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Nomenclature

Roman letters:

Hot temperature

Cold temperature
Chimney’s height
Pressure

Cylindrical coordinate
Collector height
Collector diameter
Time

Gravitational acceleration
Specific heat capacity
Velocity

Prandtl number, = E
Rayleigh number, = &Zm
Velocity component in (r) direction
Velocity component in (z) direction
Velocity component in (8) direction
Dimensionless radial coordinates
Dimensionless z coordinates
Dimensionless temperature
Dimensionless pressure
Dimensionless velocity component

Dimensionless velocity component

Dimensionless velocity component

[K]
[K]
[m]
[Pa]
[m]
[m]
[m]

[s]
[m/s?]
[J.kg™. k]
[m/s]

[m/s]
[m/s]
[m/s]



Greek letters:

Br  Coefficient of thermal expansion

Density of the fluid

> O

Thermal conductivity

a Thermal diffusivity

U Dynamic viscosity

v Kinematic viscosity

Subscripts:

r, 0,z Cylindrical coordinate

Superscripts:

+ Dimensionless

[1/K]
[kg/m]
[w/m. K]

[m? /s]

[kg. m? s
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Introduction

Due to the widespread use of conventional energies like coal, petroleum, and gas, which are
believed to be the primary drivers behind the rapid growth of the twenty-first century economy,
the world's energy consumption rates are rising along with health and environmental risks and

increased greenhouse gas emissions.

The greatest companies in the world have explored innovative approaches to diversify their
energy sources and discover suitable alternatives to improve energy security, minimize the risks
associated with conventional energies, and lower production costs as a result of the complexity
and dangers associated with resource acquisition, therefore scientists have shed light on green
and renewable energies due to the wide variety of its resources (solar, biomass, tidal, hydrogen,
wind, and geothermal) as a competitive alternative to conventional energies, including solar

energy as a reliable and cost-free source.

One of the technologies for exploiting solar power is the solar chimney technology with working
principle based on the free convection phenomenon resulting from the fluid density gradient, this
impact brought on by the system's temperature difference between the ground and the collector,
the airflow is consequently produced in the enclosure and moves up to drive the turbines which
is responsible for generating electricity.

Our numerical study is focused on the effect of different geometrical proprieties of the solar
chimney like collector’s height and junction curvature radius and how they impact the

performance of the solar chimney through their impact on the airflow development.
The manuscript is presented as follows:

In the first chapter, which is titled as “Solar chimney overview and literature review” containing
a global overview of some renewable energies and focused on the solar energy technology to
delve gradually into the solar chimney technology than we conclude the chapter with a literature

review and some previous studies concerning the subject.

The second chapter entitled “Modeling and problem formulation”, starts with introducing the
problem as bi-dimensional axisymmetric solar chimney represented as a schematic figure to

clarify the geometry with better details.
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Then we delve into the problem description with governing equations in cylindrical coordinate
using the boussinesq approximation while taking into account suitable assumptions and

mathematical formalisms to simplify the studied case.

The third chapter concerns the numerical simulation software; we included a quick overview of
the Comsol Multiphysics software and the numerical simulation procedures for resolving the
problem's fundamental equations, citing a simple definition of the finite element method which is

regarded as the base meshing method of the software.
In the last chapter, we illustrate different results with interpretation and discussion.

At the end we presented a conclusion that highlights the main results.



CHAPTER |
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I. Solar chimney overview

1.1 Introduction

In order to achieve environmental and social comfort, electrical effectiveness and
economic development, scientists have long recognized renewable energies as a green, clean
and sustainable alternative to fossil and nuclear energies because of their harmful emissions

impact to the environment and safety issues to the society.

Renewable energies such as hydro-power, fuel cell energy, wind power and solar power
technology has played a crucial part in achieving electrical efficiency by converting solar
radiations either directly using photovoltaic technology or indirectly using thermal

technology.

Among the most crucial systems for converting solar thermal energy into usable forms is
the solar chimney, which primarily consists of three fundamental parts, The collector, the
chimney also named tour, and turbines. The greenhouse effect heats the air inside the
collector by absorbing sun radiations and the buoyancy effect creates a pressure difference
between the warm air underneath and surrounding the collector. The airflow is consequently
produced and enters the chimney; this provides a power generation by driving the turbines

that are situated in the centre of the chimney.

1.2 Renewable energy conversion system

Sustainable energy efficiency has always been the focus of a lot of energy engineers through
the centuries. Renewable energy systems are defined as being derived from natural and

permanent sources that do not diminish and terminate over time.

1.2.1  Wind energy

Wind energy is one of the greatest potential energy alternatives and could also be regarded
as eco-friendly for all alternatives. Wind power is produced from an unlimited and uneven
source that is wind, which is originally caused by differences in pressure through the surfaces

of the earth due to uneven heating by sunlight radiation.

Wind turbines generate power by turning the kinetic energy of air motion into electricity.
The rotor blades are rotated by the wind, converting kinetic energy into rotational energy, this
rotational energy is transmitted to the generator through a shaft resulting in the generation of
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an electrical energy. The potential amount of energy of the wind is determined by the control
of the size of the turbine and the length of its blades. [1]

Figure 1 : Wind turbines [2]

1.2.2 Bio energy

Earlier from now, biomass has always used as a survival source of energy in cooking and
warming using firewood and coal. Scientists have classified this type of energy as a
renewable power that means any source of thermal energy mainly generated from non-fossil
biological and living organisms like plants and animals originally extracted from marine,

freshwater and land-based habitats to produce heat, electricity and biofuels.

Biomass based transport fuels are highly dominants such as ethanol mainly extracted from
corn and sugarcanes, in the other hand biodiesel fuel extracted from rapeseeds, palm oil and
soy seeds in order to supply the worldwide demand of gasoline and diesel fuels. The
prospects for ethanol energy from plants and several tree species depend on the cellulosic
processing which remains to be demonstrated [3].

Table 1 : Products depending on feedstock [4]

Solid Liquid Gaseous
Wet feedstock Briquette Ethanol Biogas
Dry feedstock Fuel wood Methanol Producer gas




Chapter | Solar chimney overview and literature review

Wood, charcoal, crop and forestry residues are considered as solid fuels, agro-industrial and
municipal wastes and briquettes. Gases are primarily biogas generated by anaerodigesters [4].

Figure: Feedstock [5] Figure 3: Briquettes [5]
Biomass can be directly converted into energy using a process known as gasification.
During gasification, a biomass raw material is heated using a controlled quantity of oxygen,
this gasifying factory in Maui, Hawaii, converts sugar cane into electricity [5].

1.2.3 Hydro energy

The energy of flowing water is converted into electricity by hydroelectric power plants.
The majority of public hydropower systems use a dam on a river to store a huge volume of

water goes through turbines to generate power.

Reservoir

Intake

River

Figure 4: A diagram of a hydroelectric dam [6]
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1.2.4  Fuel cell energy

In general, fuel cell technology is an electro-chemical technique for producing electricity
that consists of an anode, a cathode, and an electrolyte membrane. The hydrogen molecules
are divided into electrons and protons by sending hydrogen through the anode of a fuel cell
and oxygen via the cathode. These final ones flow through the electrolyte membrane as the
electrons are driven through a circuit, producing an electric current and surplus heat. Protons,
electrons, and oxygen mix at the cathode to form water molecules [7].

1.2.5 Solar energy
= Origins

The sun is a giant flaming ball and the star of the solar system, the closest to our planet
with approximately diameter of 1.39 x 10° meters and 150 million (km) distance from earth.

The nuclear fusion reaction that occurs into the sun’s core is mainly responsible for the
energy supply whereby four atoms of hydrogen fuse together forming one helium atom.
Astrophysicists found that the temperature in
the inner core reach around 15 million
degrees Celsius and pressure equal to
300,000 million times our atmosphere It then
gradually drops to 2 million degrees Celsius
in the interface layer of the radiative zone
(tachocline) until it reaches about 5,800 K at
the surface [8].

Solar energy manifests at the sun’s
surface as electromagnetic radiation with a
total power output of 3.8 x 102° MW and

chromosphere

only a percentage of the solar radial beam Figure 5: The sun’s composition [8]

penetrates the surface of the globe, which is the sum of three main radiations (diffused and
reflected and direct radiations).

1.3  Solar energy technology

A variety of technologies over time has been in use to produce electricity and solar energy
was considered the most crucial among them, it is a technology that essentially generates
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electricity by converting solar radiation, or to provide thermal comfort and warmth within

buildings whether directly or indirectly exploited.

1.3.1 Photovoltaic system

The term photovoltaic refers to the direct conversion of the photons emitted by the
sunlight (solar radiations) into electric power under the photoelectric effect observed back in
1839 by the scientist Edmund Becquerel.

The concept of the process is using semi-conductor panels to generate electricity, when
the semi-conductor material atoms start moving towards the panel after receiving a kinetic

energy once the photons strike its surface.

Figure 6: Solar panel [9]

1.3.2 Thermal system

The indirect conversion process of solar sunlight to heat energy is the thermal technology
system among the simplest alternatives with high potential to be exploited; it allows for the
heating and production of hot water with metal sensors absorbing sunlight and transferring it
to the coolant. It may also be used in dehydrating and evaporating by heat or generating
electrical energy using a hybrid system of solar energy and turbines in which we may call

solar chimneys.

1.3.2.1 Thermal energy for heating and drying

This system may be classified under two types of collectors, the flat plate low temperature
collectors of around 60 degree Celsius to 100 degrees and Medium-temperature collectors

generally used to heat swimming pools and buildings for air conditioning or ventilation.
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1.3.2.2 Thermal energy for large scale conversion

This system is used for high- temperature collectors that take large areas and surfaces to
harvest a significant amount of heat by capturing the sun's energy with aide of mirrors to
reflect and focus the sunlight onto a receiver or absorber, generating heat that is then utilized
to generate electricity using 5 different technologies, parabolic trough systems, power tower
systems, linear Fresnel reflector systems and dish/engine systems as shown in figure; and the

solar chimney power system.

Linear Fresnel reflector (IFR) Central receiver Parabolic dish Parabolic trough

- -
Solar tower "
Curved -

mirrors

)?/! !‘\E\\ Reflectar

i 1 Dl/q Receiver/ —_ Absorber tube
| (W g

' I
| \ engine /5 ou " Solar field piping
A0 R TN | < Bowe| & | K

Absorber tube Heliostats Reflector
and reconcentrator

Figure 7: Solar thermal technologies [10]
%+ Solar chimney power plants

This is another form of solar thermal plant that has lately received attention from
researchers as a clean alternative to solar energy generation that depends on the conversion of
solar energy to electric energy based on the phenomenon of natural convection caused by

heat transfer, which we will focus on in our research.
1.4 Solar chimney history and definition

1.4.1 A brief history

Owing to a research done by Al-Kayiem et al, Leonardo Da Vinci was the first to devise
a rotating mechanism that incorporated a chimney and a windmill in ancient times in
Figure 8. The windmill is linked to a roasting spit, which rotates as the windmill is turned by

rising hot air, and is used to cook the chicken.

Earlier, precisely in the 20th century in 1903.The Spanish colonel Isidoro Cabanyes was
first to describe the concept of the solar chimney presenting his (solar engine project) in order

to generate electrical energy.

Back in 1968, the German engineer Jorg Schlaich proposed the Solar chimney power
plant (SCPP) technology then presented it in the 1970s, and from 1980s to 1989 the project

10
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prototype of a solar chimney in Mansanares Spain was successfully installed and operated

until it was officially out of service [11].

(a)

Figure 8: (a) represents the Da Vinci’s barbeque, (b) represents Isodoro’s project
diagram [11]

1.4.2 Description

Among the applicable solar thermal technologies that converse solar radiations to
electrical energy by the heat transfer process. Solar chimneys or called solar towers, a large
scale system of heating cooling utility used to provide a ventilation and thermal comfort in
buildings as shown in figure 9 and also a power generator by combining a hybrid system

consist mainly of solar energy and turbines in a vertical tower called chimney.

*
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Figure 9: Solar chimney Applications [12]

1.5 Basic components of solar chimneys

The system is made up of three main parts: the chimney, the collector and the turbine.
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1.5.1 The collector

The Solar collector consists of support matrix, column structure, and transparent roof
either glazed or made of plastic [13], when sunlight penetrates the transparent cover it
directly converted to a thermal energy inciting the production of hot air by the greenhouse
effect. It is classified as a large-scale thermal technology because it requires a huge area for

the collector; the larger the area, the more energy is generated.

Figure 10: SCPP model collector [14]

1.5.2 The chimney

The tower of the solar chimney considered as the thermal engine of the system, placed
mainly in the center of the collector, might be described as a large vertical tube channel that
drives the warmed air by the collector outside the system through the outlet while the

efficiency increases with the height of the chimney.
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Figure 11: Tower model in Arizona project [14]
1.5.3 The turbine
The turbines are the main core of the system whereby electricity is generated, the warmed

air in the collector goes directly upwards the chimney by the buoyancy effect to drive these

turbines that convert the rotational energy to an electrical energy.

Figure 12: Turbines in a solar chimney [14]
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1.6 Working principles

Solar thermal chimneys all use the same operating mechanism, which is based on the
phenomena of naturel convection heat transfer caused by the solar heated collector to the
atmospheric air [15]. Therefore buoyancy forces are resulted.

|
Figure 13: Buoyancy effect in natural convection [16]

When utilised in structures, these chimneys are frequently located on the roof top or the
wall in the shape of tower. Their basic function is to refresh the air within buildings and
rooms by drawing the less dense air outside the buildings through the tower, the tower's
position performances determined by environmental factors, the most important of which are
the wind directions and its efficiency is restrained by the towers height and the upcoming
wind velocity.
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Figure 14: Schematic diagram of roof chimney [18]
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Figure 15: Schematic diagram of wall solar chimney [17]

To generate energy the chimney is paired with a turbines, the rising air currents cause
these turbines to spin. Generators generate electricity by converting the rotational energy of
turbines; the efficiency of their performance depends on the intensity of solar radiation and
the air gap between the absorber wall and the glass roof of the collector [19], as shown in
figure (16).

Chimney

— m— —
e o R

Solar radiation
(energy from the sun)

MMoving air

Wind Turbine and Generator Solar-Air collector (Greenhouse)

Figure 16: Schematic diagram of SCPP [20]
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1.7 Solar chimney merits and demerits

1.7.1 Merits:

o Alternative solution to provide electricity in isolated and desert areas.

e Continuous daily power generation without interruption due to the availability of
the natural storage system on the collector floor at night.

e No consumption of resources while operating.

e Inexhaustible and gratuitous source of energy. With no emissions of pollutants.

e The Solar Tower has high reliability and low maintenance compared to other

power plants.

It does not require any cooling system and it can be used in extreme drying areas.

1.7.2 Demerits:

e Requires appropriate technical expertise and the availability of construction
resources backed by solid.

e Requires a very large land spaces.

e According to some statistics, using a solar chimney to generate power is more
expensive than using a gas turbine.

e Solar chimneys require a high initial investment.

1.8 Solar chimney types

Solar chimneys are classified as conventional and non-conventional, depending on their

purpose of use and their concept:
1.8.1 Conventional types

1.8.1.1 Power producing solar chimney

The majority of solar chimney technologies now in use are traditional solar chimney
power plants, where the goal is to use one or more turbines installed inside the chimney to
convert the kinetic energy of the rising air flow into electricity. To maximize the conversion
of the ambient cold air into hot air in these conditions, solar collectors are often used as

greenhouses around the tower.
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1.8.1.2 Wall solar chimney

The wall solar chimney, also called trombe wall, generally it is used for winter heating and
summer cooling, and it is built with an interior storage wall and external glass. The exterior
glazing permits solar radiation to heat the chimney interior by accessing the interior. Then, air
in the chamber rises due to thermal buoyancy. Under buoyancy drive, air enters the space
through the top hole. The bottom-left hole allows for air exchange with the outside
environment, while the bottom-right hole allows for air exchange with the inside space figure
(17) [21].
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Figure 17: Schematic of solar chimney under heating and cooling modes: (a) cooling
mode; (b) heating mode [22]

1.8.1.3 Roof Solar Chimney

Practically, there is no significant difference between the two structures except for the
position of the wall or tower (chimney) and the absorber, the absorber in a solar chimney
maximizes the thermal energy generated by the sun, resulting in a significant temperature
difference between the building's interior and exterior, thereby creating a temperature
gradient between the air inside the chimney channel and the air at the entrance to the solar
chimney, thus forcing cooler air to be pulled from the next room and hot air to be ejected out
of the chimney. The solar chimney facilitates natural ventilation in the space by repeating this

process [19].
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Figure 18: Schematic diagram of roof solar chimney [23]

1.8.2 Non-Conventional types

1.8.2.1 Floating solar chimney

The floating solar chimney power generating station, named by the author as Solar Aero-
Electric power Plant (SAEP) [24], because it is similar to the hydroelectric generating station,
it is economically low cost competitive alternative than the regular concrete solar chimney. It
has structurally the same main components as the typical SCPP’s that differ in the central
section of the chimney (the cylinder) made of a connected balloon-rings of a light tall durable
fabric [25], as in figure(19); it is flexible and mobile and moves with external wind currents.
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Figure 19: Floating solar chimney diagram [24]
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1.8.2.2 Sloped solar chimney

The idea of the system was offered by Bilgen et al, the primary idea was to construct a
chimney with a collector in a slopped unit. Later it was suggested by Pance et al that the
inclined face of the mountain acted as a chimney in addition to the collector. A new study has
suggested by Zhou et al. that a hole could be created at the center of a mountain to generate
electricity for homes and businesses The collector area was constructed around a mountain in

order to produce more power [26].
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Figure 20: Schematic diagram of a slopped solar chimney [27]

1.8.2.3 Geothermal solar chimney

This concept enables adequate electrical power to be delivered even in the absence of
sunshine or when meteorological circumstances, such as clouds, obstruct the flow of sunlight,
by combining hybrid system of geothermal and solar energy. The system's operating premise
is as follows; the ambient air enters the system and flows over the radiators, cooling the
condenser water as it passes. The warm air then travels beneath the glass ceiling to gain
further heat. The air travels to the system center, where it is guided by several guiding vanes

towards the wind turbines, turbines, these last get driven to generate electricity [26].
1.9  Projects and prototypes

1.9.1 Manzanares prototype

The first ever solar thermal project built and constructed in Spain exactly in southern
Madrid Manzanares by the German partners Schlaich and Bergermann in 1981 supported and
funded by the Spanish government and the German ministry of research and technology ,

until it was out of service in 1989 [26].
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Electrical efficiency at the Manzanares plant was 0.53%, but Schlaich predicts it can be
raised to 1.3%. The Manzanares plant's capacity factor was 10% on a big scale, but a 200
MW unit could raise it to 29%.

Details of the construction process:

%+ Peak power of 50 MW

%+ 194,6 m height

% Collector radius of 122m

% A single vertical axis single-rotor turbine configuration with four blades installed
at the SC base.

+“» Greenhouse area 6,000 m2 of glass cover and 40,000 m2 of transparent plastic

cover.

Figure 21: Manzanares SCPP [26] Figure 22: Manzanares SCPP turbins [28]

1.9.2 Project of Buronga

In 2001, the Australia government voted in support of the construction of a 200 MW
SCPP in Buronga, north of Mildura, Australia. EnviroMission was given the exclusive
licence for Solar Tower Technology in order to promote the construction of SCPP in the area.
It was suggested that the plant have 1000 m height and 120 m chimney diameter and 7000 m
collector diameter [29].

Details of the Project

%+ 1000 m height
«» 7000m collector radius
%+ Peak power of 200MW
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< The investment cost is around 400 million euros.
++ Heated air temperature 70 degree Celsius

% Nominal power of the turbines 6.25 MW

Figure 23: Buronga prototype [30]
1.9.3 China’s Project

In order to enhance the tourism in china a project of hybrid system of wind power and
Solar energy power plant of 200 that can supply 400,000 kWh of electricity per year, was co-
designed and developed by the University of Science and Technology of Inner Mongolia
(IMUST) and the Polytechnic University of Madrid in Spain. [29]

It was first constructed in May 2009 in three stages, bringing the total 277 hectares and a
total capacity of 27.5 MW, scheduled to be completed in 2013. The power generated by the

plant would then be fed into the Inner Mongolian power grid.

Figure 24: China' SCPP prototype [31]
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1.9.4 Namibien Project

Named ‘the Green tower’, a project of 400 MW SCPP and 1500 m high and 280 m in
diameter, and a 37 km2 collector was constructed in Namibia. The collector is also intended

to be used in agriculture as a greenhouse where income crops may be cultivated [32].

Figure 25: The Namibian SCPP project [32]
1.9.5 Egyptian Aswan Project

Aswan has approved the concept of installing solar chimneys since 2012. On February 14,
2018 in the faculty of energy engineering at Aswan university, a project of 300 W per day
SCPP was finally put into action. Therefore, everything about the industry aside from the

generator is Egyptian [32].

«» The solar complex is about 5.1 meters higher than Earth and has a surface area of
28 square meters.

% The chimney is 20 meters in length.

«» The chimney cost 250 thousand pounds in total.

Figure 26: Aswan's SCPP [32]
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1.10 Literature review

The purpose of a study done by Boualleg Salim, M. [33], is to analyses the energy
performance of a solar chimney power plant using several mathematical models. The
validation of the results acquired from these several theoretical models by comparison with
the practical ones of the Mansanares prototype allows for improved prediction of the
performance of the updraft solar chimney power plant.

At the University of Tehran, an analytical and numerical research made by Alibakhsh
Kasaeian et al. [34], for geometrical optimization of a solar chimney prototype was
successfully performed. A basic mathematical model describing the flow was provided. The
performance of a solar chimney was evaluated using functional and geometric configurations.
The computational predictions were confirmed by comparing them to the experimental data
from the solar chimney pilot, which had a height of 2 m and a collector radius of 3 m. Owing
to results suggests that a collector entrance of 6 cm, a chimney height of 3 m, and a chimney
diameter of 10 cm were the optimum options for the solar chimney pilot that was built. It was
discovered that the velocity magnitude may be increased by 4-25% in different conditions;
also, the study revealed that the height and diameter of the chimney are the most essential
physical elements for solar chimney design.

Toufik Chergui et al. [35], have presented work analyses of heat transmission and airflow in
solar chimneys based on several significant characteristics. This research includes a typical
instance of application. It entails studying a natural laminar convective heat transfer problem
occurring in a chimney. Heat transport and fluid dynamics of airflow are therefore
investigated using an axis symmetric system in dimensionless form with well specified
boundary conditions. The temperature distribution and velocity field in the chimney and
collector are calculated by solving the energy equation and the Navier-Stokes equations using
the finite volume approach. The Vahl Davis benchmark solution is used to validate the
numerical code based on this modeling.

Davood Toghraie et al. [36], the effects of geometrical parameters on a solar chimney were
quantitatively studied in this work using the turbulence model x— g, inside a solar chimney
power plant, continuity, momentum, and energy equations are solved using a 3D finite
volume technique. Collector radius, collector height, chimney height, chimney radius, and
heat flux were all involved. Changes in these factors were studied for their impact on
temperature, velocity, pressure distributions, efficiency, and output power. According to the

findings, output power and solar chimney efficiency have positive connections with chimney
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height and collector radius, but a negative relationship with collector height. Furthermore, it
was discovered that the chimney radius has an ideal range with the highest values for
efficiency and output power.
Akchiche Zineb et al. [37] provided a method for ventilation and natural cooling for hot
areas in this study. A solar chimney creates airflow through the enclosure. To forecast the
behavior of the chimney, an experimental setup was created, followed by a simulation using
the fluent software for a solar chimney with different shapes and two inclinations. To
anticipate the ventilation rate, an application is operating on a piece of size (Im x 1m x 1m)
equipped with a solar chimney inclined 45 degrees to the horizontal integrated over the upper
section. to increase ventilation quality and reduce electricity usage while maintaining thermal
comfort, an air-ground was introduced. They were able to create an air/ground design
because to the drop in temperature at the room's entry, and they came to the conclusion that

%+ The mechanism becomes more efficient as solar radiation levels grow.

*+ The amount of air flow is significantly determined by the size of the chimney.

% A 45-degree angle from horizontal corresponds to the best heat circulation.
“» The amount of solar radiation affects the temperature and air flow at the chimney's

exit.

Arkan Kh. Al-Taie & Ali Hayder Mutib [38], provided a numerical simulation to
examine the effectiveness of a solar chimney power station. FLUENT software was used to
model and analyse the solar chimney power station at a small scale system in order to solve
the governing equations of conservation of mass, momentum, energy, Do-intensity, k, and
equations. The glass roof collector, chimney (tower), and wind turbine are the three key
components of solar chimney power plants. The input velocity to the wind turbine determines
the system's output power. The collector-chimney connection type affects the turbine inlet
velocity. The findings shown that performance characteristics, particularly air flow velocity,
are influenced by the shape of the entry region (collector-chimney junction type). When
compared to using a straight connection, using a curved or rounded junction with a deflector
will increase system mass flow rate by 37.65%.

According to Emad Abdelsalam et al. [39], the present effort involves an updated version
of the Classic Solar Chimney Power Station's construction known as the Solar Double
Chimney Power Plant (SDCPP) (SCPP). In order to increase power output, the SCPP design
has been changed by the addition of a co-centric secondary exterior chimney to the SCPP
structure 10 cooling towers (CT) with water sprayers and turbines for additional power

generation ensure proper functioning (day and night). Using MATLAB, a mathematical
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model that incorporates the system’'s mass equations and energy balance was created. The
new design's material combination produced a thermal efficiency of 1.6%, which is 200 times
more than SCPP. The local cost of energy (LCOE) for the new system was 50% lower than
for the conventional SCPP, according to the economic analysis.

Rashid, F. L., & Alnomani, S.N [40], provide a numerical analysis utilizing the K-model
in the CFD application FLUENT, of a solar chimney with a conical collector that has
particular dimensions. To study the impact of the spiral's square cross section on the
distribution of air velocity, it was attached to the collector.

Arkan k. Al-Taaie et al. [41], developed a sloping solar chimney system and performed
measures of the solar chimney power plant in Baghdad, Iraq using Fluent the governing
equations for incompressible, three-dimensional, stable, turbulent standard x— ¢ with
boussinesq approximation have been solved, in addition to the continuity, Navier-stocks,
energy, and radiation transfer equations. Considering the radiation intensity and collector angle
conditions (0°, 15°, and 30°).Results show that as the collector angle rises, the velocity rises as
well, peaking at a collector angle of 30°, around periods of increased sun intensity
(7:30,8:15,9,10 AM), the temperature rises with the angle of the collector tile, but falls at
12:30 PM. The study shows that Iraqi weather is suitable for this system.

The project of Gahgah, M [42], includes simulating flows in solar chimneys numerically.
The method of mathematical modeling employed is based on flows in a two-part, opened
enclosure, consisting of a cylinder and a disc To model air flow in a chimney while
accounting for different flow regimes(laminar and turbulent flows), this study entails creating
computer software with dimensionless variables and generalized coordinates, utilizing the
finite volume technique with suitable boundary conditions occurring in a complicated
geometry with dimensionless variables, such as a solar chimney power plant. This work is a
keystone in comprehending the thermo-fluid aspect analysis of solar chimney efficiency that

occurs in solar chimney power plants and under steady state parameters.
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11.1 Introduction
The physical problem is presented in this chapter using partial differential equations
(PDE) system that governs the phenomenon of natural convection inside the physical domain

represented by a solar chimney in the cylindrical coordinates.

1.2 Problem description
A study of two dimensional air flow caused by natural convection within the solar
chimney represented in figure (1), taking in consideration the appropriate assumptions and

the mathematical formalisms using the Boussinesq approximation.

Taking into account that the exterior walls are regarded isothermal and kept at a constant
ambient temperature T, while the soil that represents the ground wall is considered

isothermal with Ty, with T,,> T..
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Figure 1: Geometry of a solar chimney with a curved junction.

11.3 Mathematical formulation
Mathematical formalisms appropriate for the geometry and flow regime are used to define the

problem:

% Continuity equation
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2+ div(p.¥) = 0 (I.1)

Where:

p: Density of the fluid

v : Velocity component

“» Momentum conservation equations:

p(z—f + (Vi gradv)) = —Vp + pg + pAk (1.2)

% Energy equation:

T | ro——.y _ A
i (v.grad T) = pCpAT (11.3)

11.4 Simplifying hypothesis

The flow is assumed to be bidimensional, permanent, and laminar.

The fluid is assumed to be Newtonian and incompressible.
The flow is assumed to be axisymmetric where(%) = 0.

The conduction and the radiation through the collector are neglected.

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

The Boussinesq 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-pBr (T —To)) (11.4)
Where:
Br=— piZ—i: The coefficient of thermal expansion

0

11.5 Mathematical modeling in cylindrical coordinates

The general governing equations are defined in the cylindrical coordinates (r, 6, z) as follows:

% Continuity equation:

dp
ot +

p(RU | 1% | 9u) (B0 vado y 20) g (115)

r Oor r 00 0z T%

“» Momentum conservation equations:
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- In(r-direction):

o(vy)
ot

(vg) d(vg)  (vp)® oV,

d(vr) . ove _ _9p __( aVr)_&
or + r 06 r +Vzaz_ 6r+pgr+u( or r2+

1 0%v, 2 0dvg , 0%v,
2902 os T om2) (11.6)

+ v,

- In (0- direction):

(a(avte> t(v) 200 | G000 | vevr | Ve _

r 00 r Z 9z
_10p 19 ave) _ Ve iaz(ve) 20V, 0%v,
+ Pgo + “( ( ar 2t E 0z oe T az) (11.7)
- In(z -direction)
a(vy) a(vy) V_e% % . ( (’)VZ) 16 Vg
(at tVr 6r+r66+vzaz +pgz+u ar +2692+
d%v,
aZZ) (11.8)
% Energy equation:
Oy DYl T (10(L0T) 10T, 0Ty
ot TV + 00 t Vs 0z pcp \r or \' or T r2 902 T 0z2 (11.9)

According to the hypothesis we mentioned before, the continuity, momentum, and energy

balance equations are reformulated as follows:
% Continuity equation:

190V | 9vy _
r or 0z 0 (11.10)

“» Momentum conservation equations:

vy %) _ _op (li o(rvy)  vr azvr)
P (Vr or t vy az/) or + ror or r2 + 972 (1.11)
v, vy 10 9(rvy) 0%v,
p(w e +va5r) =~ b (T - T) +u((5 702+ 52) (1)
% Energy equation:
oT oT L (10 [ 0T d%T
Vigr t Ve, = p—cp(;ar( r5) 5z (I1.13)
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11.6 Boundary conditions

The boundary conditions are summarized as following:
At the air input:

At the output:

Boundary Conditions for the ground:

Boundary Conditions for the collector:

1.7 Dimensionless mathematical model

Modeling and problem formulation

T=T¢,vr=0,v,=0

v, _ 0(vp) _ (D) _

0z 0z 0z
Tground =Th,vr=0,v,=0

T=T¢c,vv=0,v,=0

It is necessary to acquire the non-dimension version of the modeling equations that we create

based on the following typical quantities:

P
p(a/D)z

T-T,
Tp-T¢ '

+ —

T+= T =

VA

OIN

r
D

Vr + _ Vz

+ _— _'r - _'z
@ VT @y

Vr

% Continuity equation:

10(r've") | 0vy"
v o T o =0 (11.14)
% Momentum conservation equations:
+ovf L0vf _ op”* (1 0 v vt azv;)
Ur or+ T, az+t  ort + 5 rtort or* T+2 0z*2 (11.15)
+ovs L0vf _ op* (1 0 A(r‘vyY) azv;) R —
Ur or+ t dz+ ozt th rtort  ort + az*? t Ry BT (11.16)
% Energy equation:
+ 0T +OT" 10T  0%T*  o%T*
Ur or* T 9z*  rtort = ort2 T 0z*2 (11.17)
I1. 8 Dimensionless boundary condition
- Atthe air input: T =0,vt=0,v, =0
) ov," _ d(vy)" _ OT" _
At the output: Y = oy o 0
- Boundary Conditions for the ground:  Tj," = 1, v =0, v} =0
- Boundary Conditions for the collector: T.; " =0,v7=0,v;=0
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A ov,* _ ov." _ OT" _ 0}

z ;/{6z+_6z+_6z+_

T." =
Th+=1 < vr+:0 +_0
vt =0 vt =0 TC+ 0
v,t =0 r =

Figure 2: Dimensionless boundary condition
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Chapter 11 Numerical simulation software

[11.1. Introduction

Numerical computation technology provides an alternative to physical research and
engineering studies which are difficult to implement experimentally, by use of digital
simulation software that has been optimized for a computer processor to handle a lot of
problems with consideration for the appropriate geometry, physical parameters, and boundary

conditions.

In this chapter, a computational fluid dynamics (CFD) analysis model using COMSOL
Multiphysics Simulation Software is performed to simulate the natural convection of air
within the solar chimney by solving the governed equations system mentioned in the previous

chapter.

111.2. COMSOL software overview
Almost all (CFD) software has three primary parts:

“» Preprocessor for modeling and meshing.

% Computational processor (solver) using digital methods (the Finite differences
method, finite elements method, spectral methods and finite volumes method.

“» The postprocessor where the outcomes are provided in a format appropriate for the

perception of the problems physics (plot).

COMSOL Multiphysics is one of the CFD’s which is numerical computing software using
finite element method that allows modeling a wide variety of physical and engineering

phenomena characterizing a real problem based on partial differential equations (PDES) [43].

One of this software's merits is the ability to quickly transform single-physics models into
multiphysics models that simultaneously handle related physics problems including fluid
mechanics, heat transport, electricity, electromagnetic, chemistry, mechanical structures, and

SO on.
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Figure 1: The software interface

111.3. Basic Procedures of COMSOL Simulation

» Application mode selection

++ Creating or importing the geometry

% Meshing the geometry

+“ Defining the physics on the domains and at the boundaries
% Solving the model

%+ Post processing the solution

%+ Performing parametric studies
Stepl: Choosing the application mode

This step includes selecting the appropriate mode and space dimensions in our case (2D) and
the specifying variables from Multiphysics then selecting Model navigator button, in our
case the model tree shows:

e Geoml(2D):

“» Incompressible Navier-Stocks (ns)
%+ Convection and Conduction (cc)
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Figure 2: Model navigator window

e Step 2: Geometry creating

At this stage, the physical design is performed using the CAD tools on the draw menu,
selection points with appropriate coordinates, then connect them with straight lines so it

creates the chimney geometry.
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Figure 3: Geometry Creation
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e Step3: Constants input

By selecting Options then Constants

‘I-_i Constants X
Mame Expression Value Description
Fa 126 10e5 Raleigh number ~
Pr 0.71 0.71 Prandtl nurmber
TC 0 0 Low temperature
Th 1 1 High temper ature
W
']
= = Cancel apply Help

Figure 4: Constants input

e Step4: Defining the physics
This step includes defining all the setting and the equation for the physics in the model

e Physics = Subdomain setting: select subdomain and then define the fluid properties

(in our case it is dimensionless)

36



Chapter 11 Numerical simulation software

Subdomain Settings - Incompressible Navier-5tokes (ns) bt
Equations

plu¥u= 7{-pI + n{Tu+ (Vu) )] +F

Vu=10
Subdomains  Groups Physics  sStabilization Init  Element
Subdomain selection Fluid properties and sources/sinks
dl Library material: ~ Load...
Quantity Value,/Expression Unit Description
p i kqfm? Density
n 1 Fa:s  Dynamic viscosity
F, o Mjm®  Volume Force, x dir.
v Fy  [[(T-Te)(Th-Te)j*(Ra*Pr] Mjm®  Volume Force, v dir.

Group:
[] select by graup
Active in this domain

Cancel Apply Help

Figure 5: Subdomain setting window in the Navier-stocks mode

Subdomain Settings - Convection and Cenduction (cc) =
Equation
VA{-kVT) = Q - pCuUT

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 WI(m-K) Thermal conductivicy
(O k (anisotropic) |0.025 00 0.025 WIm-K) Thermal conductivity
“ p 1 kajm®  Density
o S 1 Jjikg-K) Heat capacity at constant pressure
¥ 1 R atio of specific heats
[] Select by group Q 0 wim®  Heat source
u

Active in this domain u v mjs Velocity Field

Cancel Apply Help

Figure 6: Subdomain setting in the convection and conduction mode

e Physics > Boundary condition: the boundary conditions for each border will be

defined with the Boundary setting window then confirming the selection.
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Numerical simulation software
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Figure 7: Define the boundary conditions in Incompressible
Navier-stokes mode for the outlet
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Figure 8: Define the boundary conditions in Incompressible
Navier-stokes mode for the walls

e Step 5: Meshing the geometry
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By selecting the Mesh in the tool bar then initialize mesh then refine mesh then refine

selection.

I & comsoy [ d Cemustion [ec) : . - o X%
File it Options Drww Physics Math Sobs Postpeocssing Multiphyiier Help
OEd& i %k AL 24=C|@ 2R id dTaunDe T
e & < >
| o
=}
crgeviskie Stk ()| 1
=1
| 08
|ra
5
it 08
|2
| 07
|
| o
&
A 08
kS 04
&
L L%
=
& 02 e
|
| o1
|
[Corwection e Condudaon (oc) |& i
Cgrdert vorisbies: T &
e it cheroert by Ligarge - Quadial >
by ype: S ey | Y FT) ) 02 o 02 7] [T [T 1
ek contrants: OFF I
Corstrant tyoe: Ideal i
e > -

Figure 9: Refined mesh window

e Step 6: Solving the model

We modified certain solver properties in the Solver Parameters menu.

Solver Parameters *

Analysis types General Parametric  Stationary Advanced

Incompressible Navier-Stokes (ns

- B - (ns) Parameters
Stationary HEY
. : Parameter names: Ra
Convection and Conduction (cc)
8 Parameter values: 123 1e4 1e5 2e5 3e5 45 5e5 625 725 8¢ Edit...
Stationary ~

Load Parameter Valugs From File. .,

Linear system solver

BCEskca=uly Linear system salver: | Direct (PARDISO) ~

Salver: -
Preconditioner:

Stationary A
Time dependent

Eigenvalus

Sattings. .
Stationary segregated
Parametric segregated

Matrix symmetry: Automatic
Time dependent segregated 2 v =

[[] adaptive mesh refinement
[] optimization/Sensitivicy
Plot: while solving

Plot Settings...

Cancel Apply Help

Figure 10: Solver parameters window
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e Step 7: Post processing and plotting

Numerical simulation software
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Figure 11: Post processing and outcome visualization
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Chapter IV Results and discussion

IVV.1. Introduction

The study's findings, which relate to Rayleigh's number and the chimney geometric
parameters effects on the airflow development within the solar chimney, are presented in this
chapter and illustrated in isolines of dimensionless velocity and temperature as well as

profiles of the vertical velocity component that acts directly on the turbine to generate power.
IVV.2. Effect of Rayleigh number Ra on temperature and velocity isolines

IV.2.1. Curved junction with major radius Rc =0.24

Figures (1-6), represent isotherms and velocity field for three different values of Rayleigh
number (Ra=10*, Ra=5x10° and Ra=10°) respectively. Where figure (1) shows the isotherms
for Ra=10%, in this case isotherms are parallel lines all along the collector area and the
temperature distribution decreases form the ground where the maximum temperature is
located upward to the collector's roof (the cold wall) indicating that the heat transfer in this
region is dominated mainly by the pseudo-conduction mode, noticing a slight deformation in
the entry region of the chimney that demonstrates the presence of a very weak intensity of
natural convection in this instability zone, figure (2) represents velocity field distribution with
counter rotating cells at the entry region of the chimney and at the inlet regions of the

collector confirming that air motion is very weak to generate the flow.

Figure (3) illustrates isotherms for Ra=5x10° the figure shows a slight increase in the
distortion of the isothermal lines throughout the entire space with an increase of the
convection intensity in the chimney’s tower entry. This indicates the beginning of the
predominance of natural convection mode on the Pseudo-conduction mode which is
contributing minimally in the airflow generation. Figure (4) shows two symmetrical counter
rotating cells at the chimney’s entry mediated by a main cell moving upward representing a

significant development of flow field.

Figures (5-6), showing a fully deformed isothermal lines and fully developed velocity field of
approximately two times more intense compared to the previous Rayleigh value. We can
clearly conclude that the significant increase of Rayleigh value reaching Ra=10° provides an
intensification of air flow where less dense hot air rises toward the cold wall and then start
condensing and return back down by gravity illustrated as adjacent convective cells all along
the space, this is known as the buoyancy driven flow, thus the heat transfer in the solar
chimney is fully dominated by the natural convection mode.
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Figure 1: Dimensionless temperature distribution for Rc=0.24 and Ra=10"
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Figure 2: Dimensionless velocity field for Rc=0.24 and Ra=10"
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Figure 4: Dimensionless velocity field for Rc=0.24 and Ra=5x10°
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Figure 5: Dimensionless temperature distribution for Rc=0.24 and Ra=10°

Figure 6: Dimensionless velocity field for Rc=0.24 and Ra=10°
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IV.2.2. Curved junction with major radius Rc =0.34

figure (7) shows the isotherms for Ra=10* in this case temperature distribute as parallel lines
indicating that the Pseudo-conduction heat transfer dominate the region, with more
deformation intensity at the entry region of the chimney that demonstrates the presence of a
weak natural convection, figure (8) represents velocity field distribution showing an
approximately higher value compared to the first geometry for Ra=10*, however the flow

remain stagnant and no significant air motion throughout the chimney’s tower.

Figure (9) illustrates isotherms for Ra=5x10° indicating an increase of natural convection in
the entire system translated as a distortion of the isothermal lines throughout the system.
Figure (10) shows more intensification of the counter rotating cells at the upper part of the
chimney’s entry mediated by a main cell moving upward representing a generation of the

airflow under a convective mode.

Figures (11-12), represent a fully deformed isothermal lines and velocity field distributions
that show a significant increase of the velocity of airflow generated which is manifested in
close intense counter rotating cells located at the chimney’s entry moving upward to the
outlet all along the collector area considered as a zone of instabilities when the
Rayleigh-Bénard phenomenon is observed. Noticing that this slight change in the junction’s
curvature radius and the significant increase of Rayleigh value contributed in the increase of
the air motion smoothness thus the flow development compared to the previous geometry at
the same Rayleigh value, confirming by which the full dominance of natural convection

mode in the generation of the flow.
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Figure 7: Dimensionless temperature distribution for Rc=0.34 and Ra=10"
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Figure 8: Dimensionless velocity field for Rc=0.34 and Ra=10"
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Figure 9: Dimensionless temperature distribution for Rc=0.34 and Ra=5x10°
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Figure 10: Dimensionless velocity field for Rc=0.34 and Ra=5x10°
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Figure 11: Dimensionless temperature distribution for Rc=0.34 and Ra=10°
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Figure 12: Dimensionless velocity field for Rc=0.34 and Ra=10°
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IV.2.3. Curved junction with major radius Rc =0.44

Figure (13) shows the isotherms for Ra=10" in this case isotherms are parallel lines indicating
the pseudo-conduction mode in this region, noticing a slight deformation in the entry region
of the chimney that demonstrates the presence of a natural convection and a remarkable
relative increase in airflow velocity at the entry region of the chimney and at the inlets region

compared the previous geometries represented in figure (14).

When Rayleigh values increased to Ra=5x10°> and Ra=10°. We have a significant
intensification of the natural convection mode in the entire space manifested in the full
distortion of isotherms in figures (15) and (17) announcing a presence of significant airflow
field illustrated in figure (16) and (18), as close intense counter rotating cells located at the
chimney’s entry moving smoothly upward to the outlet indicating the presence of Rayleigh-

Bénard phenomenon.

Figure 13: Dimensionless temperature distribution for Rc=0.44 and Ra=10"
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Max: 1.135

Figure 14: Dimensionless velocity field for Rc=0.44 and Ra=10"

Figure 15: Dimensionless temperature distribution for Rc =0.44 and Ra=5x10°
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Max: 140,274
140

[ 100

Figure 16: Dimensionless velocity field for Rc=0.44 and Ra=5x10°

Figure 17: Dimensionless temperature field for Rc=0.44 and Ra=10°
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Man: 228.232

50

Figure 18: Dimensionless velocity field for Rc=0.44 and Ra=10°

IV.2.4. Curved junction with major radius Rc = 0.54

At Ra=10" isotherms in figure (19) are paralleled lines indicating the mode of pseudo-
conduction in the collector area, while we note slight deformation in the entry region of the
chimney that demonstrates the presence of a noticeably greater natural convection compared
to the previous geometries for Ra=10* illustrated in figure (20) as counter rotating cells
representing by which air flow velocity field distribution, that flow is still stagnant and not

generated due to the insignificant air motion in the space.

Figures (21) and (23) illustrate isotherms for Ra=5x10°> and Ra=6x10° respectively as a
significantly increase in the distortion of the isothermal lines throughout the system with
more intensively at the chimney's entry region This indicates dominance of natural
convection mode in the entire space due to due to the larger free space. Figures (22) and (24)
shows intensification of the counter rotating cells in the chimney’s entry and moving upward
to the outlet and spins in the collector area representing an appreciable and relatively regular
increase in the airflow field intensification. In particular for this case of a larger curvature
radius with Rc=0.54, the computation has shown a limitation in the Rayleigh number increase
which reached a limit of Ra= 6x105 instead of Ra=106 for the previous case of curvature

radius. This behavior is mainly due to the evolution of the natural convection from a laminar
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to a turbulent flow above this value of Rayleigh number while the model selected in Comsol

is laminar and the computation has not converged above this value.
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Figure 19: Dimensionless temperature distribution for Rc=0.54 and Ra=10"
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Figure 20: Dimensionless velocity filed for Rc=0.54 and Ra=10"
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Figure 21: Dimensionless temperature distribution for Rc=0.54 and Ra=5x10°
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Figure 22: Dimensionless velocity field for Rc=0.54 and Ra=5x10°
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Figure 23: Dimensionless temperature distribution for Rc=0.54 and Ra=6x10°
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Figure 24: Dimensionless velocity field for Rc=0.54 and Ra=6x10°
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1V.2.5. Fully curved chimney surface with hyperbolic profile

Figure (25) describes isotherms for Rayleigh value of Ra=10* for the case of fully curved
shape of the solar chimney, figure shows that isothermal lines are still following the walls
profiles and the temperature decreases from the hot section (the ground) to the cold one (the
roof) indicating by which that the heat transfer is dominated mainly by the pseudo-
conduction mode, except for the chimney’s entry region we notice a slight distortion
announcing a presence of air motion therefore a low intense natural convection manifested
either in figure (26) as counter rotating cells located in the chimney’s entry and a noticeably
very low intense cells at the inlet regions of the collector with an approximately lower value

compared to the previous curvature cases.

Figure (27) shows that isothermal lines are no more parallel and deformed intensively all
along the collector area and significantly at the chimney’s entry indicating that natural
convection contributed effectively all along the system.

Figure (28) represents the velocity field distribution for Ra=5x10° with more intensity
counter rotating cells compared to the one with Ra=10* and decreased significantly to be
equivalent approximately to the geometry with Rc= 0.44, indicating a presence of
significantly increased airflow but weaker than the previous one which is confirmed in the
distribution profile of velocity of Ra=7x10 in figures (29-30), where a full distortion of the
isothermal lines demonstrating the dominance of the natural convection heat transfer, and an
appreciable airflow at the chimney’s entry and more swirls in the collector area. Noticing that
at Rc = 0.54, the system's air flow reached its maximum limitation (peak) and started to
progressively reduce. Thus, the air flow development within the solar chimney depends on
the Rayleigh’s value and the control of junction’s curvature radius.

Following the same behavior noticed in the previous case where the Rayleigh number has
reached a peak of Ra= 6x10°, in this case of hyperbolic shape of the solar chimney walls the
Rayleigh number has reached a limit of Ra= 7x10° instead of Ra=10°. This is mainly due to
the evolution of the natural convection from a laminar to a turbulent flow above this value

similarly to the previous case, the Comsol model has not converged above these values.
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Max: 1.00

Figure 25: Dimensionless temperature distribution with Ra=10" for the fully curved chimney
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Figure 26: Dimensionless temperature distribution with Ra=10" for the fully curved chimney
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Figure 27: Dimensionless temperature distribution with Ra=5x10° for the fully curved
chimney
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Figure 28: Dimensionless velocity filed with Ra=5x10° for the fully curved chimney
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Figure 29: Dimensionless temperature distribution with Ra=7x10° for the fully curved
chimney
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Figure 30: Dimentionless velocity field with Ra=7x10° for the fully curved chimney
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IVV.3. Effect of Rayleigh number on airflow vertical velocity

Figures (31-35), show profiles of the air dimensionless vertical velocity for different
Rayleigh values at a fixed junction curvature radius, whereby we note that the velocity vary
increasingly according to the Rayleigh number value and the control of the junction’s

curvature radius until it reaches a specific maximum value in the chimney’s tower.

Taking for example, the first geometry case with Rc = 0.24 illustrated in figure (31), we note
an appreciable evolution in vertical velocity magnitude reaching a value of V'=10 when
Ra= 10° and V *=170 when Ra=10°, this maximum velocity reaches a highest point in the

tower that correspond to Z*=0.21 then start dropping dramatically towards the outlet.

Following the same analyses approach with further increase of the curvature radius to
Rc = 0.44 the maximum vertical velocity increases significatively by more than 500% when
Ra is increased from 10° to 10° this increase is mainly due to the intensification of the flow
under the fully developed convective mode which leads us to conclude that the airflow
motion throughout the chimney is directly correlated and positively proportional to the

Rayleigh number that characterize the intensity of the natural convection.

From figures (31-35), we can also notice that below a certain value of Rayleigh number and
regardless the curvature radius, the heat transfer is mainly conducted by pseudo conductive
mode and the air within the entire space of the chimney is stagnant. This value correspond in
our case study to Ra=10> which represent a critical value representing a transition border

from pseudo conductive to fully convective mode.

The location of the maximum vertical velocity within the chimney defines the position of the
turbine in order to collect the maximum Kkinetic energy for the airflow. In our case this
position in the tower correspond to Z* = +/- 0.2 regardless the intensity of the convection
characterized by the value of Ra and regardless the chimney geometry that is characterized by

the curvature radius of the junction Rc.
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Figure 31: Dimensionless vertical velocity (V*) for different Ra

with curvature radius Rc=0.24
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Figure 32: Dimensionless vertical velocity (V") for Ra
with curvature radius Rc=0.34
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Figure 33: Dimensionless vertical velocity (V™) for different Ra
with curvature radius Rc=0.44
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Figure 34: Dimensionless vertical velocity (V") for different Ra
with curvature radius Rc=0.54
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Figure 35: Dimensionless vertical velocity (V") for different Ra and for the case of fully
curved chimney

IVV.4. Effect of the junction curvature radius on airflow vertical velocity
We note that the variation of the curvature radius affect the airflow development throughout
the free space within the solar chimney. The finest example of this is illustrated in figure (36)
where we presented the dimensionless velocity magnitude V™ in terms of the dimensionless
vertical coordinate Z *. Obviously we can notice that the velocity increases propositionally
with the increase of the junction curvature radius Rc. It’s also noticeable that both cases of
fully curved solar chimney and curvature radius of Rc = 0.44 are almost matching. According
to the first case for Rc=0.24 the maximum velocity reaches dimensionless value of 96 at
position of Z*=0.14 that correspond to height in the chimney tower. In the second case for
Rc = 0.34 the dimensionless velocity reach a maximum value of 119 at Z*=0.16 following the
same evolution and for Rc=0.54 the velocity reaching its maximum slightly above 160 at
Z"=0.21, the curvature radius increase from Rc=0.24 to Rc=0.54 has positively affected the
solar chimney performance by increasing the vertical velocity with an estimated rate of 67%.
This behavior help us to conclude that the solar chimney performance is strongly correlated
to the junction radius variation and the potential loss of kinetic energy depends on the free
space created by the shape of the junction that let the airflow rise smoothly throughout the

tower. Thus the best and efficient performance is achieved in our case correspond the

maximum curvature radius Rc = 0.54.
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Figure 36: Dimensionless vertical velocity (V" for different curvature
radius Rc with Ra=5x10°

I\VV.5. Effect of the collector height H on temperature and velocity isolines

Figures (37-46) represent the dimensionless temperature and velocity distributions for
Rayleigh value Ra=5x10° and for different heights H in a range of [0.05-0.25]. For the case
of H=0.05 isotherms are parallel lines in the space between the collector and the ground, the
heat transfer is mainly generated by pseudo conduction with slight distortion at the
chimney’s entry indicating the presence of a very weak natural convection. The isotherms
distortion in the chimney’s entry indicating a development of naturel convection at this
instability zone while heat transfer remain conductive at the collector area due to the limited
free space that slowdown the airflow development which have a significant rate at the
chimney’s entry. With increasing in the collector height to H=0.1 and H= 0.15 both
temperature and velocity fields has not represent a significant changes within the collector
space while an intensification of the natural convection occurred at the chimney’s entry. With
a further increase in the collector height to H=0.2 and H=0.25, the natural convection become
fully developed in the entire space of the solar chimney. As clearly shown in figures 43-46
the temperature and the velocity fields are resulting from a fully developed flow under a
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convective mode with an intensification of cells at the chimney’s entry and at the inlet

regions under the collector roof.

r )

Figure 38: Dimensionless velocity field with H= 0.05 and Ra=5x10°
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Figure 39: Dimensionless temperature distribution with H=0.1 and Ra=5x10°
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Figure 40: Dimensionless velocity distribution with H= 0.1 and Ra=5x10°
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Figure 41: Dimensionless velocity distribution for H=0.15 and Ra= 5x10°
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Figure 42: Dimensionless velocity field for H=0.15 and Ra= 5x10°

68



Chapter IV Results and discussion

Figure 43: Dimensionless temperature velocity for H=0.2 and Ra=5x10°
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Figure 44: Dimensionless velocity field for H=0.2 and Ra=5x10°
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Figure 45: Dimensionless velocity field for H=0.25 and Ra=5x10°
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Figure 46: Dimensionless velocity field for H=0.25 and Ra=5x10°
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IVV.6 Effect of the collector height H on airflow vertical velocity

Through the figure 47, which represent dimensionless vertical velocity of the airflow profiles
for different height values at fixed Rayleigh value of Ra=5x10°. We see that raising the
height of the collector allows for the airflow to develop freely throughout the space, velocity
magnitude vary increasingly until reaching a curtain altitude in the chimney than the airflow
intensity start dropping gradually till reaching a motionless state near the outlet, according to
the first case for H=0.05, the velocity peak reaches 121 compared to the velocity value of 153
for height of H =0.2 this height increase gives an improvement in the airflow vertical velocity
close to 27%. The solar chimney performance is positively correlated to the collector’s height

geometry, the solar chimney's efficiency improved as the collector's height increased.
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Figure 47: Dimensionless vertical velocity (V") for different collector height values with
Ra=5x10°
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Conclusion

We provided a numerical simulation of a bi-dimensional axisymmetric solar chimney using
Comsol Multiphysics Software in the current parametric research, in order to compute the air
flow generated by natural convection within the solar chimney applying the boussinesq
approximation and the relevant assumptions including the laminar flow of the fluid that is
regarded permanent, Newtonian and incompressible as well as mathematical formalisms

using PDE system in cylindrical coordinates.

The current work focuses on the influence of Rayleigh variation on the natural convection
within the solar chimney as well as the geometrical parametric effects of the solar chimney
on the system's efficiency which depend essentially on the airflow vertical velocity; the
geometrical parameters in our case are the height of the collector as well as the junction

curvature radius.

When the Rayleigh value is low the pseudo conduction mode dominates the heat transfer
throughout the entire space, but as the Rayleigh number increases, the flow becomes
increasingly apparent in the form of close intense counter rotating cells; the convective flow

develops and takes over with a significant intensity in the solar chimney.

Furthermore the influence of the junction’s curvature geometry on the natural convection was
also examined, it was found that the solar chimney with the maximum curvature radius
Rc=0.54 is the optimum geometry in our case that could achieve the highest efficiency under
the maximum vertical velocity. We concluded that the performance of a solar chimney is
strongly correlated to the radius variation and the kinetic energy depends on the gap diameter

of the junction.

Finally, the results from the collector’s height investigation revealed that a higher the
collector goes the smoother and faster can the airflow develops within the whole space of the
solar chimney. This research also helped us to determine the best location for the turbines to

achieve the maximum efficiency.

In order to maximize the efficiency of the solar chimney and cut costs, we may enhance this
study in the future by doing in-depth research on the effects of the chimney’s height and size

and determining the impact of airflow velocity from the inlets.
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Abstract

The presented work concern a bi-dimensional numerical computation of a laminar airflow
generated by natural convection within the solar chimney. The mathematical model was
described by continuity, momentum and energy equations in the cylindrical coordinates
system using Boussinesq’s approximation. The simulation was performed with Comsol
Multiphysics software. Results showed that the solar chimney’s performance is strongly
correlated to Rayleigh number and to the chimney geometrical proprieties as the junction
curvature radius and the collector height.
Keywords: Natural convection, solar chimney, Boussinesq’s approximation, numerical
simulation.
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Résumé

Le travail présenté concerne un calcul numeérique bidimensionnel d'un écoulement laminaire
géneré par convection naturelle au sein de la cheminée solaire. Le modele mathématique a été
décrit par les équations de continuité, de quantité de mouvement et d'énergie dans le systeme
de coordonnées cylindriques en utilisant I'approximation de Boussinesq. La simulation a été
réalisée avec le logiciel Comsol Multiphysics. Les résultats ont montré que la performance de
la cheminée solaire est fortement corrélée au nombre de Rayleigh et aux propriétés
géométriques de la cheminée comme le rayon de courbure de la jonction et la hauteur du

collecteur.

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

numérique.
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