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Abstract  
The aim of this work to study the solar chimney installed in the EPT-lab of the 

NTNU. The work starts with the development of a CFD model of the solar 

chimney and comparing with the experimental data, showing a good accuracy of 

the CFD results. The CFD model is used to compare three types of solar chimneys 

for different heights and width; obtained that the chimney installed in the EPT-

lab gets higher flow rates in the most of the most of the cases. The CFD model 

shows a uniform temperature and velocity inside the chimney that allows 

developing a simple physical model of the chimney, which gives a good precision 

of results. Finally a simplification of the solar chimney and other systems installed 

in a building is simulated and also is developed another physical model for this 

kind of building, giving an idea of the behavior of this solar house in diverse 

conditions.  
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1 Introduction  
The equipments, materials or human activity increase the pollutant 

concentration inside the building, which affects to the indoor air quality. 

Pollutant concentration can affect human health and productivity, which 

makes necessary their removal. Traditionally the ventilation replaces the 

indoor air for outdoor air, which has better quality. 

The different modes of promoting air exchange are mechanical ventilation, 

which allows controlling the flow rate all the moment, their quality and 

temperature; and natural ventilation, which has less maintenance, makes 

less noise and does not use electric energy to move the air. 

The solar chimney is a system that uses the solar radiation to move the air, 

improving the natural ventilation and in some cases providing fresh air for 

the building. Many works were carried out the last two decades 

demonstrating the advantages of solar chimney, for example the difference 

of a traditional chimney and a solar chimney [1], the temperature impact of 

a solar chimney [2] or their benefit in hybrid ventilation systems [3]. Other 

works focus in the design of the solar chimney as the height, width or angle 

of tilt, using in the most of the cases CFD tools to carry out the simulations 

or experiments and developments physical and mathematical models for a 

solar chimney [1, 4-7]. Also other works centers in the study of a building 

with a solar chimney and other ventilation systems as a cooling cavity [8], 

Trombe walls [9] or heat recovery [4]. All these studies shows the viability of 

the this system and nowadays one can see that new buildings start to install 

solar chimneys, like the Tånga School in Falkenberg Sweden [10]. 

The aim of this thesis is the new design of solar chimney made in the EPT-lab 

of the Norwegian University of Science and Technology, which pretends to 

ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ŀŘǾŀƴǘŀƎŜǎ ŀƎŀƛƴǎǘ ƻǘƘŜǊǎ ŎƘƛƳƴŜȅΩǎ ŘŜǎƛƎƴΣ ŘŜǾŜƭƻǇ ŀ 

physical model of the chimney and study the effect of a building with this 

solar chimney.  
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2 Theory  
The aim of this chapter is to make an introduction of the theory, concepts 

and principles used in this Thesis. 

2.1 Fluid dynamics  

The Navier-Stokes equations describe the motion of a fluid substance: 

¶ Continuity 

‬”

‬ὸ
+ ᶯ”ό = 0 

2.1 

 

¶ Momentum 

”
‬όᴆ

‬ὸ
+ ”όᴆɳ όᴆ= ὴɳ+

‘

”
ᶯ2όᴆ+ ”ὪӶά  2.2 

¶ Energy 

”
‬ὧὴὝ

‬ὸ
+ ”όᴆɳ ὧὴὝ = ὴɳόᴆ+ †֞: όɳᴆ+ ᶯὯɳὝ 2.3 

 

These equations do not have an analytic solution; therefore usually it used 

simplification of these ones to achieve an approximate solution. The 

dimensionless number is used to carry out these simplifications, as the 

Reynolds number or the Rayleigh number. 

The Reynolds number gives a measure of the ratio of inertial forces to 

viscous forces and consequently quantifies the relative importance of these 

two types of forces for given flow conditions. 

ὙὩ=
”ὟὈ

‘
 2.4 

When this number is high (Re>>1) the viscous forces can be neglected. Also 

when Re<2300 in ducts a laminar flow occurs and for Re>4000 the flow is 

turbulent.  

The Rayleigh measures the importance of buoyancy driven flow). When the 

Rayleigh number is below the critical value for that fluid, heat transfer is 

primarily in the form of conduction; when it exceeds the critical value, heat 

transfer is primarily in the form of convection.  

http://en.wikipedia.org/wiki/Ratio
http://en.wikipedia.org/wiki/Inertial_force
http://en.wikipedia.org/wiki/Viscous
http://en.wikipedia.org/wiki/Heat_conduction
http://en.wikipedia.org/wiki/Convection
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Ὑὥ=
Ὣ‍ЎὝὧὴ”

2ὒ3

‘Ὧ
 2.5 

Besides, in a pure natural convection the Rayleigh number measures the 

strength of the buoyancy-induced flow. When Ra<108 indicates an induced 

laminar flow and a transition to turbulent flow among 108<Ra<1010. 

2.1.1 Bernoulli equation  

The Bernoulli equation is the result of thee simplification of the Navier-

Stokes equations assuming and inviscid fluid (Re>>1). 

1

2
”ὺ2 + ὖί= ὧὸὩ= ὖὸ 2.6 

This means, if the velocity increases, the static pressure has to decrease. 

This equation can be completed summing the effects of gravity and a turbo 

machine. 

1

2
”ὺ2 + ὖί+ ”ὫὬ+ ЎὖὪὥὲ = ὖὸ 2.7 

 

2.1.1.1 Pressure loss 

In every duct system are present pressure losses due to the circulation of a 

fluid inside a duct (primary pressure loss) and caused by additional 

components as a valve, contractions or inlets (secondary pressure loss). 

These pressure losses can be incorporated in the Bernoulli equation: 

1

2
”ὺ2 + ὖί+ ”ὫὬ+ ЎὖὪὥὲ = ὖὸ+

1

2
”ὺ2 ὑὨὶέὴ 2.8 

 

The total coefficient of pressure drop (ВὑὨὶέὴ) is the sum of the primary 

pressure loss and secondary pressure loss. 

¶ Primary pressure loss 

ὪὙὩ,
‭

ὈὬ
 2.9 

ὒ

ὈὬ
ὒ= ὰὩὲὫὬ έὪ ὸὬὩ Ὠόὧὸ 

ὈὬ= ὬώὨὶὥόὰὭὧ ὨὭὥάὩὸὩὶ έὪ ὸὬὩ Ὠόὧὸ 
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Ὢ= ὪὶὭὧὸὭέὲ ὧέὩὪὪὭὧὭὩὲὸ έὪ Ὀὥὶὧώ 

‭= ὶόὫέίὭὸώ έὪ ὸὬὩ Ὠόὧὸ 

The friction coefficient of Darcy can be estimated with the Moody 

chart. 

¶ The secondary pressure loss depends of the components of the 

system. Every component has its own coefficient of pressure loss, 

and in the most of the cases can be calculated with charts. In this 

thesis the secondary pressure are the inlet, outlet, nozzle and valve. 

All this components have a constant coefficient of pressure loss. 

All the charts used in this thesis can be found in Appendix 1 

2.1.1.2 Buoyancy and stack effect 

Buoyancy is the force, along with the gravity, involved in the movement to 

upper positions of an object or fluid with less density than the fluid 

surrounding.  

In ideal gases when the temperature increases, the density decrease, thus a 

movement between the cold and warm zones appears. This movement is 

knowledge as Stack effect [11]. The pressure difference of the stack effect is 

the next equation 2.10. 

ЎὖίὸὥὧὯ = ὫὌЎ” 

ЎὖίὸὥὧὯ = ”ὫὌ
ЎὝ

ὝὭ
 

 

2.10 

The problem of this driven force is that it connects the energy and 

momentum equations (equations 2.2 and 2.3) hindering the solution of the 

problem. 

To get a faster solution usually is used the Boussinesq Model. This model 

treats the density as constant value in all the equations except in the 

buoyancy term of the momentum equation. 

”= ”0 1 ‍ЎὝ ᴼ‍ЎὝḺ1 
 

2.11 

Ўὖὦόέώὥὲὧώ = ”ὫὌ‍ЎὝ 

 
2.12 
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2.1.2 Boundary layer  

For flows with high Re, the effect of the viscosity is neglected, but areas 

close to walls, the viscosity has to take into account because this area in the 

most of the cases affect to the solution. This area is the boundary layer and 

its study is very important to understand the behavior of the solar chimney 

 

Figur 2-1 Boundary layer on flat plane 

2.1.2.1 Turbulent boundary layer  

As same happens in flows trough ducts, if the velocity or the length is 

enough high (Re>>1), the boundary layer can change from laminar to 

turbulent. In this case the layer is considerably more complex, at the same is 

coarser, and dissipates more energy; thus the friction is higher. Nevertheless 

the turbulent boundary layer moves the kinetic energy from the exterior to 

the interior, improving the heat transfer between the flow and wall. 

 

Figur 2-2 Turbulent boundary layer on flat plane 
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The turbulent boundary layer can be dived in two zones: the zone of defect 

of velocities or outer law and zone near to the wall divided also in other two 

zones, the viscous sublayer or inner law and the logarithmic sublayer or 

overlap layer (Figur 2-3). This zone near the wall is very important to know 

the mesh resolution in CFD simulations. 

 

Figur 2-3 Profile of a turbulent boundary layer 

2.1.2.2 Thermal boundary layer  

In general, the temperature of the flow ὝЊ usually does not agree with the 

temperature of the wall Ὕὧ. As same as the velocity boundary layer, a 

thermal boundary layer appears.  

The study of the thermal boundary layer is important in the design of a solar 

chimney since this is involved in the heat transfer between the wall and the 

fluid and also in the stack effect. 

The thickness of the thermal boundary layer depends of the number of 

Prandtl, defined as: 

ὖὶ=
ὧὴ‘

Ὧ
 

 
2.13 

ὧὴ= ὛὴὩὧὭὪὭὧ ὬὩὥὸ 

‘= ὠὭίὧέίὭὸώ 

Ὧ= ὝὬὩὶάὥὰ ὧέὲὨόὧὸὭὺὭὸώ 
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When this number is higher than one (Pr>1) the thickness of the thermal 

boundary layer is higher than the velocity boundary layer and the opposite if 

Pr<1.  When Pr is near to one, the sizes of both boundary layers have the 

same order. Figur 2-4 shows this behavior. 

 

Figur 2-4 Thermal boundary layer. Number of Prandtl 

The thickness can be estimated with the following equation 

Ὕ‏
ὒ

~
ὖὶ 

1
2ὙὩ  

1
2      ὖὶ< 1

ὖὶ 
1
3ὙὩ  

1
2     ὖὶ> 1

 2.14 

 

=Ὕ‏ ὝὬὭὧὯὲὩίί έὪ ὸὬὩ ὸὬὩὶάὥὰ ὦέόὲὨὥὶώ ὰὥώὩὶ 

ὒ= ὒὩὲὫὬ έὪ ὸὬὩ ύὥὰὰ 

2.1.3 Computational fluid dynamics  

Computational fluid dynamics (CFD) is a computer based tool design to solve 

a wide range of fluid mechanics problems. The CFD solves the three 

equations of fluid flow (continuity, momentum and energy) approximately. 

First the geometry of the model is discredited in thousand of cells and 

nodes; the state of one node is affected by the neighboring nodes and the 

boundary conditions. 

The accuracy of the solution depends of many factors as the size of the cell, 

the number of iterations, the boundary conditions selected, the size of the 

domain, the models selected (turbulent, radiation or materials), the 

ŘƛǎŎǊŜǘƛȊŀǘƛƻƴ ǳǎŜŘ όŦƛǊǎǘ ƻǊŘŜǊΣ ǎŜŎƻƴŘ ƻǊŘŜǊΣΧύ ŀƴŘ ƻǘƘŜǊ ŦŀŎǘƻǊǎΦ ¢Ƙǳǎ ŀ 

standard solution method does not exist and is necessary a deeply study of 
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the properties and conditions on each problem and in the mainly cases a 

validation with experimental results.  

In this Master Thesis it have been used Fluent to simulate the fluid flow, 

since is one of the most development and used CFD programs.  

2.1.3.1 RANS/ Turbulent models 

When the Re>>1 the solution of the Navier-Stokes equations became 

unstable with small perturbations. These perturbations develop as the flow 

increases, leading to turbulence characterized for quick variation both 

spatial and temporal. Since these fluctuations can be of small scale and high 

frequency, they are too computationally expensive to simulate directly in the 

most of engineering calculations. 

  In the most of the cases a time-averaged solution for the magnitudes is 

enough. The equation of Reynolds Average Navier Stokes (RANS) is the result 

of decomposing the flow magnitudes όǾŜƭƻŎƛǘȅΣ ǇǊŜǎǎǳǊŜΣ ǘŜƳǇŜǊŀǘǳǊŜΧύ in 

two, the average component and the fluctuating component. 

ὥ= ὥ+ ὥᴂ 2.15 

  

For example the momentum RANS equation is: 

”
‬ό

‬ὸ
+ ”όɳ ό = ὴɳӶ+

‘

”
ᶯ2ό+

1

”
(ɳ ”όᴂόᴂ) + ”ὪӶά 2.16 

 

As one can see, the modified equation contain a new unknown variable, 

”όᴂόᴂ , Reynolds stresses tensor represents the effects of turbulence and 

must be modeled in order to close the equation. Thus turbulence models are 

designed to determine this variable in terms of known quantities and close 

the RANS equations. 

”όὭ
ᴂόὮ
ᴂ= ‘ὸ

‬όὭ
‬ὼὮ

+
‬όὮ

‬ὼὭ

2

3
”Ὧ+ ‘ὸ

‬όὯ
‬ὼὯ

 ὭὮ 2.17‏

 

Equation 2.17 represents the Boussinesq hypothesis what introduce the new 

concept of turbulent viscosity ‘ὸ (property of the flow). The concept of 
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turbulent viscosity reduces the computational cost. However it assumes ‘ὸ is 

an isotropic scalar quantity, which is not strictly true. 

The alternative is to solve transport equations for each of the terms in the 

Reynolds stress tensor, which means that five additional equations have to 

be solved in 2D and seven in 3D.  

Unfortunately, the choice of the turbulent model is not the same for all kinds 

of problems. It is necessary to understand the capabilities and limitations of 

the models, besides other considerations such as the accuracy, the 

computational resources, time available and the class of problem. Fluent 

provides a wide range of turbulence models, but only five are taken into 

account in this Thesis. 

¶ Standard k-e model 

It is a semi-empirical model based on model transport equation for 

turbulent kinetic energy (k) and its dissipation rate (e). 

‘ὸ= ”ὅ‘
Ὧ2

Ὡ
 2.18 

ὅ‘= ὧέὲίὸὥὲὸ  

The standard k-Ŝ ƳƻŘŜƭ ƛǎ ǘƘŜ ǎƛƳǇƭŜǎǘ άŎƻƳǇƭŜǘŜ ƳƻŘŜƭǎέ ƻŦ 

turbulence. It assumes that the flow is fully turbulent and the 

molecular viscosity is negligible. 

¶ Realizable k-e problem 

The realizable k-e model is an improvement of the standard k-e 

problem. There are new formulations for the dissipation rate (e) and 

for the turbulent viscosity. 

ὅ‘=
1

ὃέ+ ὃί
ὟzὯ
Ὡ

 2.19 

ὅ‘ is no longer constant in this model. 

The realizable k-e model predicts more accurately the spreading 

rate of both planar and round jets. Also it can be used in transition 

to turbulent flows. 

 

Both models take into account the effect of the generation of k due 

to buoyancy. 
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¶ Transition k-kl-  ̟model 

This model is used to predict boundary layer development and can 

be used in flows with the transition of the boundary layer from 

laminar to turbulent regime.  

The disadvantage is that it resolves three transport equations 

increasing the computational cost. 

¶ Transition SST model 

It is a four transport equations model, which improves the accuracy 

of simulations with flows in low free-stream turbulence 

environments. 

¶ Reynolds stress model (RSM) 

This is the most complete turbulent model that one can find in 

Fluent. This model does not use the Boussinesq hypothesis, thus 

five transport equations are solved in this model. Usually the model 

gives more accurate results than the others in the mainly kind of 

flows. This model requires closure assumptions employed in the 

transport equations for the Reynolds stresses tensor. 

2.1.3.2 Radiation models  

In this section, it is going to describe the characteristic of the radiation 

models and not the theory behind, due to its long formulation and 

explanation. 

Fluent provides five radiations models, but only are going to take into 

account in the simulations of this Thesis. 

¶ The P-1 model is a diffusion equation, which is one of the radiations 

who less computational resources use. 

This model assumes gray radiation and that the all surfaces are 

diffuse. It will be a loss of accuracy if the optical thickness is small 

and also tends to over predict radiative fluxes from localized heat 

sources. 

¶ The DO works with the entire range of optical thickness, with a 

computational cost moderate. 

The model allows to work with non gray radiation and also with 

semi-transparent walls. 
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2.2 Chimney  

A chimney is device usually used to remove the hot flue gas or smoke to the 

atmosphere. It uses the stack effect to induce the movement. 

 In buildings, the chimney also is used in natural ventilation, taking 

advantage of the differences of temperature between in-outside the 

building.  

 

Figur 2-5 Chimney effect 

Adding equation 2.8 and 2.10 in the condition of Figur 2-5: 

”ὫὌ
ЎὝ

ὝὭ
=

1

2
”ὺ2 ὑὨὶέὴ 

ὺ=
2ὫὌ

ЎὝ
ὝὭ

ВὑὨὶέὴ
ᴼὅὨ=

1

ВὑὨὶέὴ
 

ή= ὅὨ·ὃ 2ὫὌ
ὝὭ ὝὩ
ὝὭ

 
2.20 

Equation 2.20 can be used to estimate the natural draught flow rate (q) 

assuming that the heat loss negligible. 
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2.2.1 Solar Chimney 

A solar chimney is a kind chimney that uses the solar radiation to increase 

the temperature inside generating the stack effect to move the air. Usually it 

is used as a way to improve the natural ventilation for a building. Also it can 

be used to generate electrical energy, but in this cases the size it 

considerably bigger, for example the solar tower built in Manzanares, Spain 

was 195m high obtaining a maximum output power of 50 KW [12]. 

This Thesis is focus only in the solar chimney as a way to improve the natural 

ventilation. 

2.2.1.1 Chimney types 

There is not only one design for solar chimney. It depends of the latitude of 

the place, the height of the building, the solar collector or the materials. 

Nowadays, the most widely used is that one that replaces part of the south 

facade for a glazing allowing, the solar radiation, to get inside the chimney. 

 This Thesis studies three types of solar chimney. 

¶ Type 1 

This solar chimney is installed in the EPT-lab for the Norwegian University of 

Science and Technology. This chimney is the base of this Thesis, because is a 

new type designed by this university in the project [13] and therefore not so 

much information about the behavior and characteristics can be found. 

In Figur 2-6 one can see the operating principle of this chimney. The solar 

radiation passes through the glazing, situated in the down part of the south 

façade, and it is absorbed by the solar collector (in the bottom of the 

chimney). The solar collector is a high number of thin parallel metallic fins 

(33 in the EPT-lab); the fin receives the solar radiation, increasing the 

temperature of the surfaces, this generates a convection plume for each fin. 

The distance between two consecutive fins is relative small (w=4,4cm) and 

the angle from the centerline of the plume to the boundary is approximately 

ʲҐ12.5º [14]. Thus the distance where two consecutives plumes touch each 

other is: 
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Ὤ=
ύ

2 · tan‍
=

4,4

2 · tan 12,50
 

Ὤ= 9,92ὧά 2.21 

At this distance, one can consider a homogeneous temperature inside the 

ŎƘƛƳƴŜȅΦ bƻǘŜ ǘƘŀǘ ǘƘŜ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ŎƘƛƳƴŜȅ ƛǎ ōƛƎƎŜǊ όоллŎƳύ ǘƘŀƴ άƘέΣ 

therefore it is assumed that the height of the chimney and the height of the 

stack effect it is the same. 

 

Figur 2-6 Solar chimney in the EPT-lab 

¶ Type 2 

This type of chimney is installed in the Tånga School in Falkenberg Sweden 

[10]. It is designed for cold climates (higher latitudes) 

Like the type 1, this chimney changes the down part of the south wall for a 

glazing. The chimney is designed for cold climates (higher latitudes), that's 

why just a part of the south facade is a glass to minimize the heat loss trough 

the chimney, since this chimney also uses the stack effect of the building  to 

improve natural ventilation. 
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The radiation cross the window and it is absorbed by the solar collector, but 

in this case it is the front wall, which is painted in black to improve the 

absorption of radiation (Figur 2-7). In this case the height of the chimney and 

the height of the stack there are not the same; as an approximation, the 

ōŜƎƎƛƴƎ ƻŦ ǎǘŀŎƪ ŜŦŦŜŎǘΩǎ ƘŜƛƎƘǘ Ŏŀƴ ōŜ Ŏŀƭculated as the point where the 

thermal boundary layer touches the south wall.  

 

Figur 2-7 Chimney type Tånga School 

 

¶ Type3 

This kind of solar chimney is the most used and studied [1, 4, 8, 9]; also it is 

developed for warmer and tropical climates. 

The design is very simple; the south wall is a glass allowing the radiation gets 

to the solar collector, which is the front wall, also painted in black (Figur 

2-8). Like the type 2, the height of the stack effect defers from the height of 

the chimney; and can be calculated with the same conditions. 
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Figur 2-8 Standard solar chimney 
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3 Method  

3.1 Experimenta l results  

The basis of the developƳŜƴǘ ƻŦ ǘƘŜ ǎƻƭŀǊ ŎƘƛƳƴŜȅΩǎ /C5 ƳƻŘŜƭ ƛǎ ǘƘŜ 

ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǎǳƭǘǎ ǘŀƪŜƴ ŦǊƻƳ ǘƘŜ ǇǊƻƧŜŎǘ ά5ŜǾŜƭƻǇƳŜƴǘ ƻŦ !ƛǊ ǎƻƭŀǊ 

/ƻƭƭŜŎǘƻǊέ [13]. In this project can be found velocity, temperature, 

height and radiation experimental data from the solar chimney studied in 

this thesis. 

As the CFD model will be a 2-D model, only is necessary take the midplane 

data from the solar chimney. The results are showed in the next figure and 

table. 

 

Figur 3-1 Experimental results of velocity 

Radiation (W/m^2) Velocity h=3m (m/s) Velocity h=4,15m (m/s) 

881,7 0,35 0,506 

846,4 0,362 0,524 
Table 1 Experimental results 

Also the temperature increase in the surroundings of the collector is around 

ɲTҒ2 and 3 K. 
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3.2 Development of CDF model  

The first step to build the CFD model is know the fluid field properties, as the 

Reynolds number or Rayleigh number to select the turbulence, radiation and 

fluid models 

¶ Properties of the flow: 

 Name Symbol Value 

Density ” 1,225
ὯὫ

ά3
 

Viscosity ‘ 1,7894 · 10 5
ὯὫ

ά·ί
 

Specific heat ὧὴ 1006,43
ὐ

ὯὫ·ὑ
 

Thermal conductivity Ὧ 0,0242
ὡ

ά·ὑ
 

Thermal expansion 
coefficient 

‍ 0,00341
1

ὑ
 

Hydraulic diameter ὈὬ 0,5 ά 

Longitude (height) ὒ 3 ά 

Average velocity Ὗ 0,4 
ά

ί
 

Average difference of 
temperatures 

ЎὝ 2 ὑ 

Gravity Ὣ 9,81
ά

ί2
 

Table 2 Properties of the flow 

¶ Reynolds number: 

ὙὩ=
”ὟὈὬ
‘

= 13692 3.1 

 

¶ Rayleigh number: 

Ὑὥ=
Ὣ‍ЎὝὧὴ”

2ὒ3

‘Ὧ
= 6,3 · 109 3.2 

 

¶ Boussinesq fluid model: 

‍ЎὝ 0,07 Ḻ1 3.3 
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With these small differences of temperatures and the thermal 

expansion coefficient, one can assume a Boussinesq model  

In brief, it is working in a transition- turbulent problem, where is possible to 

use the Boussinesq model for the buoyancy effects. 

3.2.1 Boundary conditions  

Have been studied six types of different configurations of boundary 

conditions, to find which of these ones obtains a better converge of the 

problem and less affect to the actual conditions. 

In this case, has been used a simple model of a symmetric chimney, to 

reduce the time of simulations. The six different types of configurations are 

the following: 

1. The limits of the model are walls with slip conditions and constant 

temperature 

2. There is a velocity inlet of 0.5 m down in the left wall, outflow of 0.1 

m in the left at the top wall and the rest is a wall with slip conditions. 

Both velocity inlet and wall have the same constant temperature. 

3. The same as above, except that the velocity is in the top and the 

outflow in the bottom. 

4. The bottom is a velocity inlet, the top is an outflow condition and 

the right side is a wall with slip conditions. 

5. The same as above, except that the top is a pressure outlet 

condition. 

6. The bottom is a pressure inlet condition, the top a pressure outlet 

and right side a wall with slip condition. 

Where velocity inlet conditions are used has to be careful with the velocity 

magnitude. In this cases have been used the ratio of Grashof and Reynolds 

numbers: 

Ὃὶ

ὙὩ2
=
Ὣ‍ЎὝὒ

Ὗ2
 3.4 

 

This number measures the importance of buoyancy forces in a mixed 

convection flow. When this number is bigger than unity, the buoyancy 

effects are stronger than the velocity inlet. To be sure that the velocity inlet 
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does not interfere in the buoyancy forces of the problem, has been select a 

ratio equal or bigger than 100, which corresponds a velocity of 0.01 m/s. 

The model used in all the cases is the same and it is a symmetric chimney 

with a radiator boundary condition in the bottom of this one with a heat flux 

of 300 W/m2, the external temperature is 300 K (external walls and inlets) 

and the turbulence model is standard k-e with standard wall functions and 

thermal buoyancy effects. 

¶ Configuration 1 does not have problems with the convergence as it 

shows in Figur 3-2, but take so many iterations to have a good value 

of residuals (more than 6000 iterations to have residual of continuity 

less than 10-4).  

On the oǘƘŜǊ ƘŀƴŘΣ ƛŦ ƻƴŜ ŎƘŜŎƪǎ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜΩǎ ŦƛŜƭŘ ƛƴ ǘƘŜ 

model, one can see that the temperature in the fluid increases 

around 40C more than the external walls (Figur 3-3), therefore this 

boundary condition does not satisfy the external temperature 

condition. 

 

 
Figur 3-2 Residuals configuration 1 
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Figur 3-3 Temperatures configuration 1(K) 

¶ The configuration 2 has an unstable solution as Figur 3-4 shows. The 

reason of this is that the outlet condition is not long enough to take 

all the heat of the radiator, then, the fluid in the model is warmer 

than the inlet flow. This fact makes that the boundary conditions are 

situated in the opposite direction of the natural flow, i.e. it has a 

cold flow inlet in the bottom and the out flow on the top, so it is 

forcing a cold flow goes up, when the normal is that the cold flow 

goes down. This conclusion motivated the next boundary condition.  
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Figur 3-4 Residuals configuration 2 

¶ The configuration 3 has a better convergence than the 1 (Figur 3-5), 

in less than 6000 iterations it has a residual continuity under 10-4. 

Also, the configuration has the difference of temperatures between 

external and the fluid problem, but in this case is lower (Figur 3-6), 

around 20C. 

 

Figur 3-5 Residuals configuration 3 
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Figur 3-6 Temperatures configuration 3 

¶ The configuration 4 is unstable (Figur 3-7), because in the outlet 

ŀǇǇŜŀǊǎ ŀ ǊŜŦƭƻǿ ƛƴŘǳŎŜŘ ŦƻǊ ǘƘŜ ŎƘƛƳƴŜȅΩǎ ƧŜǘΦ ¢ƘŜ ƻǳǘƭŜǘ Ŏƻndition 

has problems with inverse flow; the solution is change to a pressure 

outlet condition who can work with inverse flows, which it has been 

done in the configuration 5. 

 

Figur 3-7 Residuals configuration 4 



 

Department of Energy 

and Process engineering 

  

Master thesis Spring 2011: Analyzes of Solar Chimney Design  3ɂ23 

 

¶ Configuration 5 converges very well; as one can see in Figur 3-8 

Residual configuration 5Figur 3-8 the residuals are very low after 

6000 iterations, only the y-velocity and epsilon residuals are keep 

the same value (around 10-3).   

 

Figur 3-8 Residual configuration 5 

The temperatures field (Figur 3-9) is what one might expect, i.e. the 

inlet temperature is the same as the external and the only 

differences of temperature appears inside the chimney and in the 

jet. 

 

Figur 3-9 Temperatures configuration 5 



 

Department of Energy 

and Process engineering 

  

Master thesis Spring 2011: Analyzes of Solar Chimney Design  3ɂ24 

 

¶ The FluentΩǎ Ƴŀƴǳŀƭ ǎǳƎƎŜǎǘǎ ǳǎŜ ǘƘƛǎ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ƛƴ ōǳƻȅŀƴŎȅ 

effect problems [15]. The value of gauge total pressure was taken 

following the advice ƻŦ CƭǳŜƴǘΩs manual. 

 

Figur 3-10 Residuals configuration 6 

This configuration is which one gives the best results of 

convergence. In 2250 iterations, all the residuals are below 10-5, 

which is taken into account as the value of convergence. The 

temperatures field is the same as the configuration 6. 

The problem of this configuration is the velocity, as one can see in 

Figur 3-11, the inlet velocity is constant in the whole pressure inlet 

boundary condition and also the magnitude is close to the velocity 

inside the chimney. That means, that the influence of the radiation 

in the value of the flow rate will be minimized due to that the 

velocity in the inlet boundary condition is around 20% the velocity 

inside the chimney. 
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Figur 3-11 Velocity configuration 6 

Finally the configuration 5 has been selected due to it is which gives the best 

relation between convergence and approximation to the real problem in the 

results (velocity and temperature). 

3.2.2 Chimney CFD model 

Before making the full model of the chimney, different inlets have been 

simulated. This action has been made to avoid the recirculation flow that 

appears in the inlet.  

First, the solar collector had been replaced for a radiator boundary 

condition, fixing the heat flow, to study the flow around the chimney 

In the first case (without inlet), one can see the recirculation flow at the 

inlet, that is the reason why different inlets configurations have been tested 

to try to avoid this reflow. In any case, these configurations do not affect to 

the stack effect, as this ones are always before the collector. 

The reason, to find an inlet for the chimney, is that this one will join to a 

ventilation duct and this reflow hardly appears. Other reasons are the 

stability of the simulation and the energy balance in the chimney (some of 

the heat goes out and affect to the stack effect). 

The following pictures show the steps to achieve the inlet for the chimney 
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Figur 3-12 Stream function inlet 

Finally, it has been selected the next inlet. 

 

Figur 3-13 Chimney inlet 

The selected model to simulate the chimney has: 

¶ The boundary conditions selected before. 

¶ The inlet selected, without slip conditions. 

¶ The outside of the chimney is completely different of the inside; the 

reason is to avoid the reflow what appears on the outside of the 

inlet. 

¶ The solar collector has been changed for 32 fins. One side of the fin 

will generated a heat flow, simulating the incident radiation; the 

other side will be adiabatic. 

¶ The inside (wall and glazing) of the chimney has been considered 

completely insulated. This approximation can be prove easily: 
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The U-Value for the glazing is 1.2 W/m2, the difference of 

temperature is around 2K and the area of glazing is 0.75m2/m, so 

the heat loss will be: 

ὗ= Ὗ ὃz ῳzὝ= 1,2 0z,75 2z = 1,776ὡ/ά 

Usually the input power is around 500W/m, which means 

that the heat loss is less than 1%. 

The heat flow generated in the fins has been estimated 

with the next equation: 

ὗ= ὍϽcos‌Ͻ‏Ͻ
ύ

Ὤ
tan‌ 3.5 

Ὅ= ὙὥὨὭὥὸὭέὲ 
ὡ

ά2
 

‌= ὥὲὫὰὩ ὦὩὸύὩὩὲ ὸὬὩ ὭὲὧὭὨὩὲὸ ὶὥὨὭὥὸὭέὲ ὥὲὨ ὸὬὩ ὬέὶὭᾀέὲὸὥὰ ὴὰὥὲὩ 

=‏ ὸὶὥὲίάὭὸὥὲὧὩ έὪ ὸὬὩ ύὭὲὨέύ 

 

The factor 
ύ

Ὤ
tan‌ is the part of the fin which receives the bean radiation 

(Appendix 2 and Appendix 3). 

 

Figur 3-14 Chimney CFD Model 
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3.2.3 Grid  

The grid selected has particular care with the velocity and thermal boundary 

layers in the wall inside the chimney and in the fins of the collector, as one 

can see in the next pictures. 

 

Figur 3-15 Grid fins 

 

Figur 3-16 Grid wall 


