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Abstract: In the present study, the performance of the NTNU Blind Test 1 wind turbine is analyzed in the computational fluid
dynamics (CFD) simulations by using the CFD code FANS with structured overset grids. First, the numerical methods including the
governing equations, the turbulence closure model, and the flow solver are introduced. In addition, the NTNU BT1 wind tunnel
experiment is described. Then, structured overset grid blocks are generated in the computational domain with fully resolved wind
turbine geometry, including the blades, hub, nacelle, and tower. Afterward, unsteady Reynolds averaged Navier-Stokes (RANS)
simulations with the two-layer k -¢ turbulence model are performed with an inlet velocity of 10 m/s and a tip-speed ratio (TSR) of
6. The overset-grid capability of FANS is leveraged to handle the rotation of the rotor. Finally, simulations are performed for a range
of TSRs and a comparison is made among the present CFD results, other numerical results obtained from representative methods,
and the experimental data. It is observed that the CFD-predicted thrust coefficients match the experimental measurement at low TSRs
while under-predicting the values at high TSRs, and potential reasons for this deviation are discussed.
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0. Introduction The adoption of this approach is often inevitable in the

In the past several years, computational fluid
dynamics (CFD) methods with different levels of
complexity and accuracy have been widely applied to
wind energy applications'' . One prevailing method
in the investigation of wind-turbine aerodynamics is to
couple the Reynolds-averaged Navier-Stokes (RANS)
or large eddy simulation (LES) solvers with the blade
element method (BEM) based models™™, e.g,
actuator disc'®, actuator line!” models. In those
calculations, the equivalent influence of wind turbine
blades is modeled as body forces acting in the fluid
field, thus the challenge of resolving the blade
geometries and the wall boundary layers is avoided.
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calculations of wind turbine wakes because it is
extremely resource-demanding to resolve both the
turbine boundary layers and the wake region
simultaneously. However, this approach may be
questioned due to its underlying assumption that the
flow on the blade surfaces is two-dimensional and this
may not be valid in real-world applications™”.. The
drawback of this method is more obvious for FOWT
calculations in particular because the airflow around
the rotor is highly unsteady and three-dimensional. As
a result, the details of the flow in the vicinity of the
blades need to be precisely resolved such that the
analysis of turbine performance, platform response,
and turbine-generated wakes can be correctly
performed.

In recent years, thanks to the continually
decreasing computational cost, fully resolved rotor
geometries are becoming increasingly popular in the
CFD simulations of wind turbines. Ye et al.l'®'?
performed CFD simulations for a single wind turbine
and two wind turbines operating in line!"*! with fully



resolved turbine geometries using the CFD code
ReFRESCO. In those simulations, unstructured com-
putational grids were generated and the rotation of the
rotor was achieved by the sliding-interface technique.
It was demonstrated that the asymmetry in the wake
profiles was successfully captured in the simulations
with fully resolved geometries whereas all other
results adopting BEM-based methods failed. Further-
more, adopting fully resolved wind turbine geometries
in CFD simulations has additional advantages for
FOWTs because it resolves the three-dimensional air
flow around the rotor precisely hence the aerody-
namics of FOWTs under ocean conditions, e.g., waves
and currents, can be accurately analyzed!*"'").

In the present study, CFD simulations are
performed aiming at the performance of the NTNU
BT1 wind turbine with fully-resolved turbine geome-
tries. Structured body-fitted overset grid blocks are
generated for the simulations and the turbine rotation
is achieved by moving the selected grid blocks. The
paper is organized as follows. First, the numerical
methods, including the governing equations, turbu-
lence models, and the flow solver, are described. Then,
the wind turbine model to be analyzed is introduced.
Afterward, the numerical setup used in the CFD
simulations, including the computational domain,
computational grids, and numerical settings is
described in detail. Next, the CFD results aiming at
the performance of the wind turbine are presented and
discussed. Lastly, conclusions are drawn from the
results and discussions.

1. Numerical methods

1.1 Governing equations
In the present study, the incompressible RANS
equations are solved in the simulations:

V-V =0 (1)
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where V is the velocity field of mean flow, t is the
time, p isthe density, p is the pressure, B is the
body force vector, k is the turbulent kinetic energy,
v is the kinematic viscosity of air and v, is the
so-called eddy viscosity.

1.2 Turbulence closure
In the present study, the two-layer k -& model
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is used in the simulations. The two-layer k-& is
proposed by Chen and Patel'"®). In the outer layer, i.c.,
the region away from the wall, the standard Kk -&
turbulence model"*% is used:

a—kJrU.a—k=Pk—g+i v+ia—k 3)
ot o 0
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where P, is the rate of production of turbulent
kinetic energy and is defined by

ou, ou,  dU; |auy,
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In the inner layer, i.e., the region near the wall,
the rate of energy dissipation ¢ 1is specified by an
explicit algebraic relation as

3/2
= ©)
and the eddy-viscosity is given by
v, =C ki, (7)

In the above equations, the values of the closure
constants are C, =144, C,=192, C,6=0.09,

o, =10 and o,=13. In Egs. (6), (7), |

are the length scales of & and v,, and are defined

and Iﬂ
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where R, is the turbulence Reynolds number

defined by

R, =& (10)

v

and C, isa constant which is definedas C, = KC;3/4
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with x being the von Karman constant to achieve a
smooth eddy-viscosity distribution at the connection

between the inner and outer regions. A, is equal to
70 as a result of calibration to recover the log-law
constant B =15.45. Furthermore, A =2C, is speci-
fied to maintain the proper asymptotic behavior of &,
i.e.,, €=2vk/y?, inthe viscous sublayer.

1.3 Flow solver

The CFD simulations in the current study are
performed by using the finite-analytic Navier-Stokes
code (FANS). The code solves the unsteady incom-
pressible Navier-Stokes equations by using the
finite-analytic method>' 2.

FANS code solves the mean flow and turbulence
quantities in arbitrary combinations of embedded,
overset, or matched grids. In the simulations, the com-
putational domain is first decomposed into smaller
blocks to efficiently deal with calculations that
involve complex configurations and flow conditions.
Within each computational block, the finite-analytic
numerical method is leveraged to solve the unsteady
RANS equations on a general curvilinear, body-fitted
coordinate system. The pressure-velocity coupling is
achieved through a hybrid PISO/SIMPLER algorithm
developed by Chen and Patel™!, Pontaza et al.”*!. The
code is well-validated and has been successfully
applied to the investigations of complex flow

[24-29]
problems .

2. Test-case description

A series of wind tunnel experiments with
different configurations was conducted by the
Norwegian University of Science and Technology
(NTNU) in 2008. Before the data was made public,
blind comparison workshops were held to examine
how computer codes would perform given only the
turbine's geometry[30]. Compared with the other wind
tunnel tests, the NTNU blind test series is preferable
since it includes experiments for both a single wind
turbine and two turbines under different conditions,
making it an ideal benchmark for the CFD simu-
lations.

In the BT1 experiment, a three-bladed wind
turbine constructed by using the NREL S826 airfoil
for the blades was tested in the NTNU closed-loop
wind tunnel. The total length and width of the wind
tunnel are 11.15 m and 2.71 m, and the height is
1.801 m at the inlet and 1.851 m at the outlet. The
rotor diameter is D =0.897 m and it is placed at the
center line of the wind tunnel. The rotor plane is
3.66 m away from the inlet and 0.817 m above the
floor level. A CAD file describing the shape of the
rotor is also provided by the organizer. An illustration

of the setup of the experiment is shown in Fig. 1.

Fig. 1 (Color online) Setup of the NTNU BT1 wind turbine!*”

In the experiment, a fixed inflow velocity of 10
m/s with a turbulence intensity (TI) level of 0.3%
was used for all cases. According to Krogstad and
Lund™", on the rotor-sweeping area, the inlet flow is
uniform within £0.5%. Different TSR values were
achieved by changing the rotating speed of the wind
turbine. The performance of the wind turbine, i.e., the
thrust coefficient C; and the power coefficient C,,

along with the wake characteristics were measured in
the experiment. For more information on the NTNU
BT1 experiment, the readers are encouraged to
reference the original reportm].

In the present study, we focus only on the
performance of the NTNU BT1 wind turbine. CFD
simulations aiming at the wake characteristics require
distinct grid generation and simulation strategies and
thus will not be presented in the current work. The
coordinate system is defined as follows: the positive
X -axis points from inlet to outlet and Y -axis from

bottom to top, and the z- axis is thus defined
according to the right-hand rule. It should be noted
that the NTNU BT1 wind turbine blades use the
NREL S826 airfoil along the entire span, and the
shape of the NREL S826 airfoil is presented in Fig. 2.

Fig. 2 (Color online) Shape of the NREL S826 airfoil

The thrust coefficient (C;), power coefficient
(Cp), and tip speed ratio (TSR) mentioned above are



defined by the following equations:
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where A is the area of the rotor plane, U, is the

velocity of the incoming flow, (2 is the rotational
velocity, T and Q are the thrust and torque of the

wind turbine.

3. Numerical setup

3.1 Computational domain

The computational domain used in the current
simulations is illustrated in Fig. 3. The size of the
computational domain along with the boundary names
are illustrated in the figure.

Fig. 3 (Color online) Illustration of the computational domain

3.2 Computational grid generation

Structured overset grid blocks are then generated
in the computational domain for the simulations. For
the current simulations targeting the performance of
the NTNU BTI1 wind turbine, 3 different grids with
varying resolutions in the near-field of the rotor are
generated. Each of the 3 grids has 93 grid blocks in
total, including 3 phantom grid blocks for hole-cutting
purposes. On the surfaces of the wind turbine, viscous

layers are generated with the criterion of y" <1, and

the cell expansion ratio normal to the wall is 1.1. To
get a better idea of the structure of the computational
grid, an overview of the computational grid and the
grid blocks covering the surfaces of the wind turbine
are shown in Fig. 4.

It is worth mentioning that for CFD simulations
using overset grids, grid cells from different grid
blocks should approximately be of the same size in the
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overset regions to ensure a smooth exchange of fluid
information between the different blocks. Therefore,
as shown in Fig. 5, between the boundary-layer blocks
(colored in red) and the background disc blocks
(colored in yellow), intermediate blocks (colored in
cyan) are generated.

Fig. 4 (Color online) Overset grids generated for the simula-
tions

Fig. 5 (Color online) Cross-sectional views of the overset grid
blocks

3.3 Numerical settings

A uniform inflow condition is specified at the
inlet, and the linear extrapolation boundary condition
in FANS is specified at the outlet. No-slip condition is
applied to the surfaces of the wind turbine including
blades, hub, nacelle, and tower. The boundary con-
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dition for the surfaces of overset grid blocks that
overlap with other blocks is set to “interior boundary
surfaces” in FANS. In the calculations, interpolation
of flow information will be performed using the donor
grids from mutually overlapped blocks. The two-layer
k -& turbulence model is adopted for the turbulence
closure, as described earlier.

4. Numerical results

The CFD simulations of the current study are
performed on the Intel Xeon E5-2680 v4 2.40 GHz
14-core processors. 90 overset grid blocks are
distributed to 52 cores in each of the simulations and
the computational time ranges from roughly 1 dto 3 d
for a single case.

First, three simulations will be performed at the
design TSR of 6 by using three grids with different
levels of grid resolution, ie., Gl (coarse), G2
(medium) and G3 (fine). The details of the three grids
are summarized in Table 1. It should be noted here
that because our goal is to calculate the performance
of the wind turbine, thus in the grid refinement
process only the near-field blocks, i.e., the boundary-
layer blocks (colored in red in Fig. 5), the intermediate
blocks (colored in cyan in Fig. 5), and the background
disc blocks (colored in yellow in Fig. 5), are refined,
while other grid blocks are kept unchanged. Therefore,
in Table 1, N is the number of grid points in the
near-field blocks that are subject to refinement while
N; 1is the total number of grid points of each grid. To
clearly reflect the relative grid resolution among the

three grids, a relative grid sizel™!

1/ng
_ Ncellmax
h=| e (14)
Ncelli

where N

, h,is defined as

denote the number of grid points in the

Cell max

finest grid, N is the number of grid points in grid

cell;
i. ny represents the dimension of the grids, i.e.,
ny =3 in the present study. Therefore, for the fine
grid G3 in the present study, h, =1. Also note that h;

is calculated based on Ng, i.e., the number of grid

points in the near-field blocks. Besides, based on the
authors’ previous work, for all the simulations in the
current study, the time increment is chosen such that
during every time step the turbine will rotate 3°.

It is worth mentioning that the grid independence
study for the performance of the wind turbine will be
performed only at the design TSR value of 6. Strictly
speaking, for each of the TSR wvalues, the CFD
prediction should be demonstrated to be converged by

using the three different grids. However, this will
introduce more simulations and is usually impractical
due to the limited computational resources””. There-
fore, the design TSR is usually selected[32], i.e.,
TSR =6 in the current study, as the representative
operating condition.

Table 1 Computational grids used in the current study

Grids N h, N,
G1 (coarse) 3.48x10° 1.44 7.58x10°
G2 (medium) 6.03x10° 120 10.22x10°
G3 (fine) 10.47x10°  1.00  14.78x10°

In addition, the iterative errors should be
scrutinized before we directly jump into the CFD
predictions obtained from the three different grids. In
the CFD simulations of the current study, two kinds of
iterations are used for solving the incompressible
Navier-Stokes equations, i.e., the inner iterations and
outer iterations. The inner iterations are used to
iteratively solve the individual equations, i.e., the
momentum equations, the pressure equation, and the
turbulence equations, while the outer iterations are
used to achieve the velocity-pressure coupling to
maintain the incompressibility of the fluid. In practice,
a large number, e.g., several hundred, is used and a
low convergence criterion is set for the inner iterations,
while relatively fewer iterations were used for the
outer one due to the limitation in computational time.
Therefore, a test is conducted first to determine the
optimal number of outer iterations.

Figure 6 presents the change of residuals with the
increase of the outer iterations in the simulations with
grid G2. It can be observed that the residuals decrease
with the increase of outer iterations, and no more
obvious decrease is identified when the number of
iterations reaches 20. Therefore, 20 outer iterations
will be used in the current simulations. Figure 7 shows

the L, -norm of the residuals in the G2 case. It can be

seen that the residual levels remain stable and thus the
CFD solutions are deemed as converged.

Fig. 6 (Color online) L,-norm of the residuals versus the
numbers of outer iterations in the G2 case



Fig. 7 (Color online) L, -norm of the residuals in the G2 case

Then, the surface pressure on the wind turbine
and the corresponding velocity field on the rotor plane
at different rotation angles obtained from the G2 case
are shown in Fig. 8. Note that the rotation angle is
defined as 0° when the blade overlaps the tower on the
yOz -plane, as shown in Fig. 8(e). It can be seen that
the flow field is smooth indicating that the exchange
of flow information among different overset grid
blocks is working correctly.

Fig. 8 (Color online) CFD-predicted surface pressure and
velocity field of the NTNU BTl wind turbine at
different rotation angles

Next, the CFD-predicted C; and C, by using
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the three different grids are shown in Fig. 9. Note that
the relative grid size h as defined in Eq. (14) is used

as the x-axis. The details of C; and C, and their

difference with respect to the results obtained from
grid G3 are listed in Table 2. It can be observed from
both the figure and the table that the CFD predictions
exhibit an asymptotic behavior as the grid resolution
increases, and this is considered to be a confirmation
of convergence of the CFD simulations.

Fig. 9 (Color online) Predicted C; and C, obtained by
using different grids

Table 2 CFD-predicted C. and C, by using different

grids
Grid C, Difference C, Difference
Gl 0.833 1.09% 0.428 2.73%
G2 0.826 0.24% 0.437 0.68%
G3 0.824 - 0.440 -

Afterward, grid G2 is adopted in the following
CFD simulations. CFD calculations are performed for
a range of different TSR values, i.e., 2, 4, 8, 10 and 12.
The results of C; and C, are obtained and com-

pared against the experimental data. The curves of
C, and C, are shown in Figs. 9(a), 9(b). Nume-

rical results®” from other representative methods are
also provided in the figures for comparison purposes.
The details of the different numerical results are
summarized in Table 3. Note that in the table, the
numerical methods are denoted as: BEM - blade
element method, actuator disc (AD), actuator line (AL)
and fully resolved geometry (FRG).

Table 3 Details of the different numerical methods

Results Rotor  Govering Solver
Sand M1 (BEM)  BEM R R
Lund (AD-RANS) AD RANS OpenFOAM
S and M2 (AL-LES) AL LES EllipSys3D

Manger (FRG-RANS) FRG RANS Ansys Fluent

The CFD-predicted C; and C, curves of the
wind turbine are shown in Figs. 10(a), 10(b). For the
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thrust coefficient C;, the current results agree with

the experimental data in trend. For low TSR values,
i,e., TSR >8, current predictions agree with the
measurement reasonably well. However, for high TSR
values, i.e., TSR >8, the predicted values of C,

are significantly lower than the measured data. This is,
however, in accordance with the results obtained by
other methods. As shown in Fig. 10(a), all the
methods except for Lund (AD-RANS) have a similar

trend in the prediction of the C; curve in which the
values of C, were significantly under-predicted in

the high TSR range. The result obtained from Lund
(AD-RANS), nevertheless, has the largest value of

C, at TSR=8, 12, while significantly under-
predicts the value in the low TSR region (TSR <4).
For the power coefficient C,, as shown in Fig. 10(b),
the predicted values of C, from the present study are
in good agreement with the measured C, over the
entire TSR range.

Fig. 10 (Color online) C; and C, of the NTNU BT! wind
turbine at different TSR values

Regarding the deviation between the CFD-
predicted and the measured C; values in the high
TSR region, the potential misalignment of the blade

pitch might be one of the factors. According to
Krogstad and Lund®", due to the compact size of the

model wind turbine and the complicated shape of the
blades, precisely determining the blade pitch is
challenging. Even with a slight blade pitch misalign-
ment, C; and C, may be impacted severely. BEM
calculations were performed to analyze the effect of
the blade-pitch misalignment on C, and C, P!l
Two figures in the literature®'! are adopted here for
illustration purposes, as shown in Fig. 11. It is evident
that the misalignment greatly changed the C; values,

particularly in the high TSR region. The values of C,,

however, are more severely impacted at the design
TSR of 6, while being less susceptible to the
blade-pitch misalignment in the low and high TSR
range. These trends are in accordance with the results
shown in Fig. 9. The authors concluded that although
a special alignment rig was made for the experiment,
an uncertainty of the pitch angle of 0.25° was still
present”'. Therefore, this uncertainty of the blade
pitch is expected to be responsible for the deviation
between the CFD prediction and the experimental
measurement.

Fig. 11 Effect of blade-pitch misalignment on the wind turbine
performance. Adopted from Krogstad and Lund®"

5. Conclusions

In the present study, the performance of the
NTNU BT 1 wind turbine is investigated in the CFD
simulations by using the CFD code FANS. To fully



resolve the turbine geometry, i.e., the blades, hub,
nacelle, and tower, in total 93 overset grid blocks
including 3 phantom blocks for hole-cutting purposes
were generated. The overset-grid capability of the
FANS code is leveraged to handle the rotation of the
rotor.

First, a grid-independence study was conducted
by using three different grids to ensure the conver-
gence of the CFD simulations. For each of the grids,
the entire grid system was divided roughly into the
near-field and the far-field, and only the overset grid
blocks in the near-field, i.e., the boundary-layer blocks,
the intermediate blocks, and the disc blocks, were
refined in the grid-independence study while the other
parts remained the same. RANS simulations with the
two-layer turbulence closure model were performed
with an inlet velocity of 10 m/s at the TSR of 6.

Then, simulations were performed for a range of
TSR values and a comparison was made among the
present CFD results, numerical results obtained from
other representative methods, and the experimental

data. It was observed that both the CFD-predicted C,

and C, matched the experimental measurements in
trend. However at high TSR values, it was identified
that the predicted C; was significantly lower than

the measurement. A potential reason for this deviation
was also discussed.
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