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ABSTRACT 

 

 

The aim of this thesis is to study the flow characteristics around an isolated building and for such 
case, WindSim will be used as a CFD tool to perform a computational fluid dynamic analysis. 
Also the study will cover studying the wind resources and assessing WindSim performance in 
urban flow simulations. 

The study will start with a literature review about the boundary layers in general and its sub-
layers. Then in some details the urban boundary layer will be introduced with its different sub-
layers to clarify some important concepts. Afterwards, a theoretical background about the 
computational fluid dynamics will be presented to illustrate crucial principles. A brief definition 
for WindSim will be introduced with notes for notions related to the program. 

The research paper that will be presented has two case studies. First one is an experiment was 
done in 1977 by Castro & Robins and the second one was conducted by Tominaga in 2009. 
Validation study will be performed for the blocking file feature in WindSim by applying the 
default setting of the program. Later, convergence study will be done to reach grid independency 
and then the research paper setting will be employed to perform the final simulations and four 
turbulence models in WindSim will be employed. Eventually the result obtained from WindSim 
will be compared with the experimental and numerical ones to conclude the results and to assess 
the turbulence models performance. 

Future work also will be suggested as a proposal for extending the research scope.  
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CHAPTER I. INTRODUCTION 
 

As the modern urbanization is increasing, the energy demand is increasing as well. People are 
trying to use the local wind resources for the local energy generation; hence there is a trend now 
to use the small scale wind turbines for the energy generation. So, it is important to understand 
the flow behavior in such cases to maximize the out power from the small scale wind turbines 
and to raise their efficiencies throughout understanding and assessing the wind resources. A very 
simple case will be addressed in our case; simulation will be performed for a mounted cube over 
a very smooth terrain. For the simulation, we will use WindSim program as a CFD tool. 
WindSim is a tool that is used in wind energy field especially for complex terrains, however we 
are going to validate the obstacle feature (blocking file feature) in WindSim to assess its 
performance and also to find out what the conditions and features that should be implemented in 
WindSim to be used in urban simulations are. Experimental and numerical studies will be used in 
our study to compare our results.  

 

PLAN OF THESIS 
 

This thesis consists of six chapters:- 

 In Chapter 1, the case under study is described and it is importance in terms of 
engineering aspects and its applications are stressed. 

 In Chapter 2, a literature review about the boundary layer and its sub-layers are defined 
and its structure is concisely reviewed. 

 In Chapter 3, The theoretical theory of the computational fluid dynamic and the 
numerical methodologies are explained.  

 In Chapter 4, The experimental and numerical works of the research paper are described 
beside, a description for the recent numerical study performed with WindSim program. 

 In Chapter 5, The results obtained from the recent numerical study are compared and 
discussed with the experimental and numerical cases and variant comparisons are 
illustrated. 

 In Chapter 6, conclusions of the final results are summarized and future work is 
suggested to the recent case study to have further knowledge about the performance of 
the turbulence models in more complex situations. 
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CHAPTER2. BOUNDARY LAYER AND BOUNDARY CONDITIONS 
 

 

Since the scope of this thesis is wind flow regimes in urban boundary layer, we will firstly 
review the concepts of boundary layer and we will focus on urban boundary layer wind flow 
regimes at the end of the chapter. People spent most of their life on the surface of the earth where 
they feel the warm of the sunny day and the shudder of the nighttime, also where the crops are 
grown and houses are built. We could sense the differences between a place and another one 
when we travel from a place to another. So, the earth’s surface is a boundary for the atmospheric 
domain. The interaction in this area near to the earth’s surface is called the boundary layer as 
shown in Figure 1. This part from 100-3000 meter above the earth’s surface is the so-called 
“Boundary Layer” and the area above the boundary layer is called “Free Atmosphere” where the 
air in this part is acting in a free manner. The precipitation of the individuals towards the nature 
of the atmosphere depends on where they live in that small portion of the air (Stull, 1998).  

 

Figure 1  The troposphere layer could be divided into two main parts, the boundary layer and the free atmosphere above it 
(Stull, 1998) 

 

BOUNDARY LAYER DEPTH AND STRUCTURE  
 

The boundary layer depth is varying slowly in time and space over the oceans. Over the diurnal 
cycle, the sea surface temperature changes little due to the mixing throughout and within the top 
layer of the ocean. Since the water has a large heat capacity so it means that water can absorb a 
huge amount of heat and its temperature will arise or increased with small amount. Sea surface 
temperature varies slowly means the forces acting onto it are also varying slowly at the bottom of 
the boundary layer. If we assume that there is an air particle with a temperature that differ from 
the ocean surface temperature, then this particle will undergo with an equilibrium process until 



 
3 

 
reaching the equilibrium state and that resultant area of boundary layer depth might vary only by 
10 % over a horizontal distance of 1000 kilometers. So, we could say that the process of vertical 
motion and advection among air parcels (Synoptic and mesoscale process) over the ocean 
surface is the main cause of the boundary layer above it. Figure 2 shows the variation between 
high and low pressure areas above the ground level and it is the same situation over both, the 
land and oceans. It is obvious from the graph that the boundary layer in high pressure is thinner 
than in low pressure and this is the general nature of the boundary layer above high and low 
pressure areas.  

 

Figure 2 The boundary layer depth above high and low pressure regions (Stull, 1998) 

Figure 3 illustrates the evolution of the boundary layer in a high pressure area over a land with a 
diurnal cycle. There are many sub-layers within the boundary layer which will be addressed to 
define them in order to know how the boundary layer evolves during a diurnal cycle. The 
boundary layer is known with Planetary Boundary Layer (PBL) and also, Atmospheric Boundary 
Layer (ABL). The main sub-layers are Surface layer, Convective Mixed Layer, Residual Layer 
and Stable Boundary Layer (Stull, 1998).  
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Figure 3 The boundary layer in high pressure region and its evaluation during a diurnal cycle (Stull, 1998). 

 

MIXED LAYER  
 

During the day time, we will find that the mixed layer is located above the surface layer and 
below the entrainment zone. The surface layer is located directly above the earth’s surface and in 
a direct contact and interaction with it. A few centimeters from the ground is a layer called 
interfacial or micro layer. Gradient of temperature and winds could vary a lot in interfacial layer 
than the surface layer. Figure 4 shows the interfacial and surface layer within the boundary layer. 

 

Figure 4  The interfacial or microlayer and surface layer heights (Atkins, 2007) 
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There are two main sources that drive the turbulence within the mixed layer. First one, the 
transfer of the heat from the ground as the sun heats the earth and then by the conduction which 
happens in the interfacial layer and then by the convection within the mixed layer. The second 
one, radiative cooling from the top of the cloud layer that forms “upside down” sinking air and 
these two main sources can be occurred simultaneously. Also, from Figure 3, we could see that 
the mixed layer starts to form after the sunrise by half an hour and increases rapidly in the 
morning and reaches it’s maximum by afternoon. Figure 5 shows that the momentum, the heat 
and the moisture are uniformly mixed through the mixed layer. The entrainment zone which is 
located above the mixed layer is a stable layer and acts like a lid for the thermal rises. Also, 
sometimes that layer acts like inversion layer where the absolute temperature is increasing with 
the height (Atkins, 2007; Stull, 1998). 

temperature 

Figure 5  Mixed Layer growth (Atkins, 2007) 

RESIDUAL LAYER  
 

Before the sunset by half an hour, the convection starts to decrease in the mixing layer and that is 
due to the earth is becoming cold since the sun is disappearing and hence the stable layer starts to 
form. The residual layer is above the stable layer with the same properties of the mixing layer 
and it has no contact with earth’s surface. The Residual layer is stratified neutrally, for instance, 
if we assumed that we have a smoke emitted from a chimney, we will find that the emitted 
smoke tends to smear at equal rate in both directions vertically and horizontally.  So, it creates 
something similar to cone shape. That is because of the equal intensity almost in all directions 
(Stull, 1998).  
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STABLE BOUNDARY LAYER 
 

As the night progresses, the stable layer -which is below the Residual layer- is formed as the 
ground cools down. The bottom of the residual layer is decreased as it interacts with the stable 
boundary layer. Wind is very stable in that layer, hence it suppresses the turbulence within the 
layer. Short burst sometimes occurs as a result of turbulence as the wind at the ground tends to 
be weak and light. So, it may accelerate the flow and generate a phenomenon called low-level jet 
(Figure 6). So, at altitude of 200 meters, the wind speed can vary from 10 to 30 m/s in this 
nocturnal jet. Thus the behavior of wind at night is very complex (Stull, 1998). 

 

Figure 6  Profile of an idealized stable boundary layer (Emeis, 2013) 

 

 CHARACTERISTICS OF URBAN BOUNDARY LAYERS 
 

Nowadays for urban areas where the urbanization is increasing, the energy demand also is 
increasing. So, research has been conducted to address the urban boundary layer. It will be 
advantageous to decrease the cost of energy transportation from offshore parks or from power 
generation stations located away from the demand location (Urban areas where the population is 
intensive). As a result, researchers focus more to study this important part from the boundary 
layer “Urban Boundary Layer” and one of the most important aspects in studies is the wind 
profile. Figure 7 shows the urban boundary layer that is characterized by high roughness, low 
availability of moisture in the air and also places that are very sealed which in turn affect the 
boundary layer height or depth. So, the turbulence intensity and the heat flux in urban boundary 
layer are greater than the rural boundary layer. During day time, the nature of the urban areas is 
different than the rural one due to their configuration and the heavily populated areas, these areas 
also act as heat storage for the thermal energy. With a decreasing in the latent heat, increasing in 
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the heat flux (sensible heat) and the decreasing in radiative cooling at night prevent the formation 
of stable boundary layer(nocturnal boundary layer), hence the temperature arises  in urban 
boundary layer than the rural boundary layer  and this is called” Urban Heat Island”. Human 
generated energy enhances the urban heat island with (20-70 w/m-2) which represents 5-10 % 
from solar radiation input to the air. In horizontal plane, the presence of towns which are usually 
surrounded by rural areas, the properties of both are different and thus the flow over the urban 
areas is different than the rural one. The internal boundary layer generated by the urban area or 
surface is called “Urban Plume “.  

 

Figure 7  Urban Plume of downwind for large city, a special case of internal boundary layer (Martin, B., Andy, B., 2008). 

The urban boundary layer is usually divided into four layers (Figure 8). The lowest layer is 
called Urban Canopy Layer (UCL), which reaches the height of the building. The layer above 
urban canopy layer is called Wake Sub-layer which extends to three or five times the average of 
building heights and influenced by the single buildings and this influence is notable. These two 
mentioned layers are also addressed together and called Urban Roughness Sub-layer (URL) 
where a strong vertical motion can occur in that layer. The Constant Flux Layer (CFL) or Inertial 
Layer which is also called Prandtl Layer over a homogenous terrain is located above the urban 
roughness sub-layer. The most upper or higher layer is called Ekman Sub-layer in which the 
wind follows the geostrophic lines. In case of a convective boundary layer, Prandtl layer or 
constant flux layer are merged together and called mixed layer. Understanding the flow around 
the canyons and over them -beside the turbulence in the urban boundary layer- is essential to 
deploy the wind turbines in such areas. Many researches have been done in wind tunnels, 
numerically and field experiments to understand and to represent correctly the wind and 
turbulence in urban areas (Emeis, 2013). 
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Figure 8  Sub-layers types within the urban boundary layer , P+ and P- denote the upper and downstream respectively 
(Martin, B., Andy, B., 2008). 

VERTICAL VELOCITY PROFILE OF WIND 
 

As mentioned before that near the ground (earth’s Surface) the speed of the wind is decreased or 
reduced due to the drag that comes from the different textures of the ground roughness elements. 
The value of the drag or the influence on the wind speed depends on the roughness types, for 
example, the influence of the buildings and trees is different and greater than the influence of 
grass’s blades. If we have several roughness elements together, then they are called” Canopy”. 
The roughness elements interact with the wind throughout the pressure exerted on them from the 
wind and thus this resultant drag is transmitted to the wind at height levels by means of 
turbulence. Resultant of that process is the gradual speed in the wind speed profile.  

Continuing with the atmospheric boundary layer part and its sub-layers at urban areas, Figure 9 
shows the atmospheric boundary layer. We have illustrated these sub-layers before but we aim to 
clear that many meteorologists are using the term of Surface layer to include the inertial sub-
layer within it. If the roughness elements are very high then the inertial layer indeed is no longer 
located near to the surface. However it is common to use the term “surface layer” to include the 
inertial layer within it. So, the inertial sub-layer is located at much less height of the urban 
boundary layer depth. The roughness layer is located below the inertial layer and equal to three 
or five times the roughness height. The Urban Canopy Layer which is formed by the roughness 
elements are located directly above the roughness elements (Martin.B , A.B., 2008).In the 
following part, we are going to derive the general wind speed profiles.  
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Figure 9  Urban Boundary Layer and its different sub layers (Martin, B., Andy, B., 2008). 

 

LOGARITHMIC LAW  
 

This part is based on “Small Scale Wind Energy Technical Report” (Martin.B , A.B., 2008). In 
inertial boundary layer, the turbulent shear stress magnitude (τ) is almost constant. The height – 
gradient of the wind (wind shear) is related to the shear stress, the density of air and the height by 
the following dimensional argument: 

du/dz ∝ u*/z                                                                                                                             (1) 

Where, z is the height, 

             u is the wind speed,  

and u*=√(𝜏𝜏/𝜌𝜌) is called the friction velocity, where  it is obtained from the shear and the air 
density. 

Since, the value of the shear stress is almost constant at the inertial layer, so the friction velocity 
(u*) would be constant. Then, this formula can be integrated and yielding the logarithmic wind 
profile which is defined by the following equation near to the ground  
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u(z)=  u∗

𝛫𝛫
 ln(𝑧𝑧−𝑑𝑑

z0
)                                                                                                      (2) 

The proportional constant is “Κ-kappa” equals ≅ 0.4 and called “Von Karman’s constant”. z0 
and d is the roughness length and the displacement height respectively. If value of z0 is varied, 
then the wind speed will be changed by the same amount at different heights. But, if the value of 
d is changed, it affects the origin from which the displacement height is measured (Moving wind 
profile down or up) .Also, this value quantifies the blocking of flow due to the roughness 
elements and this length depends on the properties of the roughness elements arrangement. The 
roughness length is a measure of the drag that is exerted on the wind by the surface. Higher 
values indicate higher values of drag and vice versa.  

THERMAL EFFECT DURING DAYTIME AND NIGHT TIME 
 

The temperature of the surface is changing depending on in which time we are. When the surface 
is being colder or warmer than the air above then the buoyancy flux (BT) will be transported by 
the turbulent eddies as well as the momentum flux within the boundary layer. (z/L) the stability 
parameter which is a new dimensionless group obtained from the buoyancy flux could be formed 
where 

 L= - u*3/Κ BT and is called “Obukhov length “. Since we have three types for the boundary layer 
(Figure 10) (Emeis, 2013), then the value of BT will depend on it. For a neutral boundary layer, 
BT=0 and thus z/L=0. For a cold surface “a stable boundary layer”, z/L >0 and for a wormer 
surface “an unstable boundary layer”, z/L<0. As assumed that the shear stress depends on that 
parameter, the wind shear equation will become: 

K𝑧𝑧
𝑢𝑢∗

𝑑𝑑𝑢𝑢
𝑑𝑑𝑧𝑧

= Ф𝑚𝑚�z
L
�                                                        (3) 

Фm is an unknown function which is known as “the Monin-Obukhov Stability Function” for the 
momentum. For a neutral case, it is expected that the value of Фm (0) =1. For the unstable 
stratification, the resist of unstable stratified air for vertical mixing is less than the neutral air. 
Hence, Фm (z/L) <1 when z/L<0, and vice versa in case of the stable stratification. Often, the 
effect of buoyancy is involved in the logarithmic law as a disorder term: 

Фm (z/L)= 1+ A ( z/L )            (4) 

For “Urban Canopies”, sometimes the height of roughness elements may be so high (large 
heights) and where there is no separation among the height scales, so there is no inertial 
boundary layer (Martin.B , A.B., 2008).  
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Figure 10  Stable, unstable and neutral boundary layer. The temperature versus the height (Emeis, 2013) 

POWER LAW  
 

Power law is a very common law used to calculate the wind speed profile, however this is based 
on measurements and will be out of the focus of this study so it is not reviewed here. 
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CHAPTER3. METHODOLOGY AND DATA 
 

 

In this chapter, we will address the theory by which the simulation programs are working. Also, 
a technical background about WindSim will be presented as this program will be used in our case 
and will be employed in our study. CFD term stands for Computational Fluid Dynamics. The 
development in this field is very connected to the development in computational techniques with 
the advancement of solving the Ordinary and Partial Differential Equations (ODE and PDE) 
(PODGORNIK, 2007). CFD models are used to study the flow over complex terrains and in the 
mean time usually experimental results are used to verify these computational programs and to 
find out how obtained results are corresponding to the experimental ones. For fluid flow 
generally and a flow over a topographic terrain particularly, Navier-Stokes equation is used and 
we will outline how it is employed through the CFD programs. Turbulence in flow whenever 
happens, it appears to be the demonstrated overall any other flow phenomena and thus the 
quality of numerical simulations is greatly enhanced if a successful model of turbulence is used 
(PODGORNIK, 2007).  

 

CLASSIFICATION OF TURBULENT MODELS    
 

In this part, we will address in general the turbulent models that are used nowadays in CFD 
programs or applications. Different approaches are used to compute the turbulent flow. It could 
be obtained by solving the Reynolds-Averaged Navier-Stoks equations with different models to 
compute turbulent quantities or by computing them directly 

Below, the main common approaches are summarized (PODGORNIK, 2007): 

• Eddy –Viscosity models (EVM) 

Reynolds –Averaged Navier –Stokes (RANS) Models  

o It assumes that the mean rate of strain is proportional to the turbulent stress and 
eddy viscosity  is derived from the equations of  turbulent transport ( k + another 
quantity) 

• Non-Linear Eddy-Viscosity Models (NLEVM)  
o In that type of models, the turbulent stress is represented or modeled as a non-

linear function of the gradient of the mean velocity. By solving the transport 
equations (k + another quantity), the turbulent scales could be determined.  

• Differential Stress Models ( DSM ) 
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o This model consists of second order closure models (SOC) or Reynolds-Stress 

Transport Models (RSTM). To solve the transport equations for all turbulent 
stress, one model of them is required. 

• Large –Eddy Simulation ( LES) 

Computation of fluctuating quantities 

o In which, time varying flow is computed, but sub-grid-scale motions is modeled. 
• Direct Numerical Simulation (DNS) 

o No modeling is required and the smallest scales of the flow are required to be 
solved.  

       Figure 11 illustrates extend of modeling for above mentioned approaches.  

 

Figure 11  Extend of modeling for illustrated turbulent models (PODGORNIK, 2007). 

Reynolds-Averaged Navier-Stokes Models 
 

In the following lines, we are going to discuss RANS and we will introduce the Reynolds’s 
decomposition or Reynolds’s averaging. Also, the term Reynolds’s stress is explained briefly. 

REYNOLDS’S DECOMPOSITION  

EQUATIONS DESCRIBING INSTANTANEOUS FLUID MOTION  
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At beginning, it is better to briefly revise N-S equations that describe instantaneous fluid motion 
for easier understanding of the mathematical ideas. The variables (pressure, velocity 
components, density of fluid and components of viscous stress tensor) that describe the 
instantaneous fluid motion are marked with ( ͂  ). These variables are time and space dependent 
(PODGORNIK, 2007). 

General N-S equations for non turbulent and turbulent flow are: 

                                                                                          

                                                                                                                                                             (3.1) 

 

 

    

                                                                                                                                                                               (3.2) 

 

Equation (3.1) is called “Momentum Equation” or (Second Newtonian Low). Equation (3.2) is 

called “Continuity Equation”. Also, the term “Viscous Stress Tensor  “would be defined as: 

    

                                                                                                                                                                                   (3.3) 

Where        means: 

                               / 

                                                                                                                          (3.4) 

The previous equations could be simplified if we assume that the flow is incompressible.                      
,               , this is the continuity equation after being reduced. So, the momentum equation could 
be written as follows: 

                                                                                                                                               (3.5) 

 

Kinematic viscosity “ν” equal µ / ρ and viscous stress tensor is simplified as: 

                                                                                                                                                                  (3.6) 
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REYNOLDS AVERAGING  
 

In 1895, the concept of Reynolds Averaging was approached by Reynolds and it has three 
common types “ensemble averaging, time averaging and space averaging”.  

When considering a stationary turbulence then, Time averaging is proper to be used and it means 
that on the average time, the flow does not vary (PODGORNIK, 2007). If the turbulent flow that 
on average did not change in any direction so, space average could be employed and that case is 
called “homogenous turbulence”. The general aspect of Reynolds average is “Ensemble average” 
and it is in both space and time-dependent. 

Decomposing the flow to fluctuating and averaged components is the main idea of Reynolds 
averaging: 

                    

                                         (3.7) 

This process is called “Reynolds Decomposition”. On the right hand side in above equations 
(3.7), the lower case letters are representing the fluctuating values and the upper case letters are 
representing the mean values. Then, we will insert these obtained set of equations (3.7) into N-S 
equations (3.1) to obtain the following equation: 

 

                       (3.8) 

 

Equation 3.8 could be averaged to obtain an equation that expresses the momentum conservation 
for an averaged motion. Here we need to emphasis that the average of the fluctuating quantities 
is zero. Thus the obtained averaged momentum equation after reducing is: 

             

                                                           (3.9) 

 

By using the same way, we could obtain the decomposed continuity equation for incompressible 
flow. Since the continuity equation is a linear equation so it will be kept in the original form for 
the instantaneous motion: 
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                             (3.10) 
         

                                                                  

The last term on the right hand side in equation (3.9) could be reworked by using the second 
relation of equation (3.10) and we obtain: 

                                   (3.11) 

 

The               term has a typically structure and dimension of the viscous stress tensor, but the term 
is not a Reynolds stress. A reworked contribution of the fluctuating velocities to the change of 
the averaged velocities generate this term. It acts as a stress and thus it has a name of “Reynolds 
stress” (PODGORNIK, 2007). 

 

THE CLOSURE PROBLEM  
 

There is a problem of closure with above Reynolds method that has the following relations for 
which there are no available closure relations (                    ,         ).    ,  ,               ).  

It could be assumed that Reynolds stress is a stress and then constitutive relations similar to 
viscous stress relations could be written. But also, there is a major difference between the two 
stresses. Viscous stress is a property of the fluid and thus experiment should be carried to 
determine the identical constitutive relations but the Reynolds stress is a property of the flow so 
it depends on the flow variables and thus it differs from flow to flow and there is no available 
general constitutive relations. 

REYNOLDS STRESS MODELS  
 

There were many several attempts for the turbulence closure problem to put it in a general form 
in the past. Boussinesq in 1877 has introduced a model to describe Reynolds stress in a way 
similar to viscous stress and this model was developed before (earlier) that Reynolds proposed 
his averaging and decomposition approach in 1895. Many difficulties faced that model and the 
major problem is how to find this property without an actual experiment for that particular flow. 
Prandtl in 1925, made a major breakthrough as he introduced the mixing length concept similar 
to mean free path of the molecules in gas. A relation between the turbulent viscosity and mixing 
length was expressed in an algebraic form by Prandtl. Another important breakthrough in 1945 
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was also achieved by Prandtl who introduced a concept of turbulent viscosity as a function of 
turbulent kinetic energy. The major difference over the previous one was that this concept takes 
into its account the flow history. To model the turbulent kinetic, additional equation has been 
used by Prandtl. There was a still need to define the turbulence length scale which is a flow 
property dependent. Hence we still need information about the flow in advance. That is why 
these models are called “incomplete” (PODGORNIK, 2007).  

So, the complete model means that the model will be characterized by the initial and boundary 
conditions not the information about the flow in advance as in previous models. 

In 1942, Kolmogorov introduced the first complete model. The main idea is to model the rate of 
energy dissipation (ω) and turbulent kinetic energy (K) to overcome the problem of time and 
length scale of theses quantities. This model is called two-equation model as two additional 
equations are used and also is called “k-ω model “ (PODGORNIK, 2007).  

Rotta has managed to model Reynolds stress tensor successfully in 1951 by using PDE. In this 
model, Reynolds stress is described by six additional equations and for the turbulence length 
scale, additional one equation is used (PODGORNIK, 2007). 

Introducing a CFD problem to solve it usually we need four main components (grid generation, 
geometry, setting up a physical model and solving it then post processing the computed data). It 
is very well known how to generate the required grid, geometry, how to set the problem to be 
computed also how to present the acquired data for the problem and also, the theory is available 
and precisely known. Unfortunately, it is not the same situation for setting up a physical model 
used for the turbulence flow. The problem arises when one is trying to solve a very complex 
terrain or phenomena with a simple model  then the complexity of that case will be minimized to 
introduce it to the simple model ( modeling equations) but also in a way that makes the model 
captures the essence of the pertinent physics (PODGORNIK, 2007). 

The details that one needs to investigate and observe define the complexity of the used 
turbulence model. This complexity is coming from the nature of the equations of Navier-Stokes 
that naturally nonlinear, three dimensional PDE and time dependent. Turbulence occurs at high 
Reynolds numbers and causes the instability of laminar flow. The interactions between non-
linear inertial terms and viscous terms in the equation (N-S) is the origin of such instability. 
Fully time-dependent, fully three dimensional and rotational, are the characteristics of these 
interactions. There is not yet engineering wise feasible approach possible for turbulence as it is a 
random process in time. By using statistical methods, some properties could be known about the 
turbulence and it introduces specific correlations functions among variables of the flow.  

Vortex structures have usually a very long time as they move along the flow in a turbulent flow. 
So, in specific turbulent quantities cannot be specified as local. This means that the upstream 
flow history has an immense importance (PODGORNIK, 2007) 
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BRIEF DESCRIPTION OF WINDSIM   
 

WindSim is a program based on 3D Reynolds-Averaged Navier-Stokes Equations (RANS). 
WindSim as a CFD-wind farm design tool is appropriate for getting reliable results for complex 
terrain and also for such cases for complex local climatology.  

In 1998, the Norwegian Meteorological Institute and WindSim AS established the Norwegian 
Wind Atlas. The complex Norwegian coastline was a challenge to simulate the local wind field 
conditions. This challenge helped to develop WindSim methodology during the project and to 
achieve the required demands (WindSim, 2013). 

The accomplishment of wind resources assessment is done by numerical and experimental 
means. Ones can get experimental data for a defined area and then this data is introduced to a 
numerical model that can assess the wind resource for a large area in WindSim (WindSim, 
2013).  

WindSim is used to optimize wind parks to maximize the production by finding the most 
appropriate places or positions for the turbines (high wind speed and low turbulence). WindSim 
is used to find places where the loads on turbines are in acceptable range as the turbines are 
affected by the wind characteristics like wind shear, turbulence intensity and inflow angle. This 
is done by introducing the required domain in the program to be presented as a digital terrain and 
another model used for the roughness values then, the numerical model is applied and coupled 
with the meteorological data. The result will be the flow field variables which will be calculated 
for all entire domain. In Figure 12, the flow over a ridge in A, B and C. The inclination angle 
will be increased gradually. At a certain point, the flow will separate from the ridge and 
circulation or turbulence will be generated. For such cases, the traditional models (linear) will 
not be able to capture the flow characteristic behind the ridge (normally more than 20 degree 

(angle of inclination)) (Meissner, 2011). Even for the “speedup” phenomenon with small 
inclination degrees, CFD is more accurate than linear models (Figure 13).  

Figure 12  Flow a above a ridge with increasing the inclination gradually (Speedup effect) (Meissner, 2011). 
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Figure 13  Speedup above a ridge for different inclination angles (Meissner, 2011) 

WindSim has a modular approach and the numbers of modules are six. For full micro-siting 
process, all modules should be executed. Also, it is not required to run all modules as it depends 
on the purpose or the output that we are interested in.  

It is very important to know about the uncertainties that could be found and to be aware about 
them and their origins. For an isolated building, we are going to present the primary reasons or 
sources that could affect the results in WindSim (WindSim, 2013). 

GRID RESOLUTION  
 

As mentioned before that a numerical grid is set to solve the required domain. This grid uses the 
roughness and height contours information. The accuracy of the results depends on the grid 
resolution and the results are affected significantly. Also, because of the used computational 
capacity, so the grid resolution has a limitation and not always set with the desired number of 
cells. A convergence study should be done in order to know at which number of cells the results 
are no longer depend on the grid resolution. Figure 14 shows the Annual Energy Production 
versus the number of cells. With areas larger than 1000 km x km (mesoscale model), a resolution 
of 100x100 meter could be used, while in micro scale model, 10x10 meter could be set 
(WindSim, 2013). 

As WindSim is used for wind resource estimation (mapping), then it has the same situation. So, 
with more number of cells, we can get more details for the required terrain. 
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Figure 14  AEP versus number of cells (Meissner, 2011) 

 

BOUNDARY CONDITIONS  
 

For the simulation to be done, we need to define the border of the required domain. These 
borders are called” Boundary Conditions”. The boundary conditions in WindSim are fixed along 
the simulations so, the borders conditions should be treated with care. In the following Figure 15 
we can see that for borders to be defined, we need to define the inlet boundary, outlet boundary, 
ground boundary, lateral boundaries and the top boundary of the domain. 

In WindSim, the inlet and Lateral boundaries have the same boundary conditions. It means that, 
if we applied a certain conditions for the inlet, then it will be applied also for the lateral 
boundaries. WindSim uses the log profile for the inlet and also, there is a possibility to apply the 
mesoscale coupling by which you can derive the inlet profile to WindSim and then the inlet wind 
profile can derived from this data. There is a possibility to activate the temperature equations by 
which the wind profile will be calculated from the given data and temperature will be regarded 
(WindSim, 2013).  
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Figure 15  Different types of Boundaries conditions for the domain (Meteodyn, 2013) 

For the outlet border in WindSim, it is a zero-gradient boundary. It means that it is a free outlet 
and there is no option in WindSim to be controlled by users. For the top boundary conditions, 
there are two options in WindSim for the top boundary layer. Both options depend on the type of 
the terrain. Fixed pressure and no-friction wall are the available options in WindSim. The 
difference between of the two options is for a complex terrain, it is recommended to use fixed 
pressure boundary conditions for the case of having cliffs or hills, then there will be areas where 
the pressure arises and the value of this pressure is higher than the values that come from 
friction- induced pressure. But in case of flat terrain where the friction-induced pressure will be 
only exist as we do not have cliffs, hills or complex topography, if we applied fixed pressure top 
boundary then there will be a difference between the flow near to the top boundary layer and the 
out let. This generated pressure areas will cause that air needs to enter the domain. Also, in 
vertical direction there will be unrealistic values for the wind field. For the sites with complex 
terrain if we applied no-friction wall to the top boundary, then the oscillations near to the top 
boundary might be magnified due to the type used for the top boundary. Especially, in cases that 
the top boundary height is near to -for instance- a top of mountain, then may be the flow will be 
reflected due to choosing this type of boundary conditions and the flow may be squeezed ,thus 
unrealistic values will be appear (Figure 16) (WindSim, 2013). 

 

Figure 16  The effect of no-friction wall boundary layer in case of complexity terrain (WindSim, 2013) 
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We are going to address the cases that will be compared with the results obtained by WindSim. 
We will explain the setting and arranging of each case. The first case is the experimental one, 
then the numerical study that was done by Tominaga and Stathopoulos in 2009 and the setting of 
the same case in WindSim. 

 EXPERIMENTAL STUDY  
 

Castro and Robins (Castro, 1977) have conducted an experimental study and investigation of the 
flow around surface mounted cubes. Those cubes were exposed to irrotational, sheared and 
uniform and turbulent flow. The sheared flow was a simulation for the atmospheric boundary 
layer of height ten times the obstacle/body height. Mean and fluctuating velocities in the wake 
region were presented and the body surfaces pressure in the same study. In this study, for the 
turbulent flow case, since the turbulent intensities were very much high, a pulsed anemometers 
were used extensively as they are much effective more than the standard instrument. The effect 
of upstream turbulence and the wake flow were described clearly.  

The majority of the measurements were performed in a wind tunnel with 0.27 x 0.91 m for both 
flows. A series of cubes (20, 40, 60, and 80) in mm were mounted on the floor. The boundary 
layer thickness on the ground floor and near to the body position is 1,5 mm. The velocity profiles 
that were obtained in this study will be mentioned in the next part as it will be compared with the 
numerical case which was done by Tominaga and Stathopolos. 

NUMERICAL STUDY BY TOMINAGA AND STATHOPOULOS 
 

A numerical study was conducted by Tominaga and Stathopoulos (Yoshida Tominaga, Ted 
Stathopoulos, 2009) to simulate the flow around a surface-mounted cube. The main aim of the 
study is to find the flow characteristics and the flow dispersion around an isolated building with a 
flush vent located on its roof. Also, they have addressed four types of turbulence models: 
Standard k-ε model, the k-ε model with Luander and kato modification, RNG k-ε model and the 
Realizable k-ε model. This numerical study has its own code to solve Navier-Stokes equations 
and it is based on RANS. As the data is available from a previous described experiment, they 
decided to use it in their validation study for their code. The code is based on a finite volume 
method. The following Figure 17 shows the dimensions and the set of the computational domain. 
Also Figure 17 is showing the boundary conditions. The domain dimensions are based on or a 
function of the building height. The Reynolds number based on the building/ obstacle height was 
1.1 x 104. For θ = 0◦, the domain is discretized into 46(z) x 76(y) x 86(x). The minimum cell 
space is 0.044(Hb) and n=0.19, where “n” is the power low exponent of the vertical velocity for 
the inflow (Figure 18). 
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Figure 17  Description of the computational domain and the boundary conditions 

 

Figure 18  Inflow boundary conditions, n=0.19 

SETTING-UP THE PROBLEM IN WINDSIM  
 

It is necessary for such case to have the same setting for the conducted problem in experimental 
and numerical ones. So, we will apply the same boundary conditions and the cube height will be 
assumed to be 10 meters. Thus the domain dimensions in WindSim will be 210x130x67 meter (it 
was calculated according to the previous mentioned computational domain of the numerical 
case).  WindSim terrain editor will be used to define the required terrain and as said before that 
the used terrain will be smooth as shown in Figure 19, zero-elevation on the terrain and the 
roughness value is the same for the entire terrain which is 0.03. The obstacle will be defined in 
WindSim by using block file feature. Figure 20 shows the terrain and the obstacle in WindSim. 
We have validated the feature of defining an obstacle in WindSim and for the validation we are 
going to employ the default setting of the program.  
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Because of lacking information and literature review about blocking file feature in WindSim, we 
decided to use the default setting of the program in order to avoid any issues, conflicts for testing 
this feature. 

 We started with number of cells that is equal to the one in the numerical case which we are 
following 300656 cells. The default wind speed above the boundary layer is 10 m/s. Standard k-ε 
Turbulence model is used and the grid type is chosen as a non–uniform grid.  

Figure 21 shows the distribution of cells for the first run (300656 cells). The grid was 
constructed in a way that enabled us to have the same number of cells in x, y and z in order to 
keep the same setting and circumstances (86-76-46 respectively in x, y and z) as in the research 
paper. Then, the number of cells was increased until reaching the grid independency. Afterwards, 
the problem setting was applied as in the research paper (i.e. the inlet profile velocity will be 
applied to solve the entire domain).  Next section will discuss the results of the validation, 
convergence study and the final simulations results as well. 

 

Figure 19 Roughness and elevations of the terrain obtained from WindSim's terrain module. Roughness = 0.03 

Figure 20 Digital terrain and obstacle (surface-mounted cube) after defining them in WindSim 
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Figure 21  300656 cells distribution in x, y and z 
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CHAPTER4. APPLICATION OF THE METHODOLOGY AND RESULTS 
 

CONVERGENCE AND VALIDATION STUDY RESULTS  
 

We successfully reached convergence with the first run (300656) cells as shown in the following 
Figure 22 which exhibits the spot values and residual values for the same run that consumed 
10,000 iterations  

 

Figure 22  Spot values and residual values respectively for 300656 case with 10,000 iterations 

As pointed out before that, convergence study should be performed to reach reliable results that 
are independent on the grid resolution. Afterwards, we increased the number of cells 
incrementally from 300656 to 500,000, 700,000, 1,000,000, 1,300,000, 1,500,000, 1,700,000 and 
finally 2,000,000 cells. Meanwhile running all these simulation cases, we were watching the 
wind speed value at a certain point (just behind the cube by one meter and at height of 13.654 m) 
in order to find if the wind speed value is changing with increasing number of cells or it is no 
longer depend on the grid resolution which was achieved by reaching 1,700,000 cells (Figure 23 
& Figure 24). 

Figure 23 shows the evolution of the flow behavior around the cube with increasing the number 
of cells. The presented velocity contours are generated at the first cell in the grid in z direction 
(about 0.006 m above the ground). By reaching 1.7 million cells the flow behavior did not 
change as it is obvious by reaching 2 million cells. It is the same situation for Figure 24 which 
assures the convergence and shows that the wind speed values at the point pointed out lately is 
no longer changing significantly with increasing the grid resolution.  
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Figure 23  Evolution of flow behavior around the cube with different cells numbers 

 

Figure 24  Wind speed versus number of cells at height of 13.654 and behind the obstacle by one meter at the centre line. 

Simulation cases have been started with 10,000 iterations and ended with 45,000 iterations and it 
is obvious that WindSim demanded several iterations to reach convergence as shown in Figure 
25. The velocity profiles are extracted by WindSim at two different positions to find out the 
effect of the obstacle on the flow. First position is at the middle of the cube and the second one is 
just behind the cube by 5 meters and both points are located at the centerline of the cube. Figure 
26 shows the effect of the obstacle on the velocity profiles for both points. As the height is 
increasing, the effect of the obstacle on the wind velocity profile is decreasing. Figure 27 shows 
different views for the flow around the obstacle and it is clear that WindSim captured the flow 
structure around the cube. It is noteworthy here that the used turbulence model throughout all 
simulations runs for the convergence study is the standard turbulence model (k-ε).  
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Figure 25  Number of iterations is 10,000 and 45000 for 300656 cells and 2 million cells respectively. 

 

Figure 26  Wind profile velocity at x=55m & 65m respectively. 

 

Figure 27  Different views for the flow around the obstacle generated by WindSim and using standard turbulence model. 
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FINAL SIMULATION RESULTS 
 

After validating blocking file feature and reaching convergence in WindSim, the setting of the 
research paper was applied. Thus, wind speed above the boundary layer should be changed from 
the default value (10 m/s) to 0.023858 m/s in order to maintain the same Reynolds number, also 
to apply the same inlet velocity profile of the numerical and experimental cases.  After running 
several runs to reach convergence, it was not easy to achieve it with this very low speed value. 
We have decided to change the speed value by increasing it. But in the mean time, we will keep 
the same Reynolds number and maintain the same inlet velocity profile. Achieving that is by 
increasing the wind speed and decreasing the model height (obstacle). Finally, we decided to set 
the cube height to be one (1) meter and consequently the speed above the boundary layer will be 
0.24 m/s. So simply what we have done is increasing the speed value in order to facilitate 
reaching convergence as the wind speed was very low and we preserved the same setting and 
circumstances of the original case.  

CONVERGENCE STUDY FOR THE FINAL SIMULATION 
  

As we did before, we will start to run a simulation with a certain number of cells and increasing 
it incrementally until reaching grid independency. The need of convergence study is because we 
have changed the cube height. We started the simulations with 150,000 cells and increased to 
2,000,000 with a step of 200,000 cells. We will follow the same technique to find out if we 
reached grid independency or not by watching the wind speed value at certain point. But this 
time to make sure that we have fully reached convergence, we will watch not only one point but 
several points along the wind profile velocity in z axis. Figure 28 shows that the convergence has 
been reached by 1.8 million and 2 million cells. The point position of the wind profile is just 
behind the cube by 0.5 meter. The fluctuating curve in figure 28 is because it is located very near 
to the cube roof. At the cube roof, it is a turbulent area and that is why there is a significant 
fluctuation there but eventually with increasing number of cells, it becomes stable and 
convergence was achieved. 
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Figure 28  convergence study started with 150k cells and ended with 2 m cells with step of 200k cells. 
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CHAPTER5. DISCUSSION AND ANALYSIS 
 

COMPARISON BETWEEN EXPERIMENTAL AND NUMERICAL RESULTS  

  
After reaching convergence and accomplishing the convergence study, all turbulence models that 
are available in WindSim were employed and all of them have converged as in Figure 29. Figure 
30 exhibits the flow behavior and velocity contours for each turbulence model by reaching 2 
million cells and the presented results are at the first cell in the grid in z direction (about 0.006 
m).  The final convergence study required more iterations than the one performed for the 
validation study. The final convergence study acquired 60,000 iterations while the validation 
study took 45,000 iterations. It seems that with decreasing the model dimensions, the number of 
iterations required to reach convergence will be increased. Afterwards, the wind speed profiles at 
two points have been extracted. These two points are located at the roof and behind the cube at 
its centerline. These two points were chosen to compare our results with the experimental and 
numerical one obtained by the research paper. Figure 31 and 32 show the results at both points 
where the wind velocity profiles were extracted for four types of turbulence models. At (x/Hb = 
0), all turbulence models corresponded well in general with the experimental results. Also, there 
were no significant differences among the turbulence models. The result obtained with WindSim 
at the roof (x/Hb =0) was quite better than the one obtained by the other code (research paper) 
except the area just very near to the roof at which the result was to some extent overestimated 
comparing with the experimental one. At(x/Hb) =1(wake region), All turbulence models have 
almost the same behavior and the differences were not very significant. All CFD models in 
WindSim corresponded quit well in the reverse flows area than the other code which showed in 
somewhat larger negative values than the experimental one. But the other code’s turbulence 
models showed better agreement than WindSim’s turbulence models result at the area located 
very near to the cube height, but above this area they have again the same agreement with the 
experimental one. In the following section, we will choose a point in front of the cube and the 
wind velocity profiles for all turbulence models will be extracted and compared. Also, the 
velocity contours of the entire domain and for all turbulence models will be presented.  

 

Figure 29  Residual values curves for SKE, RNG, Modified and YAP turbulence models respectively. 
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Figure 30   Velocity contours gained for 2 million cells for SKE, RNG, Modified and YAP turbulence models respectively 

 

 

Figure 31 Comparison between the results obtained by experimental and numerical case study. 

Figure 32 Comparison between results obtained by WindSim and Experimental one by Castro & Robins. 
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COMPARISON AMONG THE TURBULENCE MODELS AT A POINT IN FRONT OF THE 
OBSTACLE  
 

In this part, we will add a comparison among all turbulence models by generating or extracting 
the vertical velocity profiles in front of the obstacle. As done previously with the experimental 
and numerical results, we will choose a point that is located in front of the obstacle by (x/H=-1). 
At this point all resultant vertical profiles will be compared for the turbulence models employed 
in our research. The aim of that comparison is to study the effect of the obstacle on the flow just 
in front of it also, to compare between the different turbulence models to see if there will be 
major or significant differences among them. There will not be a comparison with experimental 
results as there were no results obtained for the same point in the research paper or by the 
experimental one. But it will be a good indicator for the behavior of each turbulence model and 
the effect of the obstacle on the flow located in front of it. Figure 33 shows that there is no 
significant difference among all turbulence models except the area just above the ground and at 
almost the mid height of the building (Cube), where the YAP model has a small different result 
than the other models. By reaching the building height, all turbulence models have almost the 
same behavior wherever the height is increasing. A cut plane was made at the centerline of the 
building in x direction and the resultant cut plane is showing the generated velocity contours by 
all the turbulence models around the obstacle as in Figure 34. Generally, the turbulence models 
captured the flow structure around the cube and the differences are located just in front of the 
cube .Behind the cube, the differences in the flow structure are not significant.   

 

 

Figure 33  Vertical velocity profile at x/hb =-1, extracted for all turbulence models (SKE, RNG, Modified and YAP). 



 
34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34  Velocity contours generated by all turbulence models (SKE, RNG, Modified and YAP) at the centerline is x axis. 
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CHAPTER6. CONCLUSIONS  

 

CONCLUSIONS 
 

The velocity profiles and four turbulence models in WindSim were examined for the flow field 
around an isolated cube at three different positions. The main findings can be summarized as 
follows: 

1- Although there was a small difference between the experimental results and the ones 
obtained by WindSim, results showed that WindSim corresponded quit well generally in 
generating the flow structure around the isolated building as seen from the comparisons. 

2- There were not significant differences among the different turbulence models with each 
others (i.e. they have almost the same performance). So, it could not be confirmed which 
turbulence model was closer to the experimental results than the others. Thus, the 
research could be extended to another case study that will be more complex than the 
recent one. 

3- The obstacle affected greatly the velocity profile at the three points which is crucial to 
keep in mind when planning for developing wind power projects in urban areas. For 
instance, if someone needs to put a small wind turbine in his/her backyard, he/she needs 
to know that the wind turbine performance will be affected by his/her house. The turbine 
owner should know what the optimum distance from the house is and the optimum tower 
height that should be considered to avoid the effect of the house on the incoming flow 
which in turn will increase the productivity (generated power) and the lifetime of the 
turbine will be enhanced as it will be kept away from the turbulent area. 

4- Defining obstacles in WindSim needs experienced users that have a good background 
about how to use the feature of blocking file ,like how to set the obstacle coordinates , 
how to use the local and global coordinates systems and how to set the obstacle 
characteristics (like porosity…etc). 

5- Several iterations were required to reach convergence as the simulations demanded at 
final simulation 60,000 iterations but also to keep in mind that the domain dimensions 
were quite small (domain dimension of the final simulation is 13x21x7 m). 

6- WindSim has a powerful visualization plug-in which facilitates plotting any required 
variables besides visualizing several variables which simplify data representing 
especially if it will be directed to urban flow.  

In general, it was confirmed that WindSim could be implemented to be used in Urban flow 
Simulations. Adequate GUI (Graphic User Interface) for the blocking file feature should be 
implemented to simplify defining an obstacle. In return, the program could be used for urban 
flow simulations. 
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FUTURE WORK 
 

This study could be extended for further work in order to make a further comparison among the 
different turbulence models; for instance to find out which one of them performed better and 
closer to the experimental results. For example, the research could be extended to study a canyon 
of buildings with different configurations like in Figure 35 which shows three different 
configurations. The first configuration is for an infinitely building length and the second one is 
with a finite length while the third one is with intersecting canyons. Then the research may be 
extended further more to include a case with a real data of velocity profiles, temperature, wind 
direction and turbulence intensity (Figure 36 shows the setting-up of the measurement instrument 
at a real canyon street. Then comparison could be held for different turbulence models in 
comparison to experimental results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35  Different configurations for a street canyon. Source (JAE-JIN KIM, HARINDRA FERNANDO, 2002) 

Figure 36  Wind field and turbulence statistics in an urban street canyon (Goteborg,Sweden). Source (I. Eliassona, 2006) 
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