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Abstract—Design of wind turbine blades strictly depends on
high precision, reliable and robust numerical predictions of its
performance in all of operation conditions. This paper aims to
simulate the flow around horizontal wind turbine blade with
Computational Flow Dynamics (CFD) using a validated 3D
Navier—Stokes flow solver. The main objectives of this study are
investigating of different turbulence models and aerodynamic
performance of wind turbine blades. The NREL Phase VI rotor
used for CFD simulations and testing. Three different
turbulence models included of Spalart- Allmaras, k-epsilon
(Launder Sharma) and k- SST tested and the best model for
prediction of wind turbine performance is provided. Since
Mach number is less than 0.3, the flow around wind turbine
blade is incompressible and precondition used. For all cases the
structure grid used for Fluid reticulation grid. For results more
accuracy, use of preconditioning is necessary. Outputs of flow
solver are t power and pressure coefficients for each section. At
the final the k-epsilon with preconditioning code is selected the
best model for simulation of flow around wind turbine blades.

Index Terms—Computational fluid dynamics (CFD),
horizontal wind turbine (HWT), aerodynamic design,
turbulence models.

I. INTRODUCTION

CFD simulations have become an important part of applied
projects. In turbo machines, imprecise solving of the flow
field around the turbine causes incorrect calculation of the
forces acting on the turbine and thus results economic losses.

Many methods proposed and applied for turbulent
simulation in analysis of flow around turbo machines in
computational flow dynamics. One of the most popular
method for this object are Reynolds Averaged Navier- Stokes
(RANS).

To simulate various problems, some models have a high
degree of accuracy of predictions (e.g. separated flow,
separation point, flow reattachment and other characteristics
of flow) and one possible way for introducing the appropriate
turbulence model is sensitivity analysis.

The main objectives of this study are investigating of
different turbulence models and aerodynamic performance of
wind turbine blades. The NREL Phase VI rotor is the test case
for CFD simulations.

There are many approaches for flow simulations around
wind turbine blade. The blade element momentum theory
(BEM) is used due to its reliability and fastness in 2D
simulations.

Limitation of this approach is that it’s weak in modeling of
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three dimensional and rotational effects. The other limitation
of this method is inability to simulate helical tip vortices and
important characteristics of flow.

On the other hand, BEM method for calculate loads on
each airfoil need to lift and drag verses angle of attach.

There is another method for analysis of flow used in design
of wind turbine blades. Best example of these methods is
Computational fluid dynamics (CFD) methods that has most
accurate solving.

CFD methods solve the governing fluid dynamics
equations of turbomachinery. Computational fluid dynamics
(CFD) methods don’t need to the data of lift and drag
coefficients and able to simulate 3D dimensional flow fields.
Major limitation of Computational fluid dynamics (CFD)
methods is that computational time is more than the other
approaches. CFD simulations studied in some projects.

Duque et al. [1] compared the accuracy of three approach
include Blade element momentum method, vortex lattice
method and Navier- Stokes simulations on phase Il wind
turbine in their research. Aerodynamic performance of
Horizontal Axis Wind Turbine (HAWT) was investigated by
Sorensen et al. [2] using Ellipsis code.

Zahle et al. [3] investigated unsteady effects of tower on
blade. This work was done on National Renewable Energy
Laboratory (NREL) Phase VI wind turbine and the solver
was simulated 3D Navier- Stokes.

Postdam et al. [4] generated difference mesh densities and
compared unstructured and structured meshes using 3D
Navier- Stokes CFD simulation. In PHD thesis of Lynch [5],
many unstructured meshes using CFD simulations were
developed. Lanzafame et al. [6] simulated phase VI wind
turbine with CFD and Ming-Chen [7] investigated
aerodynamic performance of this turbine with finite element
approach. In this paper, different models for study of Phase
VI Horizontal Axis Wind Turbine (HAWT) aerodynamic
performance used and different wind speeds studied. The
flow around horizontal wind turbine blade simulated with
Computational Flow Dynamics (CFD) using a validated 3D
Navier—Stokes flow solver and the results of numerical
studies compared with experimental results. In this research,
three models included of Spalart- Allmaras, k- (Launder
Sharma), SST k-o and a precondition approach presented by
Hakimi are compared and the best model for simulations is
selected.

Il. MODEL DESCRIPTION AND FORMATION

The phase VI rotor is designed by Giguére and Selig [8]
from 988 through 1999.This turbine power control is
stall-regulated type.

All sections of this turbine have the S809 airfoil in
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different scales and angles. Phase VI wind turbine is a
horizontal axis wind turbine which is upwind with tapered
and non-linear twisted. The twist distribution is shown in
picture 1 that indicates in 70% span and twist is zero (Fig. 1).
In test of wind turbine a two blade configuration of this type
with 5.029 m radiuses that operating with 72 rpm as radial
speed was used [9].
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Fig. 1. Twist distribution.
A summary of the characteristics is shown in the Table I.

TABLE I: THE ARRANGEMENT OF CHANNELS

Number of blades 2 blade
Rotor Diameter 10.58 m

Hub Height 12.192 m
Rotational Speed 71.63 rpm
Cone angle 0 degrees
Power Regulation Stall

Blade tip pitch angle 3 degrees
Rotor location Upwind
Rotational Direction CCwW

Twist angle Non-linear twist along
Airfoils S809 in different scales and angles

Unsteady Aerodynamics Experiments was done in the 80
by 120 foot wind tunnel by National Renewable Energy
Laboratory (NREI) in NASA Ames Research center.

For create geometry with these characteristics, first,
control points at different sections were created then this
control points were connected by B-spline carves.
Comprehensive information about wind turbine geometry
Phase 6 in [9] can be found. In Fig. 2 and Fig. 3 the designed
blade is shown in different in various shots.

A structured mesh around one blade and the surrounding
air of turbine was generated and for other blade periodically
repeated. With the aim of generating a structured hexahedral
grid, the solution domain was divided into 16 component
parts. As is shown in Fig. 7, the computational domain is six
times the blade length in radial direction and 15 times the
blade length in axial direction.

MESH GENERATION

Fig. 2. 3D blade.
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Fig. 3. Twist in blade.

Mesh is generated with structured grid of 2697136 nodes
that 1527115 node of this is on blade and 1169621node is
around blade. The thickness of the first cell is 1<10° m. y*
value in this case is 0.2 to 1.1 and due to the low Reynolds
models used in this study, this range is suitable. Mesh contour
is shown in Fig. 4 [10].
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Fig. 4. y T contoure.

Mesh in blade-to-blade view, on blade and 3D mesh
generation around blade is shown in Fig. 5, Fig. 6, and Fig. 7.
The independence of wind turbines power from grid number
was checked for blade geometry simulation as depicted in Fig.
8. It was found that power varies by less than 0.05% for the
blade when grid numbers are more than 1.2 million
respectively.

Fig. 5. Blade-to-blade view of mesh.

Fig. 6. Mesh generation on blade.
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Fig. 8. Grid independency.

IV. NUMERICAL SIMULATION

For reducing the computation, and because yaw system is
not used in the wind turbine and due to the symmetry flow
field, the grid generation was imposed on one blade but flow
computation was solved on whole rotor with two blades.

To simulate and solve equations of flow around the blade,
computational Flow Dynamics (CFD) using a validated 3D
Navier—Stokes flow solver is used. It’s based on finite
volume discretization. The physical model used in solver is
the Reynolds- Averaged Navier—Stokes equations in rotating
frames of reference coupled with various turbulence models.
Solves were done until convergence criterion satisfied and
global residual decreased to less than 10e™ for discretized
equations.

A. Investigation Reynolds Number

Reynolds number for tip and root is shown in Table II.
From this table, at all wind speeds, flow is turbulent.

TABLE II: REYNOLDS NUMBER FOR TIP AND ROOT

Wind speed (m/s) Tip Root
5 937834.8 314063.2
7 945496.8 397878.6
10 961576 533956.6
13 9829115 675770.5
15 999892.7 7719454
20 105192 1015385
B. The Governing Equations
For Newtonian fluids in Cartesian coordinate,

conservation equations of mass, momentum and energy
which refer to (1) where u; is velocity in direction of x; . P

is static pressure, H is total enthalpy, p is density, 7ij is
Viscous stress tensor, aj is heat flux term and S is additional

term added to source terms. H is total enthalpy and h is static
enthalpy.

a_p+a(pul)—0

ot 6Xj

olew) i) e o &)
ot ox | oy
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Molecular flux 7ij and q j are referred to (2) and (3) that
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u, A, T «hcand Yy, respectively are dynamic viscosity,
conduct coefficient, diffusion, static enthalpy and component
mass. Second term in equation (3) denotes molecular
distribution of energy.

du; 0uj 2 oy
- — |+ 2 =L 2
7jj ﬂ[axj o ] 3 x ij )
3
5Xj ( )

Considering the turbulence models and writing State
variables into a mean value and a fluctuating quantity, flow
equations referred to (4) where . and H are referred to (5)

and (6).
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Three turbulence models were used in this study. First
model is one equation model called Spalart- Allmaras.

The Spalrt- Allmaras model uses only one additional
equation to model turbulence viscosity transport.

This model is suitable for low Reynolds numbers and is
useful for its robustness and treat complex flow
characteristics. This model proposed for aerospace
applications and is a general model for turbomachinery.

The SST k-o model provided for combination of k-
formula in wall reigns with k-¢ model in regions away from
the wall so has all the advantages of the two models and is
used in a wide range of problems.

The k-g model is semi-empirical model that used widely in
industrial problem Due to its economical and reasonable
accuracy.

k-g& Launder Sharma is a low Reynolds model. It’s a good
method for flows that standard model hasn’t suitable
accuracy. In this study y™*is between 0.2 to 1.1, so k-¢
launder Sharma turbulence model is used.

In the low Mach number regimes, algorithms designed for
compressible flows have low efficiency. The difficulty is in
applying compressible codes for low Mach number. When
flow velocity is low in comparison with acoustic speeds, the
codes converge slowly.

Low Mach numbers, the need for development of
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preconditions for more accurate solves and fast convergence
increases.

In this study, Hakimi precondition for this purpose has
been used [11].

C. Flow Simulation

Three dimensional Navier- Stokes and RANS equations
solved on the blade. Three turbulence models used for
comparing that includes Spalart- Allmaras, k-¢ (Launder
Sharma) and SST k-w. Results selected from [12]. Results of
simulation with this models, accuracy and comparison
between experimental and three turbulence models are shown
in Fig. 9 and value of errors are in Table I1I.
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Fig. 9. Comparison of experimental power and computed power.

TABLE 11I: COMPUTATION POWER WITH MODELS AND CORRESPONDING

ERRORS
Wind speed SA power SA Error SST K- | SST k- Error
(m/s) power
5 2.38 3.92% 2.46 7.32%
7 5.58 7.54% 6.82 12.95%
10 10.93 8.19% 11.85 17.31%
13 8.81 10.81% 10.93 10.67%
15 7.66 14.23% 6.46 27.62%
20 7.54 9.22% 6.06 26.04%
Wind speed k-g Launder | k-g¢ Launder EXP data
Sharma Sharma power (Kw)
(mis) power Error
5 2.22 3.16% 2.29
5.82 3.61% 6.04
10 10.54 4.34% 10.10
13 9.21 6.74% 9.88
15 8.13 8.83% 8.92
20 7.62 7.07% 8.2

If U, is wind speed in terms of m/s, r is radius of section

from center of hub in terms of m,  is the rotational speed in
terms of rad/s and p,, is density of free stream (wind speed)

in terms of kg/m® so pressure coefficient is calculated from:

(P~ D)
C.=— W7 Fo/ 7
P 05p, U2+ (0r)? @

In Fig. 10, Fig. 11, and Fig. 12, pressure coefficients from
numerical calculations with different turbulence models are
compared. Pressure coefficients are computed with CFD
using three turbulence models and compared with
experimental data at 3 wind speed; include 7, 10, and 15 m/s
in 5 sections of 3D blade, 30 %, 47 %, 63 %, 80 %, and 95 %.
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Experimental results have been extracted from [12].
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Fig. 10. Comparison pressure coefficient between experimental and
numerical in 7 m/s wind speed.
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numerical in 10 m/s wind speed. numerical in 15 m/s wind speed.
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In Fig. 13, Fig. 14, and Fig. 15, pressure contours in three
speeds 7, 10, and 15 on suction and pressure sides are shown:

10m/s f
Presure side Suction side!

Fig. 13. Pressure contours for Spalart - Allmaras model
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Fig. 14. Pressure contours for k-g model.
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Fig. 15. Pressure contours for SST k-o model

According to pressure contours a considerable variation
from leading edge to trailing edge and from root to tip in both
suction and pressure sides are occurs.

In Fig. 16, Fig. 17, and Fig. 18 related speed contours in
investigated sections, in different speeds and for k-g
turbulence model are shown. The other models not showed in
the results because of not to make the figures crowded.

Fig. 16. Contours of relative velocity at 7 m/s for k- model.

Based on Fig. 9 at 5 to 10 wind speeds (low speeds) three
turbulence models have similar predictions in power.

At higher speeds (10 to 20) k-¢ (Launder Sharma)
turbulence model predicted the actual results with more
accuracy and has best agreements with experimental so it’s
best between three models.
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Fig. 17. Contours of relative velocity at 10 m/for k-¢ model.
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Fig. 18. Contours of relative velocity at 15 m/s for k- model.

According to results and comparisons, k-¢ (Launder
Sharma) is suitable for calculation of horizontal axis wind
turbine (HAWT) power in low, medium and high speeds.
According to studies it was predicted that the SST k-o has
better accuracy in prediction of performance of wind turbine
rotor.

For more accuracy in two equation turbulence models like
k-w SST, the grid must arrangement on normal direction.
Reference [13] studies on different turbulence models. It
shows high sensitivity of k-¢ to y* while SST k-0 and
Spalart- Allmaras have less sensitivity. But this study was
done on a flat plate.

Comparisons between two turbulence models include
Spalart- Allmaras and SST k-w investigated in [14] and the
results showed the superior results of Spalart- Allmaras
method.

In other study in [15] some models including two equation
turbulent models which is investigated in this paper are
compared. This study was on a blade of National Renewable
Energy Laboratory (NREL) phase III that hasn’t twist. Two
turbulence models was k-g and SST k-®. The results showed
that k-¢ has best prediction similar to this paper.

Reference [6] blade of Phase VI wind turbine is simulated
using FLUENT software and the turbulence model was SST
k-w. The results of this study shows inability of this
turbulence model in prediction of wind turbine flow
characteristics. Also according to the section 1V-A and low
Reynolds on turbine blades, excellence of k-e Launder
Sharma is predictable.
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The figures of pressure coefficients show considerable
agreement with experimental data. May noticed that some of
the figures show large differences between results of
numerical and experimental. By investigated the velocity
contours and pressure coefficients at that section and speed, a
separation occur. The separation causes large vorticities and
it’s hard for the turbulence models that investigated in this
paper to capture those. In the velocity contours, the blue
regains after airfoils show separation and vorticites.

Velocity in sections of blade is calculated by

v :,ﬁ] 2+ (or) that U is wind speed, Q is rotational speed and

r is radius of section.

For 7 m/s, velocity at 30% span is 13.36vm/s and related
Mach number is 0.0389. At 95% span, velocity and Mach
number are 36.04 m/s and 0.105. For wind speed of 15 m/s,
velocity at 30% span is equal to 18.826 m/s and Mach
number is 0.056. At 95% span velocity and Mach number are
39.021 m/s and 0.114.

According to Mach number of each section and
comparison of numerical results of Hakimi approach and
experimental results, use of Hakimi approach increase
accuracy of predictions specially in low speeds. The reason is
application of precondition approach for low Mach number
so since Mach number of root is less than tip, effect of
precondition approach is major.

V. CPU CosTt

The corresponding computation time has been presented in
Table IV the processes were done using a PC computer with 4
GB of RAM memory, Core 2 and 2.5 GHZ of speed.

TABLE IV: REYNOLDS NUMBER FOR TIP AND ROOT

CPU time for Number Total CPU
Process :
one process Of process time
Grid independency 8 hour 8 64 hour
SA model 10 hour 3 30 hour
K-¢ model 15 hour 3 45 hour
SST k- model 20 hour 3 60 hour
Hakimi approach with 13 hour 3 39 hour
k-¢
Total 238 hour
VI. CONCLUSION

Aerodynamic performance of Phase VI wind turbine was
investigated.

Flow around wind turbine was simulated with
Navier-Stokes equations using three difference turbulence
models and results compared with experimental data.

To simplify the problem and due to the symmetry flow
field, mesh was generated on one blade and similar mesh on
other blades extended.

To increase the mesh density in important fields,
computation domain was divided to 16 component parts.

For simulation of flow around wind turbine blade, Navier-
Stokes equation used with different turbulence models
include Spalart- Allmaras, k-¢ and SST k-o.

According to numerical results, at 5 to 10 wind speeds
(low speeds) three turbulence models have similar
predictions in power but at higher wind speeds k-g¢ has
predicted with more accuracy, so it’s best between three
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models.

Some of the figures showed large differences in prediction
and experiment results. The reason is the separation causes
large vorticities and it’s hard for the turbulence models that
investigated in this paper to capture those.

Mach number for the wind turbine was low so for more
accuracy, use of precondition was seemed helpful. In this
paper Hakimi precondition was used and results showed
good agreement with actual data. Finally for prediction of
performance of horizontal axis wind turbine, k-¢ Launder
Sharma turbulence model using Hakimi precondition is
suggested.
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