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Christopher Allen Stockinger 

Abstract 

Computational fluid dynamics was used to simulate solar chimney power plants and 

investigate modeling techniques and expected energy output from the system.  The solar chimney 

consists of three primary parts: a collector made of a transparent material such as glass, a tower 

made of concrete located at the center of the collector, and a turbine that is typically placed at the 

bottom of the tower.  The collector absorbs solar radiation and heats the air below, whereby air 

flows inward towards the tower.  As air exits at the top of the tower, more air is drawn below the 

collector repeating the process.  The turbine converts pressure within the flow into power.  The 

study investigated three validation cases to numerically model the system properly.  Modeling the 

turbine as a pressure drop allows for the turbine power output to be calculated while not physically 

modeling the turbine. The numerical model was used to investigate air properties, such as velocity, 

temperature, and pressure.  The results supported the claim that increasing the energy into the 

system increased both the velocities and temperatures.  Also, increasing the turbine pressure drop 

decreases the velocities and increases the temperatures within the system.  In addition to the 

numerical model, analytical models representing the vertical velocity without the turbine and the 

maximum power output from a specific chimney were used to investigate the effects on the flow 

when varying the geometry.  Increasing the height of the tower increased the vertical velocity and 

power output, and increasing the diameter increased the power output.  Dimensionless variables 

were used in a regression analysis to develop a predictive equation for power output.  The 

predictive equation was tested with new simulations and was shown to be in very good agreement.  
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Chapter 1. Introduction 

1.1.  The Solar Chimney 

The most potent, dependable, and sustainable source of energy in our solar system is the sun, 

for which there is great interest with harnessing its power both efficiently and economically.  An 

innovative system that is receiving more and more attention is the solar updraft tower, or solar 

chimney.  Many researchers throughout time have explored using the updraft of heated air to 

generate power.  Leonardo Da Vinci famously created many sketches in the early 1500s, and one 

of his sketched contraptions, the “smoke jack”, used smoke and warm air created from a fire to 

power a turbine that would then spin the meat as it cooked [1]. Though the device does not use 

solar radiation, Da Vinci used the idea that warm air rises, which is the primary principal for the 

solar chimney. 

In 1903, the Spanish engineer, Isodoro Cabanyes, first proposed using a solar chimney to 

produce electricity in his article entitled, “Projecto de motor solar” [1].  Then in 1926, Bernard 

Dubos, a French engineer, proposed the creation of a Solar Aero-Electric Power Plant in North 

Africa.  His plan was to construct the power plant along the slope of the Atlas Mountains, which 

he claimed would increase the ascending air speed to as high as 50 m/s [1]. 

Finally in 1982, a team led by German civil engineer, Jörg Sclaich, constructed a solar chimney 

prototype in Manzanares, Spain that consisted of a 195 m high tower and a collector about 244 m 

in diameter [2].  The plant operated with a peak output of 50 kW, but further research determined 

that the efficiency of the plant improves as the overall size increases [1].  The data collected from 

this particular prototype proved that solar upwind power plants are a feasible source of electricity, 

but are highly dependent upon environmental conditions such as the requirement of sunlight and 

a large amount of land. 
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In 2001, the company, EnviroMission, began development on building the world’s first large-

scale solar chimney.  The company’s plan is to build a 200 MW plant with tower over 800 m tall 

with a collector diameter of 5 km [3].  In addition to being able to power around 100,000 

households, this plant would have an annual savings of more than 900,000 tonnes of greenhouse 

CO2 gas emissions [3].  EnviroMission choose to place thirty-two 6.25 MW turbines below the 

chimney capturing the horizontal air flow as it is drawn inward where the Spanish chimney had 

one 50 MW turbine at the base of the tower.  The incredible size and achievement of the structure 

would capture worldwide attention and create a popular tourist attraction as well.  The massive 

construction cost and governmental regulations are currently creating hurdles for the company, but 

they hope to break ground soon.  

The working properties of the solar chimney rely on the buoyant nature of air to turn a turbine 

that generates electricity.  The system consists of three primary pieces: the chimney, collector, and 

turbine.  The chimney is a large pressure tower that is typically made from adiabatic materials such 

as cement.  The collector is made of transparent material such as glass or polycarbonate and 

functions similarly to that of a greenhouse.  The turbine operates as a shrouded pressure-staged 

wind generator, which converts pressure into energy using cased turbines [4].  There is a pressure 

drop across the turbine, but the velocity before and after remains about the same.  The schematic 

for the solar chimney power plant is shown in Figure 1.1.  Part (a) shows the path that the air 

moves within the plant, while part (b) depicts the heating of the air below the collector during the 

day and night.  Beginning with part (a), solar radiation passes through the collector surface and 

warms the air below, which causes the air to rise.  As the air flows up and out of the chimney, new 

air is drawn inward from the perimeter towards the chimney where the process repeats.  The turbine 

is located towards the lower section of the chimney and converts the traveling air into electricity 
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that is then sent to a generator.  Next with part (b), during the day, solar radiation passes through 

the collector where the rays either strike the air molecules or the ground.  The rays that strike the 

air molecules heat the air, while the ones that strike the ground are either absorbed or reflected 

back to the collector, which are reflected creating a continuous process.  Eventually, both the air 

and ground are heated.  Due to the ground being porous, the stored energy can continue to warm 

the air throughout the night.  The amount of energy released from the ground can be increased 

with underground thermal storage systems that absorb and hold more radiation from the sun [2]. 

(a)  

(b)  
Figure 1.1:  (a) Schematic of solar chimney power plant system and (b) enlarged region in the collector to 

highlight energy transfer during day and night 
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The size of the collector and tower both directly impact the cost and efficiency of the power 

plant.  As the size is increased, the cost and efficiency do as well.  Increasing the diameter of the 

collector increases the heat transfer within the system, which increases the air velocity.  Increasing 

the temperature difference between the ambient and measured within the tower increases the 

pressure difference, and therefore, the air velocity as well.  Due to the size of a solar chimney, 

many acres are necessary for instalment, but the system can also function as a greenhouse so that 

the vegetation below the collector can thrive [5].  Overall, the solar upwind power plant is a viable 

source of solar energy due to its low maintenance costs and positive impact on vegetation, but it 

is situational due to its solar radiation requirements, massive upfront construction cost, and large 

overall size. 

1.2.  Motivation 

Two major problems, poverty and worldwide dependence on fossil fuels, are prevalent in 

society.  Fossil fuels are nonrenewable source of pollution, and poverty negatively affects the 

livelihood of millions worldwide.  There is a severe need to reduce fossil fuel emissions, but with 

the ever growing demand for energy, how could limiting consumption of fossil fuels be possible 

without having severe economic impacts?  The answer is teaming both fossil fuels and renewable 

clean energy where it makes sense economically, socially, and geographically.  In addition, the 

livelihoods of impoverished people can be dramatically improved with cheap energy.  Energy can 

improve the sanitation of food and water, make many educational tools possible, allow students to 

study during the night, bolster the local economy by setting up an encouraging location for 

businesses, and much more.  Using renewable energy sources such as the solar upwind power 

plant, humanity can move towards improving both of these problems. 
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Rural Africa would greatly benefit from a solar upwind power plant.  Many villages are without 

sufficient electricity, such that the children are forced to perform school work with candles and 

below street lights.  In 2013, with 70% of the population in Sub-Saharan Africa without electricity, 

the Obama administration announced the “Power Africa” initiative, which established global goals 

to increase the access to reliable power for more people in Sub-Saharan Africa by using primarily 

“green solutions” [6].  Overall, this location is a perfect spot for a solar chimney power plant due 

to the abundance of solar radiation.  The continent of Africa has the highest solar irradiation and 

receives between 6 to 7 kW�h/m2 daily horizontal (total) irradiation [7].  Total irradiation is the 

sum of the direct normal irradiance and diffuse horizontal irradiance.  A majority of Africa receives 

much more solar radiation than Manzanares, Spain, where a successful prototype has already been 

implemented.  Smaller towers are possible in locations where solar radiation is more significant 

due to increasing temperatures below the collector [8].  Africa is an ideal location for the solar 

updraft power plant to meet the goal to bring clean energy to this remote area. 

A solar chimney would be a great fit for rural Sub-Saharan Africa.  With plenty of land, this 

technology would be able to provide clean and renewable energy both day and night to an entire 

village.  During construction, many people would be provided quality jobs, and after construction, 

the new electricity would bolster the local economy with the new ability to drastically improve 

local education and provide a business friendly environment.  Improving the living conditions of 

the impoverished people in rural Africa is a goal that can be achieved by supplying reliable access 

to electricity.  Due to the geographic locations, exposure to the sun, and the low maintenance costs, 

the solar chimney could provide clean renewable energy in Sub-Saharan Africa if the initial 

construction cost could be solved. 
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1.3.  Recent Work in Computational Fluid Dynamics 

After the success of the prototype in Manzanares, Spain, there are more and more solar 

chimney prototypes and proposals.  With the substantial construction cost, further research is 

required to fully understand the functionality of the solar updraft technology.  Computational fluid 

dynamics (CFD) is a numerical tool that evaluates the system using cheaper and quicker methods 

compared to the construction of physical prototypes.  With many commercial codes available, 

determining the proper code and methods are imperative to fully understanding the system.  Since 

the early 2000s, many researchers have modeled solar chimneys and are still making dramatic 

strides.  

In 2004, nearly 20 years after the construction of the prototype in Spain, Pastohr et al. [9] 

conducted a CFD study of the Manzanares tower with the goal of analyzing the thermal storage 

system.  In their study, Fluent was used to create an axisymmetric solar chimney model using the 

parameters from the Spanish power plant and included two meters of ground thermal storage.  

Instead of including a radiation model, the authors decided to use a thin layer above the ground 

that acted as a heat source [9].  With their model, the authors were able to determine profiles for 

the temperature, velocity, and pressure.  They concluded that increasing the amount of energy put 

into the system increased the velocity of the air moving within the system.  In addition, Pastohr et 

al. [9] developed mathematical models based on an energy balance between the ground and 

collector.  Finally comparing the two models, the authors concluded that a transient simulation is 

needed to accurately calculate the heat transfer between the ground and collector  Later in 2010, 

Xu et al. [10] developed an axisymmetric model of a solar chimney nearly identical to that of 

Pastohr et al. [9] but with a different thermal storage model.  Xu et al. [10] used a porous material, 

whereas Pastohr et al. [9] modeled the thermal storage system as a solid material.  In addition, Xu 
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et al. [10] also added a model for the turbine by using a pressure drop at the junction between the 

collector and chimney.  The theoretical turbine efficiency and power output were used to determine 

the proper pressure drop.  With this model, Xu et al. [10] determined that the power output and 

energy lost from the turbine are directly related to the amount of solar radiation and the turbine 

efficiency. 

In 2008, a study modeling the thermal storage layers with  porous materials was performed by 

Ming et al. [11].  While a solid material only considers conduction heat transfer, a porous material 

considers conduction along with both convective and radiative transfer as well.  This study 

concluded that using materials with a higher thermal conductivity resulted in a higher daily amount 

of heat stored, and therefore, are better suited for the thermal storage layer [11].  In addition, the 

solar radiation impact on pressure, velocity, and temperatures were studied as well.  As the solar 

radiation increased, the velocity and temperature increased and the pressure decreased [11].  

Overall, this study provided insight on optimizing the thermal storage system as well as the effects 

of the solar radiation on the system. 

The size of the chimney and its impacts on the turbine efficiency was studied by Fasel et al. 

[12] in 2013.  They created different scaled models to test the impact caused by different sized 

towers.  The authors scaled each model from the prototype in Manzanares, Spain and held the 

boundary conditions and solution methods constant.  Increasing the overall size of the solar 

chimney resulted in an increase of both the temperature and velocity inside the system.  

With the heat transfer in the solar chimney being due to natural convection, many researchers 

have performed CFD studies to better understand this process.  In 2010, Chergui et al. [13] created 

a model with no turbine or thermal storage system to isolate and observe the air movement within 

the system.  The air flow was controlled by the boundary conditions.  After a temperature 
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difference was calculated using the Rayleigh number equation, the lower temperature was set to 

the chimney walls and the higher temperature was set to the ground.  The difference affected the 

flow dramatically.  As the Rayleigh number was increased, the flow within the system transitioned 

from laminar to turbulent flow.  Chergui et al. [13] concluded that the turbulence was fully 

developed with a Rayleigh number of 108 while a Rayleigh number of 106 predicted laminar flow.  

This was not the only study observing the effect of the Rayleigh number effect.  In 2012, Tahar et 

al. [14] expanded on the study of Chergui et al. [13] by altering the shape of the chimney by using 

a curved junction.  Tahar et al. [14] reached a similar conclusion except that the turbulence began 

with a Rayleigh number as low as 105.  Overall, the two studies provided further insight for the 

airflow within the system and concluded that increasing the Rayleigh number eventually led to a 

change from laminar to turbulent flow. 

Due to the extensive size of the solar updraft tower, computational fluid dynamics is a great 

tool as it offers a much cheaper and accessible format of research compared to physically building 

new prototypes.  The previous studies have all brought more insight in the modeling of solar 

chimneys such as using a radiation model to accurately calculate the heat loss, a transient model 

with a thermal storage layer to accurately calculate the heat transfer from the ground to the air, and 

a porous medium to accurately model the thermal storage system.  Even with different models, 

many of the studies came to similar conclusions such as increasing solar radiation increases the 

temperature and velocity and using a pressure drop to represent the turbine increased the efficiency 

of the system.  Overall, these studies have provided more understanding to the impacts of the 

individual sections and processes on the solar chimney system.  Even with these advances, 

researchers are still striving for a more accurate CFD model. 
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1.4.  Objectives 

The objective of this thesis is to develop a simplified numerical model for the solar chimney 

power plant to investigate the effects of the geometry and turbine location on the flow and power 

output.  Decreasing the overall tower height would decrease the overall construction cost and 

improve the appearance of the chimney but also decrease the power output and efficiency of the 

system.  A goal of this thesis is to further investigate the geometry effects on the output of the 

system.  The numerical model will be simplified by employing a two-dimensional domain that 

does not include a layer to represent the thermal storage of the ground or a solar radiation model.  

Also using a simplified model for the turbine will allow the generated power output to be calculated 

without physically modeling the turbine load.  Further knowledge on solar chimneys and the flow 

within would be beneficial to eventually implementing one in Sub-Saharan Africa because there 

is a large amount of cheap available land.  The thesis will use both analytical and numerical models 

to accomplish the goal of understanding the amount of power generated.  Both the numerical and 

analytical models will be compared and validated with experimental data extracted from the solar 

chimney built in Manzanares, Spain [15].  In addition, a statistical prediction equation will be 

created from the numerical data to predict the power output from the outlet velocity and outlet 

temperature. 

1.5.  Organization of the Thesis 

Chapter 2 presents the numerical methods and assumptions to solve the Navier-Stokes 

equations required for this study.  The governing equations, turbulence modeling, and 

discretization methods are discussed along with their specific simplifications.  In addition, a 

dimensionless variable study is also shown in Chapter 2 to ascertain the characteristic length scale.  

To be confident in the accuracy of the methodology and modeling, three validation cases are 
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performed and presented in Chapter 3.  The different studies investigate the airflow of a free plume, 

the Rayleigh number effects of the air within a solar chimney, and the proper methods of modeling 

the turbine and energy storage layer.  First, the work of Schaelin et al. [16] for the free plume case 

provides background knowledge in convection by using a one-dimensional line to model a heat 

flux.  The free plume case is also used to explore different solvers, turbulence models, and 

discretization procedures.  The studies of Chergui et al. [13] and Tahar et al. [17] are then used to 

investigate the definition of the Rayleigh number and its effect on the flow within the solar 

chimney in addition to properly modeling with an axisymmetric domain.  Lastly, the work by Xu 

et al. [10] provides insight on modeling the heat source of the ground, the pressure drop of the 

turbine, and using a convection coefficient to model the collector boundary condition.  Chapter 4 

develops a numerical model of a solar chimney and compares it to the experimental data and an 

analytical model.  The resulting airflow from the numerical model is investigated including the 

effects from the turbine pressure drop.  Chapter 5 presents the conclusion of the thesis and provides 

recommendations for future work.  
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Chapter 2. Numerical Approach 

2.1.  Governing Equations 

The commercial code ANSYS Fluent [18] is used for the simulations in this work. The 

fundamental governing equations are summarized and important assumptions are explained. The 

equation for conservation of mass, or continuity, is: 

 𝜕𝜌
𝜕𝑡 +  ∇ ∙ (𝜌 �⃑�) = 0 ( 1 ) 

where t is time, ρ is density, and �⃑� is the velocity vector.  Next, the conservation of momentum is: 

 𝜕
𝜕𝑡

(𝜌 �⃑�) +  ∇ ∙ (𝜌 �⃑� �⃑�) = −∇ p + ∇ ∙ (𝜏̿) +  𝜌 �⃑� ( 2 ) 

where p is the static pressure, �⃑� is the gravitational vector, and 𝜏̿ is the stress tensor, which is 

expressed as: 

 𝜏̿ =  𝜇 [(∇ �⃑� +  ∇�⃑�𝑇) − 
2
3 ∇ ∙ �⃑� 𝐼] ( 3 ) 

where I is the identity tensor, μ is the dynamic viscosity.  Finally, the conservation of energy 

equation is: 

 𝜕
𝜕𝑡

(𝜌 𝐸) +  ∇ ∙ (�⃑� (𝜌 𝐸 + 𝑝)) = ∇ ∙ 𝑘𝑒𝑓𝑓 ∇ T + ∇ ∙ (𝜏̿ ∙ �⃑�) +  𝑆ℎ ( 4 ) 

where Sh is an energy source term and E is the total energy within the system, which contains the 

potential, kinetic, and internal energy.  The total conductivity, keff, combines both the thermal 

conductivity of the fluid and the turbulent thermal conductivity.  The enthalpy of the fluid or 

internal energy, h, is expressed: 

 
ℎ =  ∫ 𝑐𝑝 𝑑𝑇

𝑇

𝑇0

 ( 5 ) 
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where cp is the constant pressure specific heat.  There are many assumptions that will simplify 

these governing equations, as discussed next. 

The Boussinesq model can be assumed for the buoyancy force in the momentum equation 

where the temperature is assumed to be a function of density.  This assumption can only be 

implemented with small temperature differences.  By defining the thermal expansion coefficient, 

β, as: 

 𝛽 =  −
1
𝜌 (

𝜕𝜌
𝜕𝑇)

𝑝
 ≈  −

1
𝜌

𝜌0 −  𝜌
𝑇0 − 𝑇  ( 6 ) 

and assuming small temperature changes in the chimney system, the density can be expressed as: 

 (𝜌 −  𝜌0) ≈  −𝜌0 𝛽 (𝑇 − 𝑇0) ( 7 ) 

where the subscript 0 represents the reference value.  Equation ( 7 ) calculates the density from the 

reference density.  The reference density is constant and substituted into the conservation of mass 

and energy equations (Equations ( 1 ) and ( 4 )).  For the conservation of momentum equation 

(Equation ( 2 )), the density in the left-hand side is expressed by the reference density and the 

density in the right-hand side is expressed as the density calculated from Equation ( 7 ).  If the 

fluid is assumed to be incompressible, the continuity equation can be simplified to: 

 ∇ ∙ �⃑� = 0 ( 8 ) 

Also, assuming a Newtonian fluid, the stress tensor, Equation ( 3 ), can be simplified: 

 𝜏̿ =  𝜇 ∇ �⃑� ( 9 ) 

Substituting Equation ( 9 ) into the momentum equation (Equation ( 2 )) results in a simplified 

energy equation because the viscous heating term, ∇ ∙ (𝜏̿ ∙ �⃑�), can be neglected.  In addition, the 
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energy source term can be neglected.  With all of these assumptions, the momentum and energy 

equations can be simplified to: 

 𝜕�⃑�
𝜕𝑡 +  �⃑� ∇ ∙ �⃑� =  −

1
𝜌0

 ∇𝜌 +
𝜇
𝜌0

 ∇2�⃑� + �⃑� [1 −  𝛽(𝑇 −  𝑇0)] ( 10 ) 

 𝜕𝑇
𝜕𝑡 +  �⃑� ∙ ∇𝑇 =  𝛼∇2𝑇 ( 11 ) 

where 𝛼 =  𝑘 (𝜌 𝑐𝑝)⁄ . 

2.2.  Turbulence Modeling 

Both the standard and realizable k – ε turbulence model are used throughout this study, and 

both assume that the flow is fully turbulent so that the effects of molecular viscosity can be 

neglected.  For the standard k – ε turbulence model, the turbulence kinetic energy, k, and its rate 

of dissipation, ε, are calculated from the transport equations [18]: 

 𝜕
𝜕𝑡

(𝜌𝑘) + ∇ ∙ (𝜌𝑘�⃑�) = ∇ ∙ [(𝜇 +  
𝜇𝑡

𝜎𝑘
) �⃑⃑�] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 ( 12 ) 

 𝜕
𝜕𝑡

(𝜌𝜖) + ∇ ∙ (𝜌𝜖�⃑�) = ∇ ∙ [(𝜇 + 
𝜇𝑡

𝜎𝜖
) 𝜖] + 𝐶1𝜖  

𝜖
𝑘  (𝐺𝑘 + 𝐶3𝜖𝐺𝑏) − 𝐶2𝜖 𝜌 

𝜖2

𝑘  ( 13 ) 

where σk and σε are the turbulent Prandtl numbers for k and ε, and C1ε, C2ε, and C3ε are constants.  

The generation of turbulence kinetic energy due to the mean velocity gradients, Gk, is expressed: 

 𝐺𝑘 =  𝜇𝑡 𝑆2 ( 14 ) 

where S is the modulus of the mean rate-of-strain tensor and defined as: 

 𝑆 ≡ √2 𝑆𝑖𝑗𝑆𝑖𝑗 ( 15 ) 

The generation of turbulence kinetic energy due to buoyancy, Gb, is expressed: 
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 𝐺𝑏 =  −𝑔 ⃑⃑⃑⃑ 𝛽
𝜇𝑡

𝜌 𝑃𝑟 ∇𝑇  ( 16 ) 

The turbulent viscosity, μt, is defined as: 

 
𝜇𝑡 =  𝜌 𝐶𝜇  

𝑘2

𝜖   ( 17 ) 

where Cμ is based on the mean rate of strain and rotation, the angular velocity, and the system 

rotation.  The parameters in Equations ( 12 ) and ( 13 ) are defined as C1ε = 1.44, C2ε = 1.92, σk = 

1.0, and σε = 1.3 [18].  The third constant, C3ε, is not specified, but calculated using a relationship 

between the velocity vector parallel and perpendicular to the gravitational vector: 

 𝐶3𝜖 =  tanh |
𝑣
𝑢| ( 18 ) 

For the realizable k – ε turbulence model, the turbulence kinetic energy and rate of 

dissipation are calculated using the transport equations [18]: 

 𝜕
𝜕𝑡

(𝜌𝑘) + ∇ ∙ (𝜌𝑘�⃑�) = ∇ ∙ [(𝜇 +  
𝜇𝑡

𝜎𝑘
) �⃑⃑�] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 ( 19 ) 

 𝜕
𝜕𝑡

(𝜌𝜖) + ∇ ∙ (𝜌𝜖�⃑�)

= ∇ ∙ [(𝜇 +  
𝜇𝑡

𝜎𝜖
) 𝜖] + 𝜌𝐶1𝑆𝜀 − 𝜌𝐶2

𝜖2

𝑘 + √𝑣𝜖
+ 𝐶1𝜖

𝜖
𝑘 𝐶3𝜖𝐺𝑏 

( 20 ) 

There are many overlap between the two models so Gk is defined in Equation ( 14 ), Gb is defined 

in Equation ( 16 ), μt is defined in Equation ( 17 ), and C3ε is defined in Equation ( 18 ).  Similarly 

to before, ANSYS Fluent defines the parameters as C1ε = 1.44, C2 = 1.9, σk = 1.0, and σε = 1.3.  

The new variable, C1, is expressed: 

 
𝐶1 =  𝑚𝑎𝑥 [0.43,

𝑆 𝑘
𝜖

𝑆 𝑘
𝜖 + 5

] ( 21 ) 
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The two different turbulence models will be compared throughout the following studies. 

2.3.  Grid Resolution Study 

A grid resolutions study is necessary to decrease the amount of numerical error resulting from 

the mesh.  The grid convergence index (GCI) method used to define the numerical error and create 

an extrapolated profile was discussed by Celik et al. [19] and is summarized here.  The first step 

is to define the representative cell: 

 
ℎ = (

1
𝑁 ∑ 𝐴𝑖

𝑁

𝑖=1
)

1/2

 ( 22 ) 

where 𝑁 is the total number of cells within the mesh and 𝐴𝑖 is the area of the ith cell.  For this 

particular study, three different grid resolutions are necessary such that the refinement factor 

between the finest and coarsest mesh, 𝑟 = ℎ𝑐𝑜𝑎𝑟𝑠𝑒 ℎ𝑓𝑖𝑛𝑒⁄ , must be greater than 1.3.  Let the 

subscripts 1, 2, and 3 represent the fine, medium, and coarse mesh, respectively, such that ℎ1 <

ℎ2 < ℎ3.  Next, the apparent order, p, is calculated: 

 𝑝 =
1

𝑙𝑛(𝑟21) |𝑙𝑛 |
𝜀32

𝜀21
| + 𝑞| ( 23 ) 

 
𝑞 = 𝑙𝑛 |

𝑟21
𝑝 − 𝑠

𝑟32
𝑝 − 𝑠| ( 24 ) 

 𝑠 = 1 ∗ 𝑠𝑔𝑛 (
𝜀32

𝜀21
) ( 25 ) 

where 𝑟21 = ℎ2 ℎ1⁄ , 𝑟32 = ℎ3 ℎ2⁄ ,  𝜀21 = 𝜙2 − 𝜙1, and 𝜀32 = 𝜙3 − 𝜙2 such that 𝜙𝑘 represents a 

particular variable of the kth mesh.  Equation ( 24 ) is first solved with a dummy p value, and then 

substituted into Equation ( 23 ).  Then through iteration, the proper apparent order is obtained.  

Next, the extrapolated values are calculated: 
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𝜙𝑒𝑥𝑡

21 =
𝑟21

𝑝 𝜙1 − 𝜙2

𝑟21
𝑝 − 1  ( 26 ) 

The extrapolated values will be used to compare property profiles of numerical validations.  In 

addition, the error estimates with the apparent order of p are defined: 

 𝑒𝑎
21 = |

𝜙1 − 𝜙2

𝜙1
| ( 27 ) 

 
𝑒𝑒𝑥𝑡

21 = |
𝜙𝑒𝑥𝑡

21 − 𝜙1

𝜙𝑒𝑥𝑡
21 | ( 28 ) 

 
𝐺𝐶𝐼𝑓𝑖𝑛𝑒

21 =
1.25 𝑒𝑎

21

𝑟21
𝑝 − 1 ( 29 ) 

where 𝑒𝑎
21 is the approximate relative error, 𝑒𝑒𝑥𝑡

21  is the extrapolated relative error, and 𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  is 

the fine grid convergence index.  Each validation case will present a grid resolutions study, 

calculating the apparent order and fine-grid convergence index at multiple locations, and also 

presenting property profiles with the calculated extrapolated values. 

2.4.  Discretization Methods 

The governing equations are solved using a pressure-based solver with a finite volume 

discretization.  The geometry and mesh are created in ICEM and imported into Fluent where the 

cells are control volumes used to solve the fluid properties.  With the pressure-based solver for 

incompressible flow, pressure becomes the primitive variable.  The semi-implicit method for 

pressure linked equations (SIMPLE) algorithm is chosen to couple the pressure and velocity 

equations [18].  The SIMPLE algorithm uses the momentum equation to estimate a pressure and 

then corrects both the pressure and velocity until the conservation of mass equation is satisfied.  

The resulting velocity and pressure are calculated: 

 �⃑� =  �⃑�∗ −  �⃑�′  ( 30 ) 
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 �⃑� =  �⃑�∗ −  �⃑�′ ( 31 ) 

where �⃑�′ is the velocity correction and �⃑�′ is the pressure correction.  The relationship to couple 

the variables is: 

 �⃑�′ = −
1

𝐴𝑃
∑ 𝐴𝑙 �⃑�′

𝑙 −
1

𝐴𝑃
∇ ∙ 𝑝′|𝑝

𝑙
  ( 32 ) 

where AP and Al are coefficients from the discretized momentum equations.  The subscripts P and 

l represent an individual velocity node and the neighbor points that appear in the discretized 

conservation of momentum equation.  Substituting the corrected velocity equation into the 

discretized continuity equation results in the pressure-correction equation: 

 ∇ ∙ [
𝜌

𝐴𝑃
 ∇ ∙ 𝜌′]

𝑃
= [∇ ∙ (𝜌�⃑�∗)]𝑃 + [∇ ∙ (𝜌�⃑�′)]𝑃  ( 33 ) 

Beginning with Equation ( 33 ) the second term is not known so it is neglected.  The resulting 

pressure correction is then substituted into Equation ( 32 ) to calculate the velocity correction, 

which is substituted into Equation ( 33 ).  This is iterated until the continuity equation is solved.   

 The second-order upwind interpolation, based on a Taylor-Series expansion about the center 

of a cell using the values of two cells upwind, is implemented to discretize the momentum, energy, 

radiation, and turbulence equations.  The pressure discretization employs pressure staggering 

(PRESTO!) scheme.  The least squares cell based method is used for the gradient and spatial 

discretization.  For transient simulations, time is discretized using a first-order implicit method 

where a Courant-Friedrichs-Levy (CFL) number of 1 is used to determine the time step size.  CFL 

is defined: 

 𝐶𝐹𝐿 =
𝑈 ∆𝑡
∆𝑥   ( 34 ) 
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where U is the maximum fluid velocity, ∆𝑥 is the smallest cell size, and ∆𝑡 is the time step size.  

An absolute convergence criteria of 10-8 is used throughout unless indicated otherwise. 

2.5.  Rayleigh Number 

To define the Rayleigh number, dimensionless variables are created using the variables: 𝑢0, 

𝜌0, 𝐿.  The dimensionless variables are represented with the superscript * and are simplified to: 

 𝑡∗ = 𝑡 
𝑢0

𝐿  ( 35 ) 

 ∇∗= ∇𝐿 ( 36 ) 

 
�⃑�∗ =

�⃑�
𝑢0

 ( 37 ) 

 𝑔∗ = 𝑔 
𝐿

𝑢0
2 ( 38 ) 

 𝑝∗ =
𝑝

𝜌0 𝑢0
2 ( 39 ) 

 𝑇∗ =
𝑇 − 𝑇∞

𝑇𝐻 − 𝑇∞
 ( 40 ) 

Substituting these dimensionless variables into governing equations, Equations ( 1 ),  ( 10 ), and ( 

11 ), results in: 

 ∇∗ ∙ �⃑�∗ = 0 ( 41 ) 

 𝜕 �⃑�∗

𝜕 𝑡∗ + �⃑�∗∇∗ ∙ �⃑�∗ = −∇∗𝑝∗ +
1

𝑅𝑒 ∇∗2 �⃑�∗ −
𝐺𝑟

𝑅𝑒2  𝑇∗ + 𝑔∗ ( 42 ) 

 𝜕 𝑇∗

𝜕 𝑡∗ + �⃑�∗ ∙ ∇∗𝑇∗ =
1

𝑃𝑟 𝑅𝑒 ∇∗2𝑇∗ ( 43 ) 

where 𝑅𝑒 is the Reynolds number, 𝐺𝑟 is the Grashof number, and 𝑃𝑟 is the Prandtl number and 

are represented as: 
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 𝑅𝑒 =
𝜌0𝑢0 𝐿

𝜇  ( 44 ) 

 
𝐺𝑟 =

�⃑�𝛽 (𝑇𝐻 − 𝑇∞)𝐿3

𝜈2  ( 45 ) 

 𝑃𝑟 =
𝜈
𝛼 ( 46 ) 

The Reynolds number is the ratio of momentum forces to viscous forces, the Grashof number is 

the ratio of buoyancy forces to viscous forces, and the Prandtl number is the dimensionless energy 

equation.  In addition, the Rayleigh number will be investigated and is the product of the Grashof 

and Prandtl numbers: 

 
𝑅𝑎 =

�⃑�𝛽 (𝑇𝐻 − 𝑇∞)𝐿3

𝜈 𝛼  ( 47 ) 

In the following chapters, the simplified conservation of mass, momentum, and energy 

equations will be solved to investigate the solar chimney power plant.  In addition, the SIMPLE 

and PRESTO! schemes will be employed to discretize and properly model the pressure.  Finally, 

the turbulence models are necessary as the air within the system is turbulent, and both the realizable 

and standard k-ε turbulence models will be investigated. 
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Chapter 3. Validation Cases 

3.1.  Free Plume 

In 1992, Schaelin et al. [16] modeled a two-dimensional free plume in ambient conditions 

using a one-dimensional heat source in a Cartesian coordinate system.  The ambient air 

temperature was 293 K and the heat source was 100 W/m.  The schematic for the system is shown 

in Figure 3.1.  The domain is 61 m wide by 100 m tall where both the top and sides are defined by 

ambient conditions, the bottom is the ground, and the heat source is at the midpoint of the ground 

defined with a constant heat flux.  Schaelin et al. [16] used a coarse non-uniform mesh of 45 by 

34 cells where the finest cell was at the center of the bottom face near the heat source [16].  The 

authors also wrote their own code to run this case. 

 

 

Figure 3.1: Schematic of free plume in ambient conditions 

Source 

Surroundings 

Ground 
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For the validation study, a geometry similar to Schaelin et al. [16] is used, and a source length 

(shown in red in Figure 3.1) of 0.2 m is assumed because Schaelin et al. [16] did not provide the 

dimensions.  The ground is modeled as an adiabatic no-slip wall, the top and sides are modeled 

with the ambient temperature (𝑇∞ = 293 K) and pressure (1 atm), no turbulent backflow, and the 

heat source is modeled as a no-slip wall with a heat transfer per unit width of 100 W/m3.  Due to 

the improvements of computers since 1992, a much finer mesh can be used to discretize the 

domain.  The non-uniform 160 by 100 cell mesh is presented in Figure 3.2.  The air properties are 

defined at ambient conditions and the flow is assumed steady-state.  The finest cells are 0.02 m by 

0.1 m, which is located directly above the heat source.  The flow effects using different solver 

types, turbulence models, and discretization orders are compared by observing property contours 

and vertical velocity profiles along the centerline. 

 
Figure 3.2: Generated mesh for free plume study 
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Figure 3.3: Convergence study for pressure-based solver, realizable k-ε turbulence model, and second-order 

upwind discretization; vertical position versus vertical velocity along the centerline 

 

A convergence case study is performed to find the proper residual criteria that indicate the flow 

has reached steady-state.  For the convergence study, the pressure-based solver, realizable k-ε 

turbulence model, and second-order spatial discretization are used and the corresponding vertical 

velocities along the centerline are shown in Figure 3.3.  Both plots represent the same values, but 

the right plot is magnified by reducing the scale along the v-axis so that the discrepancies are more 

visible.  When the residuals are 10-6, the vertical velocity begins to decrease at a height of about 

65 m, and when the residuals reach 10-8 or higher, the velocity is constant after it reaches its peak 

value.  The study concludes that the solution reaches steady-state when the residuals reach 10-8 

and therefore, this criteria are used for the simulation going forward. 

Different solvers, turbulence models, and discretization solvers are tested and compared; 

pressure-based and density-based solvers, standard k-ε and realizable k-ε turbulence models, and 

the first-order and second-order upwind discretization solvers.  The vertical velocities along the 

centerline for the different cases are presented in Figure 3.4.  The base case will be defined with 

v (m/s)

y
(m

)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.350

20

40

60

80

100

10
10
10

-6
-8

-10

v (m/s)

y
(m

)

0.31 0.32 0.33 0.34 0.350

20

40

60

80

100

10
10
10

-6

-8
-10



23 
 

the pressure-based solver, realizable k-ε turbulence model, and second-order upwind 

discretization, which is present on each plot to compare the effects of the chosen numerical 

method.   

In Figure 3.4, all cases are compared in part (a), while the other three plots are magnified to 

better show the effects of the numerical methods on the flow.  Part (b) compares the density-based 

method to the pressure-based, part (c) compares the realizable turbulence model to the standard 

model, and part (d) compares the first-order upwind to the second-order.  Beginning with part (b), 

the density and the pressure based methods have insignificant differences, and therefore, the 

pressure-based solver was chosen because it reaches steady-state with fewer iterations.  As shown 

in part (c), the turbulence models significantly affect the peak velocity.  The standard turbulence 

model has a peak velocity of 0.320 m/s, while the realizable turbulence model has a peak velocity 

of 0.335 m/s.  Finally for part (d), the degree order of discretization has a significant effect as well, 

though not as significant as the turbulence model.  The first-order upwind spatial discretization 

results in a peak velocity of 0.339 m/s compared 0.335 m/s from the second-order upwind.  

Schaelin et al. [16] found that their model had a similar profile shape, a peak velocity of 0.35 m/s, 

and an air temperature of 21.6 ˚C one meter above the heat source [16].  The pressure-based, 

realizable k-ε turbulence model with first-order upwind discretization had the closest peak velocity 

and the air temperature one meter above the heat source was approximately 21.9 ˚C; therefore, this 

case is used going forward. 
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(a) (b) 

  
(c) (d) 

Figure 3.4: Vertical position versus vertical velocity comparing (a) all cases, (b) solvers, (c) turbulence 

models, and (d) discretization solvers 
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Schaelin et al. [16] investigated the flow properties of pressure, velocity, and turbulence 

intensity.  The contours of the current study are presented in Figure 3.5 and provide important 

information on the flow of air within the system and are compared to the results shown in Schaelin 

et al. [16] (but not included here).  Beginning with the vertical velocity, as the height increases, 

the width of the plume also increases.  After 10 m, the height does not affect the peak velocity.  

Next, the turbulent intensity contours are similar to the velocity where the width increases with 

height, but it is noticeable that the maximum value is not in the center.  Using both vertical velocity 

and turbulent intensity contours as references, the realizable k-ε turbulence model results in a wider 

plume than the standard model.  The results shown in Figure 3.5a-c are consistent with the findings 

of Schaelin et al. [16].  Finally for the pressure, although the differences are small, the pressure is 

positive where the plume is present and negative everywhere else.  There are also two negative 

regions of pressure at the top of the domain created from the boundary condition.  Overall, the 

results found in the current study predict the same physics and features found by Schaelin et al. 

[16]. 

In conclusion, the modeling methods were validated by comparing the current study to the free 

plume case found in Schaelin et al. [16] .  It was shown that the best models to predict fluid flow 

coupled with heat transfer are the pressure-based solver, realizable k-ε turbulence model, and first-

order spatial discretization.  Overall, the current study using ANSYS Fluent was validated and a 

deeper knowledge on the different computational models was acquired going forward. These 

particular models will be employed in the remaining studies throughout the thesis. 
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Figure 3.5: Free plume property figures; velocity vectors, turbulent intensity, and pressure 
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3.2.  Solar Chimney 

Studies that modeled a solar chimney are used to further investigate the modeling that will be 

employed for the solar power plant.  Chergui et al. [13] and Tahar et al. [17] modeled a solar 

chimney to investigate the transition from laminar to turbulent flow.  The basic schematics of the 

solar chimneys are shown in Figure 3.6 for Chergui et al. [13] and Tahar et al. [17], respectively.  

To simplify the computations, these authors specified temperatures at each surface to avoid using 

radiation models to replicate the effects of the sun.  What is interesting about these studies is that 

the reported Rayleigh numbers for transition do not agree.  Thus, as part of this validation, an in-

depth analysis will be pursued to determine the proper method to define the Rayleigh number. 

     
(a) (b) 

Figure 3.6: Solar chimney schematics; (a) perpendicular junction from Chergui et al. [13], (b) curved 

junction from Tahar et al. [14] 

 

The Rayleigh number is used to define the flow characteristics between two plates of differing 

temperatures.  Laminar flow is when the flow travels in parallel layers, and turbulent flow is when 
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the velocity varies erratically in magnitude and direction.  For natural convection of a free plume, 

the Rayleigh number transition between laminar and turbulent flow is typically on the order of 109.  

For internal flow, there is not a clear consensus as to the critical Rayleigh number for transition.  

Thus the Rayleigh number definition will be explored. 

The thermal expansion coefficient presented in the definition of the Rayleigh number, Equation 

( 47 ) is defined as: 

 𝛽 =
1
𝑇𝑓

=
2

𝑇𝐻 + 𝑇𝐶
 ( 48 ) 

where 𝑇𝑓 is the film temperature used to define the temperature dependent properties.  If Equation 

( 48 ) is substitued into Equation ( 47 ), the resulting equation is: 

 𝑇𝐻 = 𝑇𝐶 (
𝑑 + 1
𝑑 − 1) ( 49 ) 

where 

 
𝑑 = 2 𝑅𝑎  

υ α
𝑔 𝐿3 ( 50 ) 

Equations ( 49 ) and ( 50 ) are then used to calculate the hot temperature by assuming the Rayleigh 

number, cold temperature, charactersitic length, and air properties. 

Both studies [13, 17] had similar goals, but their respective models and conclusions differed.  

Chergui et al. [13] had a perpendicular junction to connect the chimney to the collector, while 

Tahar et al. [17] used a curved junction.  Chergui et al. [13] found that the flow was laminar with 

a Rayleigh number of 106 and turbulent with a of 108, while Tahar et al. [17] found that the flow 

was laminar with a Rayleigh number of 103 and turbulent with 105.  Along with the different 

geometries, different definitions of the characteristic length were used when calculating Rayleigh 



29 
 

numbers.  Chergui et al. [13] used the total height of the system, H, as their characteristic length, 

while Tahar et al. [17] did not define their characteristic length.  However, based on the work 

herein, it will be shown that most likely, Tahar et al. [17] used the average height of separation 

between the ground and chimney wall, h.  Table 3.1 presents the hot temperatures applied to the 

ground and their respective Rayleigh numbers when defined using different characteristic lengths.  

When the characteristic length is H, Ra is greater than when the characteristic length is h, which 

explains why a Rayleigh number of 105 is laminar with one study but turbulent with the other. The 

following sections use the studies from Chergui et al. [13] and Tahar et al. [17] to further validate 

the modeling approachs that will be used to simulate a solar power plant. 

Table 3.1: Rayleigh calculation cases 

Case 𝑹𝒂𝑯 𝑹𝒂𝒉 TC (K) TH (K) 

1 3.26 × 104 100 290 290.0003 

2 105 330 290 290.0009 

3 2.93 × 105 1000 290 290.0027 

4 106 3369 290 290.0092 

5 2.96 × 106 104 290 290.0273 

6 107 3.37 × 104 290 290.0922 

7 2.96 × 107 105 290 290.2737 

8 108 3.37 × 105 290 290.9287 

9 2.96 × 108 106 290 292.7961 

 

3.2.1. Solar Chimney with Perpendicular Junction 

In 2010, Chergui et al. [13] modeled a solar chimney in a two-dimensional axisymmetric 

domain to investigate the effects of the Rayleigh number on the flow.  The schematic for the system 

is presented in Figure 3.6a where the total height, 𝐻, of the system is 1 m.  Chergui et al. [13] did 
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not specify many of the boundary conditions in their study, so the boundary conditions from Tahar 

et al. [17] are used.  The outlet is modeled at 1 atm with a backflow temperature of 𝑇𝐶, and the 

inlet specifies zero velocity [13] and a temperature of 𝑇𝐶.  Both the collector and tower are modeled 

as no-slip walls with temperatures of 𝑇𝐶, and the ground is modeled as a no-slip wall with a 

temperature of 𝑇𝐻.  For the current study, the system is modeled with an axisymmetric domain 

assuming laminar and steady-state flow.  The properties are defined by using Equation ( 48 ).  The 

temperature difference between the ground and chimney drives the flow in natural convection, and 

different Rayleigh numbers are used to calculate a corresponding 𝑇𝐻.  

A grid resolution study was conducted to determine the proper cell size to achieve grid-

independent results.  A uniform mesh with orthogonal cells was used, and a sample mesh is shown 

in Figure 3.7.  The mesh was defined as m × n where m is the number of cells along the y and r 

axis and n is the number of cells along the inlet and outlet.  Therefore, the total number of cells 

can be defined as: 

 𝑁 = 2 𝑚 𝑛 ( 51 ) 

Three different meshes are tested; 200 × 20, 300 × 30, and 400 × 40, corresponding to 𝑁 = 

8000, 18000, and 32000, respectively.  The axial velocity along the axis of symmetry is extracted 

to compare the effects from the grid resolutions.  The extrapolated points at y = 0.1, 0.3, 0.5, 0.7 

and 0.9 m using the grid resolution method are also included.  The results are shown in Figure 3.8, 

for the case when 𝑅𝑎𝐻 is 108.  A turbulent case was chosen to ensure that cell size impacts the 

results as little as possible because the velocities vary more dramatically.  For the axial velocity 

profile, beginning at the bottom, the velocity is 0 m/s and increases to a maximum at around 𝑦 = 

0.3 m, and then decreases higher in the tower.  In addition, the coarse mesh appears to have lower 

vertical velocities than the two finer meshes and the extrapolated velocities align with both the 



31 
 

medium and fine mesh.  From Equation ( 29 ), the 𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  values for the five y positions range 

from 0.01% - 0.76% indicating that the fine mesh accounts for a very small numerical error.  The 

relative error between the medium and fine mesh are below 1% at all y positions, and therefore, 

the medium mesh, 300 × 40, is used going forward because it provides the best balance between 

the computer time required and numerical error. 

 

Figure 3.7: Generated mesh of solar chimney with perpendicular junction 

 

Figure 3.8: Grid resolution study for solar chimney with perpendicular junction; height versus vertical 

velocity along the axis 

v (m/s)

y
(m

)

0 0.01 0.02 0.03 0.04 0.050

0.2

0.4

0.6

0.8

1

Coarse
Medium
Fine
Extrapolate

r

y

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1



32 
 

Figure 3.9 presents the dimensionless temperature contours for the current study for cases 

2, 4, 6, and 8 (see Table 3.1).  Beginning with cases where 𝑅𝑎𝐻 is 105 and 106, the flow is laminar, 

and increasing the temperature difference (𝑇𝐻 − 𝑇∞) increases the height of the dimensionless 

temperature near the centerline.  When 𝑅𝑎𝐻 is 107 and 108, the flow is turbulent, and as the 

temperature difference increases, the number of convection cells decreases.  Similar to Chergui et 

al. [13], the flow is turbulent when 𝑅𝑎𝐻 is 108 and laminar when 𝑅𝑎𝐻 is 106. 

 

  

  

Figure 3.9: Dimensionless temperature contours for Rayleigh number comparison with the perpendicular 

junction solar chimney 
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3.2.2. Solar Chimney with Curved Junction 

In 2012 and 2013, Tahar et al. [14, 17] used ANSYS Fluent to model a solar chimney in a two-

dimensional axisymmetric domain to investigate the effects of the Rayleigh number on the flow.  

The schematic for the system is presented in Figure 3.6b where the average distance between the 

chimney and ground, ℎ, is about 0.15 m.  The geometry and boundary conditions chosen for the 

current study are the same as 3.2.1 but the chimney has a curved junction joining the collector to 

the chimney wall.  The boundary conditions are shown in Figure 3.6b. 

A grid resolution study was performed to determine the proper cell size and amount of nodes 

due to the presence of the curvature, which distorts the cell shapes.  A non-uniform mesh was 

constructed and an example mesh is shown in Figure 3.10.  Similar to before, the mesh was defined 

as 𝑚 × 𝑛 for a total of 𝑁 cells defined in Equation ( 51 ).  The finest cells are located at the inlet 

and outlet, and the coarsest cells are found along 𝑦 = 𝑥. 

 

Figure 3.10: Generated mesh of solar chimney with curved junction 

 

x

y

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1



34 
 

  

Figure 3.11: Grid resolution study of solar chimney with curved junction; height versus vertical velocity and 

temperature along the axis of symmetry 
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× 80, corresponding to 𝑁 = 16000, 36000, and 64000, respectively.  For the study, the vertical 

velocity and temperature profiles along the axis are extracted to compare the effects from the 

different cell sizes.  The property profiles along the axis and the extrapolated values at y = 0.2, 0.4, 

0.6, and 0.8 m are shown in Figure 3.11, where the first plot is the vertical velocity and the second 

is the temperature for 𝑅𝑎ℎ 105.  Beginning with the vertical velocity profile, the velocity begins at 

0 m/s and increases to local maxima near 𝑦 = 0.1 m, and then reaches a maximum near 𝑦 = 0.4 m 

before decreasing to 0 m/s.  Also, the coarse mesh appears to have lower velocities than the two 

finer meshes.  The temperature decreases with increasing vertical direction, and like the vertical 

velocity profile, the coarse mesh has lower values than the finer meshes.  The extrapolated values 

align with both the medium and fine mesh.  The vertical velocity profile contains 𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  values 

varying from 0.04% - 0.14%, and the temperature profile contains 𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  values all below 0.01% 

v (m/s)

y
(m

)

0 0.005 0.01 0.015 0.02 0.0250

0.2

0.4

0.6

0.8

1

Coarse
Medium
Fine
Extrapolate

T (K)

y
(m

)

290 290.05 290.1 290.150

0.2

0.4

0.6

0.8

1

Coarse
Medium
Fine
Extrapolate



35 
 

indicating that there is little numerical error with the fine mesh.  The relative errors between the 

medium and fine meshes are below 0.1%, so the medium mesh, 300 × 60, is chosen going forward 

Figure 3.12 presents the dimensionless temperature contours for the cases 1, 3, 5, 7, and 9, 

shown in Table 3.1.  Beginning with cases when 𝑅𝑎ℎ are 100 and 1000, the flow is laminar, and 

as the hot temperature is increased (from 𝑅𝑎ℎ 100 to 1000), the maximum temperature near the 

center rises.  When 𝑅𝑎ℎ is 104, the transition from laminar to turbulent flow can be observed.  The 

flow is turbulent near the center where the separation height between the chimney and ground is 

the greatest and continues outward until the turbulent flow reaches the inlet.  Finally when 𝑅𝑎ℎ = 

105 and 106, the flow is fully turbulent and as the temperature difference continues to increase, the 

number of convection cells decreases.  Overall, the results have the same conclusions as Tahar et 

al. [17], the flow is laminar when 𝑅𝑎ℎ is 103, and the flow is turbulent when 𝑅𝑎ℎ is 105.  In addition, 

when 𝑅𝑎ℎ is 105, like Tahar et al. [17], there are four pairs of convection cells.  Using Table 3.1 , 

𝑅𝑎ℎ can be converted to 𝑅𝑎𝐻 to represent the Rayleigh numbers from Chergui et al. [13].  The 

flow is laminar when  𝑅𝑎𝐻 = 3 × 105, and turbulent when  𝑅𝑎𝐻 = 3 × 108.  The current model also 

reaches the same conclusions as Chergui et al. [13].  Therefore, the method of defining the 

characteristic length within the Rayleigh number calculation greatly impacts the transition value. 
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Figure 3.12: Dimensionless temperature contours for Rayleigh number comparison with the curved junction 

solar chimney 
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Figure 3.13: Dimensionless temperature contours with velocity vectors 
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on the fluid motion within the system caused by natural convection from the temperature 
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turbulence models of 𝑅𝑎𝐻 equals 103 and 105.  When the flow is laminar, the turbulence models 

predict the same solutions as the laminar case (first row and second column in Figure 3.12).  When 

the flow is turbulent, the two models predict a different number of recirculation zones near the 

ground.  From the position 𝑟 = 0.2 to 𝑟 = 1, the standard model has the same number of convection 

cells when assuming laminar flow (second row and second column in Figure 3.12), while the 

realizable model has one more. 

Standard Realizable 

  

  
Figure 3.14: Dimensionless temperature contours with the standard and realizable k-ε turbulence models 
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3.3.  Solar Chimney with Turbine Load and Energy Storage Layer 

In 2010, Xu et al. [10] created a two-dimensional axisymmetric model of a solar updraft power 

plant that contained an energy storage layer, collector, turbine, and the chimney.  The schematic 

is shown in Figure 3.15; the tower height is 200 m with a diameter of 10 m, the collector has an 

inclined height of 2 m at the inlet and 6 m before the bend, and a diameter of 122 m, and the energy 

storage layer (area between the ground top and ground bottom in Figure 3.15) has a thickness of 5 

m.  The boundary conditions used for the current study are the same as Xu et al. [10].  The ambient 

air temperature is 293 K.  The collector is modeled with a convection boundary condition using a 

convection coefficient of hc =10 W/(m2K).  The chimney and bend are both adiabatic no-slip walls.  

The bottom of the ground is a no-slip wall with a constant temperature of 300 K.  Since the solar 

rays travel through the collector to heat the ground, a heat generation of 4 MW/m3 is applied to 

the 0.1 mm thick top of the ground wall.  Finally, a pressure drop of 120 Pa is used to model the 

turbine.  Xu et al. [10] used a mesh of nearly 500,00 cells to ensure grid-independent simulation 

results, but the current study also investigates the grid resolution.  The current study uses the 

realizable k-ε turbulence model. The temperature 𝑇𝐻 is calculated by: 

 𝑞𝐺" = ℎ𝑐 (𝑇𝐻 − 𝑇𝐶) ( 52 ) 

where 𝑞𝐺" is the energy released from the ground with units of W/m2.  In addition to the air 

properties, a solid soil material is defined with a density of 1700 kg/m3, specific heat of 2600 J/(kg 

K), and thermal conductivity of 0.78 W/(m K) to model the thermal storage layer.  The purpose of 

this validation is to better understand the methodology behind modeling the turbine and ground 

heat source, along with using a constant convection coefficient to represent the heat transfer 

between the surrounding air and collector. 
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Figure 3.15: Schematic of solar chimney power plant model [10] 

 

 Like the previous validation studies, a grid resolution study was performed to ensure that 

grid independent results are achieved.  The mesh is non-uniform as the cell size changes below the 

chimney and throughout the bend, but becomes uniform throughout the chimney.  For the grid 

resolution study to compare cell size effects, three meshes are created; the coarse mesh has 38,680 

cells, the medium mesh has 108,456 cells, and the fine meshes has 241,400 cells.  The mesh with 

241,400 cells is shown in Figure 3.16, where the figure focuses on a portion of the domain near 

the junction where the turbine is modeled. 
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Figure 3.16: Mesh of solar chimney power plant model 

 

The grid resolutions study was performed for the three different mesh sizes for the case where 

the ground heat generation is 4 MW/m3 and the pressure drop is 0 Pa.  Figure 3.17 presents the 

velocity and temperature profiles along the tower outlet along with extrapolated values from 

Equation ( 26 ).  Beginning with the vertical velocity profile, the airflow is zero at the wall (𝑥 = 5 

m) and increases to a maximum at the center (𝑥 = 0 m).  For the temperature profile, values are 

relatively constant throughout the domain, but the center are slightly larger.  The three meshes 

provide similar shapes and vertical velocity profiles, but the coarse mesh has a significantly 

different temperature profile.  From Equation ( 29 ), the 𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  values vary from 0.03% to 0.37% 

for the vertical velocity profile and are all below 0.5% for the temperature profile.  The relative 

error between the medium and fine mesh are all below 0.02%, and therefore, the medium mesh 

with 108,456 cells is used going forward. 
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Figure 3.17: Grid resolution study for solar chimney; radius versus vertical velocity and temperature at the 

tower outlet 

 

 Xu et al. [10] modeled the solar chimney both with and without the turbine load.  The 

current study uses the case where the heat generation is 4 MW/m3 and pressure drop is 120 Pa to 

model the turbine, and compares those results to the findings from Xu et al. [10].  Without the 

turbine load (∆𝑝𝑡 = 0 Pa), the current simulation predicts an outlet velocity of 12.5 m/s and an 

outlet temperature of 308.4 K, while Xu et al. [10] found an outlet velocity of 13.5 m/s and an 

outlet temperature of 306 K.  With the 120 Pa pressure drop, the current simulation predicts an 

outlet velocity of 7.9 m/s and outlet temperature of 316.4 K, while Xu et al. reported an outlet 

velocity of 9.5 m/s and an outlet temperature of 310 K [10].  The current methodology in modeling 

the turbine and collector is sufficient going forward because the discrepancies between the two 

studies are low and the impacts from the pressure drop appear consistent. 

 Xu et al. [10] used a 1 mm thick wall with a heat generation and solid energy storage layer 

below the ground to model the energy put into the system.  A study is performed to see if the 

energy storage layer is necessary for modeling the power plant, and to compare predictions using 
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other models such as heat generation and heat flux boundary conditions.  Three different models 

are compared.  Model #1 contains the energy storage layer, while model #2 and #3 do not.  Model 

#1 and #2 implement the heat generation boundary condition, while model #3 uses a heat flux no-

slip wall.  Theoretically, the heat generation and heat flux models should predict the same values 

as both specify the same amount of energy into the system.  Table 3.1 presents the findings from 

the study.  The values from models #2 and #3 are very similar, which indicate that the boundary 

conditions of heat generation and heat flux have little impact on the prediction.  Also, the energy 

storage layer slightly decreases the velocity and raises the temperature, but the impact is not 

dramatic.  Model #1 requires a more complex geometry and mesh than the other two due to the 

solid energy storage layer, which increases the computational run time.  While models #1 and #2 

represent the same thing, the heat flux boundary condition, model #2, was chosen to be used going 

forward in the following chapter. 

Table 3.2: Different Ground Model Comparison 

Variables Model #1 Model #2 Model #3 

𝑣𝑜 (m/s) 12.5 13.2 13.1 

𝑇𝑜 (K) 308.4 309.0 309.0 
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Chapter 4. Solar Chimney Power Plant 

4.1.  Analytical Model 

The goal of this work is to determine an appropriate way to model the solar chimney to predict 

the energy output with a turbine without modeling the actual turbine.  The modeling of the turbine 

can be achieved by specifying a pressure drop that would equate to the actual performance, as 

reported by Xu et al. [10].  Therefore, the approach herein will be to first model the chimney 

without a turbine load and validate the results with published literature.  Then, the turbine load 

will be modeled and further studies will be presented.  Finally, a study on the effects of the turbine 

will be presented including a way to create a predictive equation for the output.  The analyses will 

be used to determine if it is possible to create an efficient solar chimney power plant while also 

reducing the tower height. 

4.1.1. Maximum Velocity without Turbine Load 

The solar chimney is analyzed to determine the maximum velocity that the air can theoretically 

travel through the tower due to solar radiation.  The tower converts the heat produced by the 

collector into kinetic energy, therefore, the density difference caused by the increase in temperature 

within the collector works as the driving force.  The air within the tower is lighter than the air at 

the outlet, which causes buoyancy.  Without the turbine, the theoretical power that can be achieved 

by the flow in the tower, Ptower, is defined using the kinetic energy [4]: 

 
𝒫𝑡𝑜𝑤𝑒𝑟 =

1
2 �̇� 𝑣𝑛𝑡

2 ( 53 ) 

and the equation based on  the pressure difference between the bottom of the tower and ambient 

air at the tower exit [4] can be expressed: 
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 𝒫𝑡𝑜𝑤𝑒𝑟 = ∆𝑝𝑡𝑜𝑤𝑒𝑟 𝑣𝑛𝑡 𝐴𝑡𝑜𝑤𝑒𝑟 ( 54 ) 

where 𝑣𝑛𝑡 is the velocity at the entrance of the tower and 𝐴𝑡𝑜𝑤𝑒𝑟 is the cross-sectional area at the 

tower outlet.  The pressure difference in Equation ( 54 ) is expressed as: 

 ∆𝑝𝑡𝑜𝑤𝑒𝑟 = 𝑔 𝐻 (𝜌∞ − 𝜌𝑡𝑜𝑤𝑒𝑟) ( 55 ) 

where 𝐻 is the height of the tower [4].  If Equations ( 53 ) and ( 54 ) are set equal to each other 

along with substituting Equation ( 55 ) and the Bousinessq approximation (Equation ( 6 )), the 

form of 𝑣𝑛𝑡  is: 

 

𝑣𝑛𝑡 = √2 𝑔 𝐻 
∆𝑇
𝑇∞

 ( 56 ) 

where ∆𝑇 = 𝑇𝑡 − 𝑇∞ and 𝑇𝑡 is the average temperature within the tower.  Equation ( 56 ) is used 

to represent the velocity entering the tower without the turbine load and is proportional to the 

square root of the tower height and temperature difference. 

4.1.2. Maximum Power Output 

The solar chimney is now analyzed to determine the maximum power output due to solar 

radiation received by the collector.  According to Schlaich  [4], the power output from the turbine 

is: 

 �̇�𝑡 = �̇�𝑠 𝜂𝑡 ɳ𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟  ɳ𝑡𝑜𝑤𝑒𝑟  ( 57 ) 

where the ɳ variables represent the efficiencies of the turbine, collector, and tower, respectively.  

�̇�𝑠 is the amount of energy into the system through the collector from the sun, which is: 

  �̇�𝑠 = 𝐴𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑞𝑆" ( 58 ) 
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where 𝐴𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 is the cross-sectional area of the collector top surface and 𝑞𝑆" is the global 

horizontal solar radiation.  Therefore, to solve Equation ( 57 ), the efficiencies of the collector and 

tower are required. 

The efficiency of the collector represents the energy received by the collector to the total solar 

radiation to the system.  The collector efficiency is defined as: 

 
 𝜂𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟

�̇�𝑆
 ( 59 ) 

where �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 is the heat transfer below the collector and expressed as: 

 �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 = �̇� 𝑐𝑝 ∆𝑇 ( 60 ) 

If Equations ( 58 ) and ( 60 ) are substituted into ( 59 ), the collector efficiency can be calculated 

as: 

 
 𝜂𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =

𝜌 𝑣𝑛𝑡 𝐴𝑡𝑜𝑤𝑒𝑟 𝑐𝑝 ∆𝑇
𝐴𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝑞𝑆"  ( 61 ) 

Equation ( 61 ) shows that the temperature difference and cross-sectional area of the tower are 

inversely related.   

The efficiency of the tower represents the kinetic energy of air in the tower versus the heat 

transfer at the base, and therefore, expressed as: 

 
 𝜂𝑡𝑜𝑤𝑒𝑟 =

𝒫𝑡𝑜𝑤𝑒𝑟

�̇�𝑡𝑜𝑤𝑒𝑟
 ( 62 ) 

The heat transfer at the base is represented by: 

  �̇�𝑡𝑜𝑤𝑒𝑟 = �̇� 𝑐𝑝 ∆𝑇 ( 63 ) 
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If Equations ( 53 ), ( 56 ), and ( 63 ) are substituted into Equation ( 62 ), then the efficiency of the 

tower is simplified: 

 
 𝜂𝑡𝑜𝑤𝑒𝑟 =

𝑔 𝐻
𝑐𝑝 𝑇∞

 ( 64 ) 

where the tower efficiency is determined by the height of the tower and ambient air temperature.  

Theoretically, increasing the tower height increases the tower efficiency, and increasing the 

ambient temperature decreases the tower efficiency. 

 Substituting Equations ( 61 ) and ( 64 ) into Equation ( 57 ) results in the relationship for 

the turbine power output: 

 
 �̇�𝑡 =

1
2  𝜋 𝜂𝑡 𝜌 𝑣3 𝑟𝑡𝑜𝑤𝑒𝑟

2 ( 65 ) 

where tower efficiency is in terms of velocity.  According to Haaf et al. [15] for the Spanish 

prototype, when the peak power output from the turbine is achieved, the vertical air velocity across 

the turbine is about 0.8 of the maximum velocity without the turbine load.  Therefore, Equation ( 

65 ) can be manipulated by substituting Equation ( 56 ) multiplied by 0.8.  The resulting equation 

is: 

 

 �̇�𝑡 =
1
2  𝜋 𝜂𝑡 𝜌 (0.8  √2 𝑔 𝐻 

∆𝑇
𝑇∞

)

3

 𝑟𝑡𝑜𝑤𝑒𝑟
2 ( 66 ) 

where ∆𝑇 is the temperature difference without the turbine.  In addition, Pastohr et al. [9] used the 

Betz power limit, 16 27⁄ , to calculate the peak pressure drop.  If Equation ( 66 ) is multiplied by 

the Betz limit, the power output of the turbine can be expressed: 
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�̇�𝑡 =
8

27  𝜋 𝜂𝑡 𝜌 (0.8  √2 𝑔 𝐻 
∆𝑇
𝑇∞

)

3

 𝑟𝑡𝑜𝑤𝑒𝑟
2 ( 67 ) 

Equations ( 66 ) and ( 67 ) are analytical relationships to calculate the maximum power output of 

a designated solar chimney knowing the tower height and radius, and temperature difference 

without using the actual characteristics of the turbine. 

4.2.  Heat Transfer 

The relationship for the interaction between solar radiation and ground radiation exchange 

within the solar chimney was determined using an energy balance on the ground.  Figure 4.1 is a 

schematic of the ground and the energy modes considered. The solar radiation absorbed by the 

ground is D𝑆 𝑞𝑆” and the emissive power from the ground is 𝐸𝐺 = 𝜀𝐺 𝜎 𝑇𝐻
4  where 𝜀𝐺 is the ground 

emissivity is and 𝜎 is the Stefan Boltzmann constant. Also included is the convective heat transfer 

𝑞𝐺” (see Equation ( 52 )). Assuming that the energy into and out of the ground is balanced, the 

resulting relationship is: 

 �̇�𝑖𝑛 = �̇�𝑜𝑢𝑡 ( 68 ) 

 𝛼𝑆 𝑞𝑆" − 𝜀𝐺 𝜎 𝑇𝐻
4 − ℎ𝑐 (𝑇𝐻 − 𝑇𝑐) = 0 ( 69 ) 

For the simulations, the absorptivity 𝛼𝑆 = 0.95 [20] and the ground emissivity is 𝜀𝐺 = 0.575 [21] 

for summer months. 

 
Figure 4.1:  Schematic of heat transfer below the collector 

𝛼𝑆 𝑞𝑆" 𝐸𝐺  𝑞𝐺" 

𝑇𝐻  
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4.3.  Numerical Model 

A numerical model of the solar chimney power plant is created in a two-dimensional 

axisymmetric domain with the numerical methods investigated in the validation cases: pressure-

based solver with the SIMPLE method, realizable k-ε turbulence model, second-order upwind 

spatial discretization and first-order time discretization.  The schematic for the current model is 

shown in Figure 4.2.  The dimensions of the prototype and the environmental conditions used are 

similar to that of the Spanish prototype in Manzanares.  The tower has a height of 195 m and 

diameter of 10 m, the collector has a height of 1.7 m and diameter of 240 m, and the turbine is 

placed within the tower at a height of 10 m.  The average ambient temperature at the location of 

the prototype is about 20˚C, so the ambient temperature for the model is 293 K.  The boundary 

conditions are similar to the ones from Xu et al. [10].  The collector is modeled as a convection 

boundary condition with a convection coefficient of 10 W/(m2K).  The chimney and bend are both 

adiabatic no-slip walls.  To model the solar rays traveling through the collector to heat the ground 

and air, varying heat fluxes are applied to the ground boundary condition.  The peak solar radiation, 

𝑞𝑆", during the summer months in Manzanares, Spain is about 1000 W/m2 and using Equation ( 

69 ) results in a ground heat flux, 𝑞𝐺", of about 500 W/m2.  Therefore, realistic ground heat fluxes 

are chosen to be 400, 500, and 600 W/m2.  Finally, different pressure drops from 0 – 320 Pa are 

used to model how the turbine affects the flow.  

The mesh used for the solar chimney power plant is shown in Figure 4.3 and contains 109,920 

cells.  The domain is magnified from 0 to 6 m along the r-axis and 6 to above 11 m along the y-

axis to show the cells near the location of the turbine.  The mesh is non-uniform and the sizes of 

the cells are finer below the collector, gradually increase through the bend, and are the coarsest 

inside the tower. 
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Figure 4.2: Schematic of solar chimney power plant 

  

 

Figure 4.3: Mesh of solar chimney power plant model 
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 The average outlet velocity and temperature at the outlet are extracted from the simulation.  

The work is then calculated: 

 �̇�𝑡 = ∆𝑝𝑡 𝜋 𝑟𝑡𝑜𝑤𝑒𝑟
2 𝑣0 ( 70 ) 

where ∆𝑝𝑡𝑢𝑟𝑏𝑖𝑛𝑒 is the pressure drop that represents the turbine work and 𝑣0 is the outlet velocity.  

The outlet velocity and tower radius are used becuase the volumetric flow rate is contant 

throughout the system.  Equation ( 70 ) has a turbine efficiency of unity because the turbine effects 

are assumed in the definition of the pressure drop across the turbine.  Therefore, the pressure drop 

represents the work extracted from the system. 

 The numerical model is designed to represent the prototype built in Spain.  Table 4.1 shows 

the comparison between the tower inlet vertical velocity and temperature difference between the 

tower and ambient conditions for the simulation results and the data from the prototype [15] when 

there is no turbine load.   When the solar radiation is 1000 W/m2, the Spanish prototype reaches a 

vertical velocity of 15 m/s and a temperature difference of 20 K [15].  With the numerical model, 

the vertical velocity is 14.7 m/s with a temperature difference of 19.7 K.  Overall, the relative 

errors are very small concluding that the simulation properly models the solar chimney without 

the turbine load. 

Table 4.1: Comparison of simulation results to prototype data without turbine 

Spanish Prototype Simulation Relative Error 

𝒒𝒔" (W/m2) 𝒗𝒏𝒕 (m/s) ∆𝑻 (K) 𝒒𝑮" (W/m2) 𝒗𝒏𝒕 (m/s) ∆𝑻 (K) 𝒗𝒏𝒕 ∆𝑻 

1000 15 20 500 14.68 19.7 2.1% 1.5% 

 

 After replicating the tower built in Manzanres without the turbine, the effects from the 

turbine were investigated.  Table 4.2 compares the numerical predictions to the experimental data 

with the turbine load.  When the solar radiation is 1000 W/m2, the vertical velocity across the 
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turbine would reach 12 m/s resulting in a power output of 50 kW [15].  With the numerical model, 

a vertical velocity at the turbine is 11.96 m/s for a turbine pressure drop of 60 Pa.  In addition, 

when the predicted velocity and pressure drop are substituted into Equation ( 70 ), the power output 

is 50.65 kW.  In conclusion, the current model accurately represents the Spanish solar chimney 

both with and without the turbine and these two specific cases are used to invesigate. 

Table 4.2: Comparison of simulation results to prototype data with turbine 

Spanish Prototype Simulation (∆𝒑𝒕 = 60 Pa) Relative Error 

𝒒𝒔" (W/m2) 𝒗𝒕 (m/s) �̇�𝒕 (kW) 𝒒𝑮" (W/m2) 𝒗𝒕 (m/s) �̇�𝒕 (kW) 𝒗𝒕 �̇�𝒕 

1000 12 50 500 11.96 50.65 0.3% 1.3% 

 

The pressure, temperature, and vertical velocity contours for the numerical model with a 

ground heat flux of 500 W/m2 are shown in Figure 4.4.  Examining the pressure, the values 

decrease under the collector toward the chimney, then reach the lowest value at the bend, and 

finally increase up the tower.  The pressure drop represents a small change in kinetic energy locally 

near the turbine.  The temperature distribution is very similar without and with the turbine model 

but the temperatures with the turbine model are about 4 K higher.  The highest temperatures are 

found near the ground, bottom of the bend, and axis, and the overall temperatures increase with 

the inclusion of the turbine.  The vertical velocity contours present the air flow as it travels up the 

tower, and similarly to the temperature contours, the shapes remain the same, but the velocities 

decrease with the pressure drop.  The maximum vertical velocity is found at the location of the 

turbine where the pressure is the lowest.  Right above the turbine and near the axis, air recirculates, 

shown as negative velocities.  In conclusion, the turbine boundary condition accounts for the work 

extracted from the system, and increases the temperatures and decreases the velocities within the 

system. 
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Without Turbine (∆𝑝𝑡 = 0 Pa) With Turbine (∆𝑝𝑡 = −60 Pa) 

  

  

  

Figure 4.4: Numerical contours of pressure, temperature, and velocity without and with the turbine load 
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Without Turbine (∆𝑝𝑡 = 0 Pa) With Turbine (∆𝑝𝑡 = −60 Pa) 

   

Figure 4.5: Pressure contours overlaid with streamlines for solar chimney with and without the turbine 

 

In addition to the contours, streamlines provide a way to visualize the airflow within the 

system.  Figure 4.5 presents the pressure contours from Figure 4.4 overlaid with streamlines when 

the pressure drop is 0 Pa and 60 Pa.  The domain is magnified to better show the flow through the 

bend and across the turbine.  The streamlines show that the flow travels under the collector toward 

the axis and then up the tower.  Also the air circulation near the axis above the chimney inlet is 

visible.   

 The airflow below the collector behaves differently than the air inside the tower because it 

is constantly being heated as it flows toward the chimney.  Figure 4.6 presents the temperature and 

horizontal velocity profiles in-between the ground and collector wall at a height of 0.85 m.  The 

temperatures remain equal to the ambient temperature for a couple of meters and then increase 

continually as the airflow moves to the center, and the temperatures below the collector increase 
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with the inclusion of the turbine load.  The horizontal velocity increases as the air approaches the 

center, and the turbine decreases the overall horizontal velocity values below the collector. 

 

Figure 4.6: Temperature and horizontal velocity vs tower radius at a height of 0.85 m 

 

4.4.  Vertical Turbines versus Horizontal Turbines 

The goal of the next study is to investigate if the location of the turbine affects the power output 

of the system.  EnviroMission is in the process of designing a solar chimney power plant to be 

built with thirty-two smaller horizontal turbines near the center and below the collector as opposed 

to one vertical turbine at the bottom of the tower used by the prototype in Manzanares, Spain [3].  

The schematics of the two turbine systems are presented in Figure 4.7.  The vertical turbine 

harnesses the vertical flow while the horizontal turbine harnesses horizontal airflow. 
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Vertical Turbine Horizontal Turbine 

  

Figure 4.7:  Schematics for vertical and horizontal turbine models 

 

Table 4.3 presents the data extracted from the two different turbine models over numerous 

turbine pressure drops.  Both turbine models predict very similar results.  The table indicates that 

the turbine location does not alter the velocities and temperatures within the system and that other 

factors should be considered when selecting the location within the system to place the turbine.  

To improve the power output, the turbine(s) should be selected that have higher efficiencies or are 

able to increase the maximum pressure drop.  In addition, other major factors in choosing the 

proper location for the turbine(s) are monetary, safety, and accessibility.  For example, since 

increasing the tower diameter increases the power output, there may be a system where many 

smaller turbines are more cost effective than a single larger turbine. 
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Table 4.3: Vertical and horizontal turbine comparison 

 Vertical Turbine Horizontal Turbine 

∆𝒑𝒕 (Pa) 𝒗𝒐 (m/s) 𝑻𝒐 (K) 𝒗𝒐 (m/s) 𝑻𝒐 (K) 

0 13.20 312.6 13.20 312.6 

40 11.56 315.2 11.54 315.2 

80 9.96 318.5 9.92 318.5 

120 8.48 322.5 8.43 322.6 

160 7.17 327.3 7.12 327.5 

   

4.5.  Further Comparisons of Spanish Prototype and Numerical Models 

Without the turbine load, the velocity at the bottom of the tower can be calculated from the 

analytical model (Equation ( 56 )) and extracted from the numerical model to be compared to the 

experimental data take from the Spanish prototype [15].  Figure 4.8 shows the curve comparing 

the analytical and numerical models to the experimental data by plotting the vertical velocity to 

the respective temperature difference within the tower.  The predictions are from the numerical 

simulation with ground heat fluxes of 200, 300, 400, 500, and 600 W/m2, and the data from the 

prototype is measured when the solar radiation was 800 and 1000 W/m2.  The simulated and 

experimental data align with the analytical curve very well.  Both the analytical and simulated 

curves have the shape of a square root function.  From Figure 4.8, both the analytical and simulated 

models successfully represent the Spanish solar chimney power plant when the turbine is not 

present. 
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Figure 4.8: Vertical velocity versus temperature difference with no turbine load 

 

 Recall that Equations ( 66 ) and ( 67 ) are the analytical models for the maximum power 

output produced from the solar chimney, and the difference is the Betz power limit.  According to 

Xu et al. [10], a turbine power output higher than the Betz power limit can be achieved, but it is 

still used as a predictive value reported by Pastohr et al. [9].  Figure 4.9 presents the two analytical 

curves along with both the simulated and experimental data comparing the maximum power output 

for different temperature differences.  The simulation and experimental power outputs are very 

similar and both are in-between the two analytical curves, where the analytical power output using 

the Betz limit (Equation ( 67 )) is below the data.  Figure 4.9 provides evidence that both the 

numerical and the analytical models are accurate in modeling the solar chimney power plant with 

the turbine.  The analytical model without the Betz limit will be used to investigate the geometric 

effects on the flow, following the recommendations from Xu et al. [10]. 
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Figure 4.9: Maximum turbine power output versus temperature difference with a turbine load 

 

4.6.  Geometry Effects 

The analytical models have been shown to successfully represent the solar updraft tower built 

in Spain and can be used to determine the effects that different system sizes have on the airflow 

and power output.  Beginning with the model without the turbine, Figure 4.10 presents the curve 

from Equation ( 56 ) showing the vertical velocity when altering the height of the tower for 

different temperature differences.  The curves take the shape of a square root function, such that 

as the height of the tower increases, so does vertical velocity.   
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Figure 4.10: Vertical velocity versus height without a turbine load 

 

 From Equation ( 66 ), both the tower height and diameter impact the power output from 

the system.  Figure 4.11 shows the curves of the power output when varying H and D, respectively, 

for three temperature differences.  The base case is selected from the Spanish solar chimney and 

has a tower height of 185 m and diameter of 10 m.  Increasing the temperature difference, tower 

height, and tower diameter all increase the power output from the turbine.  The curves have the 

shape of a cubed function, which indicates that the impacts on the power output are more 

significant as the height and diameter are increased.  Notably from Equation ( 61 ), the 

temperatures within the system and tower diameter are inversely associated such that increasing 

the tower diameter would result in a lower temperature difference.  In conclusion, increasing the 

system size significantly increases the overall power output, but the improvements must justify the 

dramatic increase in construction cost.  Also increasing the diameter of the tower and collector 

could be used to decrease the tower height. 

H (m)

v
(m

/s
)

0 50 100 150 2000

2

4

6

8

10

12

14

16

T = 20 K
T = 15 K
T = 10 K

nt

'
'

'



61 
 

  

Figure 4.11: Maximum power output versus (a) height and (b) tower radius with a turbine load 

 

4.7.  Turbine Pressure Drop Investigation 

Figure 4.12 presents the effects from varying the turbine pressure drop on the outlet vertical 

velocity, outlet temperature, and overall power output applying three different heat fluxes; 400, 

500, and 600 W/m2.  These three cases are presented to compare the effects from altering the 

energy within the system.  The pressure drop is varied, beginning with 0 Pa in increments of 40 

Pa.  The flow at the outlet is monitored to ensure the flow exits; once there is evidence that the 

flow tries to reverse direction at the outlet, the pressure drop is no longer varied.  The power output 

is calculated using Equation ( 70 ) with the vertical velocities from the simulations.  As the ground 

heat flux increases, the outlet velocity, outlet temperature, and power output all increase.  Also, 

increasing the pressure drop decreases the outlet velocity and increases the outlet temperature.  

Increasing the pressure drop would significantly increase the overall power output of the system, 

however the power output has a parabolic shape.  Thus there is a pressure drop that results in a 

maximum power output, and is consistent with Xu et al. [10]. 
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Figure 4.12: Outlet velocity, outlet temperature, and power output versus pressure drop for varying ground 

heat fluxes 

 

 The dimensionless variables for the pressure drop, outlet velocity, outlet temperature and 

power output are defined as: 

 
∆𝑝𝑡

∗ =
∆𝑝𝑡

𝜌 𝑣𝑜
2 

( 71 ) 

 
𝑣𝑜

∗ =
𝑣𝑜 𝜌𝑜 𝐿

𝜇𝑜
 

( 72 ) 
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𝑇𝑜

∗ =
𝑇𝑜 − 𝑇∞

𝑇𝐻 − 𝑇∞
 

( 73 ) 

 
�̇�𝑡

∗ =
�̇�𝑡

𝜌𝑜 𝑣𝑜
3 

( 74 ) 

The characteristic length, L, is defined as the diameter of the tower.  The other parameters used to 

nondimensionalize are the outlet velocity, the air density, and the temperature 𝑇𝐻 and 𝑇∞.  Figure 

4.13 shows the nondimensionalized data first shown in Figure 4.12 for the outlet velocity and 

outlet temperature.  Increasing the dimensionless pressure drop decreases the dimensionless outlet 

velocity and increases the dimensionless outlet temperature.  The goal of applying the 

dimensionless variables is that the three curves from the different ground heat fluxes (Figure 4.12) 

collapse to a single curve.  While the dimensionless outlet velocities from the three heat fluxes 

align onto a single curve, there is still some variance for the three dimensionless outlet temperature 

curves.  A regression study is performed next using the four dimensionless equations from 

Equation ( 71 ) - ( 74 ). 

  

Figure 4.13: Dimensionless outlet velocity and temperature versus dimensionless turbine pressure drop 
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 A regression study is performed to determine an equation that best fits the dimensionless 

parameters (𝑣𝑜
∗, 𝑇𝑜

∗) to analytically determine the power output (�̇�𝑡
∗).  An equation of the form: 

 �̇�t
∗ = C 𝑣o

∗𝛼  𝑇o
∗𝛽 ( 75 ) 

The coefficients and exponents for the power output shown in Equation ( 75 ) are defined in Table 

4.4.  Also, Table 4.4 presents the p-value for each variable used in the regression analysis.  The p-

value represents the probability that the estimate would assume a greater value.  Even though 𝐶 

has a high p-value, the term is still necessary because 𝛽 has a p-value below 0.1.  The regression 

has to be validated so that it successfully represents the dimensionless power output of the 

simulated solar chimney and can be used to predict the power output from the measured outlet 

vertical velocity and temperature. 

Table 4.4: Regression parameter statistics 

Variable Estimate p-Value 

C 4210.78 0.9444 

𝛼 -0.568 0.4252 

𝛽 2.280 0.0618 

 

Equation ( 75 ) and Table 4.4 show that increasing the dimensionless outlet temperature 

results in a higher power output and increasing the dimensionless outlet vertical velocity results in 

a lower power output.  To validate the predictive equations, separate numerical cases are used.  

Table 4.5 presents the separate cases with the inputs (𝑞𝐺" and ∆𝑝𝑡) and the resulting dimensionless 

variables.  The predicted versus simulated power output for each case are compared in Figure 4.14. 
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Table 4.5:  Other data used to validate regression equation 

𝒒𝑮" (W/m) ∆𝒑𝒕 (𝑷𝒂) ∆𝒑𝒕
∗ 𝒗𝒐

∗ 𝑻𝒐
∗ 

400 60 0.447 5494227 0.452 

500 60 0.510 5341267 0.475 

600 60 0.608 5087171 0.508 

400 100 0.985 4778349 0.514 

500 100 1.160 4572212 0.547 

600 100 1.449 4255060 0.599 

400 140 1.858 4117596 0.589 

500 140 2.261 3875459 0.636 

600 140 2.960 3523123 0.709 

 

Figure 4.14 compares the simulated power output to the predicted power output for two 

sets of data: (a) the original data used to perform the regression and (b) the cases from Table 4.5 

used to validate the regression.  Ideally, the values should fall on the line, 𝑦 = 𝑥, and both sets of 

data contain the desired trend.  The variance of the regression calculated with part (a) is 0.991.  

The error bars are present in part (a) and represent the 95% single prediction intervals for the 

predicted values based on the numerical error using Mathematica.  In addition, part (b) is magnified 

from 0 to 0.5 to show the dimensionless power output better.  The data in part (b) aligns equally 

as well on the line y = x, so therefore, the regression represents the numerical data accurately.  In 

conclusion, Equation ( 75 ) can be used to predict the power output of a simple solar power 

chimney. 
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(a) (b) 

Figure 4.14: Dimensionless power output; simulated versus prediction for data (a) used in the regression and 

(b) to verify regression analysis 
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Chapter 5. Conclusions and Recommendations 

5.1.  Conclusions 

The growing consumption of energy and concerns for man-made climate change has motivated 

the desire for clean and reliable energy.  In addition, providing energy to the rural Sub-Saharan 

Africa would greatly improve the lives of its inhabitants, especially in the evenings when villagers 

only have candle light to illuminate their homes.  The solar chimney power plant provides clean 

reliable energy that would benefit locations that receive significant amounts of solar radiation.  The 

focus of the study was to investigate the airflow and power output from the solar chimney system 

by developing a simplified numerical model with ANSYS Fluent. 

Through three validation cases, the numerical methods and boundary conditions were 

investigated.  The validation of a free plume investigated the solver types of pressure-based and 

density-based, the standard and realizable turbulence k-ε models, and the temporal discretization 

of first-order and second-order.  The conclusion was that the pressure-based solver, realizable k-ε 

turbulence model, and first-order spatial discretization resulted in predictions more similar to that 

of Schaelin et al. [16] for a free plume.  The second validation investigated the Rayleigh numbers 

effects on the flow and modeling a two-dimensional axisymmetric domain.  Chergui et al. [13] and 

Tahar et al. [17] used similar modeling approaches but their conclusions were different for  the 

Rayleigh number that resulted in the transition from laminar to turbulent flow.  The current study 

concluded that the disagreement was the result of different definitions for the characteristic length; 

Chergui et al. [13] used the tower height, while Tahar et al. [17] used the average height of 

separation between the ground and solar collector.  The final validation explored the boundary 

conditions for the turbine and the collector surface, and modeling the energy storage layer to 

represent the ground.  Xu et al. [10] used a convection boundary condition for the collector and a 
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pressure drop for the turbine.  The current study concluded that using a constant heat flux as the 

ground boundary condition allowed for a simpler geometry ignoring the energy storage layer. 

The current study used a ground heat flux to create a numerical model of the solar chimney in 

Manzanares, Spain.  The numerical model predicted similar values as the Spanish prototype 

measurements; therefore, the airflow and power output were investigated.  The simulations showed 

that the inclusion of the turbine load increased temperatures and decreased velocities.  It was shown 

that the flow through the tower did not significantly vary.  These results are consistent with the 

known actual performance of a shrouded pressure-staged wind generator, which converts pressure 

into rotational energy [4].  As the air flows from the inlet towards the tower, the velocity and 

temperature increase.  Also the inclusion of the turbine load results in higher pressures under the 

collector.  It was also determined that the location of the turbine has little to no effect on the airflow 

and that the location should be determined from other factors such as safety, accessibility, etc. 

An analytical equation for the turbine power output was developed to compare results with the 

numerical model.  The first analytical equation defined the vertical velocity at the junction between 

the tower and collector without the turbine load.  It was shown that the analytical solution 

compared well with the simulated and experimental data [15].  The second analytical equation 

defined the maximum power output from the system and the Betz power limit was also considered.  

The numerical predictions and experimental data were in-between the two power curves with and 

without the Betz limit.  The analytical models were also used to investigate the effects of varying 

the geometry.  Increasing the tower height or temperature within the system increased the vertical 

velocity.  In addition, increasing either the tower diameter or height increased the power output of 

the turbine.  The tower height had a more significant impact on the power output because the tower 

diameter also affects the temperature difference within the system. 
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The numerical model was used to investigate the effects of varying the turbine load.  It was 

shown that there was a critical turbine pressure drop associated with a maximum power output, 

and further increasing the solar energy to the system increased this critical pressure drop.  Key 

parameters (𝑣𝑜 and 𝑇𝑜) were nondimensionalized to demonstrate that the data for varying heat 

fluxes would collapse to a single curve.  A regression study was performed to create a predictive 

equation for the useful work output. The predictive equation was tested for other random cases not 

used in the regression study. Additional simulations were performed and compared to the output 

using the prediction equation, demonstrating that the equation could be used for other chimney 

conditions.  

5.2.  Recommendations 

Computational fluid dynamics is a vital numerical tool to research solar chimney power plants 

due to the extensive construction costs to build such large structures.  A major goal of the current 

study was to replicate the prototype built in Manzanres, Spain with a simplified numerical model 

in ANSYS Fluent.  The study can be continued by creating larger and/or more unique geometric 

configurations such as the solar chimney being designed by EnviroMission or implementing a 

wrapped tower of multiple shorter towers. The idea is that the sum of the heights of the shorter 

towers would equal the height of a single tower known to yield a desired energy output, e.g., 5-40 

m tall towers would be equivalent to 1-200 m tower.  In addition, the materials within the energy 

storage layer could be further investigated.  Materials such as asphalt, water, etc. could be 

compared to soil material defined in Xu et al. [10].  Finally, the ability of harnessing the greenhouse 

effects by growing vegetation below the collector is a major benefit, so developing a numerical 

model accounting for the plant life below the collector would be another useful study. 
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The study also assumed steady-state flow and modeled the turbine with a user defined pressure 

drop, which allowed the power output to be calculated.  A further study could be performed that 

develops a transient model representing a twenty-four hour cycle.  The model would have to 

account for the different solar radiation values throughout the day and the turbine pressure drop 

would have to be an equation that varies vertical velocities.  This transient model could be used to 

determine the amount of power generated at individual times throughout the day, which would 

benefit the electrical management of the village.  

The current study also investigated analytical models for the power output of the system.  In 

these equations, the efficiencies of the tower and collector were defined, but the efficiency of the 

turbine for the Spanish prototype was assumed to be 0.8 from an estimation from Haaf et al. [15].  

Further investigating the calculations for the turbine efficiency would strengthen the analytical 

models.  The diameter could possibly impact the turbine efficiency and/or pressure drop due to the 

tower radius being equal to the lengths of the blades.  In addition, developing an equation for 

turbine efficiency would allow for a better understanding of both altering the geometry of the solar 

chimney and changing the location of the turbine.  For example, the current study concluded that 

the placement of the turbine had insignificant impact on the overall power output, but a calculation 

could provide more insight on the differences between one larger turbine at the base of the tower 

and many smaller turbines below the collector. 

Finally, the predictive equation can be expanded with more numerical cases that vary the 

collector radius along with the tower height and radius.  Using these new cases, a predictive 

equation can be developed such that the equation could present the effects from the geometry.  The 

current study created a predictive equation that represents the flow within a solar chimney with 

the same dimensions of the prototype built in Spain, and an updated equation would be beneficial. 
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Hopefully, research of solar chimney power plants continues to advance so that an optimal 

tower can designed and then built in Sub-Saharan Africa to provide reliable electricity to the 

inhabitants.   This thesis explored the airflow within the solar chimney and modeled the turbine so 

that the power output could be calculated, but there is much more CFD research to be performed 

on the subject before they become a worldwide source of power.  The prototype in Manzanares, 

Spain proved that the idea was viable and that solar updraft towers can be a leading energy provider 

in many areas.  
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