/m®  Density

Group: S 1 Ji{ka-K) Heat capacity at constant pressure

- ¥ 1 Ratio of specific heats

[ Select by group Q ] Wim®  Hsat source

B Active in this domain u u v mjs Velocity field

Cancel Apply Help

Figure 5: Subdomain setting in the convection and conduction mode
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Physics-» Boundary condition: Boundary conditions for each border will be specified using

the Boundary Settings window, followed by confirmation of the selection.

B CEMCL Mubiphyias - Geom acomprmsile Nadks-Seoies (- .rgh - & x
Fide Ede Dptiorn Drim Pipics Meh Sebe Postproceiuny Mapryincs Help
DEEal: ek Aas S9=S @ FRPAd vaRaGH T

[ A
bk L’g : —
WEE =0
ne
7l
m Exen
ZHE
‘2 e e
i E— | T
> m
b m Thes ool Raryrokds runber st bl P’ = puiian 53 1
PR :‘:
- |
A L !
Al ! \
& = o o e 1) \
ﬁ LE] ,’// 3 .
- 2 ,---// f’[' e
prare:| || o Xz
Figure 6: Boundary conditions in Incompressible
Navier-stokes mode for the outlet

DEE&t  imfk Aty $4=@ 22 Ppd damnEp v

LA
i - Py x
o |- D
= D
=20
e
% T i
7| BousieySesings - compvessbs v Sckis e %
m T
2l
3 u=0
1 P—— coemts ot
B, P PRSI
i T Baundwrytrpe -
o ey e o
1a
el
Fm
=l os -
- o
e =
a
l ° o Cancel Aoy L
d
A
3
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a
a
5
1 an a4 o 0. L L o as aa 1
a0 FD QM

Figure 7: Boundary conditions in Incompressible

Navier-stokes mode for the walls
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Phase 5: Meshing the geometry
Choose "Mesh" from the toolbar then proceed to initialize the mesh, refine it, and refine the

selection.

phes o
WEEHAF RN AGP T

Figure 8: Refined mesh window
3.6 Phase 6: Solving the model
We adjusted specific solver properties within the Solver Parameters menu.
Solver Parameters =
Analysis types General  parametric  Skationary Advanced
Incompressible Navier-Stokes (ns) R
Skakionary HEW]
Parameter names: |Ra
Convection and Conduction {cc)
Parameter values: |1e3 1e4 125 2e5 35 425 5e5 1025 Edit...

Stationary ~
Load Parameter Values From File. ..

Linear system solver

8 Auto select solver Linear system solver: |Direct (PARDISO) o

Salver: -
Preconditioner:

Skakicnary
Time dependent
Eigenwvalus
Settings. .
Stationary segregated
Farametric segregated

Makrix symmektry: Monsymmetric
Time dependent segregated u v i =

[ Adaptive mesh refinement
[ Optimization|Sensitivity
@ Flot while solving

Plot Settings. ..

Cancel Apply Help

Figure 9: Solver parameters window
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3.7 Final phase : Post processing and plotting

NUMERICAL SIMULATION SOFTWARE [

Plot Parameters %
w
File Edit Options Dfpio: parameters %
== ook 2
Princioal _ Streamine  PartideTradng  Max/Mn  Deform  Animate
[0 General 1 Siface Contour Boundary Arron Ra(12)=10e5 Surface: Temperature [K] Max: 1,00
’T' E2REZRN (1155 > 1
Plot type Solution ko use [~]
BGeoml e surface Parameter value: 10e5 -
Incompre
Convecti [ Contour Time: o
kg Solution at angle (phase): [0 degrees
e [ Boundary
- [ Arrow Frame: 08
Geometries to use
[ Principal
Geom1
[] streamline Je.7
[ Particle tracing
[ Maxjmin marker [] Element selection jjos
[ peformed shape Logical expression for inclusion:
[] Geometry edges 105
e Element nodes to Fulfil expression:
Al
- <04
Element refinement: [] Auto |2
0.3
Plotin: |Mainaxes « []Kesp current plot
Smoothing... Tile.. [ Make rough plats gz
< >
tided
urtited] Cancel | [ Aprly e ‘ 01
v
-1 0.8 06 0.4 0.2 o 0z 04 0.6 0.8 0
Min: 0
~
v
——— —r————r——r—r——r— —_—

Figure 10: Post processing and outcome visualization
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1. Introduction:

This chapter presents the findings of the study, focusing on the impact of geometric parameters
of the diffuser on the development of airflow within the solar chimney. These findings are
depicted through isolines of dimensionless velocity and temperature, along with profiles of the

vertical velocity component, which directly influences the turbine to produce power.
2. The impact of the diffuser on the isolines of temperature and velocity with Ra=5x10°:
2-1 Without diffuser h;/h. =0

This observation suggests a fully developed natural convection throughout the entire system.
This is manifested as a distortion or warping of the isothermal lines, which are lines of constant
temperature, across the entire system. This distortion indicates a change in the temperature
distribution, which is a direct result of the increased natural convection. Figure 1 provides more
detailed view of this phenomenon. It illustrates an intensified presence of counter-rotating cells
at the top of the chimney’s entrance. These counter-rotating cells are areas where the air
circulates in opposite directions. This circulation is mediated by a primary cell that is moving
upwards. The upward movement of this primary cell is critical as it represents the generation of
airflow under a convective mode. In the context of a solar chimney, this convective mode is
crucial. The heat from the sun warms the air inside the chimney, causing it to rise (due to the
buoyancy effect). As the warm air rises, it creates a pressure difference that drives the airflow.
This airflow can then be used to turn a turbine and generate power. Therefore, the observation
of an increase in natural convection, as indicated by the distortion of the isothermal lines and
the intensification of the counter-rotating cells in figure 2, is a positive indication of the system’s
performance. It suggests that the solar chimney is effectively harnessing the sun’s heat to
generate a strong, sustainable airflow. This, in turn, can lead to more efficient power

generation.
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i @

Max: 135.47

Min: @

Figure 2: Dimensionless velocity field without diffuser (hq/h.= 0) and Ra=5x10"
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2-2 Effect of a Diffuser with height ratio h;/h,. = 0.5

In figure 3, we observe the isotherms for a Rayleigh number (Ra) of 5 X 10°. Isotherms are lines
that connect points of equal temperature, and they provide a visual representation of the
temperature distribution within a system. In this case, the isotherms are showing us how heat is
distributed within the solar chimney. The deformation of natural convection throughout the
entire system is suggested by the warping of these isothermal lines. Natural convection is a
mode of heat transfer where fluid motion is generated by differences in fluid density, which are
caused by temperature gradients. In simpler terms, hot (less dense) air rises, and cold (more
dense) air sinks. The warping of the isothermal lines indicates that this natural convection
process is being distorted or changed in some way. Moving on to figure 4, it illustrates an
intensified presence of counter-rotating cells at the top of the chimney’s entrance due to
installation of a diffuser in this area. These counter-rotating cells are more closed but with less
velocity due to the area restriction around the diffuser. As we can notice the dimensionless
velocity U™ has decreased from 135.74 in the case of no diffuser to 106 with a diffuser at a ratio
of h;/h, = 0.5. This decrease is mainly due to the space restriction caused by the diffuser, as
the natural convection require enough free space for its development, the diffuser in this case

will slow down the intensification of the airflow.

M @

Figure 3: Dimensionless temperature distribution with diffuser (hg/h. = 0.5) and Ra=5x10°
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Figure 4: Dimensionless velocity field with diffuser (h¢/h. = 0.5) and Ra=5x10°

2.3 Diffuser with height ratio h;/h, = 1

Figure 5 shows isotherms for Ra= 5 X 10° in the case of diffuser height hg/h.=1 where we can
see a complete distortion of the isothermal lines, which are lines connecting points of equal
temperature, is observed. This distortion is a clear demonstration of the dominance of natural
convection heat transfer within the system. At the entrance of the chimney, there is a
noticeable airflow, indicating that the system is effectively drawing air into the chimney. In
figure 6 which represent the airflow velocity distribution there is no change under the collector
area, which is the part of the solar chimney where solar radiation is converted into thermal
energy. Contrary, in the junction area of the chimney a noticeable change has occurred in the
airflow due to the convective cells fusion from 5 small cells in figure 4 to 3 big cells in the
entrance area of the chimney. The increase of the diffuser height has impacted the airflow
negatively by reducing its intensity represented by the dimensionless air velocity U* from 106 to

87.
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Figure 5: Dimensionless temperature distribution with diffuser (hg/h.= 1) and Ra=5x10"
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Figure 6: Dimensionless velocity field with diffuser (hq/h.= 1) and Ra=5x10"
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2-4 Diffuser with hy/h,. = 1.5

We can see in figures 7 and 8, the isothermal and velocity lines where we notice that isothermal
lines distribution is similar to the previous figures for different diffuser heights. But when we
observe the figure 8 we notice a significative change qualitatively and quantitatively. The
counter-rotating cells split up and became four main cells, two in each side of the chimney with

a slight increase in the maximum dimensionless resultant velocity U".
T
b 1.0

[ o4

Figure 7: Dimensionless temperature distribution with diffuser (hq/h.=1.5) and Ra=5x10"

+

Max: BB.143
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60
=0

140

30

Min: O

Figure (8): Dimensionless velocity field with diffuser (hg¢/hc= 1.5) and Ra=5x10°
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3. Effect of Rayleigh number on airflow vertical velocity:

In figure 9, a series of plots carefully delineate the dimensionless vertical velocity profiles of air

under various values of the Rayleigh number while maintaining a constant diffuser height with

an aspect ratio equal to 1. This reveals that the velocity exhibits an increasing evolution

proportional to the Rayleigh number which is obvious because the natural convection is

controlled and measured by the Rayleigh number value, more the value is high more the

convection is developed and vice versa.

160

—=— Ra=10"

140

—e Ra=10°
Ra=5x10’

120

—v— Ra=10°

100

«4“44-

80

vz

60 -

404

204

0

e —

v

+

z

T T T T T T T 1 T 1
-01 00 01 02 03 04 05 06 07 08 09 10 11

Figure 9: Dimensionless vertical velocity (V,') for different Ra values with diffuser (hg/h. = 1)

4. Effect of the diffuser height on airflow vertical velocity:

Examining figure 10, which showcases dimensionless vertical airflow velocity profiles across

various diffuser heights while maintaining a fixed Rayleigh value of Ra=5.10° we discern a

notable trend. Elevating the diffuser height slow down the development of airflow

throughout the space, this is resulting in a progressive decrease in velocity magnitude.

[llustratively, considering the case without diffuser, the dimensionless vertical velocity peak
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registers at 140, compared to a peak around 55 observed for a height ratio of 1.5. This

height differential yields a substantial enhancement the smoothness flow path but in the
same time to reduce the amplitude of the airflow velocity. In addition, the use of a diffuser

with a right height divides the flow in two main regions of a potential turbine spot instead of

one in the case of a chimney without diffuser.

140 +
120 LA
100 e \%
g
80 1§ 0%
T
e Y
N 60 - = . "
> 1! f
40- " L Y
I
20 4 ; .,‘ ] \
| N,
04 ‘F I r
-20 T T T T T T T T T 1
01 00 01 02 03 04 05 06 07 08 09 10 11
+
Z

5

Figure 10: Dimensionless vertical velocity (V,") for different height ratio (hq/hc) with Ra=5x10
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conclusion | NN

In our parametric study, we performed a numerical simulation of an axisymmetric solar chimney
using COMSOL Multiphysics software. The objective was to simulate the airflow velocity and
structure resulting from natural convection within the solar chimney. To achieve this, we applied
the Boussinesq approximation and made relevant assumptions. These assumptions
encompassed laminar fluid flow, steady-state conditions, Newtonian behavior, and
incompressibility. Additionally, we formulated the mathematical equations using a partial
differential equation (PDE) system in cylindrical coordinates.

We investigated the impact of the diffuser height on natural convection within the solar
chimney. Our findings revealed that a solar chimney with no diffuser hy=0 provides the optimal
geometry for achieving the highest efficiency at maximum vertical velocity. We concluded that
the solar chimney’s performance is closely tied to the variation in diffuser height.

Our study on the diffuser’s height demonstrated that decreasing it facilitates smoother and
more rapid airflow development throughout the entire solar chimney. Furthermore, this
research enabled us to pinpoint the optimal location for the turbines, ensuring maximum
efficiency.

The use of a diffuser for the case of buoyancy-driven airflow is constraining the flow and
dividing it on two main regions for the turbines placement instead of only one optimal spot for
one turbine but with a higher driving air velocity.
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Abstract

This study focuses on a two-dimensional numerical analysis of laminar airflow resulting from
natural convection within a solar chimney. The mathematical model relies on the continuity,
momentum, and energy equations formulated in a cylindrical coordinate system, incorporating
the Boussinesq approximation. The simulation was executed using COMSOL Multiphysics
software. Notably, our findings revealed a strong correlation between the solar chimney’s

performance and the diffuser height.

Keywords: Natural convection, solar chimney, Boussinesq’s approximation, numerical

simulation.
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Résumé

Cette étude se concentre sur une analyse numérique bidimensionnelle de I'’écoulement
laminaire résultant de la convection naturelle au sein d’une cheminée solaire. Le modeéle
mathématique repose sur les équations de continuité, de quantité de mouvement et d’énergie
formulées dans un systeme de coordonnées cylindriques, en intégrant I'approximation de
Boussinesq. La simulation a été réalisée a I'aide du logiciel COMSOL Multiphysics. Nos résultats
ont révélé une forte corrélation entre les performances de la cheminée solaire et la hauteur du

diffuseur.

Mots clés : Convection naturelle, cheminée solaire, approximation de Boussinesq, simulation

numérique.
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