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ABSTRACT 

 

Wind speed measurements are obtained from anemometers located on research ships. Even 

though the anemometers are usually positioned in well-exposed locations the presence of the 

ship’s hull and superstructure distorts the airflow to the anemometer and biases the wind speed 

measurements. Previous studies have shown biases of up to 10 % for bow-on flows, and that 

the biases generally increase for other wind directions. Corrections for the effects of the flow 

distortion are vital, as these data are used for satellite validation and in climate related studies. 

Therefore, the computational fluid dynamics (CFD) package VECTIS is used to numerically 

simulate the airflow over ships and derive corrections for this effect.  
 

A VECTIS simulation of one ship at one wind direction currently takes approximately one 

month to perform on a typical UNIX workstation. Therefore, it would be impractical to study 

the airflow over a large number of research ships and/or a large number of wind directions. A 

faster method (the “steady-state solver”) for VECTIS simulations has been available for some 

time, but requires significant increases in computational speed and memory which have only 

recently become widely available. This report presents a comparison of VECTIS simulations 

using the steady-state solver with both previous VECTIS studies and in situ wind speed 

measurements.  
 

Use of the steady-state solver requires a higher mesh density but also cuts model convergence 

times from weeks to days, allowing fine-resolution models to be run without impractical time-

constraints. The results of this study show that in regions where the flow distortion is high, the 

increased mesh density results in significant improvement in the comparison between modelled 

and in-situ wind speeds. 
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VALIDATION OF THE VECTIS STEADY-STATE SOLVER 

B. I. Moat an M. J. Yelland 

August 2006 

1. Introduction 

The computational fluid dynamics (CFD) code VECTIS has been used since 1994 

to numerically simulate the airflow over many research ships and derive corrections 

for the effects of flow distortion (Yelland et al., 1998, 2002). Details of other methods 

used to model the airflow over ships are given in Moat et al. (2005).  

Until recently, VECTIS has taken about four weeks of computer time to simulate 

the airflow over one ship at one relative wind direction which has made it impractical 

to model many ships or many wind directions. However, with the continual increase 

in computing power and memory size it is now possible to use the dedicated steady-

state solver within VECTIS, rather than the time-marching solver previously used. 

The steady-state solver computes simulations using a finer mesh resolution than that 

used in previous studies, which generally increases the model accuracy, in a shorter 

time. This report will discuss the reduction in model convergence times for VECTIS 

simulations using the steady-state solver and check the accuracy of the simulation by 

comparison to previous results.  

A brief description of VECTIS is contained in Section 2. Yelland et al. (2002) 

(hereafter Y2002) simulated the airflow over a number of ships using VECTIS and 

validated the model results by comparing those for the RRS Discovery to in situ wind 

speed measurements made from the same ship. In the present study the airflow over 

the RRS Discovery is simulated using the steady-state solver and the results are 

compared to those of Y2002. The findings of this comparison are discussed in 

Section 3.  

2. CFD model description 

The commercially available CFD package VECTIS (Ricardo, 2005) is used to 

calculate the three-dimensional, compressible, steady-state solutions to the Reynolds-

Averaged Navier-Stokes continuity and energy equations. The simulations are based 

on a non-uniform Cartesian mesh. The code uses the k ~  turbulence closure model 

of Launder and Spalding (1974) with standard coefficients. It should be noted that the 
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models are used to investigate the mean flow properties (mean wind speed and 

vertical displacement of the flow) only. The turbulent properties of the flow are not 

examined. Further details on the application and operation of VECTIS are given in 

Y2002 and Moat (2003), and will only be summarized here.  

The accuracy of CFD codes are significantly dependant upon the computational 

mesh size and type, numerical schemes and the turbulence closure scheme (Cowen 

et al., 1997). In particular, the smaller the computational mesh the more accurate the 

solution, e.g. in an ideal world simulations would be solved using an incredibly fine 

mesh where the smallest cells are smaller than the smallest feature of the flow. Such 

simulations are currently impractical for flows over a ship, as the number of cells 

required would be of the order 10
29

 (Ferziger, 2000) and would take decades to run at 

the present state of computing power. Therefore compromises have to be made in 

defining the mesh resolution to achieve realistic convergence times to a given 

accuracy. To improve efficiency the number of cells within the VECTIS simulations 

are increased in specific areas of interest, such as the regions where anemometers are 

located, and reduced elsewhere. The number of cells employed by VECTIS is limited 

by the amount of memory in the machine used to compute the solution. All VECTIS 

airflow simulations require 1 Mb of memory per 1000 cells regardless of the solver. 

Convergence times for VECTIS simulations vary with both the number of cells 

specified and the solver method employed. This is discussed below.  

To date, VECTIS simulations of flow over ships have employed a time-marching 

(TM) method to calculate a steady-state solution, i.e. all equations were solved to a 

specified tolerance at each time step. This is a robust method that minimises the 

amount of memory required to calculate a steady-state solution, but it can take a long 

time to complete a simulation, e.g. recent simulations based on 500,000 cells take up 

to 3 weeks using a Linux workstation with a 2.4 GHz Opteron processor. Increasing 

the cell resolution to that used by the steady-state solver used in the current study (one 

million cells) would probably extend the run times to about six weeks, or more, using 

the Linux workstation specified above.  

With recent increases in computational speed and memory it is now possible to 

employ the steady-state solver (hereafter SSS). The SSS directly solves the same 

equations as the TM method, but to be numerically stable it requires that the aspect 

ratio of the sides of each cell be 1.5, i.e. for a cell of length 0.5 m the other sides are 
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restricted to a maximum size of 0.75 m. Therefore, a much greater number of cells are 

required to solve the flow field. Typically, about one million cells (1Gb of memory) 

are required for a bow-on flow over a research ship, i.e. seven times the number of 

cells (150,000) used in the Y2002 study. This increases to about 3Gb for airflows at 

30° off the bow (Moat et al., 2006), as the number of cells increases to accommodate 

the larger computational domain used. These memory requirements mean that the 

SSS can only be run on high-end PCs and workstations. The SSS simulation with 

1,000,000 cells converged to a steady-state in 5 days using a Linux workstation with a 

2.4 GHz Opteron processor. This compares to 3 weeks for the original Y2002 

simulation (performed on a SGI Indigo
2
 workstation using 150,000 cells). If the 

Y2002 simulation of 150,000 cells was reproduced on the Linux box specified above 

the model would probably converge in a similar time to the 1 million SSS solution, 

i.e. 5 days. In other words, it is estimated that use of the SSS reduces the convergence 

time by a factor of 7. Table 1 summarises VECTIS the run times using the two 

different methods.  

A major benefit of the SSS method is the ability to specify a higher cell resolution 

over most of the ship, rather than just one or two small areas, without extending run 

times beyond about 1 week. This allows a greater number of instrument sites to be 

studied in more much detail than was previously feasible. Figure 1 shows the cell 

resolutions used in the Y2002 and the SSS studies. It can be seen that a) the region of 

high mesh density was restricted to the regions close to the instrument sites in the 

2002 model, but extends over the whole forward half of the ship in the current study, 

and b) the areas of high mesh density have larger cell sizes in the Y2002 model than 

in the SSS model. The cell sizes in the regions where the Y2002 anemometers were 

located are given in Table 2.  

In this study, the Y2002 simulation of a bow-on flow over the RRS Discovery was 

repeated using the SSS instead of the original time-marching solver. The same 

boundary conditions were applied to both simulations, i.e. a semi-logarithmic wind 

speed profile with a 14 ms
-1

 wind speed specified at a height of 10 m. Due to the 

increased number of cells required by the SSS the same mesh could not be used. With 

the exception of a modification to relocate an incorrectly positioned lifting gantry on 

the forecastle of the ship, the geometry was the same in both simulations (Figure 1). It 
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should be noted that the gantry was located too far from the anemometer locations to 

affect the airflow to them.  

3. Comparison of the CFD and in situ wind speed results 

3.1 Method  

The Y2002 in situ wind speed data were collected from a number of anemometers 

located at various positions on the RRS Discovery (Figure 1). A Solent sonic 

anemometer, a Windmaster sonic anemometer and a Young propeller vane were all 

located on the foremast platform (Figure 2). A second Solent sonic was located on the 

main mast above the bridge. Two temporary masts were located above the lifeboat 

deck and the bridge (Figure 1). Each mast was instrumented with 5 Vector cup 

anemometers. Details of the instrument heights are given in Table 3. Both Vector cup 

anemometer masts were intentionally located in regions of severe flow distortion for 

the purpose of CFD code validation.  

A direct comparison of the CFD model wind speeds with the in situ wind speed 

data was not possible since there was no in situ measurement of the undistorted, or 

freestream, flow. Instead, for each anemometer site a relative difference was obtained 

by dividing the wind speed measured by each anemometer with that from a well-

exposed reference anemometer. In this case the Solent sonic located on the foremast 

platform was used as the reference. A comparison of the SSS CFD results with the 

previous in situ and TM CFD results of Y2002 for the well-exposed anemometers for 

a flow directly over the bow are examined in Section 3.2. Similarly a comparison of 

the in situ and model results for the badly exposed Vector anemometers is examined 

in Section 3.3. Section 3.4 discusses the absolute wind speed biases and the vertical 

displacement of the flow.  

3.2 Relative wind speed difference at the well-exposed anemometer sites 

Figure 3 compares the Y2002 in situ and CFD model estimates of the relative wind 

speed differences for the foremast and main mast anemometers with the SSS results. 

Table 3 contains the differences between the CFD model estimates and the in situ 

wind speed data. For the foremast sites, both models underestimate the in situ wind 

speed data by between 2 % to 3 %. The SSS model relative wind speed differences 

agreed with the Y2002 model results to within 0.2 %. For the main mast anemometer 

site both models over-estimate the relative difference by 2.5 % compared to the in situ 
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data, with the SSS model agreeing exactly with the Y2002 model. This shows that a) 

the Y2002 solution, based on a coarser mesh, was independent of the cell size (Table 

2) in this location, and b) that the SSS method can be used to predict the wind speed 

at the foremast anemometer locations with the same accuracy as the TM method.  

3.3 Relative wind speed difference at the anemometer sites with severe flow distortion 

Figure 4 and 5 compare the Y2002 in situ and CFD model estimates of the relative 

wind speed differences for the lifeboat deck and bridge vector anemometers with the 

SSS results. In both figures the wake of the foremast can be seen in the in situ data as 

a drop in the relative difference between relative wind directions of ±20° off the bow. 

The wake is far broader above the lifeboat deck than above the bridge since the 

former is caused by the foremast platform and legs of the frame, and the latter just by 

the mast that extends above the platform.  

Figure 4 shows the results for the flow above the lifeboat deck. For four out of the 

five anemometers (A, B, C, E) the SSS results agree well with the in-situ data, with 

agreement of about 5 % or better, whereas the TM results disagree with the in-situ 

results by up to 17 %. In contrast, both the SSS and TM results for anemometer D 

overestimate the deceleration of the flow by 7 and 5 % respectively: the cause of this 

discrepancy is not known. 

Figure 5 shows the results for the vector anemometers above the bridge, which as 

described above are a slightly better exposed than those located on the lifeboat deck. 

For all five Vector anemometers the agreement between the SSS model and the in situ 

data is excellent, with agreement to better than 2 % for the highest four anemometers 

and to 6 % for the lowest one (Vector E).  The SSS results are significantly better than 

those found from the Y2002 TM model where the results differed from the in-situ 

data by between 8 and 14%. 

It is noticeable from these results that the SSS simulation reproduced the mean flow 

in the wake regions remarkably well given that the models parameterise, rather than 

directly simulate, turbulence. Since both the SSS and the TM models solve the same 

equations and employ the same parameterisations, it is assumed that the greatly 

improved results from the SSS model are due to the large increase in mesh density: 

Table 2 shows that in the wake regions the cell sizes were halved, i.e. the mesh 

density increased by a factor of 8. 
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3.4 Absolute wind speed error and the vertical displacement  

The absolute wind speed error (% difference from the undisturbed or free stream 

velocity) estimated from the SSS model was calculated for each anemometer site and 

is detailed with the Y2002 TM model estimates in Table 4. Wind speed errors 

identified as being closer to the in situ wind speed data in Sections 3.2 and 3.3 are 

indicated in bold type.  

Both model estimates of the absolute wind speed error at the foremast anemometer 

locations and the main mast anemometer predicted a deceleration in the wind speed of 

about 1 % of the free stream flow. The general agreement between the model results 

at these anemometers is very good, with the results at all anemometer locations 

agreeing to within 0.2 %. The Solent sonic and the Young are located in 

symmetrically the same position on the foremast (Figure 2) and therefore the results 

for these two instruments should be the same. This symmetry is seen in the Y2002 

results and is reproduced to within 0.1 % in the SSS results.  

The wind speeds at anemometers in the regions of high flow distortion were 

decelerated by up to 20 % of the freestream flow. Where the differences between the 

two models was high (>3 %) the SSS model was generally in much better agreement 

with the in situ wind speed data, as discussed in Section 3.3.  

In addition to being accelerated or decelerated, the flow of air over the ship may be 

displaced vertically due to the divergence of the airflow around the ship. Both model 

estimates of the vertical displacement of the airflow at all anemometer locations 

generally agreed to within 0.2 m.   

4. Conclusions 

Estimates of the wind speed error at anemometer sites on the RRS Discovery 

calculated using the VECTIS steady-state solver (SSS) have been validated against 

existing VECTIS model estimates which used the time marching (TM) solver and in 

situ wind speed data.  

This study has shown that the results of the steady-state solver are equivalent to, or 

much better than, the Yelland et al. (2002) TM solver results. The SSS and TM  

results for the absolute wind speed at well-exposed anemometers agreed with each 

other to within 0.2 %, and both agreed with the in situ data to within 2 or 3 %. The 

agreement between model and in-situ results for anemometers located in regions of 
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severe flow distortion (above the bridge and lifeboat deck) were greatly improved 

when the SSS was used compared to the TM method. However, this is believed to be 

due to the increased cell resolution that can now be used, rather than the solver, as the 

same equations are solved in both models.  

For numerical stability, the steady-state solver requires a much higher mesh density 

than the TM solver. In practice, a minimum of about 1 million cells are required for a 

research ship study using the SSS. This in turn requires about 1 Gb of memory and 

thus limits the use of the SSS to high-end PC’s and workstations. However, for 

models with the same number of cells, using the steady-state solver reduces run times 

by about a factor of 7 compared to the TM method, e.g. a research ship modelled 

using 1 million cells can be modelled in 5 days using the SSS rather than a month or 

more using the TM solver.  

If sufficient memory is available it is clear that using the steady state solver has the 

advantage of reducing model convergence times by a factor of seven compared to 

using the TM solver. If memory is limited to the point where the TM solver must be 

used then the impact of mesh density on the results must be considered, i.e. the mesh 

density in areas of low flow distortion may be adequate to ensure good results, but it 

is likely that the limitations imposed on mesh density in regions of severe flow 

distortion may result in a relatively poor simulation.  
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Figures  

 

Figure 1 The CFD model simulations of the flow of air over the RRS Discovery using 

(a) the mesh of Yelland et al. (2002) and (b) that used in the current SSS 

simulation. The arrows represent the velocity of the flow in each 

computational cell, and the change in mesh density between the two 

simulations can be seen. Note that the geometries are identical except for the 

change in position of the forecastle lifting gantry.  

a) 

b) 
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Figure 2 Positions of the foremast anemometers on the RRS Discovery, viewed from 

astern (top) and above (bottom). Reproduced from Yelland et al. (2002).  
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Figure 3 The relative wind speed differences (expressed as a fraction of the wind 

speed measured by the Solent sonic on the foremast on the foremast) from in 

situ wind speed measurements of Yelland et al. (2002) made on the RRS 

Discovery (lines) and from two CFD models (symbols). The standard errors 

ranged from 0.001 and 0.005 for the 10 degree averages of the in situ data. 

Relative differences are shown for (a) the Solent sonic on the main mast, (b) 

the Windmaster sonic on the foremast and (c) the Young on the foremast. The 

dotted lines indicate the bow-on flow (at 0°). Winds to port of the bow are 

shown by a negative wind direction.  
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Figure 4 The relative wind speed differences (expressed as a fraction of the wind 

speed measured by the Solent sonic on the foremast on the foremast) from in 

situ wind speed measurements of Yelland et al. (2002) made on the RRS 

Discovery (lines) and from two CFD models (symbols) for the five vector 

anemometers located on the temporary mast on the lifeboat deck in front of 

the bridge. The vector anemometers are labelled A (highest) to E (lowest). 

The standard errors were typically between 0.002 and 0.007 for the 10° 

averages of the in situ data. The dotted lines indicate the bow-on flow (at 0°). 

Winds to port of the bow are shown by a negative wind direction.  
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Figure 5 The relative wind speed differences (expressed as a fraction of the wind 

speed measured by the Solent sonic on the foremast on the foremast) from in 

situ wind speed measurements of Yelland et al. (2002) made on the RRS 

Discovery (lines) and from two CFD models (symbols) for the five vector 

anemometers located on the temporary mast on top of the bridge. The vector 

anemometers are labelled A (highest) to E (lowest). The standard errors were 

typically between 0.001 and 0.007 for the 10° averages of the in situ data. 

The dotted lines indicate the bow-on flow (at 0°). Winds to port of the bow 

are shown by a negative wind direction.  

 

0.8

0.9

1

1.1

-40 -30 -20 -10 0 10 20 30 40

V
ec

to
r 

A

relative wind direction

0.8

0.9

1

1.1

-40 -30 -20 -10 0 10 20 30 40

V
ec

to
r 

B

relative wind direction

0.8

0.9

1

1.1

-40 -30 -20 -10 0 10 20 30 40

V
ec

or
 C

relative wind direction

0.8

0.9

1

1.1

-40 -30 -20 -10 0 10 20 30 40

V
ec

or
 D

relative wind direction

0.8

0.9

1

1.1

-40 -30 -20 -10 0 10 20 30 40

Yelland et al. (2002)
steady-state solver

V
ec

to
r 

E

relative wind direction



 14 

Tables 

study solver No. of cells run time machine 

recent 

simulations 

TMS 

TMS 

500,000 

1,000,000 

3 weeks 

6 weeks* 

present study SSS 1,000,000 5 days 

Y2002 TMS 150,000 5 days* 

LINUX 

2.4 GHz 

Opteron 

processor 

Y2002 TMS 150,000 3 weeks SGI Indigo
2
 

Table 1 Run times for various VECTIS simulations. ‘TMS’ indicates the time 

marching solver and ‘SSS’ indicates the steady-state solver’. An ‘*’ indicates 

an estimated time.  

 

CFD simulation Foremast site 

 

 

(m) 

Lifeboat deck 

Vector 

anemometers 

(m) 

Bridge Vector 

anemometers 

 

(m) 

Main mast 

site 

 

(m) 

Yelland et al. 

(2002) 

0.6 1.2 0.6 1.6 

steady-state 

solver 

0.2 0.5 0.3 1.2 

Table 2 Cell sizes at the anemometer locations in the two CFD simulations of the 

airflow over the RRS Discovery. 

 in situ CFD simulations difference (in situ 

– CFD) 

location anemometer 

height 

(m) 

Y2002 Y2002 SSS Y2002 SSS 

Windmaster 18.58 1.02 0.998 0.997 0.022 0.023 foremast 

Young 18.46 1.03 0.999 0.999 0.031 0.031 

main 

mast 

Solent 

Sonic 

 

18.36 1.04 1.06 

 

1.063 -0.020 -0.023 

Vector A 25.20 0.754 0.923 0.811 -0.169 -0.057 

Vector B 15.94 0.790 0.906 0.839 -0.116 -0.049 

Vector C 14.94 0.845 0.844 0.832 0.001 0.013 

Vector D 13.94 0.876 0.822 0.802 0.054 0.074 

mast on 

life-boat 

deck 

Vector E 12.94 0.755 0.820 0.782 -0.065 -0.027 

Vector A 11.94 0.922 0.998 0.909 -0.076 0.013 

Vector B 20.15 0.866 0.968 0.881 -0.102 -0.015 

Vector C 19.15 0.829 0.970 0.822 -0.141 0.007 

Vector D 18.15 0.833 0.932 0.814 -0.099 0.019 

mast on 

top of 

bridge 

Vector E 17.15 0.805 0.918 0.866 -0.113 -0.061 

Table 3 Difference between the CFD estimates and the in situ relative differences 

(speed at anemometer site / speed at site of Solent sonic on foremast) as 

shown in Figures 2 to 4. The bold type indicates the model that is in better 

agreement with the in situ data.  



 

A
b

so
lu

te
 w

in
d

 

sp
ee

d
 e

rr
o
r 

at
 

z a
n

e
m

o
m
 (

%
) 

A
b

so
lu

te
 w

in
d

 

sp
ee

d
 e

rr
o
r 

at
 

z a
n

e
m

o
m
 -

 
z  

(%
) 

d
if

fe
re

n
ce

 
V

er
ti

ca
l 

d
is

p
la

ce
m

en
t 

(m
) 

d
if

fe
re

n
ce

 
L

o
ca

ti
o

n
 

A
n
em

o
m

et
er

 

Y
2
0
0
2
 

S
S

S
 

D
if

fe
re

n
ce

 

 

(%
) 

Y
2
0
0
2
 

S
S

S
 

 
Y

2
0
0
2
 

S
S

S
 

 

S
o

le
n

t 
S

o
n

ic
 

-0
.8

 
-0

.7
 

0
.1

 
-0

.4
 

-0
.2

 
0
.2

 
1
.1

 
1
.1

 
0
.0

 

W
in

d
m

as
te

r 
-1

.0
 

-0
.9

 
0
.1

 
-0

.6
 

-0
.4

 
0
.2

 
1
.1

 
1
.1

 
0
.0

 

fo
re

m
as

t 

Y
o
u
n
g
 

-0
.8

 
-0

.6
 

0
.2

 
-0

.4
 

-0
.2

 
0
.2

 
1
.0

 
1
.2

 
0
.2

 

m
ai

n
 

m
as

t 

S
o

le
n

t 
S

o
n

ic
 

3
.0

 
3
.1

 
0
.1

 
3
.8

 
3
.8

 
0
.0

 
2
.3

 
2
.3

 
0
.0

 

V
ec

to
r 

A
 

-7
.5

 
-1

8
.5

 
1
1

 
-6

.9
 

-1
7
.9

 
1
1
.0

 
1
.6

 
1
.4

 
0
.2

 

V
ec

to
r 

B
 

-8
.8

 
-1

5
.3

 
6
.5

 
-8

.1
 

-1
4
.5

 
7
.3

 
1
.6

 
1
.6

 
0
.0

 

V
ec

to
r 

C
 

-1
4
.7

 
-1

5
.5

 
0
.8

 
-1

4
.0

 
-1

4
.8

 
0
.8

 
1
.6

 
1
.5

 
0
.0

 

V
ec

to
r 

D
 

-1
6
.5

 
-1

8
.1

 
1
.6

 
-1

5
.8

 
-1

7
.2

 
1
.4

 
1
.5

 
1
.7

 
0
.2

 

m
as

t 
o
n
 

li
fe

-b
o
at

 

d
ec

k
 

V
ec

to
r 

E
 

-1
6
.1

 
-1

9
.7

 
3
.6

 
-1

5
.6

 
-1

8
.9

 
3
.3

 
1
.4

 
1
.5

 
0
.1

 

V
ec

to
r 

A
 

-1
.6

 
-1

0
.2

 
8
.6

 
-0

.7
 

-9
.1

 
8
.4

 
2
.5

 
2
.9

 
0
.4

 

V
ec

to
r 

B
 

-4
.3

 
-1

2
.6

 
8
.3

 
-3

.3
 

-1
1
.4

 
8
.1

 
2
.8

 
3
.0

 
0
.2

 

V
ec

to
r 

C
 

-3
.7

 
-1

8
.2

 
1
4
.5

 
-2

.7
 

-1
7
.0

 
1
4
.3

 
2
.8

 
3
.1

 
0
.3

 

V
ec

to
r 

D
 

-7
.1

 
-1

8
.6

 
1
1
.5

 
-6

.1
 

-1
7
.4

 
1
1
.3

 
2
.7

 
2
.9

 
0
.2

 

m
as

t 
o
n
 

to
p

 o
f 

b
ri

d
g
e 

V
ec

to
r 

E
 

-8
.2

 
-1

2
.8

 
4
.6

 
-6

.9
 

-1
1
.4

 
4
.5

 
3
.1

 
3
.1

 
0
.0

 

T
ab

le
 4

 T
h

e 
ty

p
e,

 l
o
ca

ti
o
n
 a

n
d
 h

ei
g
h
t 

ab
o
v
e 

se
a 

le
v
el

 o
f 

th
e 

an
em

o
m

et
er

s.
 T

h
e 

ab
so

lu
te

 w
in

d
 s

p
ee

d
 e

rr
o
r 

is
 e

x
p
re

ss
ed

 a
s 

a 
p
er

ce
n
ta

g
e 

o
f 

th
e
 

fr
ee

st
re

am
 s

p
ee

d
 a

t 
th

e 
ac

tu
al

 a
n
em

o
m

et
er

 h
ei

g
h
t 

(z
a
n

e
m

o
m

) 
an

d
 t

h
e 

ef
fe

ct
iv

e 
an

em
o
m

et
er

 h
ei

g
h
t 

(z
a
n

e
m

o
m
-
z )

. 
C

F
D

 m
o

d
el

 e
st

im
at

es
 o

f 
th

e 

v
er

ti
ca

l 
d
is

p
la

ce
m

en
t 

o
f 

th
e 

fl
o
w

 (
z )

 a
re

 g
iv

en
 f

o
r 

ea
ch

 s
it

e.
 T

h
e 

b
o
ld

 t
y
p
e 

in
d
ic

at
es

 t
h
e 

m
o
d
el

 t
h
at

 i
s 

in
 b

et
te

r 
ag

re
em

en
t 

w
it

h
 t

h
e 

in
 s

it
u
 d

at
a,

 

as
 d

et
er

m
in

ed
 f

ro
m

 t
h
e 

re
la

ti
v
e 

d
if

fe
re

n
ce

s 
in

 T
ab

le
 3

. 

 


	TITLE PAGE
	ABSTRACT
	CONTENTS
	1. Introduction
	2. CFD model description
	3. Comparison of the CFD and in situ wind speed results
	3.1 Method
	3.2 Relative wind speed difference at the well-exposed anemometer sites
	3.3 Relative wind speed difference at the anemometer sites with severe flow distortion
	3.4 Absolute wind speed error and the vertical displacement

	4. Conclusions
	Acknowledgements
	References
	Figures


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




