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ABSTRACT 

 

 

  Two commercial Computational Fluid Dynamic (CFD) wind resource 

assessment tools namely Meteodyn WT and Windsim have been compared for an 

embankment site named Hjardemål. For comparison of both software, a controlled 

experiment is carried out for a fixed set-up with same domain size and same number of 

cells in the X, Y and Z directions. Wind flow has been assessed in the perpendicular 

upstream direction to the embankment. Vertical wind profiles observed on site at four 

different towers distributed (-397.69 m) before, (0 m) at, (30.83 m) just after and (199.16 

m) after the embankment are compared with both software outputs. Results show that 

Meteodyn WT predicts closer vertical wind profiles before, at and after whilst wind 

Windsim predicts a closer wind profile just after the embankment. The discussion of 

results is based on the limitations of both software tools which have conditioned the 

comparison. 
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NOMENCLATURE 

 

CFD Computational Fluid Dynamics  

RANS Reynolds-Averaged Navier-Stoke  

u Velocity  

ur Velocity at s reference height 

uz Velocity at a  Z height 

Zr Reference height 

Z Height 

α
 Atmosphere Stability Coefficient 

k Von Kármán constant constant 

z0 Surface roughness  

d Zero plane displacement 

ψ Stability factor 

L Monin-Obukhov length 

u* Friction Velocity  

ρ Air density 
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CHAPTER I 

INTRODUCTION 

 

Wind energy production directly depends on the wind resources that are 

intermittent. Wind generation is not adjustable to meet the variations of energy demand 

unlike other technologies in the energy sector, but, on the other hand wind resource is 

free of charge. Wind resources can be measured at different wind farm locations. 

Measurements can then be used to produce estimations of power production. These 

measurements can introduce several errors to predictions. In addition, models that are 

being used can also have errors. A detailed analysis is needed for several errors in 

models and measurements. In addition to errors, there are also uncertainties that need to 

be addressed. 

There are many different wind flow models employed by different software 

tools. These software tools are used by companies in the wind industry to estimate 

energy production for complex and simple terrain. Linear tools are normally used to 

estimate energy production in flat and simple terrains where wind resource assessment 

and energy estimations are easier carried out. For complex terrain, non-linear 

Computational Fluid Dynamics (CFD) packages introduce orography effects which can 

be adjusted to model wind flow in the boundary layer. (M.Strack & V. Riedel, 2004)  

Several CFD softwares are available for wind industry energy assessment. The 

validation of these softwares for different and complex terrain has immense importance 

for their successful applications in energy assessment of wind farms. The objective of 

this work is to provide comparative study for two CFD software simulations which solve 

the non-linear Reynolds-Averaged Navier-Stoke (RANS) equations for a real 
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embankment site that has measurements. This study aims to validate and compare 

Meteodyn WT and Windsim software to the Hjardemål embankment site measurements. 

In chapter II “THEORY”, the boundary layer over complex terrain is presented as 

well as power and logarithmic laws. A classification of wind flow models is also 

introduced; then, the Reynolds-equation solver model is described more in detail as well 

as turbulence models used in the softwares. Finally, mesh generation for the 

computational domain and initial boundary conditions are presented.  

Chapter III “METHODOLOGY” compares observations of wind speed in the 

Hjardemål site, with the predictions of both software tools. The site domain Hjardemål is 

presented and its topography is exposed. All parameters used for comparison for both 

software tools are also detailed. After simulations are ran, vertical wind profiles 

measured on site are contrasted with both software outputs. 

Chapter IV “NUMERICAL RESULTS” exposes graphically the results obtained 

in the experiment and those are discussed to conclude in Chapter V “CONCLUSIONS”, 

and additional chapter, chapter VI “RECOMMENDATIONS” has been included with 

further suggestions on how to follow this research work. 

Although this thesis does not asses a very complex terrain, it tests both software 

tools in an embankment site, which has a well-defined irregularity in a simple terrain 

and allows us to observe differences in a controlled domain. To simplify the problem 

this thesis only assesses the perpendicular direction to the embankment and takes into 

account neutral thermal stability disregarding therefore Monin-Obukhov heat equations. 

No turbulence intensity has been assessed as only average wind speed data was 

available. 
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CHAPTER II 

THEORY 

This theory chapter contains the following sections: Bondary layer over complex terrain, 

theory of wind flow model, Reynols equation solver model, turbulence and boundary 

conditions. 

Boundary layer over complex terrain: Topography is a combination of 

orography and roughness, orography refers specifically to changes in terrain elevation, 

whilst roughness refers to surface properties. Irregularities in orography can, for 

example, accelerate, reduce or change direction of the wind channelling it. Figure 1 

below depicts the behaviour of the wind in a mountainous valley region where 

orography, itself, forces wind channelling to occur, whilst thermal variations related to 

heat fluctuation modify direction of wind channelling. Thermal variations are not a rapid 

process and would depend on the heat. Katabatic winds are a result of thermal variations 

from which colder/denser air, drains down replacing warmer/less dense air. Other 

different phenomena like acceleration of flow over escarpments, hills, mountain tops or 

ridges is present in complex terrains (S.Emeis 2013) and cannot occur in flat terrains.  

 

Figure 1 Mountain and Valley winds (S. Emeis, 2013) 

Every wind project is different and in the case of wind farms, every project will 

have a different topography. The behaviour of the wind will change depending on 
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irregularities found in the orography and the characteristics of its surface. To optimize 

wind farms layouts according to local orography and roughness it is necessary 

understanding the boundary layer characteristics over complex terrain.  

There are many factors that impact the behaviour of the wind. Wind velocity is 

normally defined by a power law or a logarithmic law. These mathematical forms of 

expression try to describe the behaviour of wind currents but have some limitations. 

The power law, shown just below, expresses wind speed empirically by two 

different known velocities at two known heights: 

 

 

The logarithmic law, shown below, takes into account specifically the roughness 

of the terrain as well as calculated thermal stability given by the second part of the 

equation below which considers Monin-Obukhov lengths.  

 

When obstacles are found these logarithmic and power laws cannot predict wind 

behaviour. Other wind flow models can better predict wind behaviour under those 

conditions. 
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Theory of wind flow model: Variations over orography do not allow using 

straightforward logarithmic profiles or power laws, which are used to define wind 

speeds at different heights and are valid in flat terrains. These cannot be employed 

likewise for the same purpose in complex terrains, therefore, other methods, numerical 

or analytical, are normally used for predicting the behaviour of wind flows and 

turbulences in complex terrains. Three-dimensional numerical wind field models can be 

classified in three: Mass consistent flow models. These are the simplest models, they are 

non-dynamic; this sort of model requires numerous meteorological observations input to 

obtain a reliable output. Hydrostatic flow models which are dynamic models used for 

large scale sites and non-hydrostatic models which are dynamic models used for small 

scale sites (S.Emeis 2013). Models can also be classified into diagnostic and prognostic 

models. In diagnostic model type; results will largely depend of the wind input, whilst 

the prognostic models require more computational demanding software. More 

specifically this second type of model is divided into meso-scale atmospheric models 

and Reynolds-equation solver model (M.Strack & V. Riedel, 2004). 

Reynolds equation solver model: Both software tools used for this experiment 

use the same type of model, a prognostic Reynolds equation solver model.  

The original Reynolds Navier Stokes equations, define a three-dimensional 

instantaneous incompressible flow which considers, convection, pressure, dynamic 

viscosity, body force and acceleration terms. This equation is explained below. 

An easy method to comprehend the Reynolds Navier-Stokes equations is to 

understand them as an application of the Newton´s second law.  Where air density, (ρ), 

times acceleration (a) equals shear stress and body forces (f). This is shown as:  
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Where velocity (u) is the derivative of acceleration and (∇·σ) is the shear stress 

part of the equation.The shear stress part of the equation includes pressure (p) and 

dynamic air viscosity (μ) , the equation can then be expressed as: 

  

Term by term on the first side of the equation: 

 Air density refers to the body mass of the flow. 

 Acceleration is the integral of velocity and refers to variations in wind 

speed. The equation considers local and convective accelerations. Local 

acceleration refers to variations of wind speed with respect to time in 

exact position, whilst convective acceleration refers to variations of wind 

speed associated to change of position of fluid particles within the flow. 

Term by term on the second side of the equation: 

 Air pressure gradients refer to the movement of air particles related to 

variations of pressure. Air pressure gradients can therefore be understood 

as vertical forces applied to the flow related to variations in temperature.  

 Dynamic viscosity refers to an inherent characteristic of the fluid which 

supposes a dragging force to the motion that the fluid has. It is caused by 

friction of fluid particles that have different velocities. 

In this thesis Reynolds-Averaged Navier Stokes (RANS) equations in steady 

form will be employed. RANS averages fluctuation terms of the turbulent flow field to 

have a closure derivation on Navier-Stokes Equations.  A simplification to the Reynolds 

Navier Stokes is used to remove temporality terms in equation. After the temporality 

term is removed these equations are called. 

 Turbulence: Turbulences are small scale fluctuations on the wind speed. 

Reynolds-Averaged Navier Stokes (RANS) equations turbulence model is a 
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computational procedure to close the system of mean flow equations by averaging 

fluctuating terms. The turbulence models should aim to be accurate simple and 

computationally economical to run. (H.K.Versteeg and W. Malalasekera, 1995) 

Different turbulence models are included in the CFD software used for this work. 

For Meteodyn one closure model k-l is used where turbulent length scale is computed at 

the beginning of the calculation (Sanquer. S. et al, 2012).  For Windsim, Standard k-

epsilon model is employed for the experiment.   

Boundary conditions: RANS equations are solved numerically in a geometrical 

domain, the domain is divided into small cells, each of them represents a volume 

belonging to the site, and all cells together generate a mesh. Different software normally 

allows different type of mesh generation, for instance, it can be convenient generating a 

more refined mesh at a desired location with for example accentuated terrain 

irregularities; nonetheless a better resolution will require more computational capacity, 

as more cells more computational effort is required. This higher computational effort 

will pay off higher accuracy.  Each cell of the mesh is composed by six sides, one inlet, 

one outlet, one top, one ground and two lateral sides. Each side of the cell has different 

characteristics; initial boundary conditions are illustrated in the figure 2 below extracted 

from the Meteodyn user manual. 



    8 

 

 

 

Figure 2 Boundary conditions (Meteodyn user manual, 2013) 

 

In Meteodyn WT a pressure outflow is applied on the top and outlet boundaries of the 

computational domain. Symmetry boundary conditions are applied on the lateral 

boundaries. A friction, dragging force is computed in the ground boundary condition as 

a function of the local roughness. Inlet conditions are based on a given geostrophic wind. 

(Meteodyn user manual, 2013). Neutral thermal conditions are applied for this 

experiment. In Windsim no-friction wall boundary condition at the top boundary has 

been employed. 
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CHAPTER III 

METHODOLOGY: PROBLEM SET-UP  

 

The following chapter is composed by site definition and parameterization sections. 

Site Definition: The Hjardemål site is located in Northern Jutland, Denmark. It 

is an important benchmark site that has been used to analyse flow over an escarpment 

(S.Emeis et al, 1994), test turbulence models (H.P. Frank, 1996) and to carry out other 

software simulations like WASP (J.F. Cobert et al 2007) or EllipSys3D (B.H. Jørgensen, 

2007).The site has been selected for this study for its topographical attributes. Its 

orography and roughness make Hjardemål site very appropriate to test the software. The 

Hjardemål site contains an embankment with high gradient of around 30 degrees. 

Elevation figures range from 0.3 m the lowest to 27 m the highest, two almost flat 

terrains at different heights are joined by the embankment. Roughness is uniform over 

the whole terrain. Figure 3 and figure 4 below show the site elevation displayed in 

Meteodyn and Windsim software correspondingly.  

 

Figure 3 Hjardemal orography Meteodyn display 
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Figure 4 Hjardemål orography Windsim display 

 

Parameterization: In this section, input used to carry out comparison is exposed. In 

order to be able to compare both software tools, all parameters that could be controlled 

by the user have been set equal where possible; where software limitations did not allow 

controlling parameters, convergence has been sought. The discussion on possible 

differences between input parameters into the o softwares is not addressed in this 

section; software limitations are addressed in the discussion sector of this chapter just 

after results. The parameters adjusted to carry out the comparison are the following:   

 

 Domain dimensions  

 Elevation 

 Roughness 

 Mesh generation 

 Wind input  
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Domain dimensions:   

The slope has been extended and adapted to a square: 893 in the X and Y axis. 

The below figures 5 and 6 show domain dimensions in both softwares.  

 

Figure 5 Domain dimensions - Meteodyn 

 

Figure 6 Domain dimensions - Windsim 

Elevation:  

 The same .map file has been used for both software setups. 

Roughness:  

Figure 7 and figure 8 below, show terrain parameters in both software tools and 

how roughness lengths were adjusted to 0.03 according to (Davenport et al, 2000). 
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Figure 7 Terrain parameters – Meteodyn WT 
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Figure 8 Terrain parameters - Windsim 

Mesh generation: 

 In order to generate a grid, a minimum horizontal resolution of 10 m and a 

minimum vertical resolution of 2 meters have been selected. To produce a uniform or 

almost uniform grid, horizontal expansion coefficient has been set as 1.01. In Meteodyn 

WT the vertical expansion coefficient only applies after the 10
th

 vertical cell.. Mesh 

generation in Meteodyn WT is directional dependent, different grids are generated for 

different sectors. In the case of Hjardemål site, there is only one sector considered for 

analysis in this study, the sector 270, which is perpendicular to the embankment. In 

figure 9 below, 270 sector properties are shown.  
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Figure 9 Sector properties – Meteodyn WT. 

 

To be coherent in the comparison, the same number of cells, 1002144, has been 

adjusted for Windsim - by using refinement area and modifying the .bws file it can be 

obtained the same number of cells for each axis. Figures 10 to 12 show grid generation 

in Windsim including distribution of first ten vertical cells. 

 

Figure 10 - Grid generation - Windsim 
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 But also, by modifying the .bws file, coefficients of expansion can be adjusted; in 

this case, it has been set a vertical 1.2 coefficient of expansion after the 10
th

 cell.  

 

Figure 11 - Grid generation vertical coefficient of expansion - Windsim 

 

Figure 12 - Grid generation vertical coefficient of expansion first ten vertical cells 

Wind input:  

In Meteodyn WT a tab file has been generated to produce a 4,87 m/s average 

wind speed, this climatological input corresponds to the first observation location at 10 

m height in the first tower located at the coordinates: -397.03,0. The tab distribution is 

shown in figure 13 below. 
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Figure 13 Wind distribution tab file 

In Windsim, vertical profiles are not scaled against measurements. Therefore, the 

wind speed output from the vertical profile is the one obtained from the numerical 

database of the Wind Fields calculations which by default is 10 m/s at 500 m agl 

(Windsim Support Team, 2013). Thus, to extract wind profiles at desired location a log-

law is used to modify the default settings in the Wind Fields module shown in figure 14 

below. 

 

Where for :  

 z = 10 m, Uz = 4.87 m/s, k = 0.435 and z0= 0.03 

It is obtained   u* = 0.3646 

Thus, for z = 500 m 

It is obtained Uz = 8.149580 m/s 
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Figure 14 Wind field properties Windsim 
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CHAPTER IV 

NUMERICAL RESULTS 

 

Results: Results are monitored at four different locations, tower one, seven, eight 

and ten, where more measurements are available; find in the Appendix A table 2, with 

the rest of available measurements on site. 

In figure 15 below measured vertical wind profiles at four different tours along 

the embankment are displayed. 

 

Figure 15 Measured vertical wind profiles and orography 

Tower Distance to embankment (m) 
 

1 -397.69 (before) 

7 0 (at) 

8 30.83 (just after) 

10 199.16 (after) 
Table 1 Tower positions 

Below, vertical wind profiles at the four towers are shown in figures 16 to 19 and 

these are analysed individually. 

Tower 1 before the embankment:  
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Results at tower 1 give a very similar profile in both software tools, Meteodyn 

WT is given clearly a bit closer and it is because the wind input is related to exact 

geographical coordinate whilst the wind input calculated by the log-law is introduced as 

wind from the 270 degree direction. 

 

 

Figure 16 Vertical profiles at tower 1 

Tower 7 at embankment:   

At lower heights, until 24 meters height, the vertical wind profile extracted from 

Metedoyn gives a closer prediction to reality, whilst windsim over predicts, after the 

height of 24 meters,  both predictions get closer and closer. 
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Figure 17 Vertical profiles at tower 7 

 

Tower 8 just after the embankment: 

 Just after the embankment Meteodyn WT undepredicts whilts Windsim provides a 

closer but still conservative prediction of wind speed. 

 

 
Figure 18 Vertical profiles at tower 8 
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Tower 10 after embankment: 

 Results at tower 10 show that Meteodyn WT gives a closer vertical profile to 

realtiy than Windisim which in this case overpredicts. 

 

 

Figure 19 Vertical profiles at tower 10 
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Discussion: To understand the comparison and its results few remarks need to be 

addressed, discussion arises from software limitations which conditioned this 

comparison: 

 

 Domain size and mesh generation: The domain inserted in both software is 

exactly equal and keeps the embankment slope as it is in reality; however 

adjustments in the domain have been done extending its topography in the X and 

Y axis creating a square. Although the same number of cells in every axis has 

been achieved, horizontal coefficients of expansion in Meteodyn WT do not 

allow for perfect uniform cell distribution in the X and Y axis, but almost. 

Windsim mesh generation .bws file has been adapted to the automatic Meteodyn 

WT grid generation for the 270 sector and although coefficient of expansion in 

the Z axis was set the same, distribution along the Z axis is still not exactly the 

same in both software as Windsim’s first cell size in the Z axis seems to be not 

modifiable in the .bws file. 

 Roughness: Roughness lengths in Meteodyn WT  are computed using a 

roughness ratio (Meteodyn WT User Guide, 2013) whilst in Windsim the 

roughness height is defined by a logarithmic-law (WindSim Technical Basics, 

2013). 

 Convergence: Meteodyn WT generates a different mesh for each sector 

independently: Iteration number to reach convergence is lower than 25. Windsim 

generates a unique mesh that will is run in all sectors, although sectors can be run 

independently, this system requires higher number of iterations to reach 

convergence. 
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 Wind input: Although for this experiment the real wind distribution was not 

available, Meteodyn WT does not accept an average wind speed value, it requires 

to insert a wind file including a distribution – to cope with this impediment, a tab 

file was generated, the tab file contained the desired wind speed but with a 

different distribution than in reality. This generated tab file could also be inserted 

in Windsim, however, Metedoyn’s tab file is associated at an exact location, in 

this case to tower one, whilst in this version of Windsim, the change in settings 

do not allow to associate the wind speed (tab file generated) to an exact location, 

therefore wind input from the tab file, comes only from the 270ª direction, this 

explains the closer Meteodyn WT vertical profile at tower one. In Windsim, 

vertical profiles are not scaled against measurements (Windsim support team, 

2013); a logarithmic law was applied to find convergence in between both wind 

inputs.  

 Turbulence model: The turbulence model used in Meteodyn WT is a one closure 

model k-l (Sanquer.S. et al, 2012) whilst in Windsim the turbulence model 

selected is the standard K-epsilon. Previous simulations on this site suggest that 

the K-epsilon model shall provide a close output to reality (Jørgensen B.H. et al, 

2007).  

 Turbulence intensity: In this work turbulence intensity has not been assessed as 

there was not data available.  

 Von Kármán’s constant: Von Kármán´s constant in Metedodyn is taken as 0.41 

whilst in Windsim it is 0.435.  

 Results: Table 2 offers all data available, lack of data in most of the towers, has 

not allowed for a better comparison in the horizontal axis, similarly it would have 

been desired measurements at higher altitudes in the analysed towers.  RAM 
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memory limitations from computers used for this experiment did not allow for a 

larger extraction of results. 
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CHAPTER V  

 CONCLUSIONS 

 

Both CFD wind resource software tools have been considered, the following conclusions 

are drawn:  

 Observed vertical wind profiles at site match with the defined theory at (Emeis.S. 

2013); acceleration of wind flow over the embankment can be clearly identified 

in both softwares at site in tower 8, located 30.83 meters just after the 

embankment.  

 Lack of measurements at higher heights has not allowed for an ampler 

comparison with reality, but software comparisons find better convergence at 

higher heights in towers one, before, seven, at and eight just after the 

embankment. 

 Domain size, grid generation, orography and roughness parameters are very 

adaptable in both wind resource software tools. These parameters can be and 

were adjusted equal or almost equally for the comparison carried out in this 

experiment. However software user constraints addressed in the text have limited 

some of the comparison, differences in wind input parameter are especially 

visible at tower 1, located 397.69 m before the embankment, where although 

extracted profiles before the embankment irregularity are very close, they are not 

identical. 

 Meteodyn WT has given a closer result to reality at tower 1 location, at 

embankment location and at tower 10, 199 meters after the embankment. In 

contrast, Meteodyn WT gives a too conservative prediction at tower 8, 30.83 m 

just after the embankment. On the other hand Windsim gave a higher prediction, 
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at embankment, 30.83 meters after the embankment and 199 meters after the 

embankment. These general higher results made Windsim over predict at 

embankment and specially 199 m after embankment. Contrariwise, this general 

higher prediction made Windsim vertical wind profiles closer to reality at tower 

8, 30.83 meters just after the embankment where a wind acceleration 

phenomenon occurs due to orographic causes. Finally the two software 

comparison is presented while addressing some constraints to users on control of 

parameters. 
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CHAPTER VI  

 RECOMMENDATIONS 

 

After writing this thesis the author would like to include the following recommendations 

to any person willing to develop more this subject: 

 

 Run the same experiment with the new updated version of both software tools 

and check if there are any differences related to fewer limitations. 

 Compare these two software tools with the new WASP-CFD release. 

 If turbulence measurements were available, compare turbulence intensities, and 

employ different turbulence models available in updated versions of both 

softwares. 
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Observations at site 
 

Tower Distance [m] 
Height [m] 

 2 5 10 15 20 24 36 
 

1 -397.69 3.36 4.25 4.87     5.84   

m/s 

2 -198.06     4.48         

3 -98.51     4.24         

4 -48.22     4.05         

5 -25.03     3.9         

6 -12.99     4.93         

7 0 5.47 5.67 5.76 5.98 6.19 6.33   

8 30.83 3.97 5.17 5.56   6.22 6.37 6.88 

9 99.03     5.57         

10 199.16 3.87 4.45 5.14 5.6 5.86 6.06   

11 300.41     4.68         
Table 2 Site observations 
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Impartiality note from the author: Although impartially should be intrinsic in any 

research work it is especially fundamental in comparisons, due to the relevance of this 

work, which compares two leading commercial CFD software, the author wishes to 

express the following:   

 This thesis has not used the latest versions of both software, it is therefore a 

researcher duty to mention that the Meteodyn WT version used for this thesis is 

almost the latest existing version 4.5.0, as this thesis has been developed in 

collaboration with the Meteodyn team and they provided the latest version 

available to date, nonetheless, nowadays there is an already new developed 

Meteodyn WT version which has been released whilst this thesis was being 

written. On the contrary. the Windsim version 5.1.0.25273 used for this 

comparison is an old version purchased by the University of Gotland which has 

never been updated and the author is aware that there are several Windsim 

updates.  

 The protocol adopted for reporting all comparisons carried out has been to 

analayse first one software tool (Meteodyn WT) and then the other software tool 

(Windsim), it could have been in a different order and this would have not 

altered the outcome. The author dropped a coin to select the software tool order. 

 The selection of the site has been chosen by the university according to data 

availability and conditions to test software.  
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Abstract: 
 
Two commercial Computational Fluid Dynamic (CFD) 
wind resource assessment tools namely Meteodyn WT 
and Windsim have been compared for an embankment 
site named Hjardemål. For comparison of both software, 
a controlled experiment is carried out for a fixed set-up 
with same domain size and same number of cells in the 
X, Y and Z directions. Wind flow has been assessed in 
the perpendicular upstream direction to the 
embankment. Vertical wind profiles observed on site at 
four different towers distributed (-397.69 m) before, (0 m) 
at, (30.83 m) just after and (199.16 m) after the 
embankment are compared with both software outputs. 
Results show that Meteodyn WT predicts closer vertical 
wind profiles before, at and after whilst wind Windsim 
predicts a closer wind profile just after the embankment. 
The discussion of results is based on the limitations of 
both software tools which have conditioned the 
comparison. 
 
Key words: Wind Resource, CFD, Embankment, 
Meteodyn WT, Windsim, Hjardemål. 
 
 

1 Introduction 
 
Several CFD softwares are available for wind industry 
energy assessment. The validation of these softwares 
for different and complex terrain has immense 
importance for their successful applications in energy 
assessment of wind farms. 
 
The objective of this work is to provide comparative 
study for two CFD software simulations for a real 
embankment site that has measurements. This study 
aims to validate and compare Meteodyn WT and 
Windsim software to the Hjardemål embankment site 
measurements. 

 
 

 
Bahri Uzunoglu  

Uppsala University  
Gotland Campus, Visby, Sweden  

621 67, Visby 
bahri.uzunoglu@angstrom.uu.se 

 
 

 
For wind resource assessment, CFD packages can be 
adjusted to model wind flow in the boundary layer [1]. 
The boundary layer over complex terrain comprises 
phenomena like acceleration of flow over embankments, 
hills, mountain tops or ridges [2]. Wind resource 
assessment and energy estimations are easier carried 
out in flat terrains with simple topography. To optimize 
wind farms layouts according to local orography and 
roughness it is necessary to understand the boundary 
layer characteristics over complex terrain. 
 
The behavior of the wind will change depending on 
irregularities found in the orography. Irregularities in 
orography can, for example, accelerate, reduce or 
change direction of the wind channeling it. The 
Hjardemål embankment experiment that will be used in 
this paper for benchmarking is a fundamental example 
for this kind of complex terrain. This embankment site, 
which is a well-defined simplification of an 
irregular/complex terrain will help to identify software 
limitations of both wind resource assessment tools 
namely Meteodyn WT and Windsim. 
 
In the second section of this paper, the Hjardemål 
embankment site experiment will be employed for a 
comparison study between two flow simulations which 
are contrasted and validated with real available 
measurements taken on site. This will follow with 
conclusions. 
 

2 Numerical Results for The 
Hjardemål experiment 
 
This Hjardemål experiment only assesses the wind flow 
in the perpendicular upstream direction to the 
embankment. 
 
The methodology for comparison for the two commercial 
CFD wind resource assessment tools in the Hjardemål 
site tools comprises five steps. 
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The approach includes an initial site definition, a model 
set up and parameterization on input data, results, a 
discussion and conclusions section. 
 
2.1 Site definition  
 
The Hjardemål site is located in Northern Jutland, 
Denmark. It is an important benchmark site that has 
been used to analyse flow over an escarpment [3], test 
turbulence models [4] and to carry out other software 
simulations like WASP [5] or EllipSys3D [6]. 
 
The site has been selected for this study for its 
topographical attributes. Topography is a combination of 
orography and roughness, orography refers specifically 
to changes in terrain elevation, whilst roughness refers 
to surface properties. 
 
Its orography and roughness make Hjardemål site very 
appropriate to test the software. The Hjardemål site 
contains an embankment with high gradient of around 30 
degrees. Elevation figures range from 0.3 m the lowest 
to 27 m the highest, two almost flat terrains at different 
heights are joined by the embankment. Roughness is 
uniform over the whole terrain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Meteodyn WT display 

 
Figure 1 above and figure 2 below show orography/site 
elevation displayed in Meteodyn WT and Windsim 
software correspondingly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Windsim display 
 
The four tower locations used offer the most complete 
data, with readings at 2, 4 10 and 24 meters of height. 
 
Table 1 below shows the four tower positions along the 
embankment that have been used for this experiment. 
 

Tower Distance to embankment (m) Position 
   

1 -397.69 before 
   

7 0 at 
   

8 30.83 just after 
   

10 199.16 after 
   

Table 1: Tower positions along embankment 
 
Available averaged wind speed measurements at the 
four selected tower locations distributed (-397.69 m) 
before, (0 m) at, (30.83 m) just after and (199.16 m) after 
the embankment generate vertical wind profiles which 
are plotted in figure 3 below which also shows terrain 
orography. 
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Figure 3: Measured vertical wind profiles and orography 

 
 
 
2.2 Model set up and Parameterization  
 
Different software tools allow for different options, for this 
comparison, the initial settings have been adjusted to the 
closest possible. 
 
The model set up: 
 
• Boundary conditions: In Meteodyn WT a pressure 
outflow is applied on the top and outlet boundaries of the 
computational domain. Symmetry boundary conditions 
are applied on the lateral boundaries. A friction, dragging 
force is computed in the ground boundary condition as a 
function of the local roughness. Inlet conditions are 
based on a given geostrophic wind. [7] Neutral thermal 
conditions are applied for this experiment. In Windsim 
no-friction wall boundary condition at the top boundary 
has been employed.  

 
• Turbulence models: Different models have been used. 
In Meteodyn a one closure model k-l has been employed 
for the simulation. In Windsim a standard k-epsilon 
model has been selected.  

 
 
 
Parameterization: 
 
• Domain size: Same domain size has been used for 
both software simulations, a squared domain ranging 
from -893 meters to 893 meters.  

 
• Orography and roughness: Same orographic file has 
been inserted in both software tools. As no specific 
roughness file for this site is available, 0.03 roughness 
lines according to [8] for open land have been used.  

 
• Mesh generation: Same total number of cells 1002144, 
and same number of cells in the X (176), Y (146) and Z 
(39) directions has been achieved in both software.  

 
• Wind input: In Meteodyn WT a tab file has been 
generated to produce a 4.87 m/s average wind speed, 
this climatological input corresponds to the first 
observation location at 10 m height in the first tower, 
before the embankment. In Windsim, a logarithmic law is 
required to modify the settings of the Wind Fields 
module.  
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2.3 Results  
 
Results are depicted in figures 4 to 7 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Vertical profile at tower 1 
 
Results at tower 1: Both software tools produce a very 
similar profile; Meteodyn WT is slightly closer because 
the wind input is related to exact geographical 
coordinate, whilst in Windsim the wind input calculated 
by the log-law is introduced as wind from the 270 degree 
direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5: Vertical profile at tower 7 

 
Results at tower 7: At lower heights, until 24 meters 
height, the vertical wind profile extracted from Metedoyn 
gives a closer prediction to reality, whilst windsim 
overpredicts. After the height of 24 meters both 
predictions become akiner. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Vertical profile at tower 8 
 
Results at tower 8: Just after the embankment Meteodyn 
WT under predicts whilst Windsim provides a closer but 
still conservative prediction of wind speed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Vertical profile at tower 10 
 
Results at tower 10: Results at tower 10 show that 
meteodyn WTgives a closer vertical profile to realtiy than 
Windisim which in this case overpredicts. 
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2.4 Discussion  
 
In the discussion section, limitations and differences in 
software are addressed. Topics covered include: 
 

 Domain size 


 Orography 


 Roughness lengths, 


 Mesh generation and expansion coefficients, 


 Wind input, 


 Turbulence model, 


 Convergence 


 Software versions 
 
Domain size: 
 
Same exact domain size has been achieved. Although 
refinement options are available in both software tools, 
to better control the experiment and reach the closest 
settings for the comparison, these options have not been 
used for this experiment. 
 
Orography: 
 
Same orographic map file has been inserted both 
software. Multiple formats can be introduced in 
Meteodyn WT [8] and Windsim [9]. In Meteodyn WT the 
files can be uploaded directly to the software, whilst in 
Windsim a .gws format file that contains elevation and 
roughness is generated for every project, Windsim 
incorporates a digital terrain conversion tool for third 
party formats such as the one used for this experiment. 
 
Roughness lengths: 
 
No specific roughness file for this site is available. In this 
scenario a uniform roughness can be applied in both 
tools. Open 0.03 roughness lengths have been selected 
matching Davenport’s classification of effective terrain 
roughness for level country with low vegetation. 
 
In Meteodyn WT roughness lengths are computed using 
a roughness ratio [8] whilst in Windsim the roughness 
length is obtained by a logarithmic-law [9]. 
 
Mesh generation and expansion coefficients: 
 
To better control this experiment a uniform grid in the 
horizontal axes has been targeted. In the vertical axis, a 
coefficient of expansion of 1.2 has been used from cell 
ten upwards. 

 
Although for both experiments the same number of cells 
in the X, Y and Z axes has been achieved, horizontal 
coefficients of expansion in Meteodyn WT cannot be set 
for a perfect uniform grid. A coefficient of expansion of 
1.01 is the closest that can be achieved for a uniform 
grid. In Meteodyn WT, the first ten vertical cells are 
adjusted by the user but no coefficient of expansion is 
applied, then a coefficient is applied to the following 
cells. 
 
In Windsim, a .bws file can be modified; in that case this 
flexibility has allowed setting a perfect horizontal uniform 
grid, nonetheless, adjustments in the .bws file do not 
allow modifying the size of the first vertical cell in 
Windsim, which is automatically the half of the second 
cell. Therefore a very similar mesh has been achieved, 
but differences in coefficients of expansion have not 
allowed for a perfect adjustment. 
 
Wind input: 
 
Neutral thermal stability has been considered on site 
disregarding Monin-Obukhov heat equations. With 
regards to wind input Meteodyn WT does not accept an 
average wind speed value, it requires to insert a wind 
file, to cope with this impediment, a tab file has been 
generated, the tab file contained the desired wind speed 
but with a different distribution than in reality. This same 
tab file could be inserted in Windsim but since in 
Windsim, vertical profiles are not scaled against 
measurements [10] a logarithmic law has been applied 
to find convergence in between both wind inputs. This 
leads to a source of error in the comparison, the error is 
especially visible in tower one results. Meteodyn WT’s 
tab file is associated to this exact location whilst the 
change in settings of Windsim does not allow to 
associate the wind speed to an exact location, instead 
wind comes from the 270ª direction and not from tower 
one, this explains the closer Meteodyn WT vertical 
profile at tower one. 
 
Turbulence Model: 
 
The turbulence model used in Meteodyn WT is a one 
closure model k-l [11] whilst in Windsim the turbulence 
model selected is the standard K-epsilon. Previous 
simulations on this site suggest that the K-epsilon model 
shall provide a close output to reality [6]. In this work 
turbulence intensity has not been assessed. 
 
Convergence: 
 
Concerning convergence Meteodyn WT generates a 
different mesh for each sector independently: Iteration 
number to reach convergence is lower than 25. 
 
Windsim generates a unique mesh that will is run in all 
sectors, although sectors can be run independently, this  
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system requires higher number of iterations to reach 
convergence. 

Software versions: 

This comparison has used Meteodyn WT 4.5.0 version 

and Windsim 5.1.0.25273 version. 

In both cases, those versions do not correspond to the 

latest released software. Newer releases may allow for 

more options and closer results to reality. 

3 Conclusions 

-Observed vertical wind profiles at site match with the 

defined theory at [2]; acceleration of wind flow over the 

embankment can be clearly identified in both software 

tools at site in tower 8, located 30.83 meters just after 

the embankment. 

-Domain size, grid generation, orography and roughness 
parameters are very adaptable in both wind resource 
software tools. These parameters can be and were 
adjusted equal or almost equally for the comparison 
carried out in this experiment. However software user 
constraints addressed in the text have limited some of 
the comparison, differences in wind input parameter are 
especially visible at tower 1, located 397.69 m before the 
embankment, where although extracted profiles before 
the embankment irregularity are very close, they are not 
identical. 

-Meteodyn WT has given a closer result to reality at 
tower 1 location, at embankment location and at tower 
10, 199 meters after the embankment. In contrast, 
Meteodyn WT gives a too conservative prediction at 
tower 8, 30.83 m just after the embankment. On the 
other hand Windsim gave a higher prediction, at 
embankment, 30.83 meters after the embankment and 
199 meters after the embankment. These general higher 
results made Windsim over predict at embankment and 
specially 199 m after embankment. Contrariwise, this 
general higher prediction made Windsim vertical wind 
profiles closer to reality at tower 8, 30.83 meters just 
after the embankment where a wind acceleration 
phenomenon occurs due to orographic causes. 

-Lack of measurements at higher heights has not 

allowed for an ampler comparison with reality, but 

software comparisons find better convergence at higher 

heights in towers one, before, seven, at and eight just 

after the embankment. 

Finally the two software comparison is presented while 

addressing some constraints to users on control of 

parameters. 
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