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Summary 

 
Effective natural ventilation of buildings is a topic of large importance in building 
research and design. Previous studies have shown that windcatchers can be effectively 
used as a sustainable ventilation strategy for buildings. The ventilation performance of 
cross-ventilated buildings with windcatchers is complicated as it depends on several 
parameters such as approach-flow conditions, building geometry, windcatcher 
geometry, etc. However, the impact of geometrical characteristics of windcatchers on 
their ventilation performance has not yet been investigated in detail. This thesis aims to 
improve the ventilation performance of buildings using windcatchers by aerodynamic 
optimization of windcatchers geometry. The thesis is divided into three main parts. In 
the first part, two validation studies are conducted: (i) wind flow around an isolated 
building and (ii) cross-ventilation using a windcatcher. In the second part, a detailed 
parametric study is performed to study the impact of geometrical characteristics of 
windcatchers on their ventilation performance. The focus of this parametric analysis is 
on windcatcher height, elbow radius, inlet extension, sides tilt angle, depth, and width of 
the windcatcher. In addition, the impact of the use of guide vanes in windcatchers is 
investigated. The results show that some geometrical characteristics of windcatchers, 
such as, the addition of an inlet extension, the addition of guide vanes, and tilting leeward 
side, can significantly affect the ventilation performance of windcatchers. For example, 
using guide vanes inside the tower of the windcatcher and adding a straight inlet 
extension to the windcatcher opening result in more than 28% improvement in the 
induced airflow rate compared to the reference case, which has a rectangular prism 
geometry and without any guide vanes. In the third part of this thesis, an optimization 
study is performed using the adjoint method. The optimized windcatcher geometry 
shows approximately 43% improvement in the induced airflow rate compared to the 
reference case. 
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1 
Introduction 

1  Introduction 
 

1.1 Problem Statement 

Buildings consume about 40% of the total primary energy consumption in the US and EU 
[1]. The EU Energy Performance of Buildings Directive (EPBD) requires all new buildings 
to be nearly zero-energy by the end of 2020 [2]. The global temperature rising has health 
risks in unconditioned spaces. In 2019, heatwave caused nearly 400 more deaths in the 
Netherlands (Dutch Central Agency for Statistics, CBS1). Natural ventilation is a passive 
strategy that can be used to reduce total energy demand, improve thermal comfort, and 
Indoor Air Quality (IAQ). Windcatchers are vertical roof-mounted building-integrated 
structures that can be used for natural ventilation. They rely on the pressure difference 
between the windcatcher opening and the window to induce airflow through the 
building. 

Figure 1.1 shows pictures of windcatchers at different locations. Compared to other 
cross-ventilation strategies, windcatchers can introduce several advantages, especially 
in compact urban areas. For example, fresh air can be induced through the windcatcher 
openings that are positioned on the building roof, instead of openings inside street 
canyons where higher pollution levels and lower wind speeds are typically observed [3,4]. 
In addition, the wind-induced pressure differences can result in significant wind speeds 
inside windcatchers, which enables the potential for wind energy harvesting using 
micro/small horizontal-and vertical-axis wind turbines [5,6]. Moreover, the integration 
of cooling devices like evaporative cooling has shown potential benefits in some weather 
conditions [7]. Windcatchers can also be designed to track the approaching wind 
direction and actively yaw towards the incoming flow. This can minimize the sensitivity 
to wind direction and maximize the overall performance.  

                                                   
1 https://www.cbs.nl/ 
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Figure 1.1: (a) Windcatchers in Dubai 2; (b) at Qatar University3; (c) in Yazd city4 (d) Modern 
commercial windcatchers5. 

Effective natural ventilation of buildings is an important topic in built environment 
research and design. There is an increasing interest in research nowadays to improve the 
performance of cross-ventilation in order to meet modern sustainability needs [8,9]. A 
wide range of interrelated factors influence the ventilation performance of buildings 
using windcatchers (e.g., approach-flow conditions, building geometry, windcatcher 
geometry, etc. [9–12]). Some flow properties (e.g., flow recirculation inside the 
windcatcher, separation at windcatcher roof, etc.) have a negative impact on the 
ventilation efficiency of windcatchers [11]. Therefore, improving the windcatcher 
geometry could result in a significant improvement to the natural ventilation 
performance. 

 

1.2 Literature Review 

Nowadays, there is a growing interest in research to improve natural ventilation 
effectiveness in the built environment [8,9,13]. A literature review of cross-ventilation 
studies using windcatchers is found in Montazeri and Montazeri [10]. Earlier studies 
covered a wide range of objectives related to the use of windcatcher (e.g., evaluation of 

                                                   
2 Dima Soufi licensed by CC BY 2.0 
3 http://www.qu.edu.qa/ 
4 http://www.unairan.org/ 
5 https://www.monodraught.com/ 

http://www.qu.edu.qa/
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evaporative cooling potential [7], impact of windcatcher geometry [14–17], impact of 
building geometry [18], impact of thermal effects [19], impact of approaching flow [20], 
etc.). An overview of the development of windcatchers is found in Hughes et al. [21] and 
Rezaeian et al. [22].  

Table 1.1: Overview of previous studies related to windcatcher geometrical characteristics. 

Authors (date) Ref. Method 
(validation) 

Type Studied geometrical 
characteristics 

Benkari et al. 
(2017) 

[14] CFD 
(N) 

One-sided Roof geometry 

Boydo and Moya 
(2019) 

[23] CFD 
(Y) 

Two-sided Inlet extension 

Dehghan et al. 
(2013) 

[15] WTE One-sided Roof geometry 

Hosseini et al. 
(2016) 

[16] CFD 
(Y) 

One-sided Height and width 

Nejat et al. 
(2016) 

[17] CFD 
(Y) 

One-sided Inlet extension 

Ghadiri et al. 
(2014)  

[24] CFD  
(Y) 

Multi-sided Height 

Calautit et al. 
(2013)  

[25] CFD 
(N) 

Multi-sided New geometry 

Saffari & 
Hosseinnia 
(2009) 

[26] CFD  
(Y) 

Multi-sided Internal partition 

Reyes et al. 
(2013) 

[27] CFD 
(N) 

Two-sided Internal partition and 
roof geometry 

Montezeri (2011) [28] CFD (Y) Cylindrical Internal partition 

Montazeri and 
Montazeri (2018) 

[10] CFD (Y) One-sided and 
two-sided 

Outlet opening 

WTE = Wind-tunnel experiment, CFD = Computational Fluid Dynamics, N = No, Y = Yes. 

Table 1.1 summarizes studies found in the literature related to the geometrical 
characteristics of windcatchers. Based on the analysis of earlier studies, the following 
conclusions can be given: 

• Only a few studies in the literature studied the geometrical characteristics of 
windcatchers. Moreover, the tested geometrical cases are very few. The addition 
of inlet extension to a two-sided windcatcher showed significant improvement 
[17,23]. Changing the roof geometry, width and height of the windcatcher 
influenced the flow inside the windcatcher [14–16,24]. 
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• CFD shows good agreement with the wind tunnel experiments for cross-
ventilation in buildings using windcatchers [10,17]. 

• One-sided windcatchers perform better than two-sided windcatchers in terms of 
air quality and air change efficiency [10]. 

• Only two studies covered the geometrical characteristics of one-sided 
windcatchers [14,15]. 

• None of the studies has used any optimization methods to improve the design. 

The adjoint method has been successfully used to improve aerodynamic shapes in the 
built environment [29–31]. The adjoint method also showed a potential for optimizing 
aerodynamic shapes with less computational cost compared to standard optimization 
methods, which rely on the Design of Experiments (DOE) techniques [32]. However, so 
far only very few studies reported in literature used the adjoint method for geometrical 
optimization. 

 

1.2 Literature Gaps 

To the best of my knowledge, a comprehensive study about the impact of geometrical 
characteristics on the ventilation performance of windcatchers has not yet been 
investigated. In addition, an optimization study related to windcatcher geometry has not 
yet been performed. 

 

1.3 Research Aim and Objectives 

The aim of this project is to improve the ventilation performance of buildings using 
windcatchers by aerodynamic optimization of windcatchers geometry. The focus of this 
study will be on a one-sided windcatcher. It should be noted that a one-sided 
windcatcher has a better performance compared to a multi-sided windcatcher as shown 
in the literature [10].  

The aim of the project is expressed using the following objectives: 

1. Investigate the impact of geometrical characteristics of windcatchers, namely, 
windcatcher height, elbow radius, inlet extension, sides tilt angle, depth, width, and 
addition of guide vanes, on cross-ventilation performance.  

2. Optimize the windcatcher geometry using a gradient-based optimization method. 
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1.4 Contribution 

The results of this study will guide engineers to design windcatchers with higher 
performance. This will allow building designers to find alternative methods of natural 
ventilation with high performance.  

 

1.5 Method 

The windcatcher will be integrated into a single-zone isolated building in a neutral 
Atmospheric Boundary Layer (ABL). 3D steady RANS simulations will be used to 
investigate the impact of the geometrical characteristics on the basic flow characteristics 
of windcatcher. Moreover, a gradient-based optimization method (adjoint method) will 
be used to improve the geometry of windcatchers.  More details related to the outline of 
the thesis are found in the next section.  

 

1.6 Thesis Outline 

The thesis consists of the following chapters: 

- Chapter 1: Introduction 
- Chapter 2: Validation Study 
- Chapter 3: Parametric Study 
- Chapter 4: Optimization Study 
- Chapter 5: Summary and Conclusions 

Chapter 1 provides an overview of the project and some of the background information 
related to the natural ventilation performance of windcatchers. A detailed review of the 
literature is also presented in this chapter. Chapter 2 provides two validation studies. In 
addition, a sensitivity analysis to investigate the impact of different turbulence models 
on simulation results are presented. The sensitivity analysis improves the accuracy and 
reliability of the application study results [33].  In Chapter 3, the list of cases used for the 
parametric study is introduced. Later, the results of the parametric study are presented 
and discussed. In Chapter 4 the list of cases for the optimization study is introduced, and 
then the results of the optimization study are presented and discussed. Chapter 5 draws 
a final overview and main conclusions of the study. Moreover, limitations and future work 
are discussed in this chapter.  
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2 
Validation Study 

2  Validation Study 
 

According to the AIAA [34], verification is “the process of determining that a model 
implementation accurately represents the developer’s conceptual description of the 
model and the solution of the model”, while validation is “the process of determining the 
degree to which a model is an accurate representation of the real world from the 
perspective of the intended uses of the model.” Both parts are essential for having 
accurate and reliable CFD results [33,35,36]. The best practice guidelines by Franke et al. 
[35] and Tominaga et al. [36] are followed in the verification and validation steps of this 
study. Two validations studies are performed and presented in this chapter: (i) wind flow 
around an isolated building, and (ii) cross-ventilation using a windcatcher. The results of 
the sensitivity analysis will help to understand the impact of using different turbulence 
models and CFD deviation from experiment results.  

  

2.1 Validation 1: Wind Flow around an Isolated Building  

2.1.1 Description of the Experiment 

The wind tunnel experiment reported by Meng and Hibi [37] for a building with a 1:1:2 
shape is used for validation. An Atmospheric Boundary Layer (ABL) was simulated in the 
experiment. The building width is (b = 0.08 m) and the incident velocity profile at building 
height is (Uh = 4.49 m/s). This corresponds to a Reynolds number of 2.4×104 based on b 
and Uh. The experiment is recommended for validation in the AIJ guidelines [36]. The 
three components of air velocity and velocity fluctuation at various locations around the 
building were measured. The experiment data has been used for validation by several 
studies [38,39]. The cross-section of the wind tunnel test section is 1.1 m wide and 0.9 m 
high. Figure 2.1 shows the cross-section of the building with the coordinate system used 
in this study. The turbulence kinetic energy (TKE) is calculated using Equation 2.1. 

 k =  
1
2

 (u′)2 + (v′)2 + (w′)2 2.1 
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Figure 2.1: Building geometry with the coordinate system, where b = 0.08 m (modified from Meng 
and Hibi [37]).  

 

2.1.2 Computational Domain 

Figure 2.2 shows the computational domain constructed for the numerical study. The 
upstream domain length is 4H. The value is smaller than what is recommended by the 
best practice guidelines in order to avoid flow deterioration at the upstream part of the 
domain [40]. The downstream domain is extended by 15H. The same cross-section as the 
wind tunnel test section is considered in line with the best practice guidelines [35,36].  

 

 Figure 2.2: Isometric view of the computational domain. Where H = 0.16 (dimensions are in meter).  
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2.1.3 Computational Grid 

Figure 2.3 shows the computational grid for the reference grid (basic grid). The basic grid 
consists of only hexahedral cells. The maximum stretching ratio between cells is 1.2. Two 
additional computational grids, coarse and fine grid, are created in order to obtain a grid-
independent solution with the least number of cells. A systematical refinement ratio of 

√2 is applied in all directions. A minimum of 10 cells is applied along each building side. 
Figure 2.4 shows different views of the computational grids.  

 

Figure 2.3: Basic (reference) grid: (a) horizontal plane and (b) vertical plane. 

 

 

Figure 2.4: Grid-sensitivity analysis: front view of the building surfaces of the (a) coarse, (b) basic, 
and (c) fine grid. 
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Table 2.1 summarizes the total number of cells, number of cells along the building depth, 
length, and height. Table 2.2 summarizes the distance between the center point of the 
wall-adjacent cell to the building walls and the corresponding minimum y∗, maximum y∗ 
and average y∗. The standard wall functions [41] is used in this study. The law is known to 
be valid for y∗ between 30 and 300 [42]. Therefore, most cells near building surfaces 
match the criteria needed. The y∗ results are based on the reference turbulence model 
and computation settings discussed in Section 2.2.5. 

 

Table 2.1:  Grid-sensitivity analysis cases: grids characteristics. 

Grid Total number of 
cells 

Cell along building 
width and depth 

Cells along building 
height  

Coarse 302,796 10 13 

Basic 848,952 14 18 

Fine 2,422,368 20 26 
 

Table 2.2: Grid-sensitivity analysis cases: cell wall distance* and 𝑦𝑦∗ values along the building walls. 
Results are based on the reference computational settings. 

Grid Cell wall 
distance* 

Min y∗ Max y∗ Average y∗ 

Coarse 0.0027 29.2 184.0 87.0 

Basic 0.0020 17.6 138.1 59.2 

Fine 0.0014 10.4 102.6 39.8 
*distance between the center point of the wall-adjacent cell to the building walls 

 

2.1.4 Boundary Conditions 

Table 2.3 summarizes the boundary conditions applied in the study. At the inlet of the 
domain, the measured incident profiles of velocity and TKE from the experiment are 
modified and imposed. CFD study of an empty domain is performed in order to compare 
the CFD results with the experimental data. The profiles are adjusted manually across 
different heights to reduce the deviation between the CFD and experiment incident 
profile. Figure 2.5 shows the experiment and the CFD incident profiles. CFD results show 
a mean absolute deviation of 1.3% for the velocity and 3.6% for the TKE from the 
experiment data for the incident profile. 
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Table 2.3: Boundary conditions. 

Boundary Condition 

Inlet U(z) = modification to the experiment 
incident profile  
k(z) = modification to the experiment 
incident profile 
ε(z) =  pk(z) (local equilibrium) 

Outlet Zero-gauge pressure 

Sides and ceiling surfaces Smooth walls 

Building surfaces Smooth walls 

Ground surface Rough wall 
 

 

Figure 2.5: Experiment and CFD incident profiles: (a) streamwise velocity, (b) TKE. 
 

Assuming the boundary layer near the ground has a constant flux layer, the friction 
velocity (uABL∗ ) is estimated using Equation 2.2 [36].  

 uABL∗ = Cμ
1/4√k 2.2 

where Cμ is the model constant (= 0.09), and k is the turbulence kinetic energy (m2/s2). 
The closest point to the ground from the experiment incident profile is selected for 
calculating uABL∗ . The uABL∗  is estimated to be 0.33.  

The value of z0, roughness length, can be approximated using the logarithmic law 
proposed by Launder and Spalding [41]. Equation 2.3 is used to calculate the roughness 
length as shown in Tominaga et al. [36].  
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 z0 =
zp

exp(κ Up/Cμ
1/4kp

1/2)
 2.3 

where κ is the Karman constant (= 0.4) and kp is the value of k at height zp, the lowest 
measurement point for the incident profile. The roughness length (z0) is found to be 
1.8 × 10−4 m. 

Assuming local equilibrium, the turbulence dissipation rate is calculated using Equation 
2.4 [36]. 

 ε(z) ≅  pk(z)  ≅  −u′w′  
dU(z)

dz
≅ Cμ

1/2k(z)
dU(z)

dz
 

2.4 

The standard wall functions by Launder and Spalding [41] are used with the sand-grain 
roughness modification by Cebeci and Bradshaw [43]. In ANSYS Fluent 19.2, the relation 
between the aerodynamic roughness length ( z0) , sand-grain roughness height (ks), and 
roughness constant (Cs)  is described using Equation 2.5 [42].  

 ks =
9.793 z0

Cs
 2.5 

For the smooth walls, ks = 0 m and Cs = 0.5. For rough surfaces, the relation derived in 
Blocken et al. [40] is used for calculating the relation between the sand-grain roughness 
height and roughness constant.  

 

2.1.5 Computational Settings 

Table 2.4 summarizes the computational settings used for the simulations. Convergence 
is assumed to be obtained when all the scaled residuals level off and reach a minimum 
value. This corresponds to a value smaller than 1 × 10−6 for all scaled residuals for all 
turbulence models. Three turbulence models are tested: realizable k-ε (rk-ε) [44], RNG k-
ε [45], and standard k-ε (sk-ε) [46].  

Table 2.4: Computational settings. 

Turbulence model Rk-ε [44] (reference) 
RNG k-ε [45] 
Sk-ε [46] 

Near wall treatment Standard wall functions [41] 

CFD approach Steady RANS 

Discretization scheme Second-order 

Pressure interpolation Second-order 

Pressure-velocity coupling Simple 

Solver ANSYS Fluent 19.2 
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2.1.6 Results 

Grid-Sensitivity Analysis 
Figure 2.6 shows the grid-sensitivity results for the normalized streamwise velocity above 
the building roof. The reference turbulence model, rk-ε, is used for the grid-sensitivity 
analysis. A small deviation is observed between the different grids. However, above height 
z/b = 2.25, there is no noticeable difference between the different grids. Table 2.5 
summarizes the mean absolute deviation results for the lines shown in Figure 2.6. The 
streamwise velocity of the fine grid has a mean absolute deviation of less than 1% from 
the basic grid. Most of the deviation occurs at a height between z/b = 2 and 2.25. 
Therefore, the basic grid is selected for further studies. It should be noted that the focus 
in this validation study is on the roof as the windcatcher will be placed above the building 
roof. The velocity and TKE distribution along more vertical lines along the central plane 
are presented in Appendix A.  

 

Figure 2.6: Grid-sensitivity analysis: normalized streamwise velocity along vertical lines above 
building rood for the coarse, basic and fine grid.  
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Table 2.5: Grid-sensitivity analysis: mean absolute deviation from the basic grid above the building 
roof (z/b = 2 to 4). 

Grid U/Uh Deviation [%] 

Coarse 0.67 

Fine 0.96 

Impact of Turbulence Model 
Figure 2.7 shows the normalized streamwise velocity results for the different turbulence 
models along vertical lines above the building roof at the height between z/b = 2 and 4. 
Significant deviations are noticed between the different turbulence models near the 
building roof for the lines located at x/b = -0.25, 0 and 0.5. However, all turbulence 
models showed good agreement at the windward roof edge (x/b = -0.5). Table 2.5 
summarizes the results of the mean absolute deviation from the experiment results for 
the lines shown in Figure 2.7. The RNG K-ε model shows the best agreement near the roof 
with the experiment results. However, deviations of streamwise velocity for all 
turbulence models above height z/b of 2.5 are acceptable. Moreover, the deviations at 
the windward edge of the roof are acceptable. The velocity and TKE distribution along 
more vertical lines along the central plane are found in Appendix A. Moreover, validation 
metrics are found in Appendix A.  

 

Figure 2.7: Normalized streamwise velocity for different turbulence models. 
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Table 2.6: Turbulence models: mean absolute deviation from the experiment results for streamwise 
velocity above the building roof (z/b = 2 to 4). 

Turbulence model U/Uh Deviation [%] 

RK-ε 17.9 

RNG k-ε 7.4 

Sk-ε 19.1 
 

As the windcatcher will be installed above the building roof at the windward edge, it is 
concluded that all turbulence models tested are acceptable for modeling wind flow above 
the building roof. The final turbulence model will be selected based on the windcatcher 
validation study. Possible reasons for the deviation from the experimental data could be 
from experiment uncertainties and limitation of the RANS simulation to predict velocity 
at the regions with high TKE. Experiment uncertainties were not reported in the study. 
However, velocity measurements using an anemometer as used in the experiment could 
have some errors. Also, the turbulence dissipation rate is approximated by the CFD study.  

 

2.2 Validation 2: Cross-Ventilation Using a Windcatcher 

2.2.1 Description of the Experiment 

A wind tunnel experiment by Montazeri and Azizian [11] is used for validation. The wind 
tunnel test section has a cross-section of 0.46 × 0.46 m2. A 1:40 scaled model of a one-
sided windcatcher was used in the experiment. Figure 2.8 shows the dimensions of the 
model. The building model was located below the wind tunnel test section in order to 
reduce the blockage ratio in the experiment, while the windcatcher is located inside the 
test section. The calculated wind tunnel blockage ratio is 3%. The experiment was 
performed with a uniform freestream velocity (U∞) of 20 m/s. The measured turbulence 
intensity of the incident flow was 3%. Measurements for different approaching wind 
directions were reported in the experiment. In this validation study, the results for flow 
perpendicular to the windcatcher opening is used. The Reynolds number based on the 
windcatcher height (HWT = 0.145 m) and U∞ is 198,000. This is above the critical value of 
11,000 for Reynolds number independent flow [47]. Pitot and static tubes were used in 
the experiment to measure velocity inside the windcatcher at height of 0.02 m above the 
building roof. 
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Figure 2.8: Dimensions of the test model (modified from Montazeri et al. [48]). Dimensions are in 
meter. 

2.2.2 Computational Domain 

Figure 2.9 shows the computational domain constructed for the CFD simulations. The 
upstream and downstream domain length is 5H and 10H, respectively. The height and 
width of the domain are the same as the cross-section of the test section of the wind 
tunnel.  

 

Figure 2.9: Perspective view of the computational domain (modified from Montazeri et al. [48]). 
Where H is windcatcher height (=0.145), dimensions are in meter. 

 

2.2.3 Computational Grid 

Figure 2.10 shows different views of the computational grid. The grid was made in line 
with a grid in a previous study [10] in which detailed grid-sensitivity analysis was 
performed. The distance between the center point of the wall-adjacent cell and the 
windcatcher wall is 2 ×  10−3 m. The maximum stretching ratio between two consecutive 
cells is 1.24. This is below 1.3 as recommended by the best practice guidelines [35,36]. The 
grid consists of hexahedral and prismatic cells with a total number of 11,662,296 cells. 
This corresponds to y∗ of between 12 and 50.  
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Figure 2.10: Different views of the computational grid. 

 

2.2.4 Boundary Conditions 

Table 2.7 summarizes the boundary condition applied to the computational domain. An 
outlet with zero-gauge pressure is applied at the building window, which is located 
outside the wind tunnel and at the outflow located on the downstream part of the 
domain. Uniform velocity at the inlet (U∞= 20 m/s) is applied at the inlet. The TKE and 
turbulence dissipation rate are approximated using Equations 2.6 and 2.7, respectively. In 
these equations incident turbulence intensity, I, is equal to 3%.   

 k = (U∞I)2 2.6 

 
ε = Cμ

3/4  
k3/2

I
 2.7 
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Table 2.7: Boundary conditions. 

Boundary Condition 

Inlet U∞ = 20 m/s 
k (Equation 2.6) 
ε (Equation 2.7) 

Outlet Zero-gauge pressure 

Wind tunnel sides and ceiling Smooth walls 

Building and windcatcher surfaces Smooth walls 

Wind tunnel ground Smooth wall 
 

2.2.5 Computational Settings 

Table 2.4 summarizes the computational settings used for this validation study. 
Montazeri et al. [48] studied the impact of different turbulence models for the same 
experiment. The results show that rk-ε [44] has the best agreement with the experiment 
data. Therefore, rk-ε is the only turbulence model tested for this validation study. 
Convergence is assumed to be obtained when all the scaled residuals level off and reach 
a minimum value. This corresponds to 1 × 10−5 for continuity, k, and ε residuals; and 
1 × 10−6 for x, y, and z-momentum. Moreover, the flow rate through windcatcher opening 
is monitored and checked that it is constant with different iterations.  

Table 2.8: Computational settings. 

Turbulence model Rk-ε [44]  

Near wall treatment Standard wall functions [41] 

CFD approach Steady RANS 

Discretization scheme Second-order 

Pressure interpolation Second-order 

Pressure-velocity coupling Simple 

Solver ANSYS Fluent 19.2 
 

2.2.6 Results 

Figure 2.11 compared the CFD and experiment results of the normalized mean velocity 
magnitude at measurement points located on a horizontal plane 0.02 m above the 
building roof. A fairly good agreement is achieved where the maximum absolute deviation 
and mean absolute deviation from the experiment data are 24.7% and 6.5%, respectively.  
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Figure 2.11: Normalized mean velocity magnitude results for CFD and experiment. 

 

Possible causes of deviation could be from experiment uncertainties and the limitations 
of the RANS simulations. In conclusion, CFD using the rk-ε turbulence model shows good 
prediction for modeling cross-ventilation using windcatchers. As the rk-ε also shows 
good prediction for modeling airflow above an isolated building roof, the same turbulence 
model and computational settings will be used for the parametric and optimization 
studies. 
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3 
Parametric Study 

3  Parametric Study 
 

3.1 List of Cases 

3.1.1 Reference Case 

Figure 3.1 shows the geometry of the reference building and the windcatcher [10]. The 
dimensions of the windcatcher are described in Table 3.1. The windcatcher is located at 
the windward side of the façade with dimensions of 1 x 1 x 1.5 m3. The total opening area 
of the windcatcher (Aref) is 1 m2. The building has dimensions of 6 x 8 x 3 m3. A window is 
located on the leeward side of the façade with the same opening area as the windcatcher 
opening (=1 m2). For the parametric study, only one parameter is changed at a time.  

 

Figure 3.1: Reference building and windcatcher. Dimensions are in meter. 
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Table 3.1: Geometrical characteristics of the reference windcatcher and building geometry. 

Variable Value 

hT [m] 1.5 

D/hT 2/3 ≈ 0.67 

W/hT 2/3 ≈ 0.67 

h1/hT 1/3 ≈ 0.33 

h2/hT 2/3 ≈ 0.67 
 

3.1.2 Parametric Study Cases 

Several parametric cases are conducted to understand the flow characteristics inside 
windcatchers.  

Impact of windcatcher opening area (Category A): Table 3.2 shows the four cases used to 
investigate the impact of windcatcher height. In this table, the reference case is also 
presented. Note that the total windcatcher height (hT) remains constant for all the cases, 
while h2 is modified. It should also be noted that for all the cases the window opening 
area (AW) is the same as the windcatcher inlet opening area. This is mainly because an 
earlier study has shown that changing the ratio of the outlet opening to the windcatcher 
opening can significantly affect the induced airflow rate in a building with a one-sided 
windcatcher [10].  Therefore, if designers know the opening area of the windcatcher, they 
can select windcatcher height based on the results of this category. 

Table 3.2: Impact of windcatcher opening area (Category A): list of cases. 

Category Geometry (vertical 
plane) 

Case  Parameter Value AW 
[m2] 

A 
(Height) 

 

A1 h2/hT 0.37 0.50 

(Ref) h2/hT 0.67 1.00 

A2 h2/hT 0.83 1.25 

A3 h2/hT 0.97 1.50 
 

Impact of windcatcher elbow radius (Category B): Table 3.3 shows the cases for Category 
B. The sharp turn in the windcatcher could result in additional pressure loss which could 
be minimized by studying the elbow curvature. A previous study has shown a minor 
improvement to the natural ventilation performance with a curved windcatcher roof [15].  
This will be investigated systematically in this study. 
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Table 3.3: Impact of windcatcher elbow radius (Category B): list of cases. 

Category Geometry (vertical 
plane) 

Case  Parameter Value AW 
[m2] 

B 
(Elbow radius) 

 

(Ref) R1/D 0 1.00 

B1 R1/D 0.25 1.00 

B2 R1/D 0.5 1.00 

B3 R1/D 1 1.00 
 

Impact of windcatcher inlet extension (Categories C and D): Table 3.4 shows all cases 
considered to investigate the impact of the inlet extension. For all cases, the main 
windcatcher geometry remains the same as the reference case. Only an extra part is 
added to the inlet. Previous studies have shown that adding an inlet extension can 
enhance the natural ventilation performance of a two-sided windcatcher [17,23]. In 
Category C, the extension is straight; while, in Category D the extension is shrouded and 
described with a radius, as shown in Table 3.4.  

Table 3.4: Impact of windcatcher inlet extension (Categories C and D): list of cases. 

Category Geometry (vertical 
plane) 

Case  Parameter Value AW 
[m2] 

C 
(Straight inlet 
extension) 

 

(Ref) E/D 0 1.00 

C1 E/D 0.125 1.00 

C2 E/D 0.25 1.00 

C3 E/D 0.5 1.00 

C4 E/D 1 1.00 

D 
(Shrouded inlet 
extension) 

 

(Ref) R2/D 0 1.00 

D1 R2/D 0.125 1.00 

D2 R2/D 0.25 1.00 

D3 R2/D 0.5 1.00 
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Table 3.5: Impact of windcatcher sides tilt angles (Categories E, F, G, and H): list of cases. 

Category Geometry (vertical 
plane) 

Case  Parameter Value 
[°] 

AW 
[m2] 

E 
(Windward side 
tilt) 

 

E1 θ1 -30 1.00 

E2 θ1 -20 1.00 

E3 θ1 -10 1.00 

(Ref) θ1 0 1.00 

E4 θ1 10 1.00 

E5 θ1 20 1.00 

E6 θ1 30 1.00 

F 
(Leeward side tilt) 

 

F1 θ2 -30 1.00 

F2 θ2 -20 1.00 

F3 θ2 -10 1.00 

(Ref) θ2 0 1.00 

F4 θ2 10 1.00 

F5 θ2 20 1.00 

F6 θ2 30 1.00 

G 
(Windward and 
leeward side tilt) 

 

G1 θ1 & θ2 -30 1.00 

G2 θ1 & θ2 -20 1.00 

G3 θ1 & θ2 -10 1.00 

(Ref) θ1 & θ2 0 1.00 

G4 θ1 & θ2 10 1.00 

G5 θ1 & θ2 20 1.00 

G6 θ1 & θ2 30 1.00 

H 
(Ceiling tilt) 

 

H1 θ3 -30 1.00 

H2 θ3 -20 1.00 

H3 θ3 -10 1.00 

(Ref) θ3 0 1.00 

H4 θ3 10 1.00 

H5 θ3 20 1.00 

H6 θ3 30 1.00 
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Impact of windcatcher sides tilt angle (Categories E, F, G, and H): Categories E, F, G, and H 
stand for windward side tilt, leeward side tilt, windward and leeward sides tilt (both 
together), and roof tilt, respectively. All cases are shown in Table 3.5. The depth and the 
width of the windcatcher opening to the building roof remain the same for all the cases. 
Moreover, the windcatcher inlet opening area stays the same. A large recirculation zone 
exists inside windcatchers, which decreases ventilation efficiency, as shown in Section 
3.3. Therefore, modifying the sides tilt angle could have an impact on the size of the 
recirculation region. Moreover, this could increase the effective volume of the 
windcatcher. Flow separation above the windcatcher roof could be delayed by changing 
the windcatcher roof tilt angle. Several previous studies have used windcatchers with 
tilted roofs [11,49]. However, a parametric study on the roof tilt angle does not exist in 
literature. These cases will help to understand the impact of tilting the roof.  

Impact of windcatcher depth (Category I): Table 3.6 shows all the cases considered for 
studying the impact of windcatcher depth. The window area is 1 m2 for all the cases. These 
categories help to understand the impact of changing the depth of the windcatcher on 
cross-ventilation effectiveness. 

Table 3.6: Impact of windcatcher depth (Category J): list of cases. 

Category Geometry (vertical 
plane) 

Case  Parameter Value AW 
[m2] 

I 
(Windcatcher 
depth) 

 

I1 D/hT 0.17 1.00 

I2 D/hT 0.33 1.00 

(Ref) D/hT 0.67 1.00 

I3 D/hT 1.00 1.00 

I4 D/hT 1.33 1.00 
 

Impact of windcatcher width (Category J): Table 3.7 shows all the cases considered for 
studying the impact of the width. Changing the windcatcher width could influence the 
flow inside the windcatcher. The impact of the windcatcher width is not clear for 
designers. These categories help to understand the impact of changing the width of the 
windcatcher on cross-ventilation effectiveness.  
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Table 3.7: Impact of windcatcher width (Category J): list of cases. 

Category Geometry (horizontal 
plane) 

Case  Parameter Value AW 
[m2] 

J 
(Windcatcher 
width) 
 
  

J1 W/hT 0.17 0.25 

J2 W/hT 0.33 0.50 

(Ref) W/hT 0.67 1.00 

J3 W/hT 1.00 1.50 

J4 W/hT 1.33 2.00 
 

Impact of adding guide vanes (Category V): Table 3.8 shows all the cases considered for 
studying the addition of guide vanes. Guide vanes are usually used in sharp turns in wind 
tunnels and air distribution system to reduce pressure loses [50]. Guide vanes could be 
used in windcatchers to reduce the pressure loss between the inlet and the outlet of the 
windcatcher [51]. In this study, the vanes are equally spaced inside the windcatcher, as 
shown in Table 3.8. The impact of the number of vanes and vanes radius are studied in 
this category. A total of 6 cases are considered for which 3, 5, and 7 guide vanes are 
modeled. The simulations are performed for two radius values of 0.125 m and 0.25 m.  
Note that for case V6, the lowest guide vane is raised a little bit in order to fit inside the 
windcatcher's main body. The guide vanes are added to a windcatcher with a straight 
inlet extension with a length of E/D = 0.375 as it showed a significant improvement, as 
shown in Section 3.4.9. The thickness and the length of each guiding vane is 0.005 m and 
1 m2, respectively.  

 

Table 3.8: Impact of adding guide vanes (Category V): list of cases. 

Category Geometry with 3 
guide vanes (vertical 
plane) 

Case  Number 
of vanes 

Vanes 
radius 
[m] 

Area 
[m2] 

V 
(Guide vane) 
 

 

(Ref) 0 N/A 1.00 

V1 3 0.125 1.00 

V2 5 0.125 1.00 

V3 7 0.125 1.00 

V4 3 0.25 1.00 

V5 5 0.25 1.00 

V6 7 0.25 1.00 
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3.2 Computational Domain 

 

Figure 3.2: Parametric study computational domain. H is the building including windcatcher height 
(=4.5), dimensions are in meter. 

The parametric study is performed for a full-scale model. Figure 3.2 shows the 
computational domain constructed for the parametric study based on the best practice 
guidelines [35,36]. It should be noted that to reduce the computational cost, only half of 
the domain is modeled by adding a symmetrical plane in the center. H stands for the 
height of the building including windcatcher (=4.5 m). The upstream domain length is 5H. 
The downstream domain length is 15H. Moreover, the domain is extended by a distance 
of 5H above windcatcher and the lateral side. 

 

3.3 Computational Grid 

Figure 3.3 shows different views of the reference computational grid constructed. The 
grid consists of 894,600 hexahedral cells. 16, 10, 26 cells are applied along the depth, half-
width and height, respectively. The corresponding average y∗ along the windcatcher 
surfaces is 288. 
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Figure 3.3: Basic grid: different isometric views. 

 

Grid-Sensitivity Analysis 
A grid-sensitivity analysis is performed to obtain a grid-independent solution with the 
least number of cells. Two additional computational grids with a refinement ratio of √2 
are constructed. Table 3.9 and Table 3.10 summarizes the characteristics of the three 
grids.  Figure 3.4 shows the front view of the different computational grids.  

 

Table 3.9: Grid-sensitivity analysis cases: grids characteristics. 

Grid Total number of 
cells 

No. of cells 
along 
windcatcher 
depth 

No. of cells 
along 
windcatcher 
width* 

No. of cells 
along 
windcatcher 
height 

Coarse 315,018 11 8 18 

Basic 894,600 16 10 26 

Fine 2,520,144 22 16 36 
*half of the windcatcher width (symmetrical assumption) 
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Table 3.10: Grid-sensitivity analysis cases: cell wall distance* and 𝑦𝑦∗ values along the building wall 
based on the reference turbulence model (rk-ε). 

Grid Cell wall 
distance* 

Min y∗ Max y∗ Average y∗ 

Coarse 0.028 64 1157 428 

Basic 0.020 39 860 288 

Fine 0.014 22 636 194 
*distance between the center point of the wall-adjacent cell to the building and windcatcher walls 

 

Figure 3.4: Grid sensitivity analysis: front view of computational grids for (a) coarse, (b) basic, and 
(c) fine grid. 

 

The grid resolution is maintained very similarly for all cases. It should be noted that for 
some cases few prismatic cells are used. Figures 3.5-3.15 show the computational grids 
for all cases. 

 

Figure 3.5: Category A cases: surface grid (front view). 
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Figure 3.6: Category B cases: surface grid (front view). 
 

 

Figure 3.7: Category C cases: surface grid (front view). 
 

 

Figure 3.8: Category D cases: surface grid (front view). 
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Figure 3.9 Category E cases: surface grid (front view). 
 

 

Figure 3.10: Category F cases: surface grid (front view). 
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Figure 3.11: Category G cases: surface grid (front view). 
 

 

Figure 3.12: Category H cases: surface grid (front view). 
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Figure 3.13: Category I cases: surface grid (front view). 
 

 

Figure 3.14: Category J cases: surface grid (front view). 
 

 

Figure 3.15: Category V cases: surface grid (front view). 
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3.4 Other Computational Settings 

Table 3.11 summarizes the boundary conditions used for the parametric study. 

Table 3.11: Boundary conditions. 

Boundary Condition 

Inlet Velocity inlet (Equations 3.1-3.3) 

Outlet Zero-gauge pressure 

Middle plane Symmetry 

Top and lateral sides Symmetry 

Building and windcatcher surfaces Smooth walls 

Ground Rough wall 
 

At the inlet of the domain, neutral atmospheric boundary layer inflow profiles of mean 
wind speed, turbulence kinetic energy and turbulence dissipation rate proposed by 
Richards and Hoxey [52] are imposed (Equations: 3.1-3.3). The wind flow is perpendicular 
to the windcatcher opening. The building is assumed to be located in a grass-covered 
terrain, this corresponds to a roughness length (z0) of 0.03 m [53]. The velocity at the 
height of 10 m is assumed to be 3 m/s. This corresponds to Uref = 2.59 m/s at the 
windcatcher height (=4.5 m).   

 

 
U(z) =  

uABL∗

κ
ln

z + z0
z0

 3.1 

 k = 3.3uABL∗ 2 3.2 

 
ε =  

uABL∗ 3

κ(z + z0)
 3.3 

 

The standard wall functions by Launder and Spalding [41] are used with the sand-grain 
roughness modification by Cebeci and Bradshaw [43]. In ANSYS Fluent 19.2, the relation 
between the aerodynamic roughness length, sand-grain roughness height, and 
roughness constant is described using Equation 2.5 [42]. The relation derived in Blocken 
et al. [40] is used for calculating the relation between the sand-grain roughness height 
and roughness constant.  

The computational settings are identical to those used in the validation study 2 (Section 
2.2.5). However, all simulations are stopped after 12,000 iterations. Based on monitoring 
the volume flow rate through the windcatcher opening, 3000-4000 iterations are enough 
for the solution to converge. Therefore, it is concluded that 12,000 iterations are 
sufficient for the solution to convergence. Meanwhile, the monitored flow rate through 
the windcatcher opening is checked for all the cases before postprocessing the data.  
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3.4 Results 

3.4.1 Grid-Sensitivity Analysis 

The mean velocity magnitude along a horizontal, vertical line in the domain, and the 
volume flow rate through windcatcher opening are compared between the different 
grids. Figure 3.16 shows the mean velocity magnitude along a horizontal and a vertical 
line in the domain for the three grids. Table 3.12 summarizes the mean absolute deviation 
from the reference grid (basic grid) for the coarse and fine grids. The volume flow rate 
using the fine grid shows a very small deviation from the basic grid. Therefore, the basic 
grid is chosen for further simulations for the parametric study. It should be noted that 
the focus of this study is on the volume flow rate as the main performance indicator. The 
volume flow rate through the windcatcher for the basic grid (Qref) corresponds to 0.96 
m3/s. 

 

Figure 3.16: Grid-sensitivity analysis results: normalized mean velocity magnitude for (a) horizontal 
line (b) vertical line. 

 

Table 3.12: Mean velocity magnitude: mean absolute deviation from the basic grid. 

 Horizontal line dev. 
[%] 

Vertical line dev. 
[%] 

Volume flow rate 
dev. [%] 

Coarse 1.0 1.3 0.6 

Fine 2.0 1.6  0.3 
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3.4.2 Reference Case 

Figure 3.17 shows the normalized mean velocity magnitude and static pressure coefficient 
contours along the symmetrical plane for the reference case. The wind flow separates at 
the lower edge of the windcatcher entrance and then reattaches again. A flow 
recirculation zone is visible in the front region inside the windcatcher. This results in a 
significant pressure loss inside the windcatcher. Moreover, flow separation on the 
windcatcher roof results in a low-pressure region above the windcatcher roof. The static 
pressure coefficient shows a clear pressure difference between the inlet and the outlet 
of the windcatcher. Moreover, a low-pressure region is observed near the building 
window compared to the windcatcher opening. The pressure difference between the 
windcatcher opening and the window induces wind flow across the building.  

 

Figure 3.17: Reference case: (a) normalized mean velocity magnitude contour (b) static pressure 
coefficient contour along the symmetrical plane.  

 

Figure 3.18 shows the locations for the reported static pressure coefficient. Where, WC,in 
and WC,out planes, are located at the inlet and outlet of the windcatcher, respectively. 
W is located at the window of the building. In this study, WC,in remains at the same 
location for all cases for which an extension is added to the inlet. 
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Figure 3.18: Locations for reported pressure coefficient (vertical plane). 

 

Table 3.13: Area-weighted static pressure coefficient at different locations for the reference case.  

Location Cp[−] 

WC,in 0.57 

WC,out 0.24 

W 0.04 
 

Table 3.13 summarized the area-weighted static pressure coefficient at the windcatcher 
inlet (WC,in), windcatcher outlet (WC,out), and the building window (W). As expected, the 
pressure loss between the windcatcher inlet and outlet (Cp,WC,in −  Cp,WC,out) is high and 
corresponds to 0.33. This shows that a significant amount of pressure is lost inside the 
windcatcher. Meanwhile, the pressure difference between the outlet of the windcatcher 
and the building window (Cp,WC,in −  Cp,WC,out) is 0.20. 

A dimensionless cross-ventilation volume flow rate, DFR (Equation 3.4), proposed by 
Meroney [54] is used as a performance indicator in this study.  

 DFR =  Q / (Uref  ∙  AW) 3.4 
 

where Q [m3/s] is the volume flow rate through the windcatcher opening which 
corresponds to 0.96 m3/s for the reference case. AW is the windcatcher inlet area (= 1 m2) 
for the reference case. Uref  is the corresponding streamwise velocity at windcatcher 
height (=2.59 m/s). The corresponding DFR for the reference case is 0.370. In the 
parametric study, AW and Q are calculated independently for each case. Therefore, the 
performance indicator takes into account the change of the windcatcher inlet area. 
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3.4.3 Impact of Windcatcher Opening Area: Parametric Cases 

 

Figure 3.19: Category A cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient.  

 

Figure 3.20: Category A cases: normalized mean velocity magnitude contours along the symmetrical 
plane. 

Figure 3.19 shows the dimensionless cross-ventilation volume flow rate (DFR) and the 
area-weighted average static pressure coefficient at different locations for the three 
cases in Category A.  Figure 3.20 shows the normalized mean velocity magnitude for the 
different cases along the symmetrical plane. The results show that the DFR decreases by 
increasing the h2. Therefore, a smaller windcatcher opening is more efficient than a 
bigger opening with the same hT height. Figure 3.19b shows that the pressure loss inside 
the windcatcher (Cp,WC,in −  Cp,WC,out) decreases for smaller h2/hT. Therefore, locating the 
windcatcher with the same opening area in a higher tower height (hT) improves the 
ventilation performance. The dimensionless static pressure coefficient contours at the 
symmetrical plane for all cases are found in Appendix B.  
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3.4.4 Impact of Windcatcher Elbow Radius: Parametric Cases 

 

Figure 3.21: Category B cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient. 

 

Figure 3.22: Category B cases: normalized mean velocity magnitude contours along the symmetrical 
plane. 

Figure 3.21 shows the dimensionless cross-ventilation volume flow rate (DFR) and the 
area-weighted average static pressure coefficient at different locations for the three 
cases in Category B. Figure 3.22 shows the normalized mean velocity magnitude for the 
different cases along the symmetrical plane. The results show that curving the elbow 
resulted in a smaller pressure coefficient at the outlet of the windcatcher. Moreover, 
curving the elbow increased the pressure loss inside the windcatcher. Compared to the 
reference case, the DFR decreases by 0.3% and 0.5% for cases with R1/D = 0.25 and R1/D 
= 0.5, respectively. Therefore, curving the elbow decreases the cross-ventilation 
effectiveness. The results are not in line with the findings of the study by Dehghan et al. 
[15]. This could be due to the different boundary conditions used. 
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3.4.5 Impact of Windcatcher Inlet Extension: Parametric Cases 

 

Figure 3.23: Category C cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient.  

 

Figure 3.24: Category C cases: normalized mean velocity magnitude contours along the symmetrical 
plane. 

Figure 3.23 shows the dimensionless cross-ventilation volume flow rate (DFR) and the 
area-weighted average static pressure coefficient at different locations for the four cases 
in Category B. Figure 3.24 shows the normalized mean velocity magnitude for the 
different cases along the symmetrical plane. It can be seen that adding a straight inlet 
extension increases the DFR significantly. The DFR with E/D of 0.25 and 0.5 corresponds 
to 0.424 and 0.445, respectively. The flow fields do not show a noticeable impact to the 
recirculation zone inside the windcatcher with the addition of the extension. 
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Figure 3.25: Category D cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient. 

 

Figure 3.26: Category C cases: normalized mean velocity magnitude contours along the symmetrical 
plane. 

Figure 3.25 shows the dimensionless cross-ventilation volume flow rate (DFR) and the 
area-weighted average static pressure coefficient at different locations for the three 
cases in Category D. Figure 3.26 shows the normalized mean velocity magnitude for the 
different cases along the symmetrical plane. The results are similar to Category C. 
However, Category C has higher amplification with the same extension lengths. In 
Category D, with R2/D of 0.25 and 0.5, the DFR corresponds to 0.412 and 0.425, 
respectively. Therefore, using a straight extension is better than a shrouded extension. 

3.4.6 Impact of Windcatcher Sides Tilt Angle: Parametric Cases 

Figure 3.27, Figure 3.29, Figure 3.31, and Figure 3.33 show the dimensionless cross-
ventilation volume flow rate (DFR) and the area-weighted average static pressure 
coefficient at different locations for Categories E, F, G, and H, respectively. Figure 3.28, 
Figure 3.30, Figure 3.32, and Figure 3.34 show the normalized mean velocity magnitude 
for the different cases along the symmetrical plane. In Category E, the results show that 
with decreasing θ1 below 0°, the DFR value increases. However, with θ1 < 0°, an extra inlet 
extension is added at the top of the windcatcher to align the top side with the bottom 
side of the entrance. Overall, Category C cases have better performance than Category E 
cases with the same added extension length. In Category F, with θ2 > 0°, the volume inside 
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the windcatcher increases, and the recirculation region remains the same, as shown in 
the flow fields. Therefore, improvement is noticed in the DFR. The DFR for the case with 
θ2 = 30° shows a 5.4% improvement over the reference case.  A negative impact is 
observed with θ2 < 0°, this could be due to the smaller volume. In Category G, a very small 
impact is observed between the different cases. The flow field results show that the flow 
direction inside the building changes with different leeward side tilt angles (θ2). 
Therefore, tilting the leeward sides could be used for redirecting the flow to the areas 
with low exposure to outdoor air inside the building. In Category H, with θ3 > 0°, a small 
improvement is noticed. The DFR for the case with θ3 = 30° shows a 2.7% improvement 
over the reference case. This could result from the bigger windcatcher volume with the 
same recirculation zone area. Moreover, flow separation above the windcatcher roof 
doesn’t exist. The pressure results shown in Appendix B show a significant increase in 
pressure coefficient above the windcatcher roof with θ3 > 0°. A negative impact is noticed 
with θ3 < 0° that could be due to smaller volume and lower static pressure above the 
windcatcher roof. 
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Figure 3.27: Category E cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient. 

 

 

Figure 3.28: Category E cases: normalized mean velocity magnitude contours at the symmetrical 
plane. 
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Figure 3.29: Category F cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient. 

 

 

Figure 3.30: Category F cases: normalized mean velocity magnitude contours at the symmetrical 
plane. 
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Figure 3.31: (a): Category G cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient. 

 

 

Figure 3.32: Category G cases: normalized mean velocity magnitude contours at the symmetrical 
plane. 



 
46 

 

Figure 3.33: Category H cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient. 

 

 

Figure 3.34: Category H cases: normalized mean velocity magnitude contours at the symmetrical 
plane. 
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3.4.7 Impact of Windcatcher Depth: Parametric Cases 

 

Figure 3.35: Category I cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient.  

 
Figure 3.36: Category I cases: normalized mean velocity magnitude contours at the symmetrical 

plane. 

Figure 3.35 shows the dimensionless cross-ventilation volume flow rate (DFR) and the 
area-weighted average static pressure coefficient at different locations for four cases in 
Category I. Figure 3.36 shows the normalized mean velocity magnitude for the different 
cases along the symmetrical plane. Increasing the windcatcher depth increases the DFR. 
However, the improvement is not significant with D/hT above 1. The DFR at D/hT of 1 and 
1.33 corresponds to 0.397 and 0.405, respectively. It should be noted that there is a 50% 
increase in windcatcher volume with a D/hT of 1 compared to the reference case with 
D/hT of 0.67. The increase in the depth resulted in a larger recirculation zone as shown 
in the flow fields. If considering DFR divided by windcatcher volume as a performance 
indicator, smaller depth (D) is more effective. 
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3.4.8 Impact of Windcatcher Width: Parametric Cases 

 

Figure 3.37: Category J cases: (a) dimensionless cross-ventilation volume flow rate (DFR) and (b) 
area-weighted average static pressure coefficient. 

 

Figure 3.38: Category J cases: normalized mean velocity magnitude contours at the symmetrical 
plane. 

Figure 3.37 shows the dimensionless cross-ventilation volume flow rate (DFR) and the 
area-weighted average static pressure coefficient at different locations for the four cases 
in Category J. Figure 3.38 shows the normalized mean velocity magnitude for the different 
cases along the symmetrical plane. The results show that decreasing the width increases 
the DFR. The DFR is 0.383 for the case with W/hT = 0.17. This corresponds to a 3.5% 
improvement. No significant impact is noticed in flow field results.  

 

3.4.9 Impact of Guide Vanes: Parametric Cases 

The results for Category V cases are presented in this section. It should be noted that the 
guide vanes are added to the case with a straight inlet extension with a length of E/D = 
0.375 (baseline case). The corresponding DFR of the baseline case is 0.437. Figure 3.39 
shows a drawing of the baseline case with three guide vanes.  
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Figure 3.39: Category V geometry with three guide vanes. 

Figure 3.40 shows the dimensionless cross-ventilation volume flow rate (DFR) for the six 
cases in Category V. Table 3.14 summarizes the DFR for the different cases and the 
percentage improvement from the baseline and the reference case.  It can be observed 
that adding guide vanes leads to a significant improvement. The results show a higher 
DFR with longer vanes and a higher number of vanes. The highest improvement is 
achieved for Case 6. The improvement is about 28.3% compared to the reference case. 
This is 8.5% higher than the baseline case. Figure 3.41 shows the mean velocity 
distribution in the symmetrical plane for all the cases. A reduction in the size of the 
recirculation zone is observed. This reduction is more pronounced for the cases with a 
higher number of guide vanes and longer vanes. Table 3.15 summarizes the static pressure 
coefficient at different locations for different cases. A significant reduction in pressure 
loss inside the windcatcher can be observed with the use of the guide vanes.  

 

Figure 3.40: Category V cases: DFR. 
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Table 3.14: Different cases DFR and percentage improvement from the baseline and reference case. 

Case DFR Improvement from 
baseline case [%] 

Improvement from 
reference case [%] 

V1 0.448 2.5 21.2 

V2 0.460 5.1 24.2 

V3 0.466 6.6 26.1 

V4 0.460 5.1 24.3 

V5 0.472 7.9 27.6 

V6 0.475 8.5 28.3 
 

 

 

Figure 3.41: Category V cases: normalized mean velocity magnitude contours at the symmetrical 
plane. 
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Table 3.15: Area-weighted static pressure coefficient at different locations for Category V. 

Case no. WC,in WC,out W 

1 0.65 0.43 0.11 

2 0.63 0.45 0.12 

3 0.61 0.46 0.12 

4 0.62 0.46 0.12 

5 0.60 0.47 0.13 

6 0.59 0.48 0.13 
 

 

3.5 Discussion and Conclusions 

Table 3.16 summarizes the cases with the highest DFR from each category, the 
corresponding DFR, and improvement from the reference case. Categories A, C, D, E, F, 
and V show the most improvement in the cross-ventilation performance. It should be 
noted that Category C cases have better improvement than Categories D and E cases with 
the same additional volume. 

Table 3.16: Summary of the case with the highest DFR in each category, corresponding maximum 
DFR, and percentage improvement from the reference case. 

Category Case with max 
DFR (parameter) 

Max DFR Improvement from 
reference case [%] 

A A1 (h2  / hT = 0.33) 0.397 7.3 

B Ref (R1/D = 0) 0.370 0.0 

C C4 (E/D = 1) 0.425 14.9 

D D3 (R2/D = 0.5) 0.452 22.2 

E E1 (θ1 = -30 °) 0.418 13.0 

F F6 (θ2 = 30 °) 0.390 5.4 

G G1 (θ1 & θ2 = -30°) 0.374 1.1 

H H6 (θ3 = 30°) 0.380 2.7 

I I4 (D/hT = 1.33) 0.405 9.5 

J J1 (W/hT = 0.17) 0.383 3.5 

V V6 (7 vanes with 
radius of 0.25 m) 

0.475 28.3 
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Due to time limitations, only a few parameters have been studies. For example, tilting the 
lateral sides of the windcatcher could result in some improvement. Moreover, the 
combination of some parameters together could have different results. Designers can 
improve cross-ventilation performance significantly with the recommendations given 
below: 

• The ventilation performance can be improved with more extended windcatcher 
height (smaller h2/hT). 

• Adding a straight extension to the inlet has a significant improvement to the 
ventilation performance.  

• Tilting the windcatcher leeward side (θ2 > 0) improves the ventilation 
performance with a minor increase to the windcatcher volume. 

• Tilting the windcatcher ceiling (θ3 >  0) improves the ventilation performance with 
a minor increase in windcatcher volume. 

• Adding guide vanes to the windcatcher improves the ventilation performance. 
• Minor improvement to the ventilation is possible with a smaller windcatcher width 

over height ratio (W/hT) or larger depth to height ratio (D/hT). 
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4 
Optimization Study 

4  Optimization Study 
 

 

4.1 List of Cases 

Table 4.1 summarizes the different optimization cases. A windcatcher with an inlet 
extension of E/D = 0.375 is used as a baseline case for all cases of the optimization study. 
The corner edges of the windcatcher are blended together with a radius of 0.2 m in order 
to have smoother adapted geometry. The corresponding inlet and outlet areas of the 
windcatcher are 0.98 m2. The baseline design for cases 1 to 3 does not contain any guide 
vanes. Meanwhile, the baseline case for cases 4 to 5 contains guide vanes. The 
geometrical constraints are different for each case, as shown in Table 4.1. The maximum 
displacement of each modified surface is 0.25 m away from the baseline surface location. 
However, for cases 3 and 5, the inlet extension is allowed to extend only up to E/D = 0.50. 
A total of 3 guide vanes with a radius of 0.25 m are used in cases 4 and 5. The guide vanes 
arrangement is the same as what is shown in Section 3.1.2. However, the total length of 
each vane is 0.8 m. Therefore, there is an empty space of 0.1 m between the windcatcher 
side walls to the guide vanes edges. This guarantees smoother grid deformation. The 
thickness of the vanes walls is 0.01 m.  
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Table 4.1: Optimization study: list of cases. 

Case no. Guide vanes (Y/N) No. of guide 
vanes 

Geometrical constrains 

 
1 N N/A 

 
2 N N/A 

 
3 N N/A 

 
4 Y 3 

 
5 Y 3 

 
Y = Yes, N = No, N/A = Not applicable 
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4.2 Computational Domain and Grid 

 

Figure 4.1: Optimization study: computational domain. Where H is the height of the building 
including windcatcher (=4.5), dimensions are in meter. 

Figure 4.1 shows the domain constructed for the numerical study based on the best 
practice guidelines [35,36]. H stands for the height of the building including windcatcher 
(=4.5 m). The upstream domain length is 5H. The downstream domain length is 15H. 
Moreover, the domain is extended by a distance of 5H above windcatcher and lateral 
sides.  

A polyhedral grid (poly grid) is created for the optimization study. Figure 4.2 shows 
different views of the surface grid for cases 1-3. The size of the cells decreases near areas 
of interest and regions with high-pressure gradients. It should be noted that the poly grid 
has a lower total number of cells compared to the structured grid used in the parametric 
study. Moreover, the poly grid has a sufficient number of cells near the areas of interest. 
In addition, there are some difficulties in using the structured grid for the optimization 
study. The memory demand for the adjoin method is very high. The full domain consists 
of about 2 million cells. One optimization iteration takes about 3-4 hours using a 16 GB 
RAM computer. Moreover, it is expected that the demand will increase using the cases 
with guide vanes. In this study, more than 400 optimization iterations are performed. In 
this study, a few cases have been tested using structured grids. However, the results were 
not satisfactory (e.g., small improvement, negative volume cells). To improve the 
optimization study results, the poly grid is chosen in order to test more computation 
settings. Given the time limit, in this thesis the impact of different types of grids on 
adjoint-based optimization methods are not investigated in detail. Given the importance 
of the computational gird for such studies, this should be investigated in future work. 

To evaluate the difference between the different grids, a polyhedral (poly) grid and 
polyhedral-hex-core (poly-hex) grids are created for case B1 shown in Section 3.1.2. The 
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solution is compared with the reference grid from the parametric study (hex-prism). 
Figure 4.3 shows the computational grid for the poly and poly-hex at the center plane.  

 

 

Figure 4.2: Polyhedral grid: different views for the surface grid for optimization study cases 1-3 
(without guide vanes). 
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Figure 4.3: Symmetrical plane grid: (a) poly grid and (b) poly-hex grid. 

Table 4.2 and Table 4.3 summarize some of the grid characteristics. The Poly grid has the 
least number of cells and a sufficient grid resolution for using wall function as near-wall 
treatment.  

Table 4.2: poly and poly-hex grids characteristics near the windcatcher wall. 

Grid Cell wall 
distance* 

Min y∗ Max y∗ Average y∗ 

Coarse 0.004 4.2 369.7 43.9 
*distance between the center point of the wall-adjacent cell to the building and windcatcher walls  

Table 4.3: Different grids: number of cells. 

Grid Number of cells 

Hex-Prism 2,299,878 

Poly 595,157 

Poly-Hex 994,350 
 

4.3 Other Computational Settings 

The CFD boundary conditions are identical to those used in the parametric study shown 
in Section 3.3. The ground wall roughness height and constant are adjusted based on the 
new grid resolution.  

The CFD solver settings are identical to solver settings in the parametric study (Section 
3.3). Convergence is assumed after 300 iterations for each optimization iteration. Based 
on sensitivity analysis on the number of iterations needed, not reported in this study, 300 
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iterations are enough for the monitored flow rate though the windcatcher to reach a 
constant value. 

 

4.4 Adjoint Method Optimization 

4.4.1 Background 

Optimization methods based on parametric simulations typically require a high 
computational cost. The adjoint method is an advanced method for optimizing 
aerodynamic shapes with a lower computational cost. Typically, the adjoint method 
needs fewer design iterations to reach an optimal design compared to optimization 
methods that rely on the design of experiments methods [32]. Figure 4 shows the 
workflow for the optimization procedure. First, the adjoint solver calculates the 
derivative of the objective (i.e., sensitivity data). Then, the sensitivity data are sent to a 
Mesh Morphing tool where the grid is modified. Then, the flow is solved using CFD (RANS 
equations). The loop continues until the optimal design is found.  

 

 

Figure 4.4: Workflow for the adjoint method optimization. 

Adjoint Solver 
The adjoint solver works by computing the derivative of a single output variable with 
respect to all of the input variables. The sensitivity results show the impact of moving any 
node in the grid on the adjoint objective. There are two types of adjoint solvers: (1) 
continuous adjoint solver, (2) discrete adjoint solver. The continuous adjoint solver relies 
on the mathematical properties of the governing equation of the flow (RANS, in this case) 
to solve the adjoint partial differential equations. On the other hand, the discrete adjoint 
solver relies on a discretized form of the equations built in the solver itself. In this study, 
the discrete adjoint solver built-in ANSYS Fluent 2019 R3 is used.  

CFD run

Derivative 
calculation 

(adjoint solver)

Sensitivity 
data

Mesh update 
(Mesh 

Morphing)
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Mesh Morphing 
After the sensitivity results are obtained, the grid is modified using the design tool 
available in ANSYS Fluent 2019 R3. Mesh Morphing is a method of modifying a meshed 
surface without changing the topology of the grid. The surface is updated by only 
modifying specific nodes in the grid. The polynomial morphing method provides a better-
adapted gird quality and a smoother surface deformation compared to the direct 
interpolation method. The polynomial morphing method uses a Bernstein polynomial-
based morphing scheme for gird modification. However, the direct interpolation method 
is based on the free movement of the nodes in the grid. More information can be found 
in ANSYS Fluent manuals [55,56]. 

 

Figure 4.5: Boundary region and control points (in red) for the Mesh Morphing. 

In the polynomial morphing method, a boundary region is first selected for the grid 
deformation, as shown in Figure 4.5. The control points (CPs) inside the boundary region 
control the grid nodes' movement. The CPs are set in the three directions and are spaced 
equidistance in the x, y, and z-direction inside the boundary region. A high number of 
CPs could result in unsmooth surfaces and a high computational cost. There are two 
methods for controlling the CP motion: (1) control-point spacing, (2) objective reference 
change. In control-point spacing, the CPs movement is based on a freeform scale factor. 
With a scale factor of 1, the max control point motion is equal to the distance between 
two CPs. In objective reference change, the CPs movement is based on the desired 
change in the objective. In this project, the control-point spacing is used as it could result 
in a higher-quality optimization. More information can be found in ANSYS Fluent manuals 
[55,56]. 

Adjoint Solver Scope 
The discrete adjoint solver in Fluent 2019 R3 is configured based on some of the 
assumptions below: 

• Steady, incompressible, compressible, laminar, turbulent, conjugate heat transfer, 
Multiple Reference Frame (MRF) model 

o Frozen turbulence assumption 
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 The influence of turbulence on the flow is not resolved 
• First and second-order discretization in space 

o Second-order is challenging to converge sometimes 
• Not compatible with all boundary conditions (e.g. mass flow outlet, pressure far-

field, periodic) 

In the adjoint solver, a linear relation is calculated between the grid deformation and 
effect on the results. Therefore, a smaller grid motion could result in a better prediction 
for the adjoint observable as the relationship could not be linear in real life. A smaller 
motion can be controlled using a smaller scale factor in the freeform scaling scheme. The 
scale factor depends on the problem. The adjoint solver could have different 
discretization from the primary flow. This could lead to better stability and loss in 
accuracy for predicting the adjoint observable.  

 

4.4.2 Settings 

Adjoint Solver 
Adjoint solver in ANSYS/Fluent 2019 R3 is used for the optimization study. The area-
weighted-average mass flux (kg/m2∙s) through the building window is chosen as the 
adjoint observable. The adjoint method settings are selected to match the CFD solver 
settings, as shown in Table 4.4. This provides the best prediction for the adjoint solution 
[56]. The first order momentum is preferred in cases where the solution diverges. 
However, in this study, the second-order for momentum with a stabilization strategy did 
not cause any divergence problems.   

Table 4.4: Adjoint solution methods. 

Gradient Least square cell-based 

Pressure Second-order 

Momentum Second-order upwind 
 

The “auto-adjust controls” option is selected. Therefore, the Courant number, the 
artificial compressibility, the flow rate Courant scaling are adjusted automatically based 
on the flow characteristics. The blended stabilization strategy in ANSYS/Fluent 2019 R3 
is used. The residual minimization scheme is selected to turn on automatically when the 
solution starts to diverge. Tables 4.5-4.7 shows the settings selected for the stabilization 
strategy. The residual minimization scheme is based on Krylov subspace to minimize the 
solution residual. Increasing the number of modes in the Krylov subspace decreases the 
final residual. However, increasing the number of modes significantly increases the 
memory needed to perform the calculation. In this study, 40 modes are selected with 10 
recycled modes and 6 AMG iterations. More information can be found in ANSYS Fluent 
user’s guide [56]. The solution is assumed to be converged when all the adjoint scaled 
residual falls below 1 × 10−6. 
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Table 4.5: First scheme. 

Scheme Residual minimization 

Iterations Auto-detection 
 

Table 4.6: Second scheme. 

Scheme None 

Iterations 40 
 

Table 4.7: Stabilization scheme. 

Type Residual minimization 

Number of modes 40 

Number of recycled modes 10 

AMG Iterations 6 
 

Design Tool  
The objective of the optimization is set to maximize the adjoint observable. The 
polynomial morphing method is selected as it provides smoother grid deformation. The 
control-points spacing is selected to be smaller than 0.1 all the time. Based on the 
deviation between the adjoint prediction and CFD solution, the control-point spacing is 
adjusted. Appendix D contains all the values used for the control-point spacing for all the 
cases iterations. The location and number of control points are selected to provide the 
smoothest deformation for the grid and windcatcher geometry. More details are found 
in Appendix D about control points sizing. The motion of the control points is selected to 
be symmetrical along the windcatcher central plane. The maximum number of iterations 
for the freeform motions is selected to be 100 in order to satisfy the design constraints. 
The Fluent journal file used for design automation is found in Appendix E. 

 

4.5 Results 

4.5.1 Grid Verification 

Figure 4.6 shows the normalized mean velocity magnitude for the different grids along a 
horizontal and a vertical line. Table 4.8 summarizes the mean absolute deviation from the 
reference grid (hex-prism) for the different lines and the volume flow rate through the 
windcatcher opening. The volume flow rate of the poly grid shows a small deviation, less 
than 1%, from the hex-prism grid. Therefore, it is concluded that the poly grid is good for 
modeling the volume flow rate through the windcatcher and will be used for the 
optimization study cases.  
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Figure 4.6: Normalized mean velocity magnitude: (a) horizontal line and (b) vertical line. 

 

Table 4.8: Mean velocity magnitude: mean absolute deviation [%] from the hex-prism grid. 

 Horizontal line dev. 
[%] 

Vertical line dev. 
[%] 

Volume flow rate 
dev. [%] 

Poly 6.2 2.6 0.80 

Poly-hex 6.4 2.7 0.92 
 

4.5.2 Optimization Study Cases 

Figure 4.7 summarizes the DFR for cases 1-5 through different iterations. Moreover, Table 
4.9 summarizes the maximum DFR, a maximum improvement from the baseline case, and 
the maximum improvement reference case shown in Section 3.1.1. The optimal 
geometries are shown in Table 4.10, and the corresponding adapted grids are shown in 
Table 4.11. The results show that cases 2 and 3 have a higher volume flow rate 
amplification compared to case 1. The corresponding improvement for cases 2-3 is about 
36% from the reference case shown in Section 3.1.1, and 11% improvement from the 
baseline case. Comparing cases 4 and 5, case 4 has a higher amplification and shows an 
improvement of 43.2% from the reference case and 13.6% from the baseline case. It 
should be noted that all simulations are stopped after several iterations due to the 
creation of negative volume cells by the design tool. However, the rate of increase per 
iteration is very small before the simulations are stopped for all cases. Therefore, it is 
concluded the final iteration shows near-optimal solution. In case 1, the optimal geometry 
shows a small change from the baseline case. In case 2, optimal geometry shows that all 
windcatcher surfaces are tilted smoothly to increase the volume and delay flow 
separation above the windcatcher roof. In case 3, the optimal geometry shows a minor 
modification to the inlet extension and some of the windcatcher surfaces. In case 4, the 
optimal geometry is very similar to case 2. Moreover, significant changes are shown to 
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the geometries of the lowest two guide vanes. In case 5, the optimal geometry is very 
similar to case 3. Moreover, there are no significant changes to the guide vanes.    

Table 4.9: Different optimization study cases: maximum DFR, corresponding percentage 
improvement from the baseline cases, and improvement from the reference case shown in Section 
3.1.1. 

Case no. Max DFR Improvement from 
the baseline case 
[%] 

Improvement from 
the reference case 
[%] 

1 0.480 6.4 29.7 

2 0.502 11.3 35.7 

3 0.500 10.9 35.1 

4 0.531 13.6 43.2 

5 0.510 9.3 37.8 
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Figure 4.7: Adjoint optimization DFR results with different iterations: (a) case 1, (b) case 2, (c) case 3, 
(d) case 4, and (e) case 5. 
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Table 4.10: Optimized windcatcher geometry for cases: 1-5. 

Case no. Front view Back view 
1 

  
2 

  
3 

  
4 

  
5 
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Table 4.11: Optimized grid for cases: 1-5. 

Case no. Windcatcher 
surfaces 
(front view) 

Windcatcher 
surfaces 
(back view) 

Center plane grid 

1 

   

2 

   

3 

   

4 

   

5 
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Figure 4.8 shows the normalized mean velocity contours along the center plane for the 
optimal geometries. The static pressure coefficient distributions at the center plane are 
found in Appendix C. The results show a significant reduction in the recirculation zone 
size for case 2 and case 3. Moreover, the flow separation region above windcatcher 
disappears for case 2 and case 4. The flow recirculation region inside the windcatcher is 
a little bit smaller for case 4 compared to case 5.  

 

Figure 4.8: Normalized mean velocity magnitude for optimal geometries at the center plane: (a) case 
1, (b) case 2, (c) case 3, (d) case 4, and (e) case 5. 
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4.6 Discussion and Conclusions 

A poly grid is created for the optimization study. A verification study has been performed 
to evaluate the deviation between different grids. The results show that the poly grid has 
a small deviation compared to the other types of grids for modeling cross-ventilation 
using a windcatcher. Based on the results of this chapter, the following conclusions can 
be given: 

• The adjoint method optimization shows a significant improvement in the 
windcatcher aerodynamic performance. 

• The optimized windcatcher geometry of the case with the highest DFR shows an 
improvement of 43.2% over the reference case.  

• The adjoint method shows the potential to improve aerodynamic shapes in the 
built environment. 
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5 
Summary and Conclusions 

5  Summary and Conclusions 

  

5.1 Summary 

Effective natural ventilation in buildings is an important topic in built environment 
research. Even though the effectiveness of using windcatcher is known since a long time 
ago, there is an increasing interest nowadays to further improve the efficiency of natural 
ventilation in the built environment. 

Previous studies have shown the potential to improve the cross-ventilation effectiveness 
by changing the windcatcher geometry. However, the impact of geometrical 
characteristics of windcatchers has not yet been investigated in detail.  This thesis aims 
to improve the natural ventilation performance of buildings using windcatchers. The 
dimensionless cross-ventilation volume flow rate (DFR) is used as a performance 
indicator in this study.  

Two validations studies are performed and presented in Chapter 2: (i) wind flow around 
an isolated building, and (ii) cross-ventilation using a windcatcher. The results show that 
CFD has good agreement with the wind tunnel experiments. 

 

The aim of the project is expressed using the following objectives: 

1. Investigate the impact of geometrical characteristics of windcatchers on cross-
ventilation performance. 

This research question is answered in Chapter 3 of the thesis. First, the list of cases is 
introduced. The cases cover a wide variety of geometrical characteristics (e.g., the impact 
of windcatcher opening area, elbow radius, inlet extension, sides tilt angle, depth, width, 
and addition of guide vanes). The results show a significant improvement in the cross-
ventilation performance with some geometrical changes. The use of guide vanes with a 
straight extension to the inlet shows a 28.3% improvement compared to the reference 
design. The recommendations given in the chapter will help engineers to design 
windcatchers with higher performance.  

 

2. Optimize the windcatcher geometry using a gradient-based optimization method. 
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This research question is answered in Chapter 4 of the thesis. First, the list of cases is 
introduced. Five cases are considered: three without guide vanes and two with guide 
vanes. The adjoint method solver is used for the optimization procedure. The adjoint 
method optimization shows a significant improvement in the windcatcher aerodynamic 
performance. The best-optimized windcatcher design shows an improvement of 43.2% 
over the reference design.  

 

5.2 Conclusions 

The following conclusions are drawn from the parametric study: 

• Adding a straight extension to the inlet has a significant improvement to the 
ventilation performance.  

• Tilting the windcatcher leeward side (θ2 > 0) improves the ventilation 
performance with a minor increase to the windcatcher volume. 

• Tilting the windcatcher ceiling (θ3 > 0) improves the ventilation performance with 
a minor increase in windcatcher volume. 

• Adding guide vanes to the windcatcher improves the ventilation performance. 

The following conclusions are drawn from the parametric study: 

• The adjoint method optimization shows a significant improvement in the 
windcatcher aerodynamic performance. 

• The optimized windcatcher geometry of the case with the highest DFR shows an 
improvement of 43% over the reference case.  

• The adjoint method shows the potential to improve aerodynamic shapes in the 
built environment. 

The parametric study and optimization study results show a significant improvement in 
the aerodynamics performance of windcatchers. Due to time limitations, the number of 
simulations is limited in this study. However, I believe there is a potential to improve the 
aerodynamic performance of windcatchers much further in future studies. Some of the 
ideas are discussed in the future work section. Moreover, with the advancement of 
technology, computational power is becoming cheaper and more affordable to more 
people every day. Many aerodynamics shapes in the built environment can be further 
improved using the methodologies discussed in this thesis.  

 

5.3 Limitations 

• In this study, the simulations are performed for iso-thermal conditions. Thermal 
effects are not modeled to reduce computational cost. 

• Steady RANS simulations are performed. More accurate results could be obtained 
using large-eddy simulations.  
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• There is a lack of high-resolution high-quality experimental data for cross-
ventilation using windcatchers. In this study, the experiment results by Montazeri 
and Azizian [11] are used. The velocity was measured using Pitot and static tubes 
at limited locations inside the windcatcher. Further experimental (e.g., PIV 
measurement) studies should be performed and used for validation purposes to 
better quantify the deviations between CFD and experiment.  

• The adjoint solver assumes a linear relation between the grid deformation and 
effect on the results. Moreover, the impact of turbulence on the flow is not 
resolved. The results of this study show significant improvement; however, the 
solution might not reach the global optimal solution due to these limitations. 

• There are difficulties using the Mesh Morphing tool in ANSYS/Fluent in 
complicated 3D geometries with multiple constraints. All simulations are stopped 
after several iterations due to the creation of negative volume cells by the design 
tool. However, the rate of increase per iteration is very small before the 
simulations are stopped for all cases. Therefore, it is concluded the final iteration 
shows near-optimal solution. 

• Limited literature is found related to adjoint method settings. Some of the settings 
selected in this study are based on intensive trial-and-error simulations. 
Guidelines for using the adjoint method will be beneficial for CFD users.  

 

5.4 Future Work 

• The optimized guide vane geometry from the adjoint method shows significant 
changes to the guide vanes geometry. Therefore, future work will focus on 
studying the optimal guide vane geometry and location inside windcatchers. 

• Perform a wind tunnel experiment for the optimal geometry obtained from the 
adjoint method optimization. It will be interesting to evaluate CFD accuracy for 
modeling cross-ventilation using a windcatcher with curved surfaces and guide 
vanes.  

• Perform more detailed simulations related to the aspect ratio of the windcatcher 
geometry. The results from the parametric study for windcatcher depth and width 
are not enough to have a solid conclusion regarding the optimal aspect ratio. 

• Optimize the windcatcher geometry using Mesh Morphing and design of 
experiment methods. The adjoint method has some limitations (e.g. frozen 
turbulence, small changes per iteration, etc.). Therefore, it will be interesting to 
compare the results from both methodologies. This will also help to understand if 
the adjoint method reaches the global optimal solution. 
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A. Appendix A. Validation Study: Additional 
Results 

 

 

Figure A.1: Grid-sensitivity study: normalized TKE above the building along the center plane.  

 

 

Table A.1: TKE: mean absolute deviation from the basic grid for the lines shown in Figure A.1 at z/b 
of 2 to 4. 

Grid K/Uh
2 Deviation [%] 

Coarse 1.64 

Fine 0.95 
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Figure A.2: Validation study: normalized TKE above the building along the center plane. 

 

Table A.2: TKE: mean absolute deviation from the experiment data above the building. 

Turbulence model K/Uh
2 Deviation [%] 

RK-ε 61.8 

RNG k-ε 33.5 

Sk-ε 77.1 
 

Four validation metrics are used to evaluate the deviation for flow above the building roof. 
The factor of 2 of the observations (FAC2), the factor of 1.3 of the observations (FAC1.3), 
the fractional bias (FB), and the normalized mean square errors (NMSE). For the 
normalized streamwise velocity only FAC2 and FAC1.3 are calculated. While for TKE, 
FAC2, FB, and NMSE are calculated. The metrics are calculated using Equations A.1-A.4: 
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 FAC2 =
1
N

 �ni

N

i=1

    with    ni = � 1    for     0.5 ≤
Pi
Oi
≤ 2

0    else     
 A.1 

 FAC1.3 =
1
N

 � ni

N

i=1

    with    ni = � 1    for     0.77 ≤
Pi
Oi
≤ 1.3

0    else     
 A.2 

 FB =  
[O] − [P]

0.5([O] + [P])
 A.3 

 NMSE =  
[(Oi − pi)2]

[Oi][Pi]
 A.4 

 

Table A.3: Validation metrics for dimensionless streamwise velocity and TKE. 

 U/Uh K/Uh
2 

 FAC2 FAC1.3 FAC2 FB NMSE 

Ideal Value 1 1 1 0 0 

RK-ε 0.875 0.875   0.813 -0.285    0.446 

RNG k-ε 1.000   0.938   0.938 -0.053  0.193 

Sk-ε 0.875   0.938   0.813 -0.423  0.564 
 

 

Figure A.3: Grid-sensitivity study: normalized streamwise velocity along the center plane. 
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Figure A.4: Grid-sensitivity study: normalized TKE along the center plane. 

 

 

Figure A.5: Validation study: normalized streamwise velocity magnitude along the center plane. 
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Figure A.6: Validation study: normalized TKE along the center plane.  
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B. Appendix B. Parametric Study: Static 
Pressure Coefficient Contours 

 

 

Figure B.1: Reference and Categories A-C cases: static pressure coefficient contours at the 
symmetrical plane. 
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Figure B.2: Categories D-E cases: static pressure coefficient contours at the symmetrical plane. 
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Figure B.3: Categories F-G cases: static pressure coefficient contours at the symmetrical plane. 
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Figure B.4: Categories H-J cases: static pressure coefficient contours at the symmetrical plane. 
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Figure B.5: Category V cases: static pressure coefficient contours at the symmetrical plane. 
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C. Appendix C. Optimization Study: Static 
Pressure Coefficient Contours 

 

 

Figure C.1: Static pressure coefficient for optimal geometries at the center plane: (a) case 1, (b) case 
2, (c) case 3, (d) case 4, and (e) case 5. 
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D. Appendix D. Adjoint Method: Additional 
Settings 

 

 

Figure D.1: Coordinate system for the region location.  

 

Table D.1: Boundary region coordinates for case 1. 

Direction Min (m) Max (m) 

x 0.025 1.35 

y -0.85 0.85 

z 3.02 4.85 
 

Table D.2: Boundary region coordinates for cases 2 and 3. 

Direction Min (m) Max (m) 

x -0.35 1.35 

y -0.85 0.85 

z 3.025 4.85 
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Table D.3: Boundary region coordinates for cases 3 and 5. 

Direction Min (m) Max (m) 

x -0.35 1.35 

y -0.85 0.85 

z 3.025 4.85 
 

Table D.4: Number of control-points along x, y, and z-direction. 

Case x points y points Z points 

1 11 14 15 

2 14 14 15 

3 14 14 15 

4 14 14 15 

5 14 14 15 
 

The Regional boundary continuity is set to zero-order for all cases. 

 

Table D.5: Freeform scale factor for different iterations for case 1. 

Start End Freeform scale factor 

1 12 0.1 

13 25 0.05 

26 30 0.025 
 

 

Table D.6: Freeform scale factor for different iterations for case 2. 

Start End Freeform scale factor 

1 12 0.1 

13 42 0.025 

41 48 0.01 
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Table D.7: Freeform scale factor for different iterations for case 3. 

Start End Freeform scale factor 

1 96 0.05 

97 100 0.025 
 

 

Table D.8: Freeform scale factor for different iterations for case 4. 

Start End Freeform scale factor 

1 18 0.05 

19 70 0.025 

71 95 0.001 
 

 

Table D.9: Freeform scale factor for different iterations for case 5. 

Start End Freeform scale factor 

1 24 0.05 

25 158 0.025 
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E. Appendix E. Adjoint Method: Journal File 
 

Below is the code for the Fluent journal file for to two adjoint optimization iterations. itt0, 
itt1, and itt2 stand for iteration 0 (baseline design), iteration 1, and iteration 2, 
respectively. An empty text file with the name "expected_change.txt" has to be added to 
the same directory to write current observable value and adjoint prediction. 

 

rcd itt0 

 

/adjoint/run/initialize 

/adjoint/run/initialize-strategy 

/adjoint/run/initialize-stabilization 

/adjoint/run/iterate 300 

/adjoint/design-tool/design-change/calculate-design-change 

/adjoint/design-tool/design-change/write-expected-changes 

yes 

"expected_change.txt" 

yes 

/adjoint/design-tool/design-change/modify-mesh 

/mesh/repair-improve/improve-quality 

/solve/iterate 300 

wcd itt1 

 

/adjoint/run/initialize 

/adjoint/run/initialize-strategy 

/adjoint/run/initialize-stabilization 
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/adjoint/run/iterate 300 

/adjoint/design-tool/design-change/calculate-design-change 

/adjoint/design-tool/design-change/write-expected-changes 

yes 

"expected_change.txt" 

yes 

/adjoint/design-tool/design-change/modify-mesh 

/mesh/repair-improve/improve-quality 

/solve/iterate 300 

wcd itt2 
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F. Appendix F. Adjoint Method: Software 
Screenshots 

 

 

 

 

Figure F.1: Adjoint observables. 
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Figure F.2; Solution methods. 
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Figure F.3: Adjoint Solution controls. 
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Figure F.4: Stabilized Scheme & strategy settings. 

 

 

 

Figure F.5: Design tool, design change. 
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Figure F.6: Design tool, objectives. 

 

 

 

Figure F.7: Design tool, region. 
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Figure F.8: Design tool, region conditions. 

 

 

Figure F.9: Design tool, design conditions 
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Figure F.10: Design tool, numerics. 
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G. Appendix G. TU/e Code of Scientific 
Conduct: Declaration 
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