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Abstract

In order to analyse the wake loss and atmospheric stability of a wind farm located on
a complex terrain, Computational Fluid Dynamics (CFD) simulations were performed
with the WindModeller software, which is a module for wind farm simulation
developed by ANSYS. The wake was modelled using an actuator disc model approach
which is based on the wind turbine thrust coefficient and wind speed. A WindModeller
simulation was carried out for DBK wind farm located on Jeju Island, Korea. The
nacelle wind speed data from 15 Hanjin 2MW turbines were collected through the
Supervisory Control And Data Acquisition (SCADA) system. The wind data was
measured from an 80 m tall met mast near the wind farm, which was used as a
reference. The WindModeller module simulated the wind speed and the turbulence
intensity on a complex terrain, which were compared with the wind data from the
SCADA system. Then, the wake effect was analysed with the distance between the
wind turbines and the surrounding natural obstacles such as hills and quarries.
Atmospheric stability was analysed on different atmospheric conditions by the
turbulence intensity and the shear exponent factor. As a result, the wake effect
predicted by the WindModeller simulation was greater than the actual wake effect.
The actual wind speed ratio decreased by 22% and 35% when the turbines were
separated with the distances of around 3~6 times rotor diameters, respectively. Also,

the results of the wind speed deficit from the neighbouring hills 1 and 2 were 10% and



8% from the WindModeller simulation. The actual wind speed deficits from the
measurement data were 14% and 9%, respectively. In addition, quarry 1 resulted in a
wind speed deficit of 3% from the SCADA data analysis while the actual wind speed
deficit was 4% from the WindModeller simulation. Lastly, the atmospheric stability
had a significant effect on the wind shear and the turbulence intensity in the wind farm.
The trend from the actual wind data analysis was the same as that from the

WindModeller analysis.
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1. Introduction

1.1 Background

A wind turbine is a machine that converts the kinetic energy of wind energy
into electrical power. The speed of the wind flow that passes through the rotor
decreases with the quantity of kinetic energy from the wind flow which is absorbed
by the turbine blades. Also, the turbulence intensity increases during the process
mentioned above. The wake effect, which includes the high turbulence intensity and
wind speed deficit from the turbine rotor, can affect the power performance and
mechanical load of the downstream wind turbines. The wake effect also reduces the
power production and cuts down the operating time due to mechanical fatigue.

However, not only the turbines, but the surrounding terrain can give wake
influence to the wind farms. Although wind farms are mostly situated on flat terrain,
some wind farms could be situated on complex terrain which may have a great impact
on wind flow [1]. The wind farm layout is the most important factor for load
calculation at each turbine. Wind farm energy production depends on how the turbines
are placed within the site [2]. The production loss from the turbine in the wake
influence is about 10-20%.

Therefore, carefully predicting and checking the wake effect among the wind

turbines are crucial in the designated site space. The best wind farm layout should be



chosen to avoid the wake influence for which it is necessary to investigate the wake
within the turbines and surrounding terrain [3].

In addition, the atmospheric stability conditions and the daily cycles have an
influence on wind characteristics such as the turbulence intensity and shear exponent
factor. How the atmospheric stability conditions influence the air flow is crucial for
estimating wind turbine production and the production variation [4]. Under stable and
unstable atmospheric conditions, the wind farm is expected to under or over perform
compared to being under neutral atmospheric conditions [5].

The CFD technique has been widely used for wind energy assessments around
the world. The wake effect investigations are necessary on wind farms within turbines
and surrounding terrain. Also, the study of the atmospheric stability using CFD tools

should be conducted.



1.2 Objectives

This study aims to clarify the wake effect behind wind turbines in a real onshore
wind farm. A CFD analysis was performed for the wind farm, and the wake effect
predicted by the CFD analysis was compared with that measured by nacelle
anemometers. Namely, the wake effect behind single and multiple turbines were
discussed in terms of wind speed. In addition, the wind speed deficit and the increase
in turbulence intensity were revealed in accordance with the distance between turbines.
In addition, investigation of the surrounding terrain of the wind farm was performed
and the simulation results were compared with the actual wind speed data from the
onshore wind farm. Lastly, a CFD simulation for atmospheric stability was carried out
under purely neutral, neutral, stable and unstable conditions. The turbulence intensity
and shear exponent factor were predicted by the WindModeller and compared with
those from the actual wind speed data from a met mast to investigate the effect of the

atmospheric stability.



2. Site description

Fig. 1 shows the location of DBK wind farm on Jeju Island, Korea. Jeju Island
is situated off the southern coast of the Korean peninsula. The wind farm is located on
the northeastern part of Jeju island. The layout of DBK wind farm with a total of 15
Hanjin 2MW wind turbines are shown in the Fig.

An 80m tall met mast was installed at 220m north from wind turbine no.15.
There are three quarries on the farm, which makes the terrain complex with 1.5

roughness length overall the wind farm.

M| Met Mast

%_ Turbine

Fig. 1 The location and layout of DBK wind farm



Table 1 shows the site and measurement conditions at the test site. The 10
minute average wind condition is measured by an anemometer and a wind vane on an
80m tall met mast. The measurement period was from January 16" to June 6" 2016
(only mast data) and January 1% to December 31% 2017 (both mast and SCADA data).
Each case chose the date and data from the measured data for the CFD simulation,
respectively. The wind speed and direction data, with the same time as the met mast
of the turbines, were collected from the SCADA system on the farm for comparison
with the CFD analysis results.

The topographical map was analyzed using a WASP tool for clarifying the
complexity of the terrain. The site complexity is defined by the Ruggedness index
(R1X) which is defined as the percentage portion of terrain that is steeper than the
critical slope. The terrain is described as flat and hilly terrain if the RIX value is 0%,
more complex terrain has a 10% or less RIX value and mountainous terrain has a 10
to 50% RIX value [6].

DBK wind farm has a 0.59% RIX value which is considered to be slightly
complex terrain. Table 2 shows extensive RIX values at every 30 degrees. Location
of hills and quarries are at 90 degrees and 180~270 degrees to the measurement mast.
The RIX value at the above mentioned locations resulted in the wind farm site to be a
complex terrain with a higher value than the total value of the wind farm. The critical

slope of 16.7° of the terrain is presented by red lines in the figure at Table 2.



Table 1 Site and measurement conditions

Items Category Description
Location Lat_itude: 33°32'6.72"N
Longitude: 126°42'53.85"E
Site Capacity 30MW (2MW x 15)
Altitude 49m-88m
Terrain complexity RIX: 0.59
Roughness length 15
Model Hanjin HIW2000/87
Wind turbine Rotor diameter/hub height 87m/80m
Cut-in/rated/cut-out wind speed 3.5/12/25 m/s
Location Lati_tude: 33°32'28.22"N
Longitude: 126°42'52.98"E
Height 80m
Anemometer Ammonit Thies First Class
Met mast : PP —
Wind vane Ammonit Thies First Class
Wind data 10 min averaged
Measurement period 16" Jan 2016 ~ 9" June 2016
1%tJan 2017 ~ 31% Dec 2017
SCADA Model Mitatech Gateway

Measurement period

15'Jan 2017 ~ 31% Dec 2017

Table 2 RIX value of wind farm terrain

Direction RIX %
Total 0.59
0° 0.0
30° 0.0
60° 0.0
90° 1.46
120° 0.07
150° 0.0
180° 0.5
210° 1.48
240° 2.32
270° 1.21
300° 0.0
330° 0.0




3. Modelling condition

3.1 WindModeller

The flow was simulated using the Reynolds Averaged Navier Stokes (RANS)
equations which was resolved by the WindModeller software with ANSYS CFX Ver.
17.0 [7]. The WindModeller is the module developed for CFD analysis of wind farms
by ANSYS. It uses the actuator disc model [8] for the wind turbine wake which applies
a finite-volume method of RANS for simulating the wake downstream from turbines
within a wind farm. The WindModeller generates the cubic domain which has a 5
block mesh with a square mesh center and includes an additional 4 blocks to smooth
the boundary layer for complex terrain.

The triangulation algorithm was implemented to create the three-dimensional
terrain based on the numerical terrain map of the wind farm [7]. The advantage of
using the WindModeller is to conduct meshing and physical setups with ease,
comparatively. The input information required for the meshing is the terrain height
and radius, grid resolutions and the coordinates of the terrain. Physical models are
mainly the turbulence model, atmospheric boundary layer inflow condition, forest
canopy model, and wake model [9].

The turbulence is expressed by k-¢ or SST model in the WindModeller [9-11].
The SST model is more precise than the k-e model since it controls the flow separation

better on complex terrain. In this thesis, the SST model is used for turbulence.



Actuator disc model is used in the WindModeller for the analysis of the wake
behind wind turbines. The actuator disc is described as a flat circular porous disc
which is perpendicular to the wind flow. When the flow passes through the disc, the
mass of air does not change, but the velocity must decrease [12]. It calculates the
momentum loss when the air flow passes the wind turbine rotor blades which is
necessary to give the WindModeller the information of the wind turbine thrust
coefficient with each wind speed and the wind speed at hub height. The turbine rotor
faces the local wind direction automatically [13-15]. Mesh adaption is carried out
automatically for a wind turbine rotor for improving resolution.

The atmospheric stability is expressed by the potential temperature on
WindModeller simulations. The stable to unstable conditions are set by specifying the
potential temperature gradient with positive and negative temperature offset values.
As for the neutral conditions, the software automatically sets the potential temperature
gradients according to the International Organization for Standardization (ISO)
standard atmosphere. Also, instead of giving the temperature offset value, the heat

flux value can be specified [16].



3.2 Wake modelling

3.2.1 Actuator disc theory

The behaviour of the wind turbine is to derive the kinetic energy from the
upstream flow of wind by lowering the velocity behind the turbine rotor. The thrust
for the velocity and the direction of incoming flow produces the weight directly related
with kinetic energy. The flow and the wind turbine forces can be analysed by the
actuator disc theory [8].

The actuator disc technique is a reliable option for simulating the wake effect
in a wind farm. This model has great ability to duplicate for the far wake in the site
and to combine with other wakes [17]. The actuator disc model uses RANS for
atmospheric flows. The rotor of the wind turbine is modelled with cylindrical rotor
mesh [18]. The swept area of the wind turbine rotor is represented by porous cells
which applies axial resistive forces. These porous cells create the rotor momentum
from the flow depending on the wind turbine thrust coefficient curve [19].

The porous flat circular disc is placed perpendicular to the air flow and acts as
a momentum sink. The mass of flow does not change when passing though the actuator
disc, but the flow velocity will decrease. The air flow acts as an incompressible fluid
and expands to a cylinder with a larger diameter than the disc, which is described in

Fig. 2 with streamlines of air flow.
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Fig. 2 Streamlines of air flow passes though the actuator disc [20]
The streamlines pass through the disc and the wind speed deficit appears. That

is, the wind speed V at the rotor is lower than the wind speed V1 before reaching the

turbine rotor. The theory explains this operation by axial induction factor, a, with the

following equation:
V=>01-aV, (1)

The thrust coefficient Ct for the rotor disc is defined by the following equation:
)

. T
T —1
2
EpV1A

Where, T is thrust force, p is air density. V1 is free stream velocity and A is

turbine rotor swept area [21].
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3.3 Turbulence intensity

The flow passes through the wind turbine rotor, which leads the turbulence level
behind the rotor to increase, while the wind speed reduces. Turbulence intensity is
defined by ratio of standard deviation of the wind speed to mean wind speed. In

ANSYS CFX, turbulence intensity, TI, is calculated by the following equation [10]:

W
=

Tl =="- (3)
Where, K is turbulence kinetic energy, V is local wind speed.
The Shear Stress Transport (SST) model is the combination of the k- model
and the k-o model to accomplish the formulation of an optimal model for a wide range
of applications. In addition, the SST model presents the adjustment of the eddy

viscosity definition [22]. The SST turbulence model is the default option for the

WindModeller simulations.
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3.4 Atmospheric stability

Atmosphere is the three-dimensional fluid that contains the air. As the air moves
through the atmosphere, the climate change will be created by air movements [23].
Stability is highly related to the air temperature with height. The temperature change
with height is called the dry adiabatic lapse rate, I';, which is expressed in the

following equation:

-dT o
ry =EE%=9.8 C/km (4)

Where, T is temperature, z is height, ¢, is specific heat at constant pressure and
g is gravitational constant. As seen in the equation, the air temperature will decrease
approximately 10°C at 1km elevation, which means the temperature will drop 1°C
every 100m [24].

The pressure and temperature can be combined into one variable which is the

potential temperature, 6.

L

o=T(%) 5)
Where, T is the temperature at a given height, po is the pressure at the surface,

p is the pressure at the same height as the temperature, T, and R is the gas constant.
There are 3 states the atmosphere can be in which is neutral stable and unstable.
During the neutral condition, the potential temperature is constant with the height. The
atmosphere is in stable condition if the ratio of the potential temperature to the height
is positive. On the other hand, an unstable condition has a negative ratio of the

potential temperature to the height.

12



Neutral atmosphere has the same lapse rate as the surroundings. If the air has
lifted through the neutral layer, the air parcel temperature and pressure is exactly the
same as the temperature and pressure of the surroundings at every air height. Therefore,
the air mass is not buoyant.

Stable atmosphere is more likely to stay without change. The air parcel of the
stable condition easily goes back to the original position after climate changes. Also,
if the air mass is lifted, it has negative buoyancy which means the air wants to sink
back to its original position. On the other hand, if the air is pressed down, it has
positive buoyancy which means the air wants to rise back.

Unstable atmosphere has the tendency to fluctuate. When the air mass has lifted,
it is likely to continue going upward even if the pushing force is gone. The air mass

has less lapse rate than the environment lapse rate [23].

13



4. Results and discussion

The conditions for the WindModeller Simulation for this study are presented in
Table 3. The terrain with 2,000 to 5,000m of radius and 500 to 1,000m of height was
created, and horizontal and vertical grid resolutions were 40m and 30m, respectively.
To obtain a more accurate calculation result for the atmospheric boundary layer, the
first vertical cell was started at 7m above the ground, and the following at 30m and
the vertical cells from the next increased with a 1.15 expansion factor.

The inflow boundary conditions Vo are given in the following equation [25]:
\%4 z
VO = ;Ln (g) (6)
Where, V is the velocity at the reference height, and k is the Von Karman

constant. And zo is the roughness length.

The turbulence intensity over the terrain is calculated using Eq (3).
4.1 Wake influence between wind turbines

Since the prevailing wind direction on DBK wind farm is from the northwest,
the wind direction of 314 degrees was input for the simulation. The wind speed of
9.3m/s at 80m a.g.l. was used as a reference wind speed. The actuator disc model was
used to predict the wake behind wind turbines. The turbulence model of SST was used

with the C, Constant of 0.03 and turbulence decay rate of 0.6.

14



Table 3 Parameters used in WindModeller for wake simulation

Properties Parameter

Radius 5000 m

Height 1000 m
Meshing Horizt_JntaI resolu_tion 40 m
Vertical resolution 30m
First layer thickness 7m

Total mesh elements 537,166

Wind direction 314 deg.

Wind speed 9.3 m/s

Conditions Wake model Actuator disc model

Turbulence model SST

Atmospheric stability

Purely neutral

Fig. 3 shows the velocity distribution at the hub height of 80m. The locations
of the wind turbines are expressed by black rectangles with the turbine numbers, and

the met mast (M.M) is also illustrated as well. The lower wind speeds are observed

over the quarries around the wind farm.

It is clear that the upstream turbines are not affected by the wake. The
downstream turbines are affected by the wake from the upstream turbines. The wakes
from turbines no. 2 and 15 give direct impact on turbines no. 3 and 14. Turbines no.
11 and 12 are influenced by the wake from the multiple upstream turbines. The wakes
behind turbines no. 3 and 14 have a half effect on turbines no. 4 and 13, respectively.
The wake effect behind the turbines goes downstream several kilometers. The velocity

immediately behind turbines no. 3 and 14 decreases up to 40% of those at the upstream

wind turbines.

15
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Fig. 3 Velocity distribution at hub height under wind direction of 314deg.

Fig. 4 shows the turbulence intensity distribution at a hub height of 80m a.qg.l.
A slightly higher turbulence intensity appears over the quarries in the wind farm.
Strong turbulence intensity can be found in the wake behind multiple wind turbines.
The effect of the turbulence intensity persists for several kilometers downstream
following the same trend as the velocity. Turbines no. 12 and 13 have a high
turbulence intensity on one side of the rotor. Immediately behind the turbine rotor, the
turbulence intensity increases, while velocity decreases as shown in Fig. 3. The
turbulence intensity increases up to 0.42 immediately behind turbine no. 13. Also, the
turbines experiencing the wake from multiple turbines show a very high turbulence

intensity compared to other turbines.
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Fig. 4 Turbulence intensity distribution at hub height under a wind direction of 314 degrees

The predicted wind speed was extracted from the wind speed data immediately
in front of the actuator disc from the results of the WindModeller simulation, while
the actual wind speed was collected from the SCADA system of the wind farm. Fig.
5 shows the comparison of actual and simulated wind speed ratios for both the
simulated and the actual wind farm. The velocity ratio is the ratio of the nacelle wind

speed to mast wind speed which is given by the following equation:

Nacelle Wind Speed (7)

Velocity Ratio = ;
Mast Wind Speed

Overall, the wake predicted by the WindModeller is higher than the actual wake
from the SCADA system. A 10% difference on average was found between the actual

and the simulated wind speed ratios. There are a few reasons for the difference

17



between simulation and measured data. The main reason is because the porous disc
converts the flow into turbulence immediately downstream, while the rotating rotor
derives the flow into energy downstream. The biggest difference between them
appeared on turbine no. 8, which was about 17%, while turbine no. 9 had the smallest
difference of 5.2%.

The turbines, affected by the wake behind multiple turbines, have lower wind
speed ratios compared with the other turbines. Since turbine no. 11 was affected by
the wake from turbines no. 2 and 3, the simulated and the actual wind speed ratios
were very low, which were less than 70%. On the other hand, turbine no. 14 also had
significantly low ratios because it was directly influenced by the wake from turbine
no. 15. Since the distance between the two turbines is comparatively short, which is
only 3.1 times the rotor diameter, the speed ratios greatly decreased. However, the
front row of turbines showed wind speed ratios of around 1.0, because they were not

affected by the wake.

18



1.6
Turbine no. 8 - 17%
1.4 Turbine no. 9-5.2%
1.2
=]
= o
—
3 A 4 ° * °
g 0.8 * ® *
) [ ] * °
b= o
£ 06 4 >
= | Highest WSR difference +
0.4
| Lowest WSR difference
0.2
® SCADA @ WindModeller
0.0
1 2 3 q 5 6 7 8 9 10 11 12 13 14 15
Turbine no.

Fig. 5 Comparison of actual and simulated wind speed ratios of each turbine

Fig. 6 shows the distance between the upstream and downstream turbines,
which stems from an enlargement of Fig. 2. The figure shows that the wake effect
changes depending on the distance between the turbines. In order to clarify the wake
effect with the distance between the turbines, the representative wakes behind the
single and multiple turbines were chosen on the wind farm. Single wakes were
generated behind turbines no. 6 and 15, which had an influence on turbines no. 10 and
14, respectively. The distances between each pair of turbines are 5.8 D and 3.1 D,
respectively. The wake was created by turbine no. 3 which was affected by the single
wake from turbine no. 2, which had an influence on turbine no. 11. The distance
between turbines no. 2 and 11 is 11.19D, and each distance between the turbines is

shown in the Figure.
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Fig. 6 Velocity distribution at hub height under a wind direction of 314 degrees and the

distance between the turbines

A vertical cut was made along the line at 312 degrees shown in Fig. 6 for
clarifying the wake effect from turbines no. 2, 3 and 11. Fig. 7 presents the vertical
velocity and turbulence intensity distributions. The velocity decreased behind turbine
no. 2, and further decreased behind turbine no. 3. However, the velocity increased
more and more by mixing with the surrounding air within the distance between
turbines no. 3 and 11. The velocity further decreased behind turbine no. 11, which
then increased by mixing with the surrounding air.

The vertical turbulence intensity distribution was opposite to the vertical
velocity distribution. The turbulence intensity immediately behind the turbine rotor

was higher than the others. As the distance increased, the turbulence intensity

20



decreased due to an increase of velocity with the further distance from the turbine rotor

as shown in Fig. 7.
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Fig. 7 Velocity and turbulence intensity distribution on a 312 degree vertical plane

Fig. 8 shows the comparison of the actual and the simulated wind speed ratios
for a single wake with the distance between turbines. The actual wind speed ratio was
about 10% higher than the simulated wind speed ratio. The actual and the simulated
velocities increased as the distance between the turbines increased. For the distance of

3.1 D and 5.8 D, the actual wind speed ratios decreased by 35% and 22%, respectively.
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Fig. 8 Comparison of actual and simulated wind speed ratios for a single wake with the

distance between turbines

Fig. 9 shows the comparison of the actual and the simulated wind speed ratios
for the various wakes from turbines. As shown in Fig. 6, since turbine no. 2 is located
in the front row facing the wind, turbine no. 3 is affected by the single wake from
turbine no. 2. Turbine no. 11 is also impacted by turbines no. 2 and 3. The simulated
wind speed ratio was about 11% lower than the actual wind speed ratio. The wind
speed ratio of turbine no. 11 was lower than the others. The actual wind speed ratios

decreased by 28% and 34% for turbines no. 3 and 11, respectively.
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Fig. 9 Comparison of actual and simulated wind speed ratios for the various wakes from

turbines

4.2 Wake influence from nearby obstacles

There are two hills and three quarries in and around the wind farm. First of all,
the 2 cases for each hill was simulated and the results were compared with the SCADA
data of the wind farm to investigate the wake effect from the hills and quarries. This
part of the study did not include simulation for the landfill. Due to the surrounding
quarries and turbines, it was impossible to analyse the only landfill.

The wind speed of 9.1m/s at 80m a.g.l was used as the reference wind speed.
As mentioned in the previous chapter, the actuator disc and SST turbulence models

were used to predict the wake effect and the turbulence intensity, respectively. Table
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4 shows the parameter for simulation of the case for hill 1.

Table 4 Parameters used in WindModeller for simulation for hill 1

Properties Parameter
Radius 4500 m
Height 500 m
Meshing HoriZ(_)ntaI resolu_tion 40m
Vertical resolution 30m
First layer thickness 7m
Total mesh elements 214,030
Wind direction 288 deg.
Wind speed 9.1 m/s
Conditions Wake model Actuator disc model
Turbulence model SST
Atmospheric stability Purely neutral

Fig. 10 shows turbine layout and nearby obstacles with altitude. Hill 1 and the

quarries are marked with dashes. Hill 1 is about 2.5km away from turbine no. 1.

Quarry 1

\

Quarry2

Quarry 3

Fig. 10 Turbine layout and nearby obstacles with altitude
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Fig. 11 Velocity distribution at hub height

Fig. 11 shows the velocity distribution at hub height. Turbine no. 1 and 15 are
under the direct influence of hill 1. On the other hand, turbines no. 6 and 7 are not
receiving any wake from the hill which shows possibility of comparing the wake
influence from hill 1. In order to clarify the wake from the hill, 2 sets of cuts were
extracted from the simulation results, which included the hill and turbines no. 1 and 6
with direction of 288 degrees.

Fig. 12 shows the 2 vertical plane cuts with turbine no 1, hill 1 and turbine no.
6. The first cut shows the direct wake from hill 1 and second cut shows the wake free
flow to turbine no. 1. Fig. 12a presents the velocity decrease behind hill 1, while Fig.

12b shows the constant velocity distribution.
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Fig. 12 Velocity distribution of 2 cuts on a 288 degree vertical plane

Fig. 13 shows the comparison of wind speed ratios at the turbine under wake
effect and the turbine under free wake flow. The ratio predicted by the WindModeller
was similar to that from the SCADA data. In the case of turbine no. 1, the wake effect
occurred from hill 1. The predicted ratios were 0.9 and 0.81 for the WindModeller and
SCADA, respectively. As for turbine no. 6 without the hill wake effect, the predicted
ratio was in near proximity with the actual ratio, which were 1 and 0.95 for the
WindModeller and SCADA, respectively. This means that hill 1 caused a wake effect
loss of 10% in reality and a wake effect loss of 14% in the WindModeller which

effectively caught the wake effect of hill 1.
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Fig. 13 Comparison of actual and simulated wind speed ratios for turbine under wake effect
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from hill 1 and turbine under free flow

Next, the simulation of the hill 2 wake effect was conducted with a wind speed

of 9.4m/s at 80 a.g.l and used as the reference speed. Table 5 shows the parameters for

simulation of the case for hill 2.

Table 5 Parameters used in WindModeller for simulation for hill 2

Properties Parameter

Radius 3500 m

Height 500 m
Meshing HoriZ(_)ntaI resolu_tion 40m
Vertical resolution 30m
First layer thickness 7m

Total mesh elements 157,675

Wind direction 66 deg.

Wind speed 9.4 m/s

Conditions Wake model Actuator disc model

Turbulence model SST

Atmospheric stability

Purely neutral
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Fig. 14 shows the wind farm layout and nearby obstacles with the altitude. On
this layout of the wind farm, hill 2 and the quarries are marked with black dashes. The
distance between hill 2 and the wind farm is about 2.1 km.

Fig. 15 shows the velocity distribution at hub height. In this case, turbine no. 15
is under wake free flow and turbine no. 12 is under the direct wake influence of hill 2.
In order to clarify the wake from the hill, 2 sets of cuts were extracted from the
simulation results, which included the hill and turbines no. 12 and 15 with a direction
of 66 degrees.

Fig. 16 shows the 2 vertical plane cuts for turbine no. 12 which is under direct
wake effect and turbine no. 15 which is under wake free flow. Fig. 16a presents the

velocity decrease behind hill 1, while Fig. 16b shows the constant velocity distribution.

9
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46,
37
28,
18
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Fig. 14 Turbine layout and nearby obstacles with altitude

28



ANSYS

R17.0

Academic

Fig. 15 Velocity distribution at hub height

Fig. 16 Velocity distribution of 2 cuts on a 66 degree vertical plane
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Fig. 17 shows the comparison of wind speed ratios for the turbines under wake
influence and under wake free flow. The ratio predicted by the WindModeller was
similar to that from the SCADA data. In the case of turbine no. 12, wake effect
occurred from hill 2. The predicted ratios were 0.91 and 0.9 for the WindModeller and
SCADA, respectively. As for turbine no. 15 without the hill wake effect, the predicted
ratios were 0.99 and 1 for the WindModeller and SCADA, respectively. This means
that hill 2 caused a wake effect loss of 8% in reality and the WindModeller caught the
wake effect of hill 2. And the predicted ratios for the WindModeller and SCADA were

in near proximity with a 1% difference.
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’ wake effect
o 1.2
8
10 9
® ®
-4 0.8
v
T 0.6
= Turbine under
= 04 free wake flow
0.2 .
® SCADA 4 WindModeller
0.0
12 15
Turbine no.

Fig.17 Comparison of actual and simulated wind speed ratios for turbine under wake effect

from hill 2 and turbine under free flow
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Next, a simulation of influence from the quarry was done with a wind speed of
9.3m/s at 80 a.g.l and used as the reference speed. Fig. 18 shows the wind farm layout
and location of quarries including altitude. In the figure, the quarry is quite visible and
marked with black dashes. Quarry 1 is relatively deeper and larger than the other 2
quarries. Table 6 shows the parameters for simulation of the case for quarry 1.

Table 6 Parameters used in WindModeller for simulation for quarry 1

Properties Parameter
Radius 2000 m
Height 500 m
Meshing Horizgntal resolu_tion 40m
Vertical resolution 30m
First layer thickness 7m
Total mesh elements 66,096
Wind direction 290 deg.
Wind speed 9.3 m/s
Conditions Wake model Actuator disc model
Turbulence model SST
Atmospheric stability Purely neutral

Fig. 19 shows the velocity distribution of the overall wind farm. The quarries
are identified, where the lower wind speed is found. The vertical cut was made with
turbine no. 15 located immediately behind the biggest quarry and the turbine under
free flow to identify the velocity change through the quarry and compare the

differences of flow with and without wake influence.

31



Fig. 19 Velocity distribution at hub height under wind direction of 315 degrees
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Fig. 20 shows the velocity distribution of vertical cuts on turbines no. 15 and 6.
The first cut shows direct influence from quarry 1 and the second cut shows free flow
to turbine no. 6. Fig. 20a presents the velocity decrease over the quarry, while Fig. 20b
shows the constant velocity distribution.

Fig. 21 shows the wind speed ratios between turbine no. 6 without a quarry and
turbine no. 15 with quarry 1. The ratio predicted by the WindModeller was similar to
that from the SCADA data. In the case with no quarry, the two ratios were close to 1,
which means no wind speed deficit occurred from the surroundings. For turbine no.
15 with quarry 1, the predicted ratio was in close proximity with the actual ratio, which
were 0.96 and 0.92 for the WindModeller and SCADA, respectively. As for turbine
no. 6 without a quarry, the predicted ratio was also in close proximity with the actual
ratio, which were 1.07 and 0.95 for the WindModeller and SCADA, respectively. This
concludes that quarry 1 caused the wind speed deficit of 3% in reality and the wind

speed deficit of 11% in the WindModeller.
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4.3 Atmospheric stability

On the wind farm site, the temperature conditions for atmospheric stability
analysis were not measured. To understand the difference between stable and unstable
atmospheric conditions, the met mast data was binned by day and night. The shear
exponent and the turbulence intensity were analysed using the met mast data. The
results are presented in Fig. 22. The increased shear exponent and the reduced
turbulence intensity were found during night time, while the opposite trend was
obtained at day time. These trends imply surface atmospheric stability affects the wind
flow at a site.

Since the mast was placed near the wind turbines, the mast had a disturbed
sector by the wake behind the turbines from 104.1 to 246.6 degrees. The measured
mast wind speed data, from 7.5m/s to 17.5m/s of wind speeds, was chosen for this
study. In the disturbed sector, the higher shear exponent and turbulence intensity were
analysed for this study. The reason for the high shear exponent and turbulence
intensity in the disturbed sector, should consider both the atmosphere stability and
wake effect from the wind turbines.

A CFD simulation of atmospheric stability was done with the WindModeller.
In this part of the study, met mast data was used for 6 months (Jan 16" ~ Jun 9™, 2016).
Atmospheric stability was modelled with the transport equation for potential
temperature, considering the ISO standard potential temperature gradient above the
boundary layer, and surface stability was modelled with potential temperature offset

at the ground. The other parameters used for simulation are listed in Table 7. The wind
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speed of 7.5m/s to 17.5m/s at 80m a.g.l were used as the reference wind speed. In
addition, the wind direction was analysed at every 10 degrees. Compared to previous
simulations, the reference speed and wind directions were examined over wider ranges

for this simulation.
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Fig. 22 Shear exponent and turbulence intensity at a met mast during day and night time
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Table 7 Parameters used in WindModeller for analysis of atmospheric stability

Properties Parameter

Radius 5000 m

Height 1000 m
Meshing HoriZ(_)ntaI resolu_tion 40m
Vertical resolution 30m
First layer thickness 7m

Total mesh elements 157,675

Wind direction 0~360 degrees with 10 degrees bin
Wind speed 7.5m/s, 10m/s, 12.5m/s, 15m/s, 17.5m/s
Conditions Wake model Actuator disc model

Turbulence model

SST

Atmospheric stability

Purely neutral, Neutral, Stable, Unstable

The purely neutral condition

atmospheric stability at the terrain. This means there is no temperature change with

the height above the ground. This type of condition does not really exist in a real

atmospheric condition.

The simulation with neutral condition was carried out under the potential
temperature gradient, considering the ISO standard potential temperature (3.3e-3K/m)
as the default. The simulation for stable condition was conducted under positive
potential temperature gradient above boundary layer with positive in the surface layer
which is considered as the negative temperature offset. The simulation for unstable
condition is performed under the potential temperature gradient with negative gradient

above the boundary layer with negative surface layer which is considered as the

positive temperature offset [27].

is the condition that does not consider any
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Fig. 23 shows three temperature measurement points for atmospheric stability
analysis. Points 1 and 2 are located at the entrance of wind flow, and at the middle of
the terrain radius which is 2.5km away from the entrance, respectively. Point 3 is

positioned at 300m behind turbine no. 10. Temperature and wind shear were analysed

at these 3 points.
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Fig. 23 Points for atmospheric stability analysis
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Fig.24 shows the temperature with height a.g.l under various atmospheric
conditions at Points 1 and 2. The temperature offsets were input, which were +2K
from 288K for stable to unstable conditions. The left figure shows the temperature
under various stability conditions at the entrance. The temperature change with height
appears the same as the input condition. The right figure shows the temperature change
with the height at 2.5km away from the entrance. As the flow distance got further, the
input temperature was mixed with the surrounding temperature, which led to a

smoother temperature gradation.
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Fig. 24 Temperature change with height under various atmospheric conditions at Point 1 and

Point 2
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Fig. 25 shows the wind shear with height at various atmospheric stability
conditions. No wake effect was presented at points 1 and 2 at all of the atmospheric
stability conditions. Wind speeds at points 1 and 2 have very slight differences for
every atmospheric stability condition. Wind shear gradient is the highest at purely
neutral condition among all the conditions. The wind shear gradient at neutral
condition is higher than the unstable condition and lower than the stable condition.

Unlike points 1 and 2, point 3 was under wake effect from turbine no. 10 which
was presented differently depending on atmospheric stability conditions. The wind
speed at hub height for the purely neutral condition is higher than the purely neutral
condition. Since the purely neutral condition does not consider atmospheric stability,
the wind speed at hub height for other atmospheric stability conditions except the
stable condition is higher than the purely neutral condition. Also, the wind speed at
hub height is lowest at the unstable condition and highest at the stable condition. The
wind speed at hub height at the neutral condition is lower than the unstable condition
and higher than the stable condition. Overall, the wind profile was different depending

on the atmospheric stability conditions.

40



Purely neutral Neutral

0 5 10 0 5 10
Wind speed Wind speed

Stable Unstable

0 5 10 0 5 10
Wind speed Wind speed

——Popint 1 Point2 —Point3

Fig. 25 Wind shear at various atmospheric stability conditions

For 360 degrees with 10-degree bins, the sensitivity of the simulated shear
exponent and turbulence intensity to atmospheric stability is presented in Fig. 26. +2K
for the surface temperature offset was given to present unstable and stable conditions.
At the different atmospheric conditions, simulation results of the shear exponent are
at positive correlation to the real exponent from the mast data in the undisturbed sector.
However, the simulation results of turbulence intensity do not correlate with that from
the measured data. The results were underestimated in most of the undisturbed sectors,
while a few of the simulation results were highly underestimated at the disturbed

sector.
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Fig. 26 Shear exponent and turbulence intensity data from Mast compared with simulation

result (simulation carried out with reference speed of 10m/s)
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In Figs. 27 and 28, various wind speeds were analysed and compared with
measurement data. Fig. 27 shows shear exponent data from the mast compared with
predicted shear exponent with a wide range of wind speeds at various conditions. Since
the purely neutral condition does not exist in real atmospheric condition, simulation
results present insignificant difference depending on wind speeds in the undisturbed
sector. As for the unstable condition, the shear exponent shows an opposite trend to
wind speed and all the simulation results are predicted inside one standard deviation
of the measured data. On the other hand, predicted the shear exponent for the stable
condition is higher than the average measured shear exponent at the wind direction
from 260 to 360 degrees. Eventually, the predicted shear exponent for most of the
neutral conditions are well matched with measured data.

Fig. 28 presents turbulence intensity from the mast compared with simulation
results with a wide range of wind speeds at various conditions. Overall the predicted
turbulence intensity was underestimated at all the atmospheric conditions. As
mentioned above, the predicted turbulence intensity was the same at different wind
speeds at the purely neutral condition. In the unstable condition, 17.5m/s of reference
wind speed presented the lowest turbulence intensity, while, 7.5m/s of reference wind
speed showed the highest turbulence intensity. Nevertheless, the predicted turbulence
intensity was lowest for the stable condition compared to the predicted turbulence
intensity for unstable and neutral conditions. However, simulation results of the

neutral condition were at halfway between the stable and unstable conditions.
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5. Conclusions

Through CFD analysis using the WindModeller, the wake effects from
neighbouring wind turbines and nearby hills were evaluated in DBK wind farm, and
the predicted wake effect was compared to the actual wind speeds measured from the
met mast and SCADA system. Wind speed deficit caused by quarry 1 in the farm was
estimated by the WindModeller, which was comparatively evaluated with real wind
speeds. Additionally, the wind flow sensitivity was analysed under various
atmospheric stability conditions. The results are as follows:

1) It was found that the wind speed ratio predicted by the WindModeller was about
10% lower than the real wind speed ratio from the SCADA data under the wind
farm site conditions.

2) The actual and the simulated wind speed ratios decreased by 35% and 45%,
respectively, for the distance of 3.1 D, while they reduced by 22% and 32%,
respectively, for the distance of 5.8 D.

3) Turbine no. 11 showed a 34% loss for the actual wind speed ratio and a 48% loss
for the simulated wind speed ratio because of the wake from upstream turbines
no. 2 and 3.

4) It was confirmed that the neighbouring hills 1 and 2, and quarry 1 caused wind
speed deficits in the wind farm. The wind speed deficits of 10% and 8% were
predicted due to the wakes behind hills 1 and 2 by the WindModeller, which

were in close proximity with real wind speed deficits of 14% and 9%,

46



respectively. Quarry 1 resulted in a wind speed deficit of 3% from the SCADA
data analysis, while a wind speed deficit of 11% was found from the
WindModeller simulation.

5) It was clear that atmospheric stability had a significant effect on the wind shear
and the turbulence intensity in the wind farm. That is, actual wind data analysis
showed that the wind shear exponent factor during night time was higher than
that during day time, while the opposite trend was found for the turbulence
intensity. This tendency based on actual wind data analysis was the same as that

from the WindModeller analysis.
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