SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Experimental and Numerical Studies of a
Horizontal Axis Wind Turbine Performance over a
Steep 2D Hill

Ibrahim, Omar M. A. M.

Interdisciplinary Graduate School of Engineering Sciences, Kyushu University

Yoshida, Shigeo

Research Institute for Applied Mechanics, Kyushu University

https://doi.org/10.5109/1957496

HhRI1EZR : Evergreen. 5 (3), pp.12-21, 2018-09. Green Asia Education Center
N—=I3
1EFIBI{% : Creative Commons Attribution-NonCommercial 4.0 International

. KYUSHU UNIVERSITY




EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 05, Issue 03, pp. 12-21, September, 2018

Experimental and Numerical Studies of a Horizontal Axis
Wind Turbine Performance over a Steep 2D Hill
Omar M. A. M. lbrahim!”, Shigeo Yoshida?

YInterdisciplinary Graduate School of Engineering Sciences, Kyushu University, Japan
Research Institute for Applied Mechanics, Kyushu University, Japan

*Author to whom correspondence should be addressed,
E-mail: omar.ibrahim@riam.kyushu-u.ac.jp

(Received January 30, 2018; accepted August 28, 2018).

Wind tunnel tests and Numerical simulations were done to study the effect of a steep two-
dimensional (2D) hill on the performance of a horizontal axis wind turbine. Experiments were
performed in the wind tunnel to measure the average vertical wind speed distribution over the hill
and the load acted on the wind turbine at a number of locations over the hill. Flow over the 2D hill
and wind turbine power coefficient were examined using Computational Fluid Dynamics (CFD)
simulations where the wind turbine rotor was fully resolved. CFD simulations had a good agreement
with wind tunnel test results, and current studies showed the great impact of the 2D hill on the

performance of the wind turbine.
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1. Introduction

Wind turbines can affect each other when they are
grouped together in a wind farm. A wind turbine extracts
wind Kinetic energy, leading to a decrease in wind speed,
therefore electricity production of the downstream wind
turbine is reduced [1, 2]. Power output reduction of
downstream wind turbines could be 10-40% [3-5]. Wakes
of upstream wind turbines are turbulent, and can increase
stresses and fatigue applied on downstream wind turbines,
causing reduction of wind turbine life time [1, 2, 6].

The number of onshore wind farms has considerably
increased over the last 10 years [7], and an increasing
number of these farms are placed over or close to hills and
mountainous terrain, because suitable flat terrain sites are
already used. Complex terrains can have a negative impact
on wind turbine performance and life time. Uchida et al.
[8] found that “pitch control was unable to respond
appropriately to the wind velocity fluctuations originated
from the topography upwind of the wind farm”. Li et al.
[9] reported that “the cause of the repeated failure of yaw
systems for an existing operational turbine was due to
highly fluctuating wind conditions caused by complex
terrain”. Therefore, wind farm terrain impact must be
considered along with wake effects of wind turbines
during the layout optimization process.

This paper investigates the impact of a steep 2D hill on
a wind turbine using wind tunnel tests and CFD.
Experiments were performed in the wind tunnel of
Kyushu University where the average vertical wind speed
distribution was measured along the hill without a wind
turbine. Then, a turbine was positioned at different

locations over the 2D hill to measure the load applied to
the turbine. Furthermore, CFD simulations were carried
out to investigate the flow over the 2D hill and the power
coefficient of a turbine placed upstream and at the top of
the hill. Finally, CFD results were compared with
experimental results.

2. Experimental Method

The Boundary Layer Wind Tunnel (figure 1) is a closed
circuit type and can be switched to open circuit if required.
The dimensions of the wind tunnel test section are 15 m
long, 3.6 m wide, and 2 m high. A uniform air flow with
turbulence intensity less than 0.5%, and a maximum flow
speed of 30m/s can be achieved in this wind tunnel [10].
The 2D hill is represented by equation (1) and shown in
Figure 2. Where Z - axis is the vertical direction, h is the
2D hill height and equals to the wind turbine rotor
diameter (0.512 m), L equals to h/2S, S is the slope of the
hill and equals to 0.45, and X - axis is the streamwise
direction.

2
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The ceiling walls of the wind tunnel were opened at
section 3, 4, and 5 (figure 1) in order to significantly
reduce the blockage effects [11, 12]. Large plates were
mounted on each side of the hill, as can be seen in fig.3,
for modeling the two dimensional flow over the hill.
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Several measurements were done at the top of the hill in
order to make sure that the flow over the hill is two
dimensional. The hill model was positioned at about 0.12
m from wind tunnel floor in order to impose a uniform
flow condition.

There were two wind tunnel test configurations. The
objective of the first configuration was to examine the
flow over the 2D hill without wind turbines, as can be seen
in fig.3 and 4. The inlet wind velocity was constant at 7
m/s. The average wind speed distribution was measured
using a standard straight hot wire anemometer at six
locations over the hill every 390 mm along the streamwise
direction and vertically along the Z-axis every 20 mm.
The flow velocity was measured with a sampling time of
30 seconds and a sampling frequency of 1 kHz.

The objective of the second configuration was to
measure the wind turbine load, as shown in figure 5 and 6.
The inlet wind velocity was the same as the first
configuration. The wind turbine was placed normal to the
incoming flow at six locations over the hill every 390 mm
along X - axis direction. Forces acting on turbine in X, Y,
and Z axes as well as moments around X, Y, and Z axes
were measured using a 6-component load cell. Fig.6
shows a schematic diagram of the second configuration
setup.

3. Numerical Method

3.1 Case 1: Flow over 2D hill

k—¢ turbulence model was previously used for
simulating flow over terrain and other applications [13-
15]. However, using this method results in average
turbulent kinetic energy and average wind speed [16].
Alternatively, Large Eddy Simulation (LES) model was
previously used [17-19] for wind flow simulation over
terrain, and was able to show flow unsteadiness. Therefore,
the LES model was used in this paper for flow simulation
over the steep 2D hill, and the standard Smagorinsky
model [52] was used as the subgrid-scale model.

The flow over the hill was simulated using Ansys
Fluent where a transient pressure-based solver was used
to obtain the average vertical wind speed distribution
along the hill.

Computational domain was as shown in figure 8. It had
the same dimensions as the wind tunnel, and the boundary
conditions were as follows: Outlet was set to pressure-
outlet with an operating pressure of 101,325 Pascals and a
gauge pressure equals to zero. Inlet was set to velocity-
inlet type at a constant velocity of 7m/s. The hill was set
to no-slip condition. The ceiling windows were set at
atmospheric pressure (101,325 Pascals), and a no-slip
condition was employed for side walls.

An unstructured mesh was created using Ansys
Meshing. Prismatic volume cells were generated on hill
surface with a growth rate of 1.2, as shown in figure 7, and
the first layer thickness was specified in order for y+ to be
less than 1, where y* is a non-dimensional distance, and

can be defined by equation 2. Where y is the distance to
the closest wall, u, is the friction velocity, and v is the
kinematic viscosity.

yt == )

3.2 Case 2: Flow around a wind turbine

Transition Shear Stress Transport (SST) model (also
called the y - Reg model) was used in this paper. The
transition SST model combines the transport equations of
the SST k-o and two more equations [20-24]. The
Transition SST model is based on three local correlation
parameters Reg., Reg,, and Fiengn - Regc is the
Critical momentum thickness Reynolds number, Reg; is
the Transition onset momentum thickness Reynolds
number, and Fp..g IS an empirical correlation that
controls the laminar-turbulent transition region length.
These three parameters were optimized as described in the
work of Sgrensen [24]. Reg. and Fienge, Were
specified, then a number of simulation runs were done to
get the optimum values for Reg. and Fiepngen. Then a
second series of simulation runs were done to get the
optimum value for third correlation parameter Reg,.

Flow around wind turbine rotor was simulated using
Ansys Fluent where a steady state solver was used for
investigating wind turbine performance at different inlet
wind velocity profiles.

The wind turbine rotor could be modelled as a fully
resolved rotor (by building a rotor body fitted mesh) [25-
33], or an actuator disk or line [34]. Modelling the fully
resolved rotor is an accurate way for simulating air flow
around the rotor, but, it has the highest computational cost.
The actuator disk method [35-43] doesn’t require the
creation of the turbine rotor’s body fitted mesh, however,
the force applied by the actuator disk on the flow is added
to the momentum equation. The actuator disk method is
simpler than the fully resolved rotor method and has a
lower computational cost. The actuator line method [44-
51] doesn’t need the creation of the body fitted mesh, but
the turbine blades are replaced by forces acting on rotating
lines.

In this paper, a fully resolved rotor was used in CFD
simulations as shown in figure 9. An unstructured mesh
that satisfies the Transition SST model limitations [20-24]
was created using Ansys Meshing. Prismatic volume cells
were generated on the wind turbine rotor surface with a
growth rate less than 1.1, as shown in figure 10, and the
first layer thickness was specified in order for y+ to be less
than 1. The total number of cells was about 7.6 million
cells.

The computational domain was as shown in figure 11.
The hill body was not included in this case, however, the
hill effect was included in the inlet boundary condition.
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Test Section

Fig. 1: Wind Tunnel of Kyushu University (Adapted
from [10 and 12])

3120 mm

Fig. 2: Schematic diagram of the 2D hill model.

Fig. 3: Wind speed measurements over the hill.
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Fig. 4: Schematic diagram of the first configuration
setup. Distances are in [mm].

Fig. 5: Wind turbine load measurements over the hill.
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Fig.6: configuration  setup
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Fig.7: Prismatic layers were generated on the hill
surface.
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Fig. 8: Computational domain of case 1.

Fig. 9: Surface mesh of the fully resolved wind
turbine rotor.

Wind turbine
rotor surface

Prismatic
layers

Fig. 10: Prismatic layers were generated on turbine
rotor surface.
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Fig. 11: Computational domain of case 2.
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Fig. 12: Average vertical wind speed distribution over

2D hill at six locations.
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Fig. 13a: Wind speed distribution at X = -1560 mm.
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Fig. 17: Wind turbine power coefficient at X = 0.

Boundary conditions were as follows: Pressure-outlet
condition was used for the outlet with an operating
pressure of 101,325 Pascals and a gauge pressure equals
to zero. Velocity-inlet condition was used for the inlet, and
it had the same wind velocity profile as the wind tunnel
test measurements. The rotor was set to no-slip condition,
and the outer cylinder wall was set to symmetry type.

To simulate the rotation of the wind turbine rotor,
moving reference frame was used where an axis of
rotation, origin of axis of rotation, and rotational velocity
were specified.

4. Results and discussion

Figure 12 shows the average vertical wind speed
distribution over 2D hill at six locations starting at X = -
1560 mm to X = 390 mm with an increment of 390 mm.
In figure 12, the vertical axis represents the height of the
wind tunnel which is equal to 2m. Wind velocity is almost
constant at X = -1560 mm along the Z-direction,

afterwards, wind velocity starts to increase at X = -780
mm until it reaches the maximum wind speed at X = 0,
then starts to decrease at the downstream of the hill at X =
390 mm. Figure 12 shows the great effect of the steep hill
on the vertical wind speed distribution. Figure 13a to 13f
compare wind tunnel test results with CFD simulation.
Numerical results showed a good agreement with the
experimental measurements.

Figure 14 and 15 show results of the second wind tunnel
test configuration. Figure 14 shows the moment acting on
turbine at six locations over 2D hill versus the Tip Speed
Ratio (A). Moment acting on turbine is lowest at X = -1560
mm, and highest at X = 0 and X = 390 mm. This is due to
the higher wind speed at the top of the hill compared with
upstream wind speed. Power Coefficient (Cp) was
calculated for the turbine at different tip speed ratios, as
can be seen in figure 15. Turbine performance at the top
of the hill (X =0) and X =390 mm was better than that at
X =-1560 mm (upstream of the hill), due to the higher hub
wind speed.

Figure 16 and 17 compare CFD simulations with wind
tunnel test results upstream (over X = -1560 mm) and over
X = 0. The Transition SST model had good agreement
with experimental measurements. Predicting stall and
flow separation at high tip speed ratios was possible using
the Transition SST model, whereas the SST k-omega
model failed to predict the stall as can be seen in Figure
16. This shows the usefulness of the Transition SST model
as compared to a fully turbulent one. Therefore, the
Transition SST model can be important for predicting
wind turbine rotors performance.

5. Conclusions

This paper examined the flow over a steep 2D hill as
well as the performance of a turbine located over the same
hill. Wind velocity was almost constant at X = -1560 mm
(upstream) along the Z-direction, afterwards, wind
velocity started to increase at X =-780 mm until it reached
the maximum wind speed at X = 0, then started to decrease
at the downstream of the hill at X = 390 mm. A good
agreement between Experimental and Numerical
simulations was achieved for the average vertical wind
speed distributions. These results displayed the impact of
the steep hill on air flow.

Moment acting on turbine was lowest at X = -1560 mm
(upstream), and highest at X = 0 and X = 390 mm. This is
due to the higher wind speed at the top of the hill
compared with upstream wind speed. A good agreement
between wind tunnel test and CFD results was achieved
for the wind turbine power coefficient by using the
Transition SST model. The Transition SST model yielded
better results than the SST k-omega turbulence model
specifically at high tip speed ratios.
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Abbreviations

Y Intermittency

y Distance to the closest wall

CFD Computational Fluid Dynamics

SST Shear Stress Transport

S Slope of the hill

yt Non-dimensional distance

RANS Reynolds-averaged Navier—Stokes

v kinematic viscosity

Frengtn Empirical correlation that controls
the transition region length

Reg, Critical momentum thickness
Reynolds number

h Height of the hill

Cp Power Coefficient

A Tip Speed Ratio

LES Large Eddy Simulation

U; Friction velocity
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