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Abstract

A three-dimensional (3D) Computational Fluid Dynamics (CFD) model has been developed in this work to study 3.5kW
Horizontal Axis Wind Turbine (HAWT). The model is based on the incompressible Navier-Stokes flow thataccounts for
the turbulence via SST k-w turbulence model in a Single Rotating Reference Frame (SRF) that considers the rotorrotation.
A body-fitted multi-block mesh is constructed around the turbine rotor with high-resolution mesh in the high-velocity
gradient regions and in conjunction with the standard law of the wall next to the blade surface. The model comprises 4.5
million hexahedral elements; the blade is specifically wrapped in an O-grid boundary layer to achieve the desirable y+
value (<60). The flow around the blade was studied in detail (velocity, pressure, etc.) and results of the power coefficients
were compared to the experimental data, which showed a plausible trend. The developed procedures can be easily and
economically applied to any given HAWT configuration making the CFD a virtual wind tunnel in another complex
atmospheric boundary layer flow. In view of these results, 2D blade mode is also developed and the power coefficient
(Cp) values for the two models are compared. The results emphasized the role of rotation and radial momentum and
demonstrated large discrepancies in the attained blade pressure values.
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augmentation, spanwise flow, and thus is crucial for accessing
the wind turbine power generation and aeroelastic predictions.
Lifting line surface theory is another approach to resolving the
flow field of HAWT. It is based on the unsteady vortex lattice
method that solves the potential flow field. Implementation of
this method on flapping wind flight is found in Ghommem’s
work [5].

1. Introduction

Onshore annual wind energy potential was estimated to be 96
PWh [1], representing 7 times the total electricity consumption
in 2001. The enormous interest in wind energy lead to over 30%

annual growth in 2012 reaching nearly 300GW global Computational Fluid Dynamics (CFD) draws much attention

imp lementation and the development of wind atlas by the Global
Wind Energy Council [2].

Today, industrial design codes for wind turbines are still based
on Blade Element Momentum (BEM) method because of its
simplicity and the reasonable accuracy it offers. Detailed
implementation of the method and the different imposed
corrections can be found in the current authors’ previous work
[3]. BEM method, however, fails to provide a detailed picture
of the rotating flow field, its separation and reattachment
regions, turbulence, and their combined effects [4]. The
rotational effect may result in phenomena like stall-delay, lift
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recently as computational power and memory storage made a
leapfrog in the last few years. Generalized Actuator Disc M odel
based on complete Navier-Stokes equations has been
implemented to analyze the wind turbine rotor performance,
which demonstrated good results in axisymmetric flow
conditions by comparing with experimental results [6-9]. As the
CFD solvers are capable of handling viscous flow on rotors, their
applications to wind turbines are of practical interest.

Turbulence is the natural state of the flow over the wind turbine.
A review of this subject and the different models and their
computational cost can also be found in the previous work of the
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authors [3] per Fig. 1. A summary is given here due to its
importance. Generally, the time-averaging of the dependent
variable @, e.g., velocity, pressure, density, etc., over a time t;
interval is given by:

_ 1 tott,

Q= q W @dt )

The CFD model is based on the fundamental mass and
momentum (and energy in the case of compressible or non-
isothermal flow) conservation laws. Therefore, the time-
averaged Navier-Stokes equations, which are referred to as
RANS equations, are written as:

. dp  dpU;
Conservation of mass: — +——=0 2)
ot aXi
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Where pis the density, U; is the time-averaging of the i-
component velocity, u; is the fluctuations in the i-component
velocity, p is molecular viscosity, P is thestatic pressure and F;
are body forces. The term —pu',u’; is known as Reynolds

Stresses and lends the enclosure to the system. The Boussinesq
approach relates the Reynolds stresses to the mean flow by a
turbulent/eddy viscosity, K, as shown below:

_ Uy 2
—PUT, = 2US; — 3 L™ 8j — 3Pk )
. au;
Where S = %(3—:}_‘ +alxi]), kis the turbulent kinetic energy and

8;j is the Kronecker delta. It is noted that the pis flow propety
instead of fluid property. The problem now lies in obtaining
means or models to find the new two unknowns (k and ).
Different models are proposed, including zero equation model
(e.g, Algebraic Model), one transport equation model (e.g.,
Spalart—Allmaras model), two transport equation model (e.g., k-
® model, and k-g¢ model). These models, as we commonly refer
to, are first-order models. The first order turbulence model deals
with isotropy of turbulence and 2™ order modeling overcomes
this issue. The most famous 2" order models are the Algebraic
Stress Model (ASM) and the Reynolds Stress Model (RSM).
Fig. 1 illustrated different turbulence models and their
computation cost, as shown below.

Algebraic models, e.g. Mixing
Length model

One equation models, e.g.
Spalart-Allmaras model

Two equation models, e.g. k-
models, k-w models

Algebraic Stress Models (ASM)
Reynolds Stress Models (RSM)

Fig. 1. Differentturbulence models and their computation cost

First Order Models

Increasein
Computational Cost
per Iteration

Second Order Models

The k- turbulence models are undoubtedly the most common
models, especially in wind energy applications. In the k—o
turbulence models, the transport equation of the turbulent kinetic
energy is solved together with the equation of the specific rate
of dissipation of turbulent kinetic energy (¢), and is defined as &
= k/w. This model performs well in free shear flows, flat plate
boundary layer flows, complicated adverse pressure gradient
flows, and separated flows. A problem of the standard k—o
model is the dependency on the free stream boundary conditions.
The SST k—w model is similar to the standard k—» model but
includes a number of features that make the SST k—® model
more robust for a wider class of flows (e.g, adverse pressure
gradient flows, airfoil, and transonic shock waves) than the
standard k—® model. The SST k—® model equations are given
[10] and are written as:

0 o1+ -2 (pku) =2 (1, 2) 4 G- v, +5
ot P T o PRI T g gy ) TR T ek (5)
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Where Gy, represents the generation of turbulence kinetic energy
due tomean velocity gradients, G, represents the generation of
. The T and I, represent the effective diffusivity of k and w,
respectively. The Y and Y, represent the dissipation of k and w
due to turbulence, D represents the cross-diffusion term, Sy
and S are user-defined source terms [11]. In turbulence flow, it
is of extreme importance to model the flow close to the wall
without excessive computational cost. Successful prediction of
frictional drag for external flow depends on the high fidelity of
local wall shear predictions. Therefore, using a very fine mesh
to resolve the steep profiles is still too expensive for many
industrial CFD simulations particularly for unsteady cases such
as rotating turbine rotor. In turbulent flow, near-wall region is
divided into three layers: the laminar viscous sub-layer, the
transitional buffer layer, and the fully turbulent layer. Over a no-
slip wall at a high Reynolds number, it is more economical to
use the semi-empirical Wall Function (WF) than directly solving
a fine wall mesh. Near-wall models aim to resolve the flow right
up to the boundary, which strictly requires the near-wall grid
node to satisfy y* < 1, where y* is the non-dimensional normal
wall distance defined by:

yt==¢ (7)

v

where u. is the wall velocity and is equal to \/T,/p, T, is the
wall shear stress, y is the height of the first cell, v is the
kinematic viscosity. The demanding requirement for the grid
resolution makes the computation extremely expensive,
particularly for the high Reynolds number flows. In wall
functions, each wall-adjacent cell's centroid is recommended to
be located within the log-law layer, where 30 < y* < 300. A
value close to the lower bound (y*~30) is most desirable. As
much as possible, the mesh should be made either coarse or fine
enough to prevent the wall-adjacent cells from being placed in
the buffer layer (5 <yt < 30). In this work, care was taken
targeting y*~50 value and is iteratively verified by using
equation (7).
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2. Numerical Model

The numerical model is a 120-degree wedge built around the
3.5kW, 3 bladed, 4m rotor diameter, HAWT. The blades show a
slight twist along their spans to accommodate the increasing
rotor radius. The blades have a rounded tip with an airfoil shape
similar (but not exactly) to S809. Neither the tower nor the
ground is included in the model, and a uniform wind speed
profile at 10% turbulence intensity is imposed at the entrance of
the domain to accommodate the atmospheric boundary layer
turbulence. The computation domain is cylindrical shaped at 4
blade spans in theradial direction and extending 6.25, and 16.25
blade lengths upstream and downstream, respectively. The
whole computation domain is depicted in Fig. 2 which consists

of inner and outer domains to simplify the meshing.

P
\

T - P\B f
S _|_ <

Inner domain

15R
3R

Fig. 2. Description ofthe computation domain

The domain is carefully padded and discretized into hexahedral
cells using ICEM to account for the boundary layer mesh
(reasonable aspect ratio, low twist, and warp angles).
Hexahedral mesh typeproduces fewer elements and nodes to the
tetra type mesh for the same computational domain and
consequently saves in memory, storage, and time to compute the
solution [12]. The solid geometry was initially constructed in an
AutoCAD environment and transferred as IGES file into ICEM.
The mesh compromises approximately 4.5 million hexahedral
cells. Due to the geometrical complexity of the blade particularly
near the blade root and the blunt blade tip multi-block strategy
is adapted which greatly facilitated the meshing. Initially, the
whole domain is fitted with a single block and is subdivided into
as many as 120 blocks to enable hexahedral meshing, as shown
in Fig. 3. Three O-grids are built around the blade in order to
obtain the desired local resolution, as detailed in Fig. 4.

Fig. 3. Ultimate blocks for the whole domain

Fig. 4. O-grids around theblade, blade root, and tip

The 120 degrees domain takes the form of a wedge. It encloses
one of the three HAWT rotor blades and hence periodic
boundary condition is applied at the two rotating faces of the
wedge. Nonconformal mesh is utilized to reduce the number of
cells in the outer domain region, as shown in Fig. 5. The mesh
count is summarized in Table 1.

Table 1: Mesh de tails for the whole domain

Domain Mesh type Element Height Inflation Number

count of first ratio of rows

row

(m)
Inner Hexahedral 34 = - -
domain million
Outer Hexahedral 1.1 - - -
domain million
Around Hexahedral - 0.0001 1.2 8
the
blade

Fig. 5. Non-conformal mesh between theinner and outer domains

Fig. 6. Mesh around the blade
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The mesh around the blade is shown in Fig. 6. The faces and
domains are labeled, as shown in Fig. 7 and their assigned
boundary conditions are summarized in Table 2.

CRD

“FLup T Face2,34

/7‘\/ o2 =7
/ % Face 5
e N /\/\ Face 6,7

Face 8

Fig. 7. Labeled faces and domains, face 1 upstream (z=0), and face 8
is downstream

Table 2: Boundary condition assignment

Face 1 Velocity inlet (u=v =0, w = constant)
Face 2, 3,4 Interface

Blade No-slip wall

Face 5 Sy mmetry

Face 6,7 Periodic

Face 8 Outflow

The inner core of the fluid materials that houses the blades is
specified as a ingle rotating reference frame model (SRF); this
lends the problem in seeking a steady-state solution. Sliding
mesh can also be sought at a higher computational cost as it is
inherently transient [10]. In the current study, the steady and
pressure-based solver of ANSYS Fluent [10] is used which is
based on the SIMPLE pressure-velocity coupling scheme and
following a 2™ order upwind spatial discretization scheme. The
convergence criterion is set at 10~ for the continuity and the
three (u, v, and w) momentums as well as for the turbulence k
and ® equations.

2.1. Mesh independence study

Assessment of the mesh solution dependency is carried out
through four levels of meshes: Fine, baseline, course I, and
course II, and comprising 5.5, 4.5, 3.05, 2.26 million cells,
respectively. Results of the thrust and torque under the same
boundary conditions (i.e., Sm/s velocity inlet, zero rotation
speed, and zero velocity gradient at the outlet) are listed in Table
3.

Table 3: Mesh sensitivity on the computed thrust and torque

Size Thrust (N) Torque (N.m)
(cells)
Level x10° Pressur Err. Viscou Err. Press Err. Visco Err.
ebased | (%) sbased | (%) ure (%) us (%)
based based
Refined | 5.5 33.62 -- 0.16 -- 5.97 -- 0.03
Baseline| 4.5 33.95 0.98 0.16 0.00 [ 6 0.50 [ 0.03 0.00
Coarse I| 3.05 34.37 223 0.155 3.13 5.86 1.84 0.024 20.0
0
Coarse I] 2.26 34.68 3.15 0.15 6.25 5.75 3.69 0.02 333
3

The pressure and the viscous-based prediction are within
acceptable values for the thrust and torque. The relative error in

the thrust and torque attributed to the pressure- and viscous-
based is below 1% in the baseline mesh.

3. Results and Discussion

3.1. Experimental validation

Measurements of the power generations under different wind
speeds for the 3.5kW HAWT were carried out by Centro de
Investigaciones Energéticas, M edioambientales Tecnologicas
(CIEMAT) [13]. The generated power was recorded
simultaneously with the rotational velocity with sweeping
values for the incoming velocity, thereby allowing evaluating
the influence of tip speed ratio (TSR). Their computed torque
and thrust data were compared to the corresponding simulated
values as tabulated in Table 4 and presented in Fig. 8.
Furthermore, the inferred experimental measurements of power
coefficient ( Cp = wxT/(05xu3xA4) ) and simulation
results are depicted in Fig. 8. A good agreement between the
CFD simulation and experimental data is shown, particularly up
to 8m/s incoming velocity. The discrepancy beyond 8m/s
velocity is mainly due to the change of the angle of attack
activated through the “Blade Pitching Mechanism” used in the
actual turbine system. The trend has been captured
experimentally as reducing the angle of attack leads to a
reduction in the power coefficient. Discrepancies are also traced
back to rotational effect and turbulence modeling, as the wind
speed increases separation and stall of the flow occurs over the
blade that limits the SST k- turbulence model and the adopted
steady approach of SRF in capturing the accurate flow physics.

Table 4: Torque and thrust obtained atvarious wind speeds

Run Wind Rotational TSR  Torque Thrust

#  speed speed ) (N.m) N)
(m/s) (rad/s)

1 3 9.5 6.41 2.07 24.53
2 4 12.5 6.33 3.83 41.86
3 5 13.5 5.47 8.72 51.03
4 6 14.73 4.97 1265 7534
5 7 16.47 4.76 17.89  98.46
6 8 18.58 4.70 23.77  127.16
7 9 20.85 4.69 3291  165.97
8 10 23.26 4.71 3775 199.86
9 11 25.98 4.78 45.62 246.15
10 12 28.55 4.82 5450  295.92
11 13 30.06 4.68 65.02 33748
0.40 T— T T T T T T T T —1.0
0.35 4 = - = Los
0.30 4 - :O 8
0.25 4 --O 7

Experimental results
= CFD resuilts

EZZZ Error :0_5

Power coefficient
o
&

Wind speed (m/s)

Fig. 8. Comparison of power coefficients vs wind speed
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3.2. Flow fieldstudy

The authors’ previous work illustrated the role of the tip speed
ratio [3]. In the absence of fluid structural coupling, they
emphasized on the discrepancy between the tip speed ratio and
incurred torque. This situation occurs during a mismatch
between incoming wind speed and wind turbine rotation. The
difference in the achieved power coefficients can reach as high
as 60 times between less favored and optimal TSR values and
hence a wise choice of the TSR is necessary.

In order to make full use of CFD simulation, a detailed analysis
of the flow field is conducted. All the flow field results in this
section were based on the case of 5m/s velocity inlet and 12rad/s
rotational speed. The streamlines on the blade (both pressure and
suction side) are plotted in Fig. 9. Fig. 10 shows the pathlines of
the flow over the blade (colored by velocity magnitude). One
can notice the radial tendency of the flow particularly in the
higher velocity suction side as well as the increase in the velocity
magnitude starting the low velocity in the root region and ending
at high velocity towards the tip.

Suction side

Pressureside

Fig. 9. Streamlines on blade under Sm/s velocity inlet and 12rad/s
rotational speed colored with velocity magnitude

Fig. 10. Pathlines overblade under Sm/s velocity inletand 12radss
rotational speed colored with velocity m agnitude

Fig. 11 shows the velocity magnitude and static pressure plots at
several radial locations, 20%, 40%, 60%, and 80% of blade
length. The maximum velocity magnitude and static pressure
increases as the flow reaches a further radial distance. As the
section of the airfoil is located at a longer radius subjected to an
optimal angle of attack, it contributes more to the generation of
power. Fig. 12 shows the radial and axial velocity magnitude
plots at the same radial locations. High radial velocity can be
observed at positions closer to the rotation axis, while higher
axial velocity is observed at positions further to the rotation axis.
The vorticity and turbulence intensity along the blade was
plottedin Fig. 13. Inthe vorticity plot, the blue color that almost
fills the entire slice represents the potential field past the blade;
the boundary layer, however, is clearly visible as a thin, red-

oriented belt around the airfoil sections. The plot vividly shows
the flow behavior along the blade spanwise: as one moves
radially from the rotational axis, the angle of attack decreases,
as the high vorticity belt appears to be thinner. A similar
phenomenon can also be observed in the turbulence intensity
plot.

00 A:Velocity magnitude (m/s) B: Static pressure (Pa,

150 o 60 o
140 56
130 52
120 48
10 44
100 40

36
32
28
24
20
16
12
08
04
00
04
08
12
16
20 B: Radial Velocity magnitu

50 A: Axial Velocity magnitus

Fig. 12. Velocity magnitude and static pressure slice plots
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100
87

15

63

50 B: Turbulence intensity(

80%

A: Vorticity (s7)

Fig. 13. Vorticity and turbulence intensity plots along the blade
3.3. Rotational effects study

As indicated by the author’s previous study [3], the rotation has
a significant impact on the wind turbine power generation and
pertains to the most challenge to be factored in Blade Element
Momentum (BEM ) method. In the current study, the rotational
effects are studied by plotting pressure coefficients distribution
on the blade at different radii, as shownin Fig. 14 through 16.
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Fig. 14. Pressure coefficients distribution along the airfoil for both

3D and 2D flow condition when angle of attack (AOA)is 15 degrees
(r/R=78.1%)

34
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01 00 01 02 03 04 05 06 07 08 09 10 11
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Fig. 15. Pressure coefficients distribution along the airfoil for both
3D and 2D flow condition when angle of attack (AOA)is 20 degrees
(r/R=57.5%)

Cp

-——rr-rrrTrTrTrr—rrrrrrrrr

-0.1 00 0.1 02 03 04 05 06 07 08 09 1.0 11
x/C

Fig. 16. Pressure coefficients distribution along the airfoil for both

3D and 2D flow conditions when the angle of attack (AOA) is 25
degrees (r/R=44.9%)

Three cases were inferred for a detailed study of the pressure
coefficient at a matching angle of attack (AOA) between the 2D
cases and 3D cases. The 3D cases are matched by taking the
blade section at the corresponding radial distances, i.e., at
78.1%, 57.5%, and 44.9% blade length that corresponds to 15,
20, and 25 degrees AOA. In the determination of the 3D angle
of attack, the angle between the incoming wind speed vector and
rotational speed vector of the wind turbine is inferred
considering near-zero pitch and twist angles. The
superimposition of the Cp sectional profiles shows that 2D and
3D follow similar trends. There are, however, two distinct
discrepancies: First, the 3D is observed to produce a lower
pressure in the suction region. This is due to the promotion of
the radial momentum in particular in the suction blade side that
leads to lower pressure in which the 2D case fails to produce.
Therefore, any attempt based on BEM must be adjusted to the
blade rotational effect as much discrepancy is attributed to lack
of rotational effect. Second, the extreme values for negative
pressure (stagnation point) are more pronounced in the 3D case.
This is attributed to the level of turbulence which increases the
localize flow momentum and based on energy conservation
resulted in higher stagnation pressure. The uniqueness of the
negative pressure peak inthe 3D cases is their slow development
when compared to the 2D cases. Therefore, there is a delay in
their appearance that moves toward the trailing edge in the 3D
cases. It is also noticed that the suction side pressure increases
smoothly in the 3D cases compared to the abrupt increase in the
2D case. With these observations in mind and integrating the
pressure/suction area, there is no doubt that 3D cases resulted in
higher lift/torque than the 2D cases. Such phenomenon was also
observed and emphasized in Carcangiu’s work[14].

4. Conclusion

A 3Dhigh fidelity CFD study for full scale three-bladed 3.5kW
HAWT turbine is carried out. The model is based on the full
Navier-Stokes equation and SST k- RANS turbulence. In order
to reduce the computation effort, one-third of the rotor domain
was modeled enclosing one turbine blade and the periodic
boundary condition was imposed. The model was meshed in
ICEM using 120 blocks and comprises 4.5 million hexahedral
elements. The forces on blades were first reported under
different operation conditions and based on which the power
coefficients were obtained. The obtained power coefficients
from CFD simulation are in agreement with the reported
experimental data, particularly under low wind speed, e.g.,
<9m/s before triggering of the centrifugal pitching mechanisms
and prior to the massive separation that risk the efficiency of the
SST k-o turbulent model. The developed procedures can be
easily and economically applied to any given HAWT
configuration avoiding the complexity of atmospheric boundary
layer wind tunnel testing and advocating CFD as the current
virtual wind tunnel. Further analysis on the flow field was
conducted to have a deeper insight at the flow past the rotational
HAWT. Theresults showed the flow behavior past the blade and
emphasized the influence ofthe rotation on pressure distribution
along the blade.
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