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Abstract 

The solar chimney power plant works on the principle of natural convection. The 

solar chimney system consists of three components: a collector that is made of a trans

parent material like glass or polycarbonate sheets, a chimney that is typically made of 

cement and located at the center of the collector, and a turbine that is placed at the 

chimney base. The collector receives and transmits solar radiation to the ground. The 

ground absorbs some energy and transfers some energy to the air by convection. The 

warm air has low density and therefore it rises and moves toward the chimney. A low 

pressure is generated at the chimney base due to the chimney effect. This low pressure 

creates an updraft for the inside air and the air exits at the chimney top. The turbine 

uses the pressure drop and the updraft velocity to generate power. A commercial code 

ANSYS Fluent was used to numerically model a solar chimney system. Simpler geome

tries were first used to study the nature of the flow inside a chimney-collector system. 

The boundary conditions were explored to accurately model the complex geometry. A 

solar chimney was simulated with the ground as an energy storage medium using a 

radiation model to analyze the system performance. The solar chimney system with 

reduced chimney height was explored. The velocity decreased with decreasing chimney 

height , while the temperature increased. A new solar chimney design with a conical dif

fuser was created to study the effect of geometry in the performance. The diffuser was 

modeled for different heights and diameter ratios. The updraft velocity and the power 

output increased significantly with diffuser model compared to the original model. 

X 



CHAPTER 1 

Introduction 

1.1 Background 

The sun has always been the most potent and sustainable energy source for human 

existence. Looking at the ancient history of harnessing solar energy, there is evidence 

of concave mirrors that concentrate the Sun's energy to kindle wood and to make 

destructive weapons [4]. It has been found that there were structures with transparent 

materials like mica and glass to trap solar heat inside the building to use during winter 

for warmth and also for ventilation [4]. After that , semiconducting materials brought a 

new way to harness solar power and we started using photo-voltaic (PV) cells. So far we 

have been successful to reach the efficiency of PV cells up to 30 % for an ideal sunlight 

conditions [5]. But over time, solar panels get dirty and that reduces the amount of 

sunlight to operate and thus the efficiency. 

The concept of power extraction using hot air updraft is being investigated since 

1480. Leonardo Da Vinci had designed an airscrew operated smoke-jack that used 

smoke (warm air) generated from fire to run a wheel of a roasting spit. With the same 

idea in 1903, Spanish engineer Isodoro Cabanyes suggested a solar chimney to generate 

electricity [6]. In 1926, Bernard Dubos proposed a solar aero-electric power plant in 

North Africa with its solar chimney on the slope of the highest mountain [6]. In 1982, 

Jorg Schlaich constructed a pilot plant of solar chimney in Manzanares, Spain, with a 

195 m chimney height and 244 m collector diameter. It was a simple combination of 

three systems: a greenhouse, a chimney and a wind turbine. The plant was designed 
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to generate up to 50 kW of power and was a successful prototype [7]. Thus, the solar 

updraft tower is a viable source to generate electricity, though its efficiency depends on 

the environmental conditions and construction of the system. 

The working principle of a solar chimney is buoyancy of hot air that drives a turbine. 

Figure 1.1 shows the schematic of solar updraft tower system. There are three com

ponents of this system: collector, chimney and turbine. The collector is a transparent 

material such as poly-carbonate or glass and is a few meters above the ground. The 

collector covers a few hundred meters of area and works as a greenhouse. The chimney 

is typically hundreds of meters in height and is made of cement. It is placed at the 

center of the collector region. The turbine is placed at the junction point of the collec

tor and the chimney. During sunlight , the collector transmits the solar radiation into 

the system. The air between the collector and the ground warms up due to radiative 

and convective heat transfer. Because of high temperature and thus low density, this 

warm air rises and moves towards the center of the collector. Due to the chimney effect , 

the warm air exits the top of the chimney and the fresh air is pulled into the system. 

The upwind velocity is sufficient to rotate the turbine. The system can be operated 

during the nighttime as well. The radiant energy absorbed and stored by the ground 

during the daytime is released during night to warm the air. The efficiency of the plant 

depends on the chimney height and collector area. A large collector area increases flow 

rate and a tall chimney produces a large pressure difference hence more power. How

ever, there is limit of temperature difference between system and atmospheric air , after 

which friction losses overtake and decrease overall efficiency [7]. 

Due to its requirement of a large area of land and high upfront construction cost , the 

solar chimney is still a subject of research and development . However, after construction 

the collectors are only mean to add the solar radiation into the system and they are 

not needed to be cleaned regularly, whereas the PV cells absorb the solar energy to 
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Figure 1.1: Solar updraft tower system with energy transfer in 
the collector during day and night 

generate electricity and require regular cleaning and maintenance. The lifetime of solar 

collectors is very long because of it 's insensitivity to dust. Another benefit of the solar 

chimney system is that the requirement of direct radiation is not necessarily fulfilled all 

the t ime. In other words, a solar chimney system can work for a certain period of t ime 

with 100% diffused radiation [7]. Also, the required land can be used for agricultural 

purposes and helps vegetation to thrive. Overall , the solar chimney power plant can be 

a successful and affordable energy source. 
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1.2 Previous work 

The pilot plant of Manzanares was in the experimental stage beginning from 1982 

and ran for approximately 32 months. The plant operated on a regular basis and 

generated electricity for an average of 8.9 hours a day without any manual operation 

and without shutting down the plant [8]. Haaf [7] supervised the experimental solar 

power plant and presented a detailed investigation about system design, energy balance 

of the system and cost analysis of the plant. He then published an in-depth analysis of 

the performance of the plant [9]. In that paper, Haaf noted that the peak performance 

observed was 41 kW when the radiation was 1040 W /m2
. The average power output 

measured was 36 kW assuming the turbine efficiency was 83 %. It was also observed that 

the rise in temperature difference actually increased the energy losses due to convection 

and radiation. Haaf suggested to prevent the rising temperature difference by increasing 

the mass flow rate instead as the output is governed by m· 6.T [9]. After a successful 

experiment , Haaf confidently posited that the solar updraft tower power plant can be 

a successful way to harness solar energy. 

In 1998, Bernardes et al. [10] developed a mathematical model to solve for the nat

ural convection phenomenon in the solar chimney system and presented a preliminary 

analysis of the solar chimney without including a turbine. Gannon & Backstrom [11] 

presented a detailed discussion on turbine characteristics in a solar chimney system and 

concluded that up to 90 %of turbine efficiency can be achieved during peak hours. They 

validated their study on turbine characteristics with experimental data [12]. Pestohr 

[13] used ANSYS Fluent to simulate the function of a solar chimney and modeled the 

ground as a thin layer energy source and a pressure jump condition to model the tur

bine. He observed large values of ground temperature for a steady-state solution and 

suggested that a time-dependent solution is necessary. Schlaich [8] presented a com-
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prehensive description about building the pilot plant of Manzanares and performed a 

scale-up study for 200 MW plant from an analogy with the pilot plant assuming water 

filled bags as an additional thermal storage layer are used. Ming et al. [14] modeled a 

solar chimney system with ground as a porous media and concluded that the high vari

ation in static temperature across the turbine increases with radiation. Xu et al. [15] 

also modeled a solar chimney with ground as a porous media and performed a simu

lation using different values of incident radiation and pressure drop to calculate power 

output. Gholamalizadeh et al. [16] modeled and simulated a three-dimensional geom

etry in ANSYS Fluent with the same geometric configuration as the pilot plant. The 

discrete ordinate (DO) method was used with non-grey model,which considers visible 

and infrared radiation. The steady-state solution was not sufficient and concluded that 

results with the radiation modeling are more agreeable than using constant heat-flux. 

All of the studies were conducted using the same dimensions of the geometry as the 

pilot plant. In order to analyze the flow features and effect of Rayleigh number, Chergui 

et al. [2] and Tahar et al. [3] conducted a study using simpler geometries to examine 

the natural convection phenomenon inside the chimney-collector system. Chergui et 

al. selected a chimney connected perpendicularly with the collector. They observed 

laminar flow for Rayleigh numbers up to 106 and turbulent flow for 108 [2]. Tahar 

et al. used a chimney-collector system connected by a hyperbolic curvature and found 

that Rayleigh numbers up to 104 shows laminar flow inside the system while for 105 , 

instabilities appear that appear as turbulent flow [3]. Stockinger [17] examined different 

boundary conditions for a chimney with and without energy storage. He concluded that 

a heat-flux boundary condition without energy storage can be used to model the solar 

chimney system. 
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1.3 Motivation 

We are highly dependent on non-renewable energy sources like coal, oil and gas. But 

the supply of fossil fuels is depleting gradually and the demand for energy is increasing. 

Also, increasing usage of fossil fuels brings many adverse effects on the environment, 

health of living beings and the ecosystem. Dumping waste chemicals in water can cause 

cancer and other mutations. Burning of fossil fuels emits a number of air pollutants 

like sulfur dioxide (S02 ) , nitrogen oxides (NOx) , particulate matter (soot) , mercury 

(Hg) , etc. that cause innumerable health problems. 

Another world-wide problem is poverty. People in penurious conditions can not 

afford energy for living at high costs, which affects the living standards of people and 

the education of their children. Having a cheap energy resource can help them in 

fulfilling their needs for living. For example, a majority of people in Africa do not have 

access to electricity and food. They can benefit by having energy resources like solar 

energy and wind energy. 

One of the most efficient ways for electricity generation in Africa is a solar chimney 

power plant because of the high solar radiation. As shown in the Figure 1.2, solar 

irradiation is very high in Africa, middle east countries and some parts of America, 

Asia and Australia. The horizontal irradiation is the sum of direct normal irradiation 

and diffused horizontal irradiation. The sub-Saharan Africa can be a very good location 

for a solar chimney power plant due to high solar radiation. It can help people with 

jobs during construction and for maintenance, provide low cost electricity and improve 

economical development as well. The other benefit is the collector can be useful for 

vegetation due to its greenhouse benefits. 
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Figure 1.2: Map of average annual sum of World Global 
Horizontal Irradiation. @2017 The World Bank, Solar resource 

data: Solargis [1]. 

1.4 Objectives 

The objective of this thesis is to study the performance of solar chimney power plant 

by modeling an axisymmetric system and performing CFD simulation using ANSYS 

Fluent. A constant solar radiation is assumed for the peak performance. The study 

focuses on examining the system performance. First, simple geometries are explored 

to understand boundary conditions and flow features. A 200 m tall solar chimney is 

modeled with a ground as an energy storage medium to accurately model the heat 

transfer between ground surface and air. 

Moreover, a solar chimney with a conical diffuser is modeled to examine the effect of 

geometry on the system performace. The design parameters are explored to determine 

the optimum design for the maximum power output. A very tall solar chimney is 
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difficult to construct. Therefore , the goal of this study is to analyze the performance of 

the system for a reduced height chimney structure for the original and diffuser models. 

This thesis is organized in five chapter. Chapter 2 presents the governing equations 

and numerical models used for this study. The grid independence study is also ex

plained. Chapter 3 contains simpler models of a solar chimney system used by previous 

researchers to get better insight of the grid generation and the boundary conditions to 

model a complex geometry. Chapter 4 presents a solar chimney with energy storage 

medium. The new geometry of a solar chimney with a conical diffuser is examined and 

explained in this chapter. Finally, the conclusion and recommendations for the future 

work is presented in Chapter 5. 
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CHAPTER 2 

Numerical Approach 

In order to model and solve the system of equations for a solar updraft tower system, 

ANSYS Fluent is used. The equations and models incorporated by the commercial code 

and important assumptions are discussed in the following section. 

2.1 Governing Equations 

The single most valuable tool for flow analysis is the control-volume analysis ap

proach. The Reynolds transport theorem can be applied to individual transport prop

erties to derive conservation laws of fluid motion. The equation for conservation of 

mass (continuity equation) can be expressed as , 

&p ( --+)-+v' · pv =0 (2.1)at 

where p is density, t is time and iJ is velocity vector. 

The equation for conservation of momentum can be expressed as, 

!t (pv) + v . (pvv) = - vP + v . T + p§ (2.2) 

where p represents static pressure and T is stress tensor which can be expressed as, 

(2.3) 
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where I is the identity matrix and µ represents molecular viscosity. The second term 

on the right-hand side is the effect of volume dilation [18]. 

The equation for energy conservation is, 

! (pE) + V · (iJ(pE + p)) = V · (keffVT) + V · (T · iJ) (2.4) 

where T is temperature , and E = (h - ~ + v
2

2 
) represents total energy of the system, 

which is a summation of kinetic, potential and specific enthalpy. Here, keff is effective 

conductivity (k + kt) , which is the thermal conductivity of the fluid and turbulent 

thermal conductivity and the second term on the right-hand side is viscous dissipation. 

Specific enthalpy, h can be expressed as, 

(2.5) 

where Cp is the constant pressure specific heat and T0 is the reference temperature. 

There are a few assumptions to incorporate in order to solve these system of equa

tions. First , the buoyancy driven flow is modeled using the Boussinesq approach, which 

states that the density variation is only important in the buoyancy term, pg , and can be 

neglected in the rest of the equation. The Boussinesq model assumes that the variation 

in density is dependent on change in t emperature. For small change in temperature , it 

can be expressed as 

(p - Po) ~ -p/3 (T - To) (2.6) 

where the subscript O is a reference value. Equation (2.6) can be rewritten to solve for 

the thermal expansion coefficient , which can be expressed as an inverse of temperature 
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for an ideal gas: 

1 l::J.p 1
f3 ~ --- = - (2.7)

pl::J.T T 

Second, it is assumed that the flow is incompressible as the variation in density is 

only incorporated into the buoyancy term. Therefore Eq. (2.1) can be simplified as, 

(2.8) 

The stress tensor in Eq. (2.3) can be simplified by assuming the fluid is Newtonian, 

where 

¥=µVil (2.9) 

Further, the viscous dissipation and the external energy source term in Eq. (2.4) are 

neglected. The density in the buoyancy force term, (pg) is replaced by the density 

calculated from the Eq. (2.6). Implementing the above mentioned assumptions and 

dividing Eq. (2.2) by p0 , momentum and energy equations can be simplified as, 

oil+ iJV. iJ = -~Vp + j!_V2iJ + § [1- (3 (T-To) ] (2.10)ot Po Po 

8T --+v-VT=av'2T (2.11)at 

where a = keff / pocp is the thermal diffusivity. 
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2.2 Turbulence modeling 

To solve for the turbulence, the realizable k - E turbulence model is used. The pur

pose of choosing this model is that it accounts for the variable turbulent viscosity unlike 

other turbulent models and uses modified transport equation for the dissipation rate , 

E that has been derived from an exact equation for the transport of the mean-square 

vorticity fluctuation. It gives a good prediction for the recirculation and flow separa

tion. It also satisfies mathematical constraints on the Reynolds stresses, consistent with 

turbulent flow [18]. The modeled transport equations for k and E are, 

(2.12) 

and 

where, 

k
C1 = max [o .43,_T/_] , T/ = S - , (2.14)

T/ + 5 E 

where, Sis the modulus of the mean rate-of-strain tensor. Gk represents the generation 

of turbulence kinetic energy due to the mean velocity gradients and Gb is the generation 

of turbulence kinetic energy due to buoyancy. 

(2.15) 
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(2.16) 

YM represents the contribution of the fluctuating dilatation in compressible turbulence 

to the overall dissipation rate and is neglected for incompressible flow. C2 and C1E 

are constants with the value of 1.9 and 1.44 respectively. 17k and 17E are the turbulent 

Prandtl numbers for kinetic energy, k and dissipation rate , E and are also constants 

with the value of 1.0 and 1.2 respectively. Sk and SE are user-defined source terms that 

are zero [18]. The model constants are established in order for the model to perform 

well in certain canonical flows. The turbulent viscosity µt , can be calculated by, 

(2.17) 

where Cµ depends on the mean strain and rotation rates, the angular velocity of the 

system rotation, and the the turbulent fields , which is not constant unlike for the other 

turbulent models. 

2.3 Radiation modeling 

To incorporate radiative heat transfer in solar chimney system simulation, the dis

crete ordinate (DO) model is used. The DO model solves for the radiative transfer 

equation for a finite number of discrete solid angles associated with the direction of ra

diation band. It calculates the amount of absorbed and emitted radiation on the surface 

from the incident radiation and material properties such as emissivity and absorptivity. 

It can also account for the non-grey model with specific radiation wavelength. 

The DO model can account for transparent materials among other radiation models. 

Therefore , to model transparent collector in the system accurately, the DO model is the 
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best choice. In order to model a semi-transparent medium, the scattering coefficient and 

refractive index must be specified in boundary conditions. Also the amount of direct 

and diffused radiation must be specified with radiation band direction. For higher 

accuracy, the higher value for angular discretization can be used but with the cost of 

computational time. 

2.4 Non-dimensional parameters 

The governing equations are a system of partial differential equations (PDEs) and 

in order to solve them, non-dimensional analysis can be used. Non-dimensional analysis 

reduces the number of parameters in the equation to analyze and helps to have a greater 

insight into the various terms present in the equation. The dimensionless parameters 

used are given below. 

t* = t Uo (2.18)
L 

V * = V L (2.19) 

iJ
iJ* (2.20)

Uo 

L 
g* =g- (2.21)u5 

p* 
p 

2 
(2.22)

PoUo 

(2.23) 

Substituting these dimensionless variables in Eqs. (2.8) , (2.10) and (2.11) , the non-
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dimensional governing equations can be expressed as, 

V* · v* = O (2.24) 

ov* """"'* * """"'* * * 1 *2 """"'* Gr * *-+vV ·V =-Vp +-v V --T +g (2.25)
ot* Re Re2 

[)T* + v* . V*T* = _1_ v7*2T* (2.26)
ot* Pr Re 

where Re is the Reynolds number, which is a ratio of momentum force to viscous force 

and can be expressed as, 

Re= pouoL (2.27) 
µ 

The Grashof (Gr) number is the ratio of buoyancy force and viscous force , and can be 

represented by, 

Gr= §(3 (TH -To) L3 

(2.28)
z;2 

Finally, the Prantl (Pr) number 1s the ratio of momentum diffusivity and thermal 

diffusivity and is expressed as, 

Pr= -
l/ 

(2.29) 
a 

Also, the Rayleigh (Ra) number is an important dimensionless number as this study 

includes natural convection. Rayleigh number can be written as a product of Grashof 
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number and Prantl number. 

Ra= Gr. Pr= §{3 (TH -To) L3 (2.30) 
va 

2.5 Discretization methods 

The governing equations are discretized using finite volume approach. The pressure

velocity coupling is executed using the semi-implicit method for pressure linked equa

tions (SIMPLE) algorithm. The SIMPLE algorithm solves discretized momentum equa

tion and pressure field implicitly and corrects pressure and velocity terms until continu

ity equation converges [18]. The pressure staggering option (PRESTO!) scheme is used 

to solve pressure discretization. Second order upwind interpolation is employed for mo

mentum, energy, turbulence (k and E) and radiation (DO intensity) equations. In this 

approach, higher-order accuracy is achieved at cell faces through a Taylor series expan

sion of the cell-centered solution about the cell centroid [18]. For spatial discretization, 

least squares cell-based gradient evaluation is used. For transient simulations, first-order 

implicit scheme is used to discretize time. For that , CourantFriedrichsLewy condition 

is satisfied as less than unity to determine size of time-step. CFL is defined as, 

CFL = U!:::.t (2.31)
!:::.x 

where U is maximum velocity magnitude, !:::.x is smallest cell size and !:::.t is the size of 

time-step. 

The geometries and grids are created using ANSYS ICEM. The simulations are 

performed in ANSYS Fluent. As Fluent calculates residuals while solving the equations, 

the absolute convergence criteria of 10-5 is used for all simulation cases. 
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2.6 Grid independence study 

Grid resolution is crucial to obviate erroneous result due to discretization. A fine 

mesh can give more accurate results than a coarse mesh. However, it comes with 

the cost of more computational time and more computational hardware requirements 

(RAM, disc space, number of processors , etc.). That is why choosing an optimum mesh 

that gives a more accurate solution with possible minimum computational requirement 

is necessary. 

One way to perform a grid independence study is using the Richardson extrapo

lation (RE) method for discretization error estimation in terms of a grid convergence 

index ( GCI) [19]. This method is widely known as a reliable method to perform grid 

independence. The steps to follow the RE method are discussed here. 

Step-1 

The representative cell for the given mesh in a two-dimensional geometry can be ex

pressed as, 

h= (2.32) 

where 6.A is the area of ith cell , N is total number of cells used for computations. 

Step-2 

Create three sets of grids keeping a grid refinement factor , r = hcoarse/hJine , greater 

than 1.3. Perform the simulation and determine an important variable ' </>' (velocity, 

pressure, temperature , etc.) that is critical to the simulation study. 
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Step-3 

Considering h3 > h2 > h1 as 3, 2 and 1 representing coarse, medium and fine respec

tively, the grid refinement factors are r 21 = h2 / h1 and r 32 = h3 / h2 . Calculate the 

apparent order 'p' of the method using, 

(2.33) 

(2.34) 

wheres= sign (E32/E21) , E32 = <P3 - <P2 , E21 = <P2 - </>1-

Equation (2.33) can be solved using fixed-point iteration. The value of apparent or

der, 'p' is guessed to solve for 'q ' and both equations are solved iteratively until getting 

a final value of 'p' . 

Step-4 

Calculate extrapolated value, </>;;;t: 

(2.35) 

similarly, calculate </>~;t · 

Step-5 

Calculate the estimated errors. 

Approximate relative error: 

(2.36) 
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Extrapolated relative error: 

(2.37) 

The grid convergence index for the fine mesh: 

GCI21 = 1.25e~1 (2.38)fine p lr21 -
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CHAPTER 3 

Validation study 

The geometry of a solar chimney system is complex to model and analyze the heat 

transfer and flow features. Therefore, inspired from the previous studies for modeling 

the solar chimney system, a simple geometries are used to study the flow features of the 

system first to have a better insight of the performance of the original solar chimney 

system. 

3.1 Perpendicular junction chimney 

Chergui et al. [2] modeled and investigated a solar chimney in which the chimney 

and collector were perpendicularly connected. The motivation of their study was to 

determine the local characteristics of the flow inside the collector-chimney system. The 

authors examined the Rayleigh number and its relation with the transition between 

laminar and turbulent flow. It was shown that the flow was laminar for cases with Ra :s; 

106 but the flow showed instabilities for Ra = 108 . The schematic of the geometry used 

by Chergui et al. [2] is shown in Fig. 3.1. The geometry represents the two-dimensional 

axisymmetric model of the solar chimney system. The height of the chimney 'H' and the 

radius of the collector 'R' are 1 m. The outlet is modeled at 1 atm with a temperature 

of Tc , and the inlet specifies zero velocity 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 for Rayleigh numbers less 
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Figure 3.1: Solar updraft tower system with perpendicular 
junction from Chergui et al. [2] 

than 106 and turbulent flow for Rayleigh numbers greater than 106 . The flow is assumed 

to be steady-state. The temperature difference between the ground and chimney drives 

the flow in natural convection. 

The Rayleigh number is given by Eq. (2.30) , where /3 is approximated as a function 

of the mean temperature, 

(3.1) 
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Combining Eq. (2.30) and (3.1) , TH can be determined as, 

(3.2) 

where , dis given by, 

2gL3 

d= - (3.3)
Ra va 

Equations (3.2) and (3.3) are used to calculate ground temperature TH with outside 

temperature , Tc as 290 K, characteristic length as H = 1 m and air properties at 290 

K. The calculated TH is then used for the boundary temperature of the ground. Table 

3.1 summarizes the cases considering four different Ra and corresponding TH and /3. 

In order to get an accurate solution, three grids are selected to perform the grid 

independence study. Figure 3.2 shows a representative grid with the magnified view at 

the junction. Table 3.2 presents the cell length and total number of cells in each grid. 

The grid size is denoted as a x b where a represents the number of cells along H and R 

while b represents the number of cells along the inlet and outlet. 

All three grids are simulated for the extreme case of Ra = 108 , which is a transient 

case. The reason to choose a transient case for the grid independence study is that the 

velocity fluctuations are more dramatic than a steady flow and therefore the impact of 

cell size is very important. Axial velocity is extracted along the axis to perform the 

Table 3.1: Ground temperature using Rayleigh numbers for the 
chimney with perpendicular junction 

105 290.0009 0.0034482 
106 290.0092 0.0034482 
107 290.0922 0.0034477 
108 290.9228 0.0034427 
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Table 3.2: Selected grid sizes for grid independence study for 
the chimney with perpendicular junction model 

Total number Cell length
Grid size 

200 X 20 
300 X 30 
400 X 40 

1 

0.8 

0.6 

0.4 

0.2 

0 

of cells (mm) 

7600 5 
17100 3.33 
30400 2.5 

0 0.2 0.4 0.6 0.8 1 
r 

Figure 3.2: Generated grid of the solar chimney system with 
magnified view at the perpendicular junction. 

grid independence study. Figure 3.3 shows the axial velocity profiles for all three grids 

along the axis. All three grids overlap from the chimney bottom to 0.2 m but with 
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Figure 3.3: Axial velocity profile along the axis for selected 
grids for GCI study 

increasing distance vertically, the coarse grid starts to show differences. the medium 

grid is in very good agreement with the fine grid except for a slight difference near the 

outlet. By applying Eq. (2.38) , GCI}!ne is in the range of 0.0022 % - 0.9305 % while 

an approximate error between the medium and fine grids is in the range of 0.0236 % -

0. 7909 % which is less than 1% difference between those two grids. Therefore , in order 

to get a balance b etween accuracy and computational time, the medium grid is chosen 

for the further discussion. The axial velocity is 0 m/ s at the bottom of the chimney and 

then rises up to a maximum of 0.045 m/s near y = 0.3 m and then slightly decreases 

as air moves upwards. 
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Figure 3.4: Dimensionless temperature contours for different 
Rayleigh numbers for solar chimney with perpendicular 

junction. 

Figure 3.4 presents the dimensionless temperature contours of air inside the chimney

collector system for the cases presented in table 3.1. For Rayleigh numbers 105 and 106 , 

the temperature gradients are smooth along the whole geometry that suggest laminar 

behavior of the air flow inside the system. For the cases of Rayleigh numbers 107 and 
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108 , unstable gradients are generated and convection cells appear inside the collector 

region, which suggest that the flow is turbulent. For increasing in Rayleigh number, 

the number of convection cells decreases. Chergui et al. [2] has shown that the flow was 

laminar for Ra = 106, whereas recirculation cells appeared for Ra = 108 . Stockinger 

[17] performed a similar study and found same number of convection cells for Ra = 

107 and Ra = 108 .Therefore, The results examined in this study are in good agreement 

with Chergui et al. [2] and Stockinger [17]. 

3.2 Curved junction chimney 

Tahar et al. [3] modeled and investigated a solar chimney in which the chimney and 

collector are connected as a smooth curve. The schematic of the geometry is shown 

in Fig. 3.5. Unlike the previous study, the authors found that the flow is laminar 

for the cases with Ra :s; 104 and observed turbulent behavior for Ra = 105. The 

discrepancy between these two studies is due to the selection of the characteristic length 

for calculating the Rayleigh number. Chergui et al. [2] used the chimney height as a 

characteristic length while Tahar et al. [3] used an average height of the collector. The 

average distance (Hm) between collector and ground is 0.15 m for the geometry shown in 

Fig. 3.5. The boundary conditions imposed for the simulation are same as the previous 

case. The flow is assumed to be steady-state. In order to calculate ground temperature , 

Table 3.3: Ground temperature using different Rayleigh 
numbers for the chimney with curved junction 

103 290.0027 0.0034483 
104 290.0273 0.0034481 
105 290.2731 0.0034467 
106 292.7430 0.0034320 
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Figure 3.5: Solar updraft tower system with perpendicular 
junction from Tahar et al. [3] 

Eqs. (3.2) and (3.3) are used. Table 3.3 shows the values of ground temperature and /3 

for different Rayleigh numbers. 

To perform grid independence study, three grids are selected. Table 3.4 presents 

the number of cells and the average cell length for each grid. The grids are finer than 

the previous case to capture the flow features at the curved junction more accurately. 

Figure 3.6 shows a representative grid where the coarsest cells are across the line of 

symmetry at the origin. In order to analyze the effect of grid size on the solution, all 
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three grids are simulated for Rayleigh number 105 . 

Table 3.4: Selected grid sizes for grid independence study for 
the chimney with curved junction model 

Grid size 

400 X 20 
800 X 40 
1600 X 40 

1 

Total number Cell length 
of cells (mm) 

8000 2.5 
32000 1.25 
64000 0.625 

I 
0.8 I 

I 

I 

I 

0.6 I 
I 

I 

0.4 

0.2 

0 

0 0.2 0.4 0.6 0.8 1 
r 

Figure 3.6: Generated grid of the solar chimney system with 
magnified view at the perpendicular junction. 

Figure 3.7 shows the axial velocity profile along the axis for all three grids. The 
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coarse grid shows the highest discrepancy with the medium and fine grids, indicating 

that the resolution was not adequate to capture the correct nature of flow. The medium 

and fine grids sufficiently demonstrate agreement for the axial velocity profiles. The 

approximate relative error between the medium and fine grids is in the range of 0.17 % 

- 0.9895 % and grid convergence index, GCIJfne is in the range of 0.0739 % - 1.23 %, 

which suggests that the medium grid is a good fit for the balance between computational 

time and numerical accuracy. The axial velocity starts from 0 m/ s from the bottom 

of the axis and rises to maximum value 0.0335 m/ s at approximately y=0.4 m and 

decreases as the height increases. 

1 ,.......,.....,.......,.....,.,.__= ---,-.,.......,...--r-,......,......,.......,.~.,.......,.--,-~...,.......,---,-......-"T-;-"----_---_---_---.__-=._r-_.,..._...,..._....,_-~.......,
".............. 

.........~ ....... 
-·--.:-- , -·-·-·-·-·-

---· 
--
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0.8 ·•,.,::: ___ , .___·, ---.,----.• 

0.6 

E 

0.4 

0.2 

0.005 0.01 0.015 0.02 0.025 0.03 0.035 

Axial velocity (m/s) 

Figure 3. 7: Axial velocity profile along the axis for selected 
grids for GCI study 
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(a) Ra= 103 (b) Ra= 104 

>, >, 

(c) Ra= 105 (d) Ra= 106 

Figure 3.8: Dimensionless temperature contours for different 
Rayleigh numbers for solar chimney with curved junction. 

All four cases are simulated where the flow is laminar for Ra = 103 and turbulent 

for Ra = 104, 105 and 106 . The dimensionless temperature contours are shown in 

Fig. 3.8. The case with Rayleigh number 103 shows smooth gradients in the chimney 

while the gradient is more severe near the axis due to the curvature. Increasing the 

Rayleigh number, the instability in the flow appears in Ra = 104 case as the flow 
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becomes turbulent. The single convection cell is located near the chimney due to the 

curvature. For the higher Rayleigh numbers, 105 and 106 , the flow is turbulent and 

more convection cells appear. Note that the number of convection cells decreases with 

increasing Rayleigh numbers. Tahar et al. [3] and Stockinger [17] observed same number 

of convection cells and a similar behavior for the same Rayleigh numbers. Overall, the 

results are consistent with Tahar et al. [3] and Stockinger [17]. 

3.3 Solar chimney with turbine 

In 2010, Xu et al. [15] performed a numerical analysis on the performance of the solar 

chimney power plant. they modeled a solar chimney system with turbine using pressure 

jump condition. Inspired from that study, Stockinger [17] performed a detailed study 

on appropriate boundary conditions to model a solar chimney system. The schematic 

of the solar chimney system used by Stockinger [17] is shown in Fig. 3.9. The chimney 

is 195 m high with a 10 m diameter. The collector is 1.7 m high and the diameter is 

240 m. The turbine is located at the height of 10 m. The geometry used for the study 

is two-dimensional and a:x:isymmetric. 

In order to set the boundary conditions, the energy transfer at the ground needs to 

be analyzed. The schematic of the energy balance at the ground surface is shown in Fig. 

3.10. The ground receives solar radiation transmitted by the collector and it absorbs 

a I amount of energy, where a is absorptivity of ground and I is incident radiation. 

E is the radiation emitted by the ground surface. If the emissivity of the soil is c and 

temperature of ground surface is Tg , the emitted radiation, E can be written as c O' Ti

The convective heat transfer between ground and air is denoted by q;onv· If the heat 

transfer coefficient is h, the convective heat transfer q;onv can be written ash (Tg -T0 ). 
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Figure 3.9: Geometry of the solar chimney system with turbine. 

Thus, the energy balance at the ground can be expressed as, 

(3.4) 

Using the recommendation of Stockinger [17], the incident radiation, I is 1000 

W / m2
, a is 0.95 and c 0.575 to model for summer months. The ambient air temper

ature is 293 K. By substituting these values in Eq. (3.4) , the convective heat transfer, 

q;onv is 500 W / m2
. Therefore, the ground is considered as heat flux boundary condition 

32 



al E q 
II 

conv 

I 

' 
I 

'( Ground 

Figure 3.10: Heat transfer at the ground surface. 

with the value of 500 W /m2
. The collector is modeled using a convection boundary 

condition. The chimney and the bend are set as adiabatic no-slip walls. The inlet 

and outlet are assumed atmospheric pressure at 1 atm. The turbine can be modeled 

using pressure jump boundary condition that accounts for the pressure drop across the 

turbine. The simulation is performed assuming a steady-state flow. 

For the turbine load case, the power output can be theoretically calculated using 

pressure drop (.6.p) across the turbine and volumetric flow rate (vc Ac)- The power 

output can be expressed as, 

(3.5) 

Two cases are compared: (.6.p) = 0 Pa for no turbine load and (.6.p) = 60 Pa with 

turbine load. 

The contours of pressure, temperature and velocity of the solar chimney are shown 

in Fig. 3.11. In the case of no turbine load, the predicted velocity in the chimney is 

14.03 m/s and the average temperature difference predicted is 19.1 K. Stockinger [17] 

calculated a velocity of 14.68 m/s and temperature difference of 19.7 K. For the case of 

turbine load, the predicted velocity in the chimney is 11.93 m/s and hence the power 
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34 



output is 56.22 kW. For the same case, Stockinger [17] predicted the velocity of 11.96 

m/s and the power output of 56.36 kW. In both cases, the values are very consistent 

with the results predicted by Stockinger [17]. Moreover, in the case of no turbine load, 

the pressure difference between chimney inlet and outlet is due to chimney effect only. 

On the other hand, the total pressure drop between chimney inlet and outlet remains 

same but shows a greater pressure difference across the turbine due to pressure jump 

condition. The maximum velocity is achieved at the chimney inlet when the turbine 

is inactive. During the turbine load, the velocity is lower at the chimney entrance 

because of more resistance to air flow. The temperature does not show much difference 

but slightly increases about 3 K with the turbine load. Thus, this study concludes 

that the heat-flux boundary at the ground surface is one approach to predict the solar 

chimney performance. 

The current study represents the solar chimney performance and flow characteristics 

by modeling a system with constant heat flux boundary condition as energy source for 

the ground. The heat flux boundary assumes a constant temperature along the ground 

surface and calculates heat transfer between the air and the ground surface. However, 

the ground surface temperature changes with time and the radial distance. Therefore, 

the heat transfer between the air and the ground surface depends on time. Moreover, 

Haaf [7] calculated the peak power output of 41 kW for the pilot plant at the midday 

with the temperature difference of 17.5 K and updraft velocity of 9 m/s for turbine 

efficiency of 0.83 while the measured power output was 36 kW. Therefore , constant 

heat flux boundary condition over-predicts the parameters. Thus, in order to accurately 

model for the solar chimney system, the system needs to be modeled for the radiation 

along with turbulence. 
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CHAPTER 4 

Geometric configurations and results 

In this chapter, the solar chimney system is modeled with energy storage layer 

using the DO radiation model. The purpose of this study is to examine how the energy 

storage layer predicts the system performance and flow features. The effect of chimney 

height in the updraft velocity and the pressure difference is discussed. Moreover, a new 

solar chimney design with a conical diffuser is modeled and its effects on the system 

performance are explored. 

4.1 Solar chimney with turbine and energy storage 

The schematic of a solar chimney system used for this study is shown in Fig. 4.1. 

The model includes solar chimney system with turbine and ground as an energy storage 

medium. The energy storage medium is made of soil that absorbs radiation energy to use 

it during night time to run the power plant. By of modeling the energy storage medium, 

heat transfer between the air and the ground surface can be accurately predicted. 

The chimney height is 200 m and the diameter is 10 m. The turbine is located 10 

m high. The collector is 2 m high at the inlet and 6 m high at the exit and 244 m in 

diameter. This inclination is meant to reduce friction losses as air moves toward the 

chimney. The energy storage medium is 5 m deep. 
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Figure 4.1: Geometry of the solar chimney system with storage layer 

4 .1.1 Theoretical principles of solar chimney system 

4.1.1.1 The collector 

The collector is a translucent canopy that receives solar radiation and transmits 

the radiation to the ground. The ground absorbs some radiation and reflects the rest. 

The air between the collector inlet and collector exit ( also chimney inlet) receives heat 

due to convective heat transfer between air and the ground surface. If the incident 

radiation is J and temperature difference between collector inlet and collector exit is 
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6.T, the collector efficiency, T/coll can be expressed as, 

m GP 6.T 
(4.1)T/coll = J A 

coll 

where , Gp is specific heat capacity of air and Acoll is collector area. The mass flow rate 

expressed as , 

(4.2) 

where , pis density of air at the temperature of T + 6.T at the chimney inlet/collector 

exit , Ve is the air velocity at the chimney inlet and Ac is chimney cross-section area. 

4.1.1.2 The chimney 

The chimney converts the heat-flow of air generated in the collector region into 

kinetic energy and potential energy. The density difference at the chimney inlet and 

outlet due to difference in temperature creates a pressure difference. The hot air inside 

the collector experiences buoyancy and the pressure drop due to the density difference 

provides updraft to the hot air. The pressure difference between chimney inlet and 

outlet can be expressed as, 

(4.3) 

where , g is gravitational acceleration, pis density of surrounding air and He is chimney 

height . 

The power output due to the pressure drop inside the chimney is a product of the 

total pressure drop and volume flow rate that can be expressed as, 
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P = 6Ptotal Vmax Ac (4.4) 

The total pressure differential depends on the pressure drop across the turbine. If the 

system is considered without a turbine, the total pressure drop will depend only on 

the dynamic pressure component. In that case, the velocity inside the chimney will be 

maximum. The power output can be expressed as, 

1 . 2 
p = 2 m Vmax (4.5) 

Therefore , substituting Eq. (4.3) into Eq. (4.4) , and combining with Eq. (4.5) and 

the Boussinesq approximation, the expression for maximum velocity is expresed as, 

(4.6) 

This shows that the velocity depends on air temperature difference between chimney 

inlet and outlet , and chimney height. A taller chimney gives more updraft air speed 

and hence more power output. The chimney efficiency can be represented as the ratio 

of kinetic energy of air to the heat gained by the collector. Using Eq. 4.6, the chimney 

efficiency, T/c can be written as , 

1 · 2 H2 ffi Vmax g CT/- --- (4.7) 
c - rh GP t:..T - GP T0 

The chimney efficiency depends on the height of the chimney and surrounding temper

ature. The temperature difference or the updraft velocity has no effect on the chimney 

efficiency. 
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4.1.1.3 The turbine 

The wind turbines in the solar chimney do not work with staged velocity like free

running wind energy generators but as a cased pressure-staged wind turbogenerators in 

which static pressure is used to rotate the turbine blades and generate power output [8]. 

Air speed before and after the turbine is about the same. The power output achieved 

is proportional to the product of volume flow rate and the pressure drop at the turbine. 

The turbines can be located vertically or horizontally. A single vertical axis turbine 

can be placed at the chimney entrance or some number of horizontal axis turbines can 

be placed at the exit of the collector. If the pressure drop across the turbine is 6p8 , 

the useful power at the turbine can be theoretically expressed as, 

(4.8) 

If the blades are perpendicular to the air flow , the turbine will not rotate. If the blades 

are parallel to the air flow, then the air will pass through the turbine without any 

pressure drop and hence no power output. The optimum blade settings can be found 

such that the power output can be maximized if the static pressure drop across the 

turbine is two-thirds of the total pressure drop across the chimney [8]. If T/t is the 

turbine efficiency, the maximum power output taken by the turbine is expressed as, 

(4.9) 

4.1.2 Boundary conditions 

The model is axisymmetric and consists both fluid and solid zones. The materials 

used for the model and its properties are listed in Table 4.1. The chimney and the 
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Table 4.1: Materials and their properties used for modeling 

M~ p (kg/m3 
) GP (J/kg K) k (W/m K) 

Cement 2100 880 1.4 
Glass 2700 840 0.78 
Soil 1900 2200 1.83 

bend are made of cement and set as adiabatic walls with no-slip boundary conditions. 

The collector is made of glass and exposed in the surrounding air and also receives and 

transmits 1000 W /m2 of solar radiation. Therefore, it is modeled as mixed boundary 

condition ( convection and radiation) where the direction of radiation beams is per

pendicular to the surface. The inlet and outlet are defined at 1 atm and 293 K. The 

ground is modeled as a 5 m thick solid block made of soil where the ground surface is 

a coupled wall facing both solid and fluid regions. The ground bottom is at a constant 

temperature of 300 K. The absorptivity of soil is 0.9 the absorption coefficient is 0.46 

m-1
. The summary of all boundary conditions is listed in Table 4.2. 

Table 4.2: Boundary conditions 

Boundary Conditions 

Chimney Adiabatic, no-slip wall , 0 W/m2 heat flux , E = 0.9 

Bend Adiabatic, no-slip wall , 0 W/m2 heat flux , E = 0.9 

Inlet pressure-inlet , T 0 =293 K 

Outlet pressure-outlet , T 0 =293 K 

Collecoter I = 1000 W/m2 
, h=lO W/m2 K, E = 0.9, Tsky=283K , T 0 =293K 

Ground top Coupled wall , c = 0.9 

Ground sides Adiabatic, no-slip wall , 0 W/m2 heat flux , E = 0.9 

Ground bottom Adiabatic , no-slip wall, T = 300 K, E = 0.9 
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4.1.3 Grid independence study 

The grid created to simulate the solar chimney system with energy storage is shown 

in Fig. 4.2 with a magnified view at the junction. Three grids are used for the grid 

independence study. The previous grid independence studies are used as a guideline to 

select the grid resolution. Table 4.3 presents the number of cells and grid refinement 

factor for each grid. The model is simulated using all three grids in order to compare 

their results. The axial velocity and temperature are extracted at y = 20 m. The flow 
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Figure 4.2: Magnified view of generated grid of a solar chimney 
system with turbine and energy storage 
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after the turbine experiences the sudden expansion in the channel hence creates a small 

circulation region near the axis. Therefore the location y = 20 m is chosen to examine 

the axial velocity, pressure and temperature profiles as shown in Fig. 4.3. The coarse 

grid shows more discrepancy compared with the medium and fine grids. The axial 

velocity reaches 9.5 m/s at r = 0.7 m while temperature approaches 313.1 K at the 

center line. The lower value of velocity near the axis is because of the circulation near 
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Figure 4.3: Axial velocity, pressure and temperature profiles 
along y=20 line for selected grids 
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the center line. The pressure is constant along the radius. The maximum difference 

appears closer to the axis which is from r = 0 to r = 0.3 because of the circulation 

region near the axis. Hence, calculation for GCI is performed for y = 20 m and r = 0.2 

m. 

Table 4.3 shows the calculation for discretization error considering axial velocity, 

pressure and temperature at y = 20 m and r = 0.2 m. Note that the values comparing 

the medium and fine grids have smaller differences than for the coarse and medium grids. 

The approximate error between medium and fine grids is 0.35 % for axial velocity, 0.09 

% for pressure and 0.05 % for temperature. The axial velocity shows largest errors 

compared to pressure and temperature for all three grids overall. But it is worth 

noting that even the error between medium and fine grids at the location of the highest 

Table 4.3: Selected grids and calculation for discretization error 

</> = Axial velocity ¢ = Pressure </> = Temperature 
at at at 

(y = 20 m, r = 0.2 m) (y = 20 m, r = 0.2 m) (y = 20 m, r = 0.2 m) 

N1 , N2 , N3 1.4 M, 700 k, 350 k 1.4 M, 700 k , 350 k 1.4 M, 700 k , 350 k 

r21 1.4068 1.4068 1.4068 

r32 1.4106 1.4106 1.4106 

</>1 7.8409 -97.5419 313.2061 

7.8681 -97.6281 313.0608 

q>3 7.9936 -98.0071 312.8966 

p 0.7746 4.3301 0.8303 

</>2 

¢21 7.8332 -97.5161 314.3992ext 
e21 0.35 % 0.09 % 0.05 %a 

21
eext 1.19 % 0.03 % 0.63 % 

GCI}7ne 0.55 % 0.15 % 0.53 % 
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discrepancy is very small. Also, the discretization error (GCI) is a maximum of 0.55 

%. The error between the medium and fine grids is very small hence the medium grid 

is used for the simulations in the remainder of this study. 

4.1.4 Results 

The goal of this study is to model the solar chimney system with solar radiation and 

assess the impact of design changes on the performance. The time-dependent simulation 

is performed for one hour of flow time using 0.01 s as the time-step size to keep CFL :s; 

1. The results are for the incident radiation of 1000 W / m2 and 60 Pa of static pressure 

drop across the turbine. Figure 4.4 presents updraft velocity at the chimney inlet 

and ground temperature profiles for 60 minutes of flow time. The flow is unstable at 

the beginning and fluctuates for nearly 20 minutes. These fluctuations are indication 

of the change in ground surface temperature over time. The change in temperature 

over time affect the heat transfer between the air and ground surface. Because the 
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Figure 4.4: Updraft velocity and ground temperature profiles 
for 60 minutes of flow time. 
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Table 4.4: Predicted velocity for steady-state solution for 
different flow times. 

Flow time (minutes) 20 15 10 5 

Velocity (m/s) 9.3297 9.3283 9.3184 9.3299 

updraft velocity depends on air temperature difference, the fluctuations appear in the 

velocity profile as well . The updraft velocity drops to 6 m/s and increases again in 5-6 

minutes of flow time. Similarly, the ground temperature rises to 353.8 K and then drops 

during the same amount of time. After 20 minutes , the flow reaches quasi-steady state 

and becomes stable and the updraft velocity reaches 9.4 m/s and ground temperature 

reaches 353.4 K. 

The steady solution after 20 minutes of transient flow suggests that the transient 

simulation is necessary for 20 minutes. After 20 minutes , the simulation can be contin

ued as a steady-state. However, the transient simulation is performed for four different 

flow times: 20 minutes, 15 minutes, 10 minutes and 5 minutes. The simulation then 

continued as a steady-state. Table 4.4 presents predicted velocity using steady-state 

solution for corresponding flow time. The difference in velocity is very less. However, 

solution with 20 minutes of flow time takes more CPU time than it takes for 5 min

utes of flow time for the simulation. Therefore, assuming constant incident radiation, 

the transient simulation of 5 minutes of flow time and then steady solution provides a 

credible solution in less computational cost. 

The contours of velocity, pressure and temperature are shown in Fig. 4.5. The 

average updraft velocity across the turbine is 9.46 m/s and 9.07 m/s at the outlet. As the 

turbine uses static pressure drop to generate power, it barely affects the updraft velocity. 

The pressure contours show that there is a low pressure of -125 Pa (gauge) at the 

chimney base, which is the total pressure drop due to pressure drop across the turbine 
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Figure 4.5: Velocity, pressure and temperature contours 

and a pressure drop due to updraft velocity. The temperature of the ground surface is 

353.4 K. The ambient air entering from the inlet receives heat due to convection. The 

air temperature at the chimney entrance reaches 309.93 K. Therefore, the temperature 

difference of the air inside the system and ambient air is 16.93 K. The collector efficiency 

calculated using Eq. (4.1) is 29.04 %. The power output from the turbine , calculated 

using Eq. (4.8) is 35.7 kW with an assumed turbine efficiency of 80 %. 
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Additionally, Table 4.5 compares the simulation results for three cases, no turbine 

load, !::lp = 60 Pa and !::lp = 120 Pa. When the pressure drop across the turbine in

creases, the updraft velocity reduces due to more resistance to the flow. However, the 

high pressure drop can generate more power with low updraft velocity as compared to 

the other case. The average temperature of the air increases with the pressure drop. 

But due to lower velocity, the mass flow rate reduces and that decreases the collector 

efficiency overall. 

Table 4.5: Comparison of different pressure drop 

0 (No turbine) 60 120 
r ~ 

Updraft velocity (m/s) 12.39 9.46 6.90 

t:..T (K) 13.6 16.93 21.62 

Collector efficiency ( T/coll) 30.47 % 29.04 % 26.98 % 

Power output (kW) - 35.7 52 

4.2 Solar chimney with reduced height 

The performance of the solar chimney highly depends on the chimney height and 

the performance can be improved significantly with increasing height. However, the 

structure creates a very tall chimney and is one of the major difficulties of the solar 

chimney power plant. The construction cost increases but with that , the impact of nat

ural catastrophe activities like seismic and high wind loads also increases. Also, safety 

issues for humans also rises during and after construction. Therefore , it is worthwhile 

to put efforts in the solution for improvement in the performance without increasing 
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height. The goal of the following study is to examine the effects of the reduction in 

chimney height on the solar chimney system. 

4.2.1 Geometric configuration 

Theoretically, the updraft velocity is dependent on the chimney height and the 

temperature difference inside the collector region as shown in Eq. (4.6). The goal 

of the following study is to analyze the effect of reduction in chimney height on the 

system performance. Two different geometries of solar chimney system are created 

with reduction in the chimney height from 200 m to 100 m and 50 m keeping the other 

collector dimensions the same, as shown in Fig. 4.6. 

The two models of solar chimney system are simulated using the same boundary 

conditions and same grid size as mentioned in the previous section. However, the 

turbine pressure drop is reduced by 50 % for each reduction in height. This scaling of 

pressure drop is based on Eq. (4.3). The incident radiation is 1000 W /m2
. 

(a) Solar chimney with H=lOO m (b) Solar chimney with H=50 m 

Figure 4.6: Geometries of solar chimney system with reduced 
height 
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4.2.2 Results 

The contours of pressure, temperature and velocity for both cases are shown in Fig. 

4. 7. As the chimney height decreases, the chimney effect also reduces which is evi

dent examining the pressure drop. The lower pressure develops with reduced chimney 

height. For the 100 m tall chimney, the air temperature rises to 312.45 K for 100 m 

tall chimney and 315.67 K for 50 m tall chimney. Therefore, with decreasing chim

ney height, the system air temperature increases. However, due to a smaller occupied 

volume, the mass flow rate decreases with decreasing chimney height and that reduces 

collector efficiency. The updraft velocity across the turbine approaches to 7.95 m/s 

for 100 m tall chimney and 6.47 m/s for 50 m tall chimney. Reduction in the updraft 

velocity and the pressure drop across the turbine reduces the power output overall. 

The comparison of the parameters of the solar chimney system with reduction in chim

ney height and original solar chimney model (200 m high chimney) is listed in Table 4.6. 

Table 4.6: Comparison of solar chimney system with different 
chimney height. 

l~ 
Parameter 

IH, ~ 200 m IH, ~ 100 m IH, ~ 50 m 

!:::.p (Pa) 60 30 15 

Updraft velocity (m/s) 9.46 7.95 6.47 

!:::.T (K) 16.93 19.45 22.67 

Collector efficiency 29.04 % 27.95 % 26.49 % 

Power output (kW) 35.7 15 6.1 
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4.3 Solar chimney with conical diffuser 

To increase the power output , the pressure drop , the updraft velocity need to be 

improved for the same chimney diameter. However, pressure difference at the chimney 

base can only be improved by increasing the chimney height. One way to improve 

power output is to introduce a conical diffuser after the turbine that can be used to 

accelerate the air and create high updraft velocity across the turbine. In this study, a 

diffuser is modeled in the solar chimney system and the design parameters are explored 
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Figure 4.8: Geometry of the solar chimney system with the conical diffuser 
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Table 4. 7: List of cases for the diffuser models 

II Case 1 I Case 2 I Case 3 

hd (m) 4 4 8 12 12 

R 1.25 1.5 1.5 1.5 1.75 

for the optimum model. The design schematic is shown in Fig. 4.8. Here , R1 is diffuser 

inlet radius also turbine radius and R2 is diffuser exit radius also chimney radius. The 

diffuser height is denoted by hd, the ratio of diffuser exit and diffuser inlet diameters is 

Rand the angle, 0 is the divergence angle. 

To find the optimum design parameters, total five diffuser models are created by 

varying design parameters. The cases are separated by changing the chimney height. 

The list of all cases is given in Table 4. 7. The boundary conditions are same as the 

previous case for all diffuser models. The boundary conditions are the same as the 

original model. All three cases are discussed in details in the following sections. 

4.3.1 Case 1 

The case 1 has two models, each with the same diffuser height but with the different 

ratio. The schematics of the design models are shown in Fig. 4.9. In this case, hd is 

4 min both models. R is 1.25 for the first model (model 1-a). Therefore the chimney 

radius , R 2 = 6.25m and divergence angle, 0 = 17.35°. For the second model (model 

1-b) , R is 1.5, R 2 = 7.5m and the divergence angle, 0 = 32°. 

Both models are simulated to examine the effect of changing the ratio for the same 

diffuser height on the system performance. The velocity contours of both geometries 

are shown in Fig. 4.10. The magnitude of updraft velocity across the turbine for the 

first model reaches to 10.1 m/s and then due to the diffuser, it reduces to 6.49 m/s. 

The temperature of air inside the system reaches to 306.1 K. For the second model , the 
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Figure 4.9: Case 1: Geometries of diffuser models with 4 m height. 

updraft velocity across the turbine is 10 m/s which is lower than the first model. The 

reason for that occurrence is the flow separation due to very large divergence angle. Due 

to the flow separation from the channel , the circulation zone appears along the chimney 

wall after the diffuser. The difference in system air temperature and the surrounding 

temperature is 12.75 K. The power output of the turbine is 37.7 kW in both of the 

models because of the same updraft velocity. The collector efficiency is 25.07 % and 

25.15 % in the first and second model respectively. In the comparison to the original 

case without the diffuser, the updraft velocity is increased from 9.46 m /s to 10 m/s 

and due to the larger chimney area, the mass flow rate is also improved. But the 

temperature of air inside the system decreases by approximately 4 K and that is why 

the collector efficiency is decreased. 

Overall the updraft velocity can be improved using a diffuser. However, the large 

divergence angle separates the flow from the channel and creates a circulation region 

which retards the updraft velocity. Thus, the ratio and height of the diffuser should be 

selected such that the divergence angle is not too large. 
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Figure 4.10: Velocity contours for the case 1 models. 

4.3.2 Case 2 

The model 1-b could not improve the updraft velocity because of the large divergence 

angle. In case 2, the diffuser is modeled with the same ratio as the model 1-b that is 

1.5 but with the diffuser height of 8 m. The chimney radius is the same as the model 

1-b, 7.5 m, but the divergence angle, 0 is 17.35° that is the same as the model 1-a. The 

Figure 4.11 : Case 2: Geometry of diffuser model 
with hd = 8 m and R = 1.5. 

55 



schematics of the design model is shown in Fig. 4.11. 

The velocity contour is shown in Fig. 4.12. The updraft velocity reaches to 11.5 m/ s 

across the turbine, which is significantly higher than the previous models. Because of 

the smaller divergence angle than the model 1-a, the circulation zone disappeared. But 

the circulation zone along the axis is elongated, which suggests that the diffuser height 

should be more than 8 m to discard the circulation. In another words, the divergence 

angle should be smaller than the current value. The system air temperature is increased 

by 11.96 K , which is lower than the case 1 models. Though the collector efficiency is 

25.65 % that is almost the same as the case 1 models, which is because of the increasing 

mass flow rate. Because of the higher updraft velocity, the turbine power output is 43.4 

kW, which is significantly higher than the previous cases. 
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Figure 4.12: Velocity contour for the case 2 model. 
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4.3.3 Case 3 

R R 

(a) R = 1.5 (b) R = 1.75 

Figure 4.13: Case 3: Geometries of diffuser models with 12 m 
height. 

In the case 3, two diffuser models are created with the height of 12 m. The schematics 

of the design models are shown in the figure 4.13. In the first model (model 3-a) , R 

is considered as 1.5 which is the same as the model 2. R 2 is 7.5 m and the divergence 

angle, 0 is 11.77°. In the second model (model 3-b) , R is 1.75 m, R2 is 8.75 m and the 

divergence angle, 0 as 17.35°. 

The velocity contours are shown in Fig. 4.14. The updraft velocity across the turbine 

in the model 3-a reaches to 12 m/s that is further improvement from the model 2. 

The air temperature difference is 11.77 K , which is lower than the previous models. 

While for the model 3-b, the updraft velocity across the turbine is also 12 m/s. The 

air temperature difference is 11.8 K that is almost same as the model 3-a. This is 

analogous to the case 1 models that is the effect of increasing the ratio for the same 

diffuser height. However in this case, the diffuser angle is not large in the second model 

and there is no circulation along the chimney wall. But the circulation zone along the 
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Figure 4.14: Velocity contours for the case 3 models. 

axis is further elongated in comparison with the model 2. The collector efficiency is 

26.6 % for both cases. The turbine power output is 45.2 kW that is same for both 

models since the updraft velocity is the same. 

4.3.4 Comparison of all solar chimney models 

In this section, the performance of all solar chimney models is discussed. Table 4.8 

shows a full comparison of all diffuser models with the original solar chimney model. 

The incident radiation and pressure drop across the turbine for all cases are the same. 

The predicted updraft velocity increases with diffuser height for the same ratio. It 

reaches to 12 m/s for diffuser model with hd = 100 m and R = 1.5. However, for the 

same diffuser height , changing the diameter ratio does not improve the performance. 

But to compare with the original solar chimney model, the diffuser models significantly 

increases the updraft velocity. The temperature difference reduces for all diffuser cases 

compared to the original case and that reduces collector efficiency as well. However, 

the temperature difference for all diffuser models decreases slowly, while mass flow rate 
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Table 4.8: Performance comparison of all diffuser models with the original model 

Case 1 Case 2 Case 3 
Original 

hd = 4 m hd = 8 m hd = 12 m 
model 

R= 1.25 R = 1.5 R = 1.5 R = 1.5 R = 1.75 

Updraft velocity (m/ s) 9.46 10.1 10 11.5 12 12 

l::::,.T (K) 16.93 13.1 12.75 11.96 11.77 11.8 

Collector efficiency 29.04 % 25.07 % 25.15 % 25.65 % 25.63 % 25.70 % 

Power output (kW) 35.7 37.7 37.7 43.4 45.2 45.2 

% increase 
- 5.80 % 5.80 % 21.60 % 26.60 % 26.60 % 

in power output 

increases with increasing diffuser height and diameter ratio that keeps the collector 

efficiency almost same for all cases. The power output shows significant improvement 

b ecause of the higher updraft velocity. For hd = 12 m, the power output is 45.2 kW, 

which is the highest and 26.6 % improvement than the original model. 

According to Eq.4.6 , the maximum updraft velocity at the chimney base depends 

on the chimney height and air temperature difference. However, the updraft velocity 

can be improved with a diffuser despite having low temperature difference. It is also 

clear that diffuser height plays an important role in modeling the optimum design for 

maximum output , whereas the ratio does not affect the performance much for the same 

diffuser height . 

4.3.5 Diffuser model with reduced chimney height 

The diffuser model with hd = 12 m and R = 1.5 is used to model solar chimney 

system with 100 m and 50 m chimney height. The turbine is modeled with 50 % 

reduction for each case as well. The goal of this study is to study the system perform 

for a diffuser model with a reduced chimney height and compare with the original model 
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Figure 4.15: Geometries of solar chimney system with reduced 
height for diffuser model. 

with reduced chimney height. The geometries of a solar chimney with 100 m and 50 m 

chimney height with the diffuser model are shown in Fig. 4.15. 

The velocity contours are shown in Fig. 4.16. The updraft velocity for 100 m tall 

chimney is 10.45 m/s and for 50 m tall chimney is 8.73 m/s. The power output is 

lower than 200 m tall chimney because of the lower pressure drop across the turbine. 

Table 4.9: Comparison of solar chimney system with different 
chimney height for diffuser model. 

l~ 
Parameter 

IH, ~ 200 m IH, ~ 100 m IH, ~ 50 m 

!:::.p (Pa) 60 30 15 

Updraft velocity (m/s) 12 10.45 8.73 

!:::.T (K) 11.77 13.17 15.17 

Collector efficiency 25.63 % 24.95 % 24% 

Power output (kW) 45.2 19.7 8.2 
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Figure 4.16: Velocity contours for the diffuser model with 
reduced chimney height. 

The air temperature difference increases with decreasing chimney height , while collector 

efficiency decreases due to decreasing mass flow rate. Table 4.9 presents the performance 

parameters of the solar chimney system with diffuser model comparing the chimney 

height. 

Figure 4.17 shows a comparison of the updraft velocity and the power output for 

different chimney heights for the original solar chimney model and the solar chimney 

with diffuser model. The updraft velocity increases with the chimney height for both 

cases. assuming that the pressure drop across the turbine increases with increasing 

height , the power output also increases. It is important to note that the updraft veloc

ity difference between both models for the same chimney height increases slowly with 

increasing the chimney height. However, that small increase in velocity amplifies in the 

power output according to Eq. 4.8. Therefore , the difference in power output between 

both cases significantly increases with increasing height. 
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Figure 4.17: Comparison of velocity and power output for the 
diffuser model and original model. 

In conclusion, the solar chimney with a diffuser model can improve the power output. 

However, a diffuser height and a diameter ratio should be appropriate to the small 

divergence angle to avoid circulation zones and reverse flow. 

4.4 Three-dimensional solar chimney with horizon-

tal axis turbines 

In the previous studies, the solar chimney system was examined using an axisym

metric , two-dimensional geometry with a single vertical axis turbine located at the 

chimney base. However, Schlaich [8] presented that multiple horizontal axis turbines 

can be placed at the collector exit ( chimney inlet) in a ring formation and can be used 

to generate electricity. It was proposed that 36 horizontal axis turbines could be used 

in a solar chimney system. 

In this study, a three-dimensional (3D) design with multiple horizontal axis turbines 
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is created. The goal of this study is to examine the pressure jump boundary condition 

for multiple horizontal axis turbines in 3D geometry and to analyze the performance 

of the system. The schematic of the three-dimensional geometry is shown in Fig. 4.18. 

The chimney is 200 m tall and 10 m in diameter with a collector 244 m in diameter. The 

collector inlet height is 2 m and the collector exit ( chimney base) is 6 m high. Unlike 

the two-dimensional case, the turbines are located at the chimney base. It is assumed 

that four turbines are arranged for the simplicity of the geometry and grid generation. 

y 

fa-x 
z 

200 

150 

~100 
0 
a. 
:i" 
Q) 

lD 50 
-< 

Figure 4.18: Three-dimensional geometry. 
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Figure 4.19: Three-dimensional geometry with magnified view 
at the center. 

Figure 4.19 shows a magnified view of the geometry near the chimney, focusing on the 

turbine models. Each surface with a different color represents a turbine. The purpose 

of modeling turbines as a thin surface is that it is similar to the two-dimensional case, 

where the pressure jump boundary condition can be assigned without actually modeling 

a whole turbine. 

Inspired from the previous grid independence study, the grid is generated with 1.5 

million cells. The convergence criteria is for continuity, momentum and turbulence is 
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10-5 for radiation and energy equations. The incident radiation is 1000 W /m2 and the 

beam direction is in the negative Y-direction. The boundary conditions incorporated 

into the model are the same as two-dimensional case 4.1.2. Two cases are simulated: 

1) four turbines with a 60 Pa pressure drop , 2) two turbines facing each other with a 

60 Pa pressure drop. 

Figure 4.20 shows pressure contours of the XY-plane and YZ-plane with streamlines. 

y 

z_d 

(a) XY-plane (b) YZ-plane 

(c) XY and YZ planes 

Figure 4.20 : Streamlines with pressure contours for 4 turbines. 
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The pressure distribution is symmetric in both planes. The predicted velocity across all 

the turbines is same with the magnitude of 3.6 m/s. For four turbines with an assumed 

isentropic efficiency of 80 %, the calculated power output is 19.5 kW. The predicted 

power output is lower than the prediction for a single vertical axis turbine. The air 

temperature difference is 17.9 K, which is slightly higher than the two-dimensional case 

with a vertical axis turbine. However the mass flow rate decreases because of hindrance 

due to multiple turbines, which decrease the collector efficiency as well. 
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(a) XY-plane (b) YZ-plane 

(c) XY and YZ plane 

Figure 4.21: Streamlines with pressure contours for 2 turbines. 
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This study assumes that the turbines are arranged at the periphery of the collector 

exit and modeled as a continuous smooth surface. However, there will be a gap between 

two consecutive turbines in a real scenario. Also, if there are fewer turbines operating, 

a modified turbine model is necessary. Therefore, inspired from the real situation 

arrangement , the model is simulated using only turbine 1 and turbine 3 (two turbines 

facing each others) and remaining surfaces are treated as an interior region to allow the 

airflow. 

Figure 4.21 shows pressure contours in the XY-plane and YZ-plane with streamlines. 

The pressure drop across the turbines can be seen in the XY-plane as a symmetric field . 

The streamlines in the YZ-plane show that the air is moving into the chimney but 

the pressure contour suggests that the pressure is not symmetrically distributed. The 

streamlines suggests that the air is diverted across the turbine in the opposite direction 

of the flow. This air movement is extremely unusual compared to the previous case with 

four turbines. To understand the air flow with clarity, the streamlines are presented in a 

Pressure 

-5 
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Figure 4.22: Three-dimensional view of streamlines. 
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three-dimensional view in Fig. 4.22. The air entering from the open region moves across 

the turbine into the collector instead of the chimney. The reason for this behavior is 

that there is a high pressure region at the chimney base, which is because of the open 

region. Therefore , the high pressure region forces the air to move toward the low 

pressure region that is across the turbine. It is also worth noting that after the flow 

across the turbine travels away from the chimney, the high pressure inside the collector 

again pushes the air toward the chimney. Hence, the air is directed toward the open 

patch and creates this recirculating behavior. However, some of the streamlines also 

shows that some air flow is directed upward. 

In this study, it is shown that the solar chimney system with multiple horizontal 

axis turbines can be modeled using a three-dimensional geometry using a pressure jump 

boundary condition. However, in the case with two turbines, the pressure distribution 

creates unexpected behavior of air movement and the reverse flow across the turbine 

is observed, which is not physical. Therefore, to accurately model the horizontal axis 

turbines, an alternate method can be developed for grid generation that can model the 

turbine in three-dimensions with pressure jump conditions. 
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CHAPTER 5 

Conclusion and Future Work 

5 .1 Conclusion 

The solar chimney power plant is a clean and reliable energy source with low initial 

and maintenance costs. A solar chimney is a power generation system consisting of 

mainly three components: a transparent collector, a chimney and a turbine. The 

purpose of this study was to model a solar chimney system and explore alternate designs 

to predict the system performance using CFD techniques. To examine the performance 

of a solar chimney system, axisymmetric two-dimensional models were created using 

ICEM. ANSYS Fluent was used to perform all the simulations. The realizable k-E model 

was used to solve for the turbulence and the DO model was used for the radiation. 

Simple geometries were used to model a two-dimensional axisymmetric system to 

study the flow features. A solar chimney system with perpendicular junction was used 

by Chergui et al. [2]. A similar geometry was simulated for four different Rayleigh 

numbers to establish for the transition from laminar to turbulent flow. The flow was 

laminar for the Rayleigh numbers less than 106 and transitions to turbulence for higher 

Rayleigh numbers. Tahar et al. [3] used the geometry with a curved junction. A similar 

geometry was simulated for four different Rayleigh numbers. The flow was laminar 

for Rayleigh numbers less than 104 and turbulent for Ra = 105 . Both studies were 

concluded differently because of the selection of the characteristic length. Chergui 

et al. [2] used chimney height as a characteristic length, while Tahar et al. [3] used 

mean height of the curvature as a characteristics length. Further, the solar chimney 
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system with the turbine load was examined. Inspired from the geometry used by Xu et 

al. [15], and for the same geometry and boundary conditions used by Stockinger [17], 

the geometry was simulated to examine the effects of a constant heat flux boundary 

condition on the system performance. The study concluded that the heat transfer 

between the air and the ground surface was time dependent and therefore, the radiation 

model was needed. 

The solar chimney system was modeled with the ground as the energy storage 

medium to accurately account for the heat transfer. The geometry used for this study 

was the same as the Manzanares prototype plant. It was found that the ground sur

face temperature and the updraft velocity fluctuates for 20 minutes of flow time and 

approaches to quasi-steady solution. The predicted velocity was 9.46 m/s and temper

ature difference was 16.93 K. The calculated power output was 35. 7 kW. The study 

predicted similar values as the reported values of the pilot plant by Haaf [9]. The study 

also presented the effects of changing the pressure drop across the turbine. It was shown 

that the updraft velocity decreased with increasing pressure drop but the temperature 

difference increased. Overall, the power output increases with increasing pressure drop. 

The solar chimney systems with the chimney height of 100 m and 50 m were presented. 

The pressure drop for each geometry was scaled by 50 % according to Eq. (4.3). It was 

concluded that the overall performance decreased with decreasing chimney height. 

Moreover, a new solar chimney design with a conical diffuser was presented. The 

simulation was performed for the same boundary conditions as the original model. 

Three diffuser heights were selected to choose optimum diffusel model. It was explained 

that the diffuser model improves the system performance with appropriate selection of 

diffuser height and divergence angle. The predicted increment in power output was 

26.6 % compared to the original model. It was concluded that with optimum design 

parameters, a solar chimney with a diffuser model can improve the system performance 
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significantly. 

A three-dimensional geometry was developed to account for multiple horizontal 

axis turbines. The simulation was performed assuming four turbines are place at the 

collector exit in a ring formation. The case with four turbines predicted the power 

output 19.5 kW, which is less that for the case with a single vertical axis turbine. 

For the case with two turbines, the flow was directed across the turbine in a reverse 

direction due to the high pressure created at the center of the chimney base. It was 

suggested that a different method can be used to accurately model multiple horizontal 

axis turbines. 

5.2 Recommendations for future work 

CFD is a very powerful tool to analyze a large structures like solar chimney. Due 

to the difficulties in construction of a very tall chimney, the goal of this study was 

to perform an analysis for a new chimney design and to compare the performance 

with the original solar chimney. This study can be further investigated for a different 

design and optimization for the maximum power output with the minimum structure 

footprint. Although, it is very difficult to create complex geometries, non-axisymmetric 

geometries like chimney clusters and wrapped towers can be modeled with a simpler 

approach and will be worth investigating to study the performance in the future . 

The current study was performed assuming constant solar radiation. It will be worth 

exploring the effects of the change in solar radiation with time. The system performance 

can also be examined during the night time. Moreover, the volume between collector 

and ground can be used for vegetation purposes. The collector and the ground can 

be modeled including plant life and examine its effect on the performance. In the 

experimental phase of the pilot plant of Manzanares, water-filled bags were used to 
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store radiation energy and to use during night time. A more accurate analysis can be 

performed using different materials as an energy storage medium in addition to the 

ground. 

This study explained the performance of the solar chimney system assuming the 

pressure-staged wind turbo-generator located at the height of 10 m inside the chimney. 

Multiple horizontal axis turbines can be modeled located inside the collector with the 

peripheral arrangement instead of a single vertical axis turbine. A three-dimensional 

model with multiple horizontal axis turbines can be created using over-set meshing. 

The requirement of energy is increasing worldwide and nonrenewable energy sources 

are depleting. Therefore , the need for research and development in energy resources 

like solar chimney power plants is very important. This study proposed a possible 

modification in design to improve the performance, but there is always a chance of 

improvement. Hopefully, one day the solar chimney power plants will be successfully 

developed to fulfill the need for electricity, especially where it is greatly required. 
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