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Abstract

This paper presents an investigation of airflow over a rugged mountain to find suitable locations for wind
turbines. The investigation considers turbulent intensity and inflow angle in addition to wind speed. The area
of interest is the mountain around the upper reservoir of Lamtakong Jolabha Vadhana Hydro Power Plant,
Nakhon Ratchasima, Thailand. The Lamtakong Wind Turbine Power System is located near the reservoir. Due
to the ruggedness of the site, according to the angle of slopes, the existing turbines may be experiencing
airflow with high turbulent intensity and non-zero inflow angle. This study uses Computational Fluid Dynamics
(CFD) and Wind Atlas Analysis and Application Program (WAsP) to simulate airflow. CFD is used in the final
analysis to quantify turbulent intensity and inflow angle. The turbulence model is used, while the roughness
height and roughness constant are tuned according to the ground cover. Detailed examinations of cases
show that the highest wind speeds do not always occur at the mountain’s peaks. High turbulent intensity
leads to the exclusion of locations on the lee side of the mountain, where it reaches 18%. The inflow angles
are high on the upwind side of the mountain and can go up to 20 degrees. It is found that the slopes affect
the inflow angles but they do not dictate the inflow angles. Finally, the results of the highest peak suggest that
most suitable turbine spot is approximately 60 m downwind from the point of highest wind speed. The power
density reduces from 515.3 W/m2 to 502.6 W/m2 at 60 m hub-height. Thus, to achieve a zero inflow angle,
turbines may have a power output reduction but they will experience lower turbulence and uneven loading.
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1. Introduction

Global energy consumption has been rising
at an alarming rate. Most sources of energy people
consume are fossil fuels, which are finite sources.
To sustain our activities, engineers need to raise
energy consumption efficiency while improving
renewable energy technologies. The interest in
renewable energy sources is high. Wind energy is a
renewable energy source, which has been utilized
for centuries in grain milling, water pumping and
sailing. The commonly used technique is electricity
production from wind using wind turbines. Wind
energy resources differ from location to location.
They depend on factors such as geography, season
and vegetation. To harvest energy from wind
effectively, wind turbines need to be installed at
locations where the wind speeds are high and
consistent. One of the difficulties in harvesting wind
energy is finding the most productive location for
wind turbines. The long-term investment nature of
wind farm projects necessitates the viable decision

at the start.

A macro scale wind map is required to

identify potential locations for wind turbine
installation. During this process, several areas with
high wind speeds or wind power per unit area can
be found. After that, a wind speed measuring
program has to be conducted in those areas. A very
detailed wind map specific to the area is made
using the measured data and simulation. Studies
have been done in the North and South of Thailand
to identify locations with viable wind resources [1,2].
Measured data and Wind Atlas Analysis and
Application Program (WAsP) were used to produce
detailed wind maps: micro scale wind maps. WAsP
is used worldwide in wind resource assessment.

However, the operating envelope of WASP is within
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analysis of areas where the terrain slopes are less
than 17 degrees [3]. Such terrain ensures the airflow
is an attached flow. Slopes that are greater will
generate separated flow, which renders WAsP
unreliable [4]. This is due to the fact that WASP is a
program using a linear modeling approach.
Researchers have turned to a non-linear modeling
approach using Computational Fluid Dynamics

(CFD) to avoid such problems.

Comparisons between modeling for wind
resource using WAsP and CFD software in complex
terrains have shown that CFD software gives more
[5-7]. CFD

computational power to solve the Navier-Stokes

accurate results software  uses

equations, which express the principles of
conservation of momentum, mass and energy. By
solving these equations, energy dissipated in the
form of turbulence can be represented. Turbulence
is of the primary interest because we are interested
in the flow within the boundary layers. The flow in
this region is turbulent. Alan Russell [8] used the
k — & turbulence model in CFD software to simulate
airflow over Cinder Cone Butte (ldaho, USA). The
predicted wind speeds were 23% higher than those
obtained using WAsP. However, the study did not
report turbulent intensity, which would be necessary
for a wind turbine installation consideration. Apart
from the K —& turbulence model, there are other
flow models solvable within the CFD environment
such as Renormalisation Group (RNG), Reynolds
Averaged Navier-Stokes (RANS) and other
proprietary models. In addition, simulations must be
validated against measured data. Teerapong
Boonterm [9] investigated airflow over a rugged
terrain to find potential causes of aircraft accidents
at an army airport. Various turbulence models were

used to analyse airflow over the airport. The
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measured wind speed data was used to validate the
results. Even though turbulent intensity should have
been the focus of this investigation as one of the

potential causes, it was not mentioned in the study.

Turbulence has negative effects on wind
turbines because it creates uneven loading. Firstly,
an ideal flow would have instantaneous wind
speeds fluctuating around an average wind speed.
As the flow becomes more turbulent, the fluctuation
increases. Large wind speed fluctuation causes
fatigue on turbine blades [10]. Secondly, the kinetic
energy in the wind dissipates as the mass of air
mixes. Thus, the energy in the wind is reduced. In
addition, the flow direction is changed by the
formation of vertexes and then the inflow angle of air
into the wind turbines is altered. It reduces the
effectiveness of the airfoils. Non-zero inflow angle
can be seen in locations with rugged terrain. The
recommended maximum inflow angle is 8 degrees
[11]. Because the non-zero inflow angle is a local
phenomenon, CFD is required to visualise it. The
solution is to place wind turbines at a distance away
from turbulence sources or increase the hub height
[3, 10, 12].

Turbulent intensity and inflow angle are

examined in addition to wind speed in an
investigation to find the most productive wind
turbine locations in a rugged terrain. The inclusion
of turbulent intensity and inlet flow angle will help us
choose wind turbine locations to ensure low
vibration and uneven loading on turbines. CFD
(ANSYS 14.0) and WAsP 10.0 are used to analyse
airflow over a mountainous area where the slopes
are higher than 17 degrees (rugged terrain). A
mountain in the Northeast of Thailand was chosen

as a case study.

2. Materials and methods
2.1 Investigated site

Airflow over a mountain is investigated
around the upper reservoir of the Lamtakong
Jolabha Vadhana Hydro Power Plant, Nakhon
Ratchasima, Thailand. The Lamtakong Wind Turbine
Power System is located nearby. We consider
airflow to come in at 270 degrees (West) of the top
of the mountain. The wind speeds at 60 m above
ground level (agl) are considered because 60 m is
the common hub-height of turbines and other wind
monitoring projects. The area is rugged and
approximately 650 m above sea level (asl). A height
contour map of the area is made into a 6x6 km® size.
The ruggedness of the terrain is quantified by
calculating the angle of slopes. Slopes that are
steeper than 17 degrees are shown in a dark colour
(figure 1). Airflow is simulated over the mountain but
results of analysis along 3 lines (A, AA and AAA) are
shown as examples. The line AA passes through the
Lamtakong Wind Turbine Power System, which is
owned by the Electricity Generating Authority of
Thailand (EGAT).
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Figure 1 The height contour map of the area around
the upper reservoir of the Lamtakong Jolabha
Vadhana Hydro Power Plant. The highest point is
650 m above sea level and there is a body of water
on the left. The dark colour illustrates locations with

slopes steeper than 17 degrees
2.2 Analytical equations
Nomenclature

uV  velocity (m s’ Re  Reynolds number

P density (kg m®) D, hydraulic diameter

p pressure (Pa) 7 viscosity (kgm'ws'ﬂ)

g gravity component
A cross-sectional area
z, surface roughness (m)
z height above the surface (m)
K Karman's constant (=0.41)

| turbulence intensity

4, turbulent viscosity (kgm''s™)

& turbulent dissipation rate (m’s™)
k turbulent kinetic energy (m’s?)
X cartesian coordinates

u, frictional velocity (m s™)

The airflow is governed by three principles:
the conservation of mass, momentum and energy.
The conservation of mass is stated by the continuity
equation (1). A mass of moving air exchanges
momentum with the surrounding air and objects and
in - momentum

the change is stated by the

momentum equation (2).

Continuity Equation
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Momentum Equation
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k —& model is used in the turbulence study
because it is quick and accurate. An experiment by
Alinot and Masson [13] provides the five constants
needed for the analysis. These five constants are
C, =1.176, C_, =192, C,=0.03329, o, ,=1.0 and
o, =1.3. Turbulent kinetic energy (k), or kinetic
energy per unit mass can be computed by using
equation 3. This kinetic energy is dissipated due to
friction and mixing action. The rate of kinetic energy

dissipation is governed by equation 4.
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There are three groups of equations, which
are turbulent viscosity, wall function and turbulent
intensity equations. The turbulent viscosity equation
(equation 5) gives the numerical relationship
between K and € through turbulent viscosity ()

The wall function equations (equations 6, 7 and 8)
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enable us to numerically compute the fluid shear
stress as a function of velocity at a given distance
from the wall. The logarithmic relationship (equation
6) is sometimes called Log Law of The Wall [14].
Finally, the inlet turbulent intensity equations (9, 10
and 11) are used to set up the flow conditions in a

fully developed flow.

#=pC,— ()
£
U =u—*lni (6)
K Z,
u;
k= (7)
CL/Z
u3
= * 8
& e (8)

VD
ReDH—'D H
# (10)
4A
D, =—
P (11)
Table1 Roughness heights and roughness

constants dictate the levels of friction. The values

used are modified in this study.

ANSYS
Default [15]

Model Parameter Pattanapol et al.

Roughness 0.05m 1.5m
Height (z)
Roughness 0.5 0.327
Constant

The roughness height (z) and roughness
constant characterise the friction force produced by
a surface. These numbers depend on the sizes,
heights and spacing between obstacles on the
ground. The numbers are usually selected by a
visual inspection of the vegetation. The default
values in ANSYS 14.0 are 0.05 m and 0.5,
respectively. They are suitable for simulation of flow
problems in pipes and therefore must be changed.
The numbers investigated by Pattanapol et al. are

used [15] (Table 1).
2.3 Simulation model set up

A digital contour map is obtained and then
an enclosing volume on top of the map is built. The
volume is 6000x6000x1000 m (WxLxH) in
dimensions (Figure 2). The upper reservoir of the
Lamtakong Jolabha Vadhana Hydro Power Plant is
in the middle of the map and air flows from West to
East (left to right). The boundary conditions are

assigned as follow;

® The air flows into the map where the wall

(left) is assigned as Velocity Inlet.

® The air flows out of the map where the wall

(right) is assigned as Outflow.

® The walls along the sides and the ceiling
are assigned to be Symmetry, which means
they are not physical walls. Therefore, they
do not exert any force onto the moving
fluid.

The ground is assigned as a wall with a
uniform roughness height and roughness constant
(table 1).



2.4 Grid independent testing

The entire volume is divided by a meshing
process into smaller volumes called elements. The
greater the numbers of elements the more accurate
the solutions will be. However, solving a problem
using large numbers of elements consumes more
computing resources and time. Therefore, an
appropriate number of elements must be specified
to use less computing resources while achieving

accurate results.

This is achieved by varying the surface grid
sizes at 30, 40, 50 and 70 (Table 2) and then
simulating for solutions. The smaller grid size results
in large numbers of elements. We further improve
the meshing process by assigning smaller grid
sizes to locations with complex geometry to
increase local accuracy and using large grid sizes

elsewhere to reduce computing resources and time.

velocity i

KKU ENGINEERING JOURNAL January-March 2014; 41(1)

Table 2 The smaller surface grid size results in large
numbers of elements. Using smaller grid size will

increase the computing time needed

Surface Grid 30 40 50 70
Size (m)
Number of 847400 442740 301940 153060

Elements

At each case of the surface grid size, wind
velocities along the AA line are compared. A graph
between distance (from inlet to outlet) and velocity
is plotted to show the difference between cases
(figure 3). It is found that the surface grid size of 40 m
gives wind velocities within 5% of that of the 30 m.
However, the number of elements is approximately
halved, so it uses less resources and time.
Therefore, the grid size of 40 m is used throughout.
After the setup is identified, we simulate airflow over
the mountain by varying the inlet wind speeds at 2,
3,4 and 5 m/s.

Figure 2 3D surface map is enclosed by an imaginary volume to signify calculation envelope
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Figure 3 Wind velocities along the line AA when different surface grid sizes are used
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Figure 4 (a) A velocity gradient plot of results from a simulation using CFD when the inlet air velocity is 4 m/s.
(b) A velocity gradient plot of results from a simulation using WAsP when the inlet air velocity is 4 m/s. The

gradient scale is 2.7-7.17 m/s on both plots



2.5 WAsP modelling

A digital elevation model is produced with 10 m
height contour. A Roughness of the surface can be
specified by drawing areas, where each area has
uniform vegetation to give a uniform roughness.
However, a uniform roughness is specified for the
entire map for consistency. The values used are the
same for CFD. The wind rose, where the wind speeds
and directions are the same for CFD, is input into

the program. The resultant wind map is obtained.
3. Results and discussion

3.1 Wind speed comparison between CFD (ANSYS
14.0) and WAsP 10.0

The results of simulations from CFD and
WAsP are plotted in the form of velocity gradient
maps. The wind speeds are represented in colours
scale from 2.7-7.17 m/s. Wind speeds obtained from
a simulation using CFD when the inlet wind speed is

4 m/s are shown in figure 4a. According to figure 4a,

the airflow speeds up as the elevation increases.
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There are areas where wind speed increases more
than that of the inlet along the mountain top and
then the wind speeds drop below

the inlet value as air flows pass the reservoir.
Although the results from a simulation using WAsP
illustrate similar trends (Figure 4b), there are a few
differences. Firstly, the magnitudes of wind speeds
at the mountain top are approximately 30% lower.
Secondly, the areas of the highest and lowest wind

speeds are different.

Furthermore, CFD is capable of showing the
turbulent intensity. Turbulent intensity is plotted in a
gradient plot (Figure 5). The results show turbulent
intensity is under the threshold in areas between the
water and the cliff face of the mountain. The
turbulence increases as air flows over the mountain
(2-6%) and then increases on the lee side of the
mountain  (12-18%). The threshold of turbulent
intensity is 18% [15].

Figure 5 Turbulent intensity plot obtained using CFD. The plot visually identifies locations with turbulent

intensity values. The red colored areas have higher turbulent intensities
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3.2 Turbulent Intensity and Inflow angle

consideration

Airflow over the mountain is simulated using
both WAsP and CFD for comparison purposes but
only results from CFD simulations will be considered
here. The abilities of showing wind speed, turbulent
intensity and inflow angles of CFD will help us to
identify areas which fit the criteria for wind turbine
installation. For illustration purposes, the results
along 3 chosen lines (A, AA and AAA) will be
investigated. The elevation, speed-up ratio,
turbulent intensity, inflow angle and slope angle are
plotted against the distance from the inlet to outlet.
The speed-up ratio is the ratio between the increase
of instantaneous wind speed over the inlet wind
speed. The results show that the inflow angles
range from 2 to 7 degrees for all cases. To be able
to efficiently utilise the energy in the airflow and
reduce fatigue load on turbine blades, the
recommended turbine locations along the 3 lines

need to be moved.

Along the line A (Table 3), the spot with the
highest speed-up ratio is at 3689 m from the inlet
and has power density of 359.7 W/m’ at 60 m hub-
height. The turbine needs to be moved to 3733 m,
where the inflow angle is zero. The power density
reduces to 351.8 W/mz, while the turbulent intensity
is under the threshold. Moreover, the EGAT wind
turbines on the line AA (Table 4) are not at the
position of the highest speed-up ratio. However,
their positions perform close to our recommended
position in regard to inflow angle, power density and
turbulent intensity. Along the line AAA (Table 5), the
highest speed-up ratio occurs at 2979 m where the
power density is 515.3 W/m’. Our recommended spot

is at 3040 m where the inflow angle reduces from 7

to 0 degrees. The power density reduces to 502.6
W/m’. The move of the position may reduce power
density but turbines will experience less vibration

and uneven loading.

It is evident that the inflow angles on the
upwind side are generally greater and should be
avoided. However, the turbulent intensity is the
highest on the lee side (Figures 6a and 6b).
Therefore, It concludes that wind turbines should
not be installed at a distance far into the upwind and
lee sides of the mountain. Thus, areas around the
top of the mountain are the most suitable in regard

to turbulent intensity.

Then, turbine locations can be fine-tuned by
considering the speed-up ratio, inflow angle. It must
be noted that the highest speed-up ratios or wind
speeds do not necessarily occur at the peak of the
mountain. In addition, the inflow angle is not zero at
that point (Figures 7a and 7b). A zero inflow angle
can sometimes be found in a spot that is not flat.
Therefore, wind turbine installation at the peaks may
not always vyield the highest energy production,
while relying on the spots with the highest wind
speeds will increase the vibration and uneven

loading of turbines.
4. Conclusions

From our investigation of airflow over a
rugged mountain, locations with the highest power
densities for wind turbine installation are found. The
criteria used in the investigation are wind speed,
turbulent intensity and inflow angle. These
parameters are employed to guard against the
perception that high energy yield spot for a wind

turbine is likely to be at the peak of a mountain.
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Upon a closer inspection, the highest wind speed
can occur away from the peak of the mountain.
Turbulent intensities closer to the threshold
are found on the lee side of the mountain, which
should be avoided in regard to wind turbine
installation. High turbulent intensity reduces the

efficiency of the airfoils and accelerates fatigue

wear on turbines. High turbulence also coincides
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with a drop in wind speed because the kinetic
energy in the moving air is dissipated in the
phenomenon. The orography of a mountain causes
inflow angles to change. But inflow angles do not
necessarily follow the slopes of a mountain.
Although inflow angles close to zero can be found

near the top of a mountain, a close inspection is

required to fine-tune for a zero inflow angle position.

Table 3 Details of results along the line A when the inlet velocity is 4 m/s. The recommended turbine position

(*) is dictated by the inflow angle

Distance (m) 2011 2520 2997 3521 3689 3733 4013 4488
Velocity (m/s) 4.1 4.4 4.8 7.8 8.3 8.3 7.0 7.7
Power density (w/mz) 44.6 51.6 63.6 279.7 359.7 351.8 215.6 276.5
Inflow angle (deg) 1.0 9.7 11.8 11.8 2.0 0.0 -2.7 -1.3
Turbulent Intensity (%) 2.3 3.7 4.3 1.8 1.7 1.8 3.3 3.1

Table 4 Details of results along line AA when the inlet velocity is 4 m/s. At the distances of 3490 (EGAT wind

turbines), the inflow angle is zero

Distance (m) 2019 2490 2992 3394 3490 3997 4070 4488
Velocity (m/s) 4.8 5.1 7.1 8.7 8.4 8.5 7.2
Power density (W/mz) 66.1 79.3 207.0 419.5 389.3 365.8 373.4 225.6
Inflow angle (deg) 3.6 9.1 11.7 0.0 0.5 -0.7 -5.8
Turbulent Intensity 2.6 3.1 1.9 1.9 23 2.2 6.0
(%)

Table 5 Details of results along line AAA when the inlet velocity is 4 m/s

Distance (m) 2000 2514 2979 3040 3513 4003 4520
Velocity (m/s) 49 5.7 9.5 9.4 8.0 7.0 6.2
Power density (W/mz) 68.2 108.6 515.3 502.6 306.5 209.2 146.2
Inflow angle (deg) 7.4 11.3 7.0 0.0 -4.8 2.7 -0.2
Turbulent Intensity (%) 3.1 5.5 1.9 1.8 2.9 5.2 6.9
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Figure 6 (a) Plots of paremeters along the line A from inlet to outlet. (b) Plots of paremeters along the line AA

30 T T 7 40 T I
20 Terrain slope (deg) — ; 30 —— Fow angle (deg)
Fhwanfleﬁeﬁl ,(\ N g freseeneeases .\5.‘ ........ g
5 T ", = ' N B
PR AT 74N S . 4 - Terrain slopd (deg)
i Lo ,*:**_{_;,. S R Z 10
T = Bt i e T Yy —— e e e —
Sl v a2 g
= Turbulence intensity (%) I a0 - TurhulenTe intensity [9‘6} .
-20 | 16 -
1.4
1.2 L) |
1 fl \‘-\ I — =14 ded
g‘ o R ded l’ ] "\ / -P: 1.3 - -_-‘-_‘“-‘_"'"‘*
5 0.6 g1 —
%04 ~/ R4 2., il I
=% -
w 0.2
- 1.1
0.2 1
1000 8OO
E 500 % L~ _730 - —
£ 600 —— E760
§ 00 — £740
H g ]
= 200 Er20
0 700
0 1000 2000 3000 4000 5000 6000 2900 2950 3000 3050 3100 3150 3200
distance [m] distance [m]

(@ (b)
Figure 7 (a) Plots of parameters along the line AAA. Inflow angles are generally high and reach 20 degrees

on the upwind side of the mountain. (b) A close-up of parameters along the line AAA
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