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Abstract

The present study compared the prediction accuracy of the three CFD soft-
ware packages for simulating airflow around a three-dimensional, isolated hill
with a steep slope: 1) WindSim (turbulence model: RNG &-& RANS), 2) Me-
teodyn WT (turbulence model: k-L RANS), which are the leading commer-
cially available CFD software packages in the wind power industry and 3)
RIAM-COMPACT (turbulence model: standard Smagorinsky LES), which
has been developed by the lead author of the present paper. Distinct differ-
ences in the airflow patterns were identified in the vicinity of the isolated hill
(especially downstream of the hill) between the RANS results and the LES
results. No reverse flow region (vortex region) characterized by negative wind
velocities was identified downstream of the isolated hill in the result from the
simulation with WindSim (RNG 4-&£ RANS) and Meteodyn WT (&-L RANS).
In the case of the simulation with RIAM-COMPACT natural terrain version
(standard Smagorinsky LES), a reverse flow region (vortex region) characte-
rized by negative wind velocities clearly forms. Next, an example of wind risk
(terrain-induced turbulence) diagnostics was presented for a large-scale wind
farm in China. The vertical profiles of the streamwise (x) wind velocity do not
follow the so-called power law wind profile; a large velocity deficit can be
seen between the hub center and the lower end of the swept area in the case of
the LES calculation (RIAM-COMPACT).

Keywords

RANS, LES, Isolated Hill, Large-Scale Wind Farm

1. Introduction

We have developed an unsteady and non-linear wind synopsis simulator called
RIAM-COMPACT (Research Institute for Applied Mechanics, Kyushu Univer-
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sity, Computational Prediction of Airflow over Complex Terrain) in order to
simulate the airflow on a microscale, ie., a few tens of km or less [1]-[13]. In
RIAM-COMPACT, a large-eddy simulation (LES) has been adopted for turbu-
lence modeling. LES is a technique in which the structures of relatively large ed-
dies are directly simulated and smaller eddies are modeled using a sub-grid scale
model. Efforts have been made to promote RIAM-COMPACT, mainly in the
wind power industry (e.g., private wind power providers, local governments, and
wind turbine manufacturers) in Japan. Computation time had been an issue of
concern for the RIAM-COMPACT software, which focuses on unsteady turbu-
lence simulations (LES). The present fluid simulation solver is compatible with
multi-core CPUs such as the Intel Core i9 and also with GPGPU, which has
drastically reduced the computation time, leaving no appreciable problems in
terms of the practical use of the RIAM-COMPACT software.

On another front, commercially available CFD software such as STAR-CCM+
[14] and ANSYS (CFD, Fluent, CFX) [15] has developed mainly as an engineer-
ing tool primarily in the automobile and aviation industries until the present
time. Recently, some of the above-mentioned general purpose thermal fluid
analysis software has started being adopted in the wind power industry. In the
previous study [16] [17] [18], the simulation results obtained from the
RIAM-COMPACT software were compared to those from STAR-CCM+, one of
the leading commercially available CFD software packages. The results of the
comparison are discussed. In addition, open-source CFD software packages are
more widely used than in the past. One of the most widely used software pack-
ages is OpenFOAM (OpenField Operation And Manipulation) [19]. Open-
FOAM is an open-source CFD toolbox which has been released and distributed
under the GNU GPL (General Public License) [20] by the OpenFOAM Founda-
tion, a non-profit organization. In the previous study [21], the simulation results
obtained from the RIAM-COMPACT software were also compared to those
from OpenFOAM, and the results of the comparison are discussed.

The wind power industry has on its own developed and distributed CFD
software designed for selecting sites appropriate for the installation of wind tur-
bine generators. One such leading software package is Meteodyn WT [22],
which has been developed by Meteodyn in France. Meteodyn WT is a CFD
software package which incorporates a RANS turbulence equation with a
one-equation closure scheme (4-L turbulence model; here, £ and L refer to tur-
bulence energy and the turbulence length scale, respectively). On October 12,
2017, “WT6.0”, the latest version of the software, was released. Another one of
the most widely used software packages is WindSim [23] by Norway-based
WindSim AS. WindSim is a CFD software package which uses a RANS turbu-
lence model and has been designed specifically for wind resource assessment. In
December 2016, the latest version of the company’s software package, WindSim
8.0, was released. These two CFD software packages are specialized for wind
power resource assessment as well as the RIAM-COMPACT CFD software pack-

age.
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In the present study, numerical simulations are performed for airflow over
and around a three-dimensional, isolated hill with a steep slope angle using the
three CFD software packages (WindSim, Meteodyn WT and RIAM-COMPACT).
The results of the comparison are discussed. Next, the numerical simulations for
airflow over a large-scale wind farm in China [21] are performed with
RIAM-COMPACT, which is based on an LES turbulence model, and Meteodyn
WT, which is based on a RANS turbulence model.

2. Overview of the Software Packages (RIAM-COMPACT and
WindSim) and Numerical Simulation Set-Up in the Case of
a Three-Dimensional, Isolated Hill with a Steep Slope
Angle

The numerical wind simulations in the present study are conducted for high
Reynolds number airflow over and around a three-dimensional, isolated hill
with a steep slope angle and a large-scale wind farm in China. Table 1 shows the

simulation set-ups adopted in the two software packages which are used in

Table 1. Comparison of numerical simulation methods, parameters, and settings between
the two software packages.

CFD model RIAM-COMPACT WindSim

Turbulence model Standard Smagorinsky LES RNG k& RANS

Atmospheric stratification

Neutral at h
(Atmospheric stability) eutral atmosphere

Coriolis force Not considered

Not considered

R h; length: 0.001
(Smooth surface) oughness feng

Surface roughness

Non-slip condition

G d surf:
round surface (Three wind velocity components Wall function

boundary condition
Ty at the ground surface are zero.)

Shape function of
the isolated hill z (1)

Height of the isolated hill A 100 (m)

Reynolds number Re (= U, A/v) 5x 10*and 1 x 107 5x 10*and 1 x 107
. 107 A/ U, (s) for Re = 5 x 10*
Time step A 107 W U, (s) for Re = 1 x 107 :
13h () x 9A () x 8A (k)
for Re =5 x 10*
194 (1) x 184 () x 84 (k)
for Re =1 x 10’
325 () x 226 () x 37 (&)
(Approx. 2.7 million points)
Number of for Re = 5 x 10* 325 (1) x 226 (j) x 37 (k)
computational grid points 436 (1) x 325 (j) x 101 (k) (Approx. 2.7 million points)
(Approx. 14.3 million points)
for Re =1 x 10’
Streamwise (x) grid spacing (Ax) 0.04 x Afor Re =5 x 10*
Spanwise () grid spacing (Ay) ~ (0.035 - 0.5) x Afor Re =1 x 107
(0.05 - 0.40) x hfor Re = 5 x 10*
(0.000004 - 0.6) x Afor Re =1 x 107

0.5A% {1 + cos(nr/a)}, r= (2 + })"%, a=2h

Computational domain size 13A () x 94 () x 8A (k)

0.04 x A

Vertical (2) grid spacing (Az) (0.05 -0.40) x A
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the present study: RIAM-COMPACT natural terrain version (turbulence model:
LES) and WindSim (turbulence model: RANS). Figure 1 and Figure 2 illustrate
the full computational grid used for WindSim and an enlarged view of the grid
in the vicinity of the isolated hill, respectively. Figure 3 shows the inflow profile
used for all of the simulations in the present study. Figure 4 shows the characte-
ristic wind velocity and length scales which are employed for the simulations
with RIAM-COMPACT.

In RIAM-COMPACT, a collocated grid in a general curvilinear coordinate
system is used in order to numerically predict local wind flow over complex ter-
rain with high accuracy while avoiding numerical instability. For the numerical
simulation method, a FDM is adopted, and an LES model is used for the turbu-
lence model. For the computational algorithm, a method similar to a FS method
[24] is used, and a time marching method based on the Euler explicit method is
adopted. The Poisson’s equation for pressure is solved by the SOR method.

e

~ =

h : Isolated hill height //’ >y

Approx. 8h

Approx. 9h Approx. 10h

j=113th

/ i = 75th
v
. Approx. 3h

Figure 1. Computational grid used in the simulations with WindSim, Re = 5 x 10* and 5
x 107,

Figure 2. Enlarged view of the computational grid used in the simulations with WindSim,
Re=5x10*and 5 x 10".
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Non-dimensional U

Figure 3. Inflow wind velocity profile used in the present study.

Characteristic velocity scale U,, (m/s)

Inflow boundary Characteristic length scale h (m)

(= Elevation difference = 7., — Zin)

Minimum terrain elevation z_;, (m) Maximum terrain elevation z_ ., (m)

Figure 4. Characteristic wind velocity and length scales used in the simulation with
RIAM-COMPACT.

For discretization of all the spatial terms in the governing equations except for
the convective term in the Navier-Stokes equation, a second-order central dif-
ference scheme is applied. For the convective term, a third-order upwind differ-
ence scheme is used. An interpolation technique based on four-point differenc-
ing and four-point interpolation by Kajishima [25] is used for the fourth-order
central differencing that appears in the discretized form of the convective term.
For the weighting of the numerical diffusion term in the convective term discre-
tized by third-order upwind differencing, a = 3.0 is commonly applied in the
Kawamura-Kuwahara scheme [26]. However, a = 0.5 is used in the present study
to minimize the influence of numerical diffusion. For the LES subgrid-scale
modeling, the standard Smagorinsky model [27] is adopted with a model coeffi-
cient of 0.1 in conjunction with a wall-damping function. For further details of
the numerical simulation techniques, refer to Uchida [1]-[13].

Regarding the boundary conditions adopted for the simulations with
RIAM-COMPACT, the same inflow profile as used for the simulations with
WindSim (Figure 3) is given at the inflow boundary. At the side and upper

boundaries, free-slip conditions are applied, and convective outflow conditions
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are applied at the outflow boundary. On the ground surface, a non-slip boun-
dary condition is imposed. For the simulation at Re (= U, 4/v) = 10, the number
of grid points is changed to 101 in the vertical direction, and the minimum ver-
tical grid spacing in is set to Az,,./A =4 X 1077 according to the equation below
(see Table 1):

Azmin/hZE (1)

vRe
In contrast to RIAM-COMPACT, WindSim uses RANS models. In the
present study, the RNG 4-&£ RANS model is selected for the simulations. Refer to
[23] for the numerical simulation methods used in WindSim and other details

about this software.

3. Comparison of the Simulation Results from the Two CFD
Software Packages (RIAM-COMPACT and WindSim) in the
Case of a Three-Dimensional, Isolated Hill with a Steep
Slope Angle

Figure 5 shows the ensemble-averaged flow fields from the simulations with
WindSim (turbulence model: RNG 4-&£ RANS). In neither of these simulations

Flow

|
-1.00. . 1.50
Shading
(2)
e - > — > —
L e e = = L i G GG
— —> > 5 —> > >
—> s 2 =T — s e
S e > e Y
o > —= ST — —>
—> —> —> > . s s —
S>> N5 —> — i e —=> > > > > > > >
> e — = Svid 2
— == o=
> > > > —> 3 s> B e
> £ Ao
—— > e
S
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|

!
|
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]
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Figure 5. Wind velocity vectors and contour of streamwise (x) wind velocity
(non-dimensional) on the x-z cross-section at the center of the span (y = 0), ensem-
ble-averaged flow field, WindSim (turbulence model: RNG k-¢ RANS). (a) Re = 5 x 10%
(b) Re =5 x 10.
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(Re =5x 10* and 5 x 107) did a reverse flow region (vortex region), in which the
values of the streamwise wind velocity are negative, form downstream of the
isolated hill. Instead, a potential-flow-like pattern formed in both simulations.
Figure 6 shows instantaneous flow fields from the simulations with
RIAM-COMPACT (turbulence model: standard Smagorinsky LES) (Re = 5 x 10*
and 1 x 10”). An examination of these simulation results reveals the clear pres-
ence of a reverse flow region (vortex region), in which the values of the stream-

wise wind velocity are negative, downstream of the isolated hill.

Flow
- - 1.50
1'OOShad|ng
(a)
—— e e
e —_ — =
i — 7 > B
— == — — =
= = ek e
— =, > >
7 —> —> = s — e
L s s L s . —> e S
— Ty s> —
S — e = s
. o a3 —
> 5 T 2> S>> > =
B > — 22> T>—> A
e .
——— > e T T
> S 2
ionamaraid e S
- H\\\\\)\) s

Flow == : S

-1 'OOShading1'50

(®)

Figure 6. Wind velocity vectors and contour of streamwise (x) wind velocity
(non-dimensional) on the x-z cross-section at the center of the span (y = 0), instantane-
ous flow field, RIAM-COMPACT (turbulence model: standard Smagorinsky LES). (a) Re
=5 x 10% non-dimensional time = 5.0; (b) Re = 1 x 107, non-dimensional time = 7.0.

4. Overview of the Software Packages (RIAM-COMPACT and
Meteodyn WT) and Numerical Simulation Set-Up in the
Case of a Three-Dimensional, Isolated Hill with a Steep
Slope Angle

For the present study, numerical simulations are conducted for high Reynolds
number flow around a three-dimensional, isolated hill with a steep slope angle
using RIAM-COMPACT, which is based on an LES turbulence model, and
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Meteodyn WT, which is based on a RANS turbulence model (see Table 2). Fig-
ure 7 shows the computational domain and grid used for the simulation with
Meteodyn WT. An enlarged view of the computational grid in the vicinity of the
isolated hill from the simulation with Meteodyn WT is shown in Figure 8. Fig-
ure 9 shows the method used to set the inflow profile in Meteodyn WT and the
inflow profile generated for the present study.

Approx. 8h

Approx. 9h >/

j=163rd

/ Approx. 13h
>

Approx. 6h

/ § i=113th

Figure 7. Computational domain and grid used for the simulation with Meteodyn WT,
Re =10'.

Approx. 9h

Table 2. Comparison of numerical simulation methods, parameters, and settings between
the two software packages.

CFD model RIAM-COMPACT Meteodyn WT
Standard kLRANS
Turbulence model K X K
Smagorinsky LES (A single equation model)

Atmospheric stratification
. o Neutral atmosphere
(Atmospheric stability)

Coriolis force Not considered

Roughness length: 0.05
(For the ground surface not
on the isolated hill: 0.001)

Surface roughness Not considered
& (Smooth surface)

Non-slip condition
Ground surface P

boundary condition

Shape function of the isolated hill z (z)
Height of the isolated hill A
Reynolds number Re (= U,/ V)
Time step At

Computational domain size
Number of computational grid points

Streamwise (x) grid spacing (Ax)
Spanwise () grid spacing (Ay)
Vertical (2) grid spacing (Az)

436 (1) x 325 (j) x 101 (k)
(Approx. 14.3 million points) (Approx. 5.2 million points)

(Three wind velocity components
at the ground surface are zero.)

0.5Ax {1 + cos(nr/a)} r= (£ + y")1/2,a=2h
100 (m)
10° 107
10 A/ U, (s) -
194 (1) x 184 ()) x 84 (k)
436 (1) x 325 ()) x 37 (k)

(0.035-0.5) x A

(0.0001 - 0.6) x A (0.005-1.2) x A

DOI: 10.4236/0jfd.2018.83018 293

Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2018.83018

T. Uchida, G. Li

e e

Figure 8. Enlarged view of the computational grid used in the simulations with Meteodyn
WT, Re = 10".

z*/h

In Meteodyn WT, the inflow wind is not a uniform flow. The inflow wind
velocity changes with height in order to represent actual atmospheric flow.

7r q Specifically, the inflow wind can be classified into the following three layers.
« Surface layer: 0 <z < hs
6 4 —The profile is determined by the logarithmic law.
« The Ekman layer: hs < z < hbl
—Transition from the upper-surface-layer wind to the geostrophic wind in
5t 1 || the free atmosphere

« Free atmosphere: hbl < z < Zskv
—The geostrophic wind is applied throughout this layer including as the top
4 boundary condition.

Streamwise wind

4F velocity is normalized :
: The inflow profile is calculated based on the following reference values:

3L atz/h=1 ] *Vref = 10.0 m/s: the reference wind velocity
*Href = 10.0 m: the reference height
«Zoref = 0.05 m: the reference roughness length
2 7| In the surface layer, the inflow profile is calculated based on the

Isolated hill height atmospheric stability, surface roughness data from the vicinity of the inflow
boundary, and an assumption that turbulence kinetic energy is constant
[ T ST P SR across the layer.
A In the Ekman layer, turbulence kinetic energy is assumed to decrease
linearly with height.

0 0.5 1 1.5
Non-dimensional U

Figure 9. Method adopted in Meteodyn WT for setting the inflow profile and the inflow
profile generated for the present study.

Since simulations for a flow with Re (= U, A/v) = 107 were not feasible with the
RIAM-COMPACT natural terrain version software because of the time step, a
numerical wind simulation is performed at Re = 10°, which is an order of mag-
nitude smaller than the flow simulated with Meteodyn WT. For this simulation,
the number of grid points in the vertical direction is set to 101 (37 for the simu-
lation with Meteodyn WT), and the minimum vertical spacing is set to Az, /A=
107* based on the Equation (1) (Az,;,/A = 5.0 x 107 for the simulation with Me-
teodyn WT, see Table 2). At the inflow boundary, an inflow profile which is al-
most identical to the inflow profile used for the simulation with Meteodyn
(Figure 9) is used. Free-slip conditions are applied at the side and upper boun-
daries, and convective outflow conditions are applied at the outflow boundary.
At the surfaces of the ground and the isolated hill, non-slip conditions are im-
posed. The time step is set to At= 107> A/ U, (refer to Table 2).
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5. Comparison of the Simulation Results from the Two CFD
Software Packages (RIAM-COMPACT and Meteodyn WT)
in the Case of a Three-Dimensional, Isolated Hill with a
Steep Slope Angle

Figures 10-12 show results from the simulation with the Meteodyn WT soft-
ware package (turbulence model: &-L RANS). These results (for a flow at Re =
107) indicate that a reverse flow region (vortex region) characterized by negative
values of wind velocity does not form downstream of the isolated hill, and a pat-
tern resembling potential flow is present there. Figure 13 shows the results from
the simulation with the RIAM-COMPACT natural terrain version software
package (turbulence model: the standard Smagorinsky LES). Examinations of
the results reveal that a reverse flow region (vortex region) characterized by neg-
ative values of wind velocities clearly exists downstream of the isolated hill in the
simulated flow at Re (= U, A/ v) = 10°.

|:> Flow

| |
.00 50
Shading1 S
A reverse flow region (vortex region) S m
| characterized by negative wind 0.00 1.50
velocities does not form. Contour

Figure 10. Streamwise (x) wind velocity distribution at the center of the span (y = 0), Meteodyn WT, k-L
RANS, Re = 107.

|:> Flow

Figure 11. Streamwise (x) turbulence intensity distribution at the center of the span (y = 0), Meteodyn WT,
k-L RANS, Re = 10".
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I:> Flow

A reverse flow region (vortex region)
characterized by negative wind
velocities does not form.

I u

I_l_l_l_l_l_l_l_l_l_l
0.00 1.50
Vector

Figure 12. Velocity vectors at the center of the span (y = 0) in the vicinity of the isolated
hill, Meteodyn WT, k-L RANS model, Re = 10"

:> Flow A reverse flow region (vortex region)
o characterized by negative wind
] velocities forms.

N
S |
-0.5 1.40 e
. Contour, Shading =

()

:> Flow A reverse flow region (vortex region)
characterized by negative wind
velocities forms.

-0.5 1.40
1 Contour, Shading =~

Note: evaluated for t =100~200 h/U;, (b)

Figure 13. Streamwise (x) wind velocity distribution at the center of the span (y = 0) in
the vicinity of the isolated hill, RIAM-COMPACT, standard Smagorinsky LES, Re = 10°.
(a) Instantaneous flow field; (b) Time-averaged flow field.

6. Comparison of the Simulation Results from the Two CFD
Software Packages (RIAM-COMPACT and Meteodyn WT)
in the Case of a Large-Scale Wind Farm in China

Dougu wind farm is located in the city of Mengzi, Honghe prefecture, Yunnan
province, China (see Figure 14). The wind farm started operation in 2012 and it
consists of 33 Mingyang wind turbines of rated capacity 1.5 MW. The turbines
have a hub height of 65 m with rotor diameter of 82.6 m. The turbines are lo-
cated on top of a cliff and aligned in a north-south direction with elevation
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Duogu Wind Farm
B Location: Mengzi City, Honghe Prefecture, Yunnan Province, China

B Operator: Huadian Yunnan Power Generation Corporation

B Configuration : 1.5 MW x 33 (49.5MW)

B Wind turbine specification : Hub height 65m, Rotor diameter 82.6m
B Wind turbine supplier : Ming Yang

B Start of operation : 2012

Approx. 16 km

Approx.1 km [

()

Figure 14. Large-scale wind farm investigated in the present study (Duogu Wind Farm).
(a) Overall view; (b) Enlarged view. A group of 33 wind turbines are located above a steep
escarpment.

ranges from around 1850 to 2200 meters. The cliff has a height of around 900 m
with slopes exceeding 60 degrees in places. Aerial photos from Google Earth in-
dicate vegetation is abundant at the bottom of the cliff but scarce along the cliff
and in the vicinity of turbines. Since the start of operations, one of the wind tur-
bines, turbine No.12 (T12) has experienced vibration problems. Wind farm op-
erator Yunnan Huadian Dougu Wind Power Corporation (YUDWPC) sus-
pected the vibration issue is related to wind conditions. In the present study, the
simulations are performed with RIAM-COMPACT, which is based on an LES
turbulence model, and WindSim, which is based on a RANS turbulence model.
The results from the simulations are compared.

The vibration problem of turbine T12 was investigated by the operator
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YUDWPC and a report was issued in April 2014 [28]. Stated in the report was
that high vibration data was recorded only when the wind was blowing from the
southwest. Wind direction on the ground level was observed to be in the reverse
direction from that recorded by the nacelle anemometer. Analysis of the vibra-
tion data indicates the vibration is in the vertical direction. This suggests the vi-
bration is associated with abnormal vertical wind shear across the wind turbine
rotor. As shown in Figure 15, a figure extracted from the report, it was deduced
that the presence of the small hill located about 150 m upstream from turbine
T12 was causing the onset of turbulence and reverse flow which led to the vibra-
tion recorded.

For LES simulation, the RIAM-COMPACT natural terrain version software
package was employed. The software uses a standard Smagorinsky turbulence
model. For the simulation, SRTM 90 m data was used for elevation data. Wind
direction is set to true north at 247 degrees and the computational domain con-

structed is shown in Figure 16 with the following details:

_— Wind turbine {\F \

~—

\\hk \, A reverse flow region

\Steep complex terrain

\\

Figure 15. Deduction made on the airflow upstream and in the vicinity of turbine T12.

Target turbine No.12 (T12)

Wind direction is set to true north at 247 degrees.

Figure 16. Computational domain and grid used for the simulation with RIAM-COMPACT.
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— Domain size: 14.0 km x 13.3 km X 8.3 km

— Elevation: 1275 m (Min) - 2232 m (Max)

— Calculation grid points: 300 x 400 x 60

— Total number of grid points: 7.2 million

— Grid spacing: 8 m - 957 m (x), 13m-72m (), 1 m - 470 m (2)

To increase calculation accuracy, the mesh is concentrated around the turbine
positions in both the x and y direction as shown in Figure 16. No roughness
consideration is given in the present LES simulation. Atmospheric stability is set
to neutral stability. After the calculation has been stabilized, numerical results in
the calculation domain are output for a real time of ten minutes with an interval
of one second.

Figure 17 shows an instantaneous vector plot across turbine T12. This picture
clearly shows flow separation occurred at the small hill located 140 m upstream
from the turbine, and the onset of the formation of the recirculating vortex be-
hind the hill. The turbulent flow extends downstream forming a reverse flow re-
gion characterized by negative values of wind speed covering the lower part of
the wind turbine rotor.

The simulation results also indicate that the wind flow is relatively undis-
turbed above hub height level. The U component wind speed time series during
the ten minute simulation at rotor top (106.3 m), hub center (65 m), rotor bot-
tom (23.7 m) and surface level (10 m) positions are plotted in Figure 18.

Referring to Figure 18, it is obvious that the wind speed at surface (10 m) and
rotor bottom is significantly lower and showing more fluctuations than the wind
speed at the hub and top part of the rotor. Wind speed varies between 15.0 to
20.0 m/s at hub height and rotor top whereas for rotor bottom wind speed fluc-

tuates between negative 6.2 m/s to 2.0 m/s. Negative wind speed indicates the
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Figure 17. Instantaneous vector plot at turbine T12.
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Figure 18. Time series of U component wind speed at rotor top, hub, rotor bottom and
ground surface level at turbine T12.

wind is flowing in reverse direction. During the ten minute simulation, negative
values account for 62% of the total data at rotor bottom. When the rotor bottom
wind speed is at its minimum of negative 6.2 m/s the wind speed at rotor top is at
18.1 m/s, hence a very large absolute wind speed difference of 24.3 m/s. Excluding
the negative wind speed data, the wind speed difference across the rotor face (be-
tween rotor top and rotor bottom) has a maximum value of 18.7 m/s and an aver-
age of 17.4 m/s. The maximum wind shear exponent is calculated to be 5.8 with an
average value of 2.5, far exceeding the IEC standard average shear value of 0.2.

The average, minimum and maximum values of the U component wind speed
at turbine T12 are shown in Figure 19. The average values represent the average
shear profile seen at turbine T12. Referring to that, the reverse flow region re-
sults in a negative or very low wind speed from ground surface level to the rotor
bottom of around 25 m. Wind speed increases gradually from 25 m and starts
leveling off at around 50 m.

In this study, the commercial software Meteodyn WT (turbulence model: £-Z
RANS) was employed and its results were compared with the results calculated
by the RIAM-COMAPCT. The calculation parameters are shown in Table 3.
The calculation domain is a radius of 10 km for the x-y direction with turbine
T12 as center; z direction has a maximum of 200 m. Wind Direction is set at 247
degrees with minimum vertical and horizontal resolution set to 5 m and 2 m re-
spectively. Atmospheric stability is set to neutral. The calculation was completed
smoothly with computation convergence recoded at 99.3%.
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Figure 19. Vertical shear profile predicted by RIAM-COMAPCT, average, minimum and
maximum of U component wind speed variation with height.

Table 3. Numerical simulation methods, parameters, and settings for Meteodyn WT.

Wind direction
Thermal stability class
Smoothing-Whole domain
Forest model
Minimum horizontal spacing
Minimum vertical spacing
Horizontal expansion coefficient

Vertical expansion coefficient
Grid points

Maximum iteration number

Convergence

247 degrees
2
1
Robust model

5m

2m

1.1

1.2

225 (i) x 237 (j) x 44 (k)
(Approx. 2.3 million points)

25

99.3 %

Meteodyn WT’s calculation output includes the speed-up factor from height

20 m to 200 m at an interval of 20 m at turbine T12. These values are shown in

Table 4. The speed-up factor is the wind speed ratio at the given height refe-

rencing the wind speed at height 10 m. The speed-up factor therefore resembles

the vertical shear profile. Assuming a wind speed of 9.5 m/s at 10 m height, wind
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Table 4. Speed-up factor at turbine T12 and calculated wind speed.

Height (m) Speed-up factor Wind speed (m/s)
20 1.850 17.58
40 1.952 18.54
60 2.002 19.02
80 2.013 19.12
100 2.008 19.08
120 1.998 18.98
140 1.987 18.88
160 1.977 18.78
180 1.968 18.70
200 1.959 18.61

speed at different heights can be calculated based on the speed-up factor and the
results are shown in Table 4.

The wind speed figures in Table 4 are plotted in Figure 20 and the resulting
wind shear profile is compared with the shear profile (average values) predicted
by RIAM-COMPACT. It can be seen from Figure 20 that the shapes of the two
profiles are similar from 50 m upwards but distinctively different below 50 m.
Meteodyn WT does not seem to predict any flow separation and reverse flow re-
gion and therefore there is no significant wind speed reduction between 25 m
and 50 m, and also no negative wind speed values below 25 m as predicted by
RIAM-COMPACT. Numerical comparison results are shown in Table 5.

Referring to Table 5, across the wind turbine rotor face, RIAM-COMPACT
predicted a large wind speed difference with a shear exponent exceeding the IEC
standard value of 0.2 by a large margin. In sharp contrast, Meteodyn WT pre-
dicted a small wind speed difference with a shear exponent of 0.025 which is sig-
nificantly below the IEC standard.

7. Summary

Simulations were performed for airflow around a three-dimensional, isolated hill
with a steep slope angle in order to compare the flow pattern simulated in the
vicinity of the hill by three software packages. For the simulations, three software
packages were used: 1) WindSim (turbulence model: RNG 4-& RANS), 2) Me-
teodyn WT (turbulence model: £-Z RANS), which are the leading commercially
available CFD software packages in the wind power industry and 3)
RIAM-COMPACT (turbulence model: standard Smagorinsky LES). Compari-
sons of the simulated results revealed a distinct difference in the simulated flow
patterns in the vicinity of the isolated hill (especially downstream of the hill). No
reverse flow region (vortex region) characterized by negative wind velocities was
identified downstream of the isolated hill in the result from the simulation with
WindSim (RNG k-¢ RANS) and Meteodyn WT (4L RANS). In the case
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Figure 20. Comparison of vertical shear profile between the wind flows simulated by

RIAM-COMPACT and Meteodyn WT.

Table 5. Numerical comparison of vertical shear profile between RIAM-COMPACT and
Meteodyn WT.

RIAM-COMPACT Meteodyn WT

Wind speed near rotor bottom at height (m/s) 0.11 (23.7 m) 17.58 (20 m)
Wind speed near rotor top at height (m/s) 18.0 (102.6 m) 19.08 (100 m)
Wind speed difference (m/s) 17.9 1.5
Average shear exponent 3.5 0.025
Average shear exponent exceeding IEC standard YES NO

of the simulation with RIAM-COMPACT (standard Smagorinsky LES), a re-
verse flow region (vortex region) characterized by negative wind velocities clear-
ly forms.

Next, a turbine which has vibration problems was simulated using the Me-
teodyn WT (4L RANS) and RIAM-COMPACT (standard Smagorinsky LES). It
was deduced from the vibration and turbine operation data that a possible re-
verse flow region near the rotor bottom was the direct cause of the vibration.
Simulation results from LES-based code RIAM-COMPACT predict a flow sepa-
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ration upstream and a reverse flow region at the rotor bottom. Simulation results

from RANS-based software Meteodyn WT produced a very different shear pro-

file which suggests the reverse flow and the associated flow separation were not

predicted.
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Appendix

As discussed in the above text of the present paper, no reverse flow region (vor-
tex region) characterized by negative wind velocities was identified downstream
of the isolated hill in the result from the simulation with WindSim (RNG 4-¢
RANS) and Meteodyn WT (&L RANS), in which the Reynolds number was set
to Re = 107 (the default value for Meteodyn WT). Accordingly, in order to inves-
tigate if a flow pattern similar to that simulated with Meteodyn WT (&L RANS)
can also be formed with the use of RIAM-COMPACT (standard Smagorinsky
LES), a simulation is conducted with RIAM-COMPACT in which the method for
setting the surface boundary conditions is modified. Specifically, the values of
the three components of the wind velocity from & = 2 on the computational grid
of Meteodyn WT (k-L RANS) (k=1 corresponds to the surface of the ground or
the isolated hill in Meteodyn WT) are assigned as the values for the surface
boundary conditions (k = 1) for the simulation with RIAM-COMPACT (stan-
dard Smagorinsky LES) (Figure 21). That is, this simulation is one in which
non-zero values are assigned for the wind velocity at the surfaces of the ground
and the isolated hill at all computational steps (Dirichlet boundary condition).
The Reynolds number, based on the height of the isolated hill, is set to Re
(=U,A/v) = 10% and the computational grids shown in Figure 7 and Figure 8
are used. For the inflow profile, a uniform flow profile is adopted in which the
wind velocity does not change in the vertical direction. The other boundary
conditions are set using the same methods as those discussed in the main text of
the present paper. The time step is set to At =2 x 107 A/U,. The results ob-
tained from this simulation are compared to those from a simulation which is
identical to the simulation described in this addendum, except that non-slip
conditions are applied at the surfaces of the ground and the isolated hill, that is,
the three components of the wind velocity are all set to zero as Dirichlet boun-
dary conditions. For convenience, the simulation in which non-zero wind veloc-
ities are applied as a Dirichlet boundary condition is denoted as Case 1, and the
simulation in which all three components of the wind velocity are set to zero is
denoted as Case 2. A comparison of the simulation results is shown in Figure
22.

Figure 21. Velocity vectors at the surfaces of the ground and the isolated hill (k = 1), si-
mulation for which the wind velocity from k = 2 in Meteodyn WT is used as a Dirichlet
boundary condition, Case 1.
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Figure 22. Streamwise (x) wind velocity distribution in the vicinity of the isolated hill at
the center of the span (y = 0), RIAM-COMPACT, standard Smagorinsky LES, Re = 10%
(a) Case 1: Simulation result from the case in which non-zero wind velocities are applie-
das a Dirichlet boundary condition; (b) Case 2: Simulation result from the case in which
all three wind velocity components are set to zero as a Dirichlet boundary condition.

An examination of Figure 22 reveals that no reverse flow region (vortex re-
gion) characterized by negative wind velocities forms downstream of the isolated
hill in Case 1, in which non-zero wind velocities are applied as a Dirichlet
boundary condition. In this case, a flow pattern resembling potential flow exists
downstream of the isolated hill instead. In contrast, in Case 2, in which all three
components of the wind velocity are set to zero as a Dirichlet boundary condi-
tion, a distinct reverse flow region (vortex region) forms downstream of the iso-
lated hill.

Thus, the flow pattern which forms in the vicinity of the isolated hill varies
significantly according to the velocity boundary conditions applied for the sur-

faces of the ground and the isolated hill.
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