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Abstract
In the present work, four turbulence models and their precision on results for twenty-two cases of different wind speeds,
ranging from cut-in to cut-off values, and associated mean pitch angles of blades are investigated numerically. The results of
3D finite volume simulations of airflow around a commercial Vestas V80 horizontal axis wind turbine (HAWT), with a rated
output power of 2 MW, are presented. The grid used in the simulations consists of two main parts i.e. unstructured mesh
rotating with blades and structured hexahedral stationary one for the external domain. Several cases with different free stream
velocities (and different tip speed ratios and mean pitch angles) are studied, employing four different turbulence models: k − ω
SST, ̅ − f, k − ε RNG and Spalart-Allmaras one-equation, in order to examine their ability to predict the output generated
power of HAWTs. The investigation outcomes are compared with each other and existing experimental result given in previous
studies. It is shown that the numerical results are in acceptable agreement with experiments. Regarding assumptions during
simulations, more sensible output power values are obtained through k − ε RNG and ̅ − f models. In addition, maximum
value of power coefficient occurs at more accurate associated wind speed using ̅ − f model. The simulations provide useful
guidelines to design more efficient large commercial wind turbines.
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1. Introduction
Wind turbines play significant role in providing economic
power to satisfy today’s huge demand of sustainable and
clean forms of energy. Nowadays, a major concern of the
wind turbine designers is their power efficiency and overall
performance. As a result, it is useful to investigate the air
flow behaviour passing through and behind the turbine.
Several studies have been done in recent years, each of which
has focused on a particular region of the flow. The blades of a
horizontal axis wind turbine should be designed considering
many important factors such as aerodynamic efficiency,
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loaded forces and shear/normal stress, total mass, final cost
and their balance with design parameters associated with
internal and external shape [1]. Thus CFD approaches could
be used in order to analyse complexity of flow field around a
wind turbine. Hartwanger and Horvat obtained power, lift,
drag and moment coefficients for an isolated wind turbine
using CFX software. They also used 3D CFD results,
obtained through 2D analysis of blade sections, to predict
values for actuator disk induction factors [2]. Later,
Galdamez et al. performed simulations for a Vestas V39 wind
turbine using CFD models, blade element momentum (BEM)
theory and some algorithms for optimization, which is
expected to lead to optimization of its winglet design [3]. The
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BEM theory is actually a two-dimensional approach
extended to the third dimension and uses corrections taken
from correlations obtained through measurements or CFD
simulations to capture 3D phenomena [4]. BEM theory must
be used only when the blades have uniform circulation [1], as
Tangler states that the BEM method basically under-predicts
the overall performance of a wind turbine, however, overpredicts the peak power value [5]. The main reason for such
an important assumption is the high computational cost of
CFD methods. Virtually all the modern rotors for horizontal
axis wind turbines that exist today were designed using the
BEM method. However, as a result of simplifications in
derivation, this method could have many shortcomings [1].
Sedaghat and Mirhosseini designed a HAWT blade for a 300
kW horizontal axis wind turbine by means of BEM theory. In
their study BEM is used for obtaining maximum lift to drag
ratio for each element along blade [6]. Sezer-Uzol and Long
chose PUMA2 as their solver, which used the 4-stage RungeKutta numerical time integration method and Roe’s
numerical flux scheme in the computations. It is shown that
considerable separation happens at higher wind speeds
(15m/s) even with zero yaw angle [7]. Zhou and Chow
investigated properties of stable boundary layer (SBL) for
wind energy using LES method and reconstruction
turbulence model approach [8]. This is important for lifetime
and performance of wind turbines caused by fatigue [8].
Chatelainet al. studied wake behaviour behind isolated
horizontal axis wind turbines using Large Eddy Scale (LES),
vortex particle-mesh coupling method to analyse unsteady
output power of the turbines, generator performance and to
understand their aerodynamic characteristics. Besides they
investigated the possible effects of type of used turbulent
inflow [9]. Among the most recent works, Jeon et al.
performed simulations using vortex lattice method to study
unsteady aerodynamics of an offshore floating wind turbine
(NREL 5MW OFWT). Their results showed that when the
turbine is running at low speed inflow, considerable turbulent
wakes behind the turbine, which cannot be predicted by BEM
[10]. Also Lanzafame et al. employed a modified correlationbased transitional model to simulate the flow around the
turbine and compared the results to outcomes of 1D model,
which is based on BEM theory, and SST k − ωmethod [11].
Sayed and et al. studied the aerodynamic simulations of
steady low-speed flow around two dimensional wind turbine
blade profile by the use of CFD method and the optimum
airfoil for each wind speed is determined based on maximum
lift/drag ratio [12].

Four turbulence models, which are used in this study, are
briefly discussed in this section.

In the article, it is focused on four turbulence models and
their precision on results for twenty-two cases of different
wind speeds, ranging from cut-in to cut-off values, and
associated mean pitch angles of blades. Each one of

3.2. P − Q RNG

employed methods contains a package of rules and
assumptions for specific regions of flow, including near the
wall, far field, etc. Also the study constitutes an instructive
exercise in wind turbines, and opens the way to understand
the complexities of airflow behind the horizontal axis wind
turbines better.

2. Governing Equations
Continuity and momentum equations are the governing
equations for our compressible flow.
+ ∇. ρV = 0

(1)

+ ∇. ρVV = −∇p + ∇.

+ ρg + F

(2)

Stress tensor in latter equation is calculated using below
equation.
τ = μ " ∇V + ∇V # − ∇. VI&

(3)
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3. Turbulent Models

3.1. Standard Spalart-Allmaras
One-Equation Model (SA)
In this section detailed information is given on the equations
for standard forms of the Spalart-Allmaras turbulence model.
The form of the model given here is a linear eddy viscosity
model. Linear models use the Boussinesq assumption:
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Where the last term is generally ignored for Spalart-Allmaras
because k is not readily available (the term is sometimes
ignored for subsonic speed flows for other models as well).
The one-equation model is given by the following equation:
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And the turbulent eddy viscosity is computed from:
where
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And 6 is the density, A = +/6 is the molecular kinematic
viscosity and + is the molecular dynamic viscosity.
k − ε RNG is the complementary model for standard k − ε
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model. This model was introduced by Yakhot and Orszag in
1986 [13]. The standard model is presented mainly for
regions with high Reynolds numbers, whereas RNG model
benefits from Eq.(8), which is a differential equation, to get
the turbulent viscosity value in order to take low-Re regions
in account as well.
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where ν and the constant value, CX are defined as follows:
3.3. P − cSST
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In the case of k − ωshear stress transport (SST) model, a
differential equation for specific rate of dissipation (ω) is
solved except for dissipation rate of turbulent energy (ε).
Menter introduced SST model for k − ωto integrate exact
and strong k − ω equations near the wall region, with
independent k − ε equations in the far field. Turbulent
viscosity in this model is calculated from below equation
[14].
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where α*, S,F2 and a1can be defined separately.
op − q(4 Equation)
3.4. n
Here the equations for the Reynolds stress tensor components
is replaced by a transport equation for the value ̅ and an
elliptic equation for a scalar function ? related to the energy
distribution in the equation for ̅ . This model is similar to
standard k − ε model, with the transport equations for k and
r being solved as follows [15]:
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where €{/ and €{ are related to the creation and the
destruction of dissipation accordingly, vt is the production of
the turbulent energy.
The transport equation for ̅ is as follows:
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In Eq.(13), 7? is defined as
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where ∅ and r are normal components of the pressurestrain and dissipation tensors to the wall, respectively. Also

11

the following elliptic equation is solved for ?:
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The turbulent viscosity is defined as w, = €’ ̅ … and
coefficients of the model are as follows [16]:
€’ = 0.19,

”t = 1,

”{ = 1.3 ,
t

€{/ = 1.4 Ž1 + 0.045‹oG ‘ , €{ = 1.9,
•

€ = 0.3,

€• = 0.3,

(16)

€˜ = 70.

In Eq.(14), anisotropy is considered and in homogeneous
flow (∇ ? = 0 , the classical model for ∅ is recovered.
In all turbulent models above, inlet boundary conditions
could be determined based on direct specification of k, ε or ω
or based on specification of turbulent intensity along with
length scale, hydraulic diameter or viscosity ratio. Selection
of each choice is dependent on flow field physical properties,
surroundings and known values. Providing turbulent intensity
and one of other three parameters at inlet, values of k, ε and
ω are calculated with separate equation.

4. Numerical Calculation Setup
The grid used in the solution consists of around 650,000 cells
including both tetrahedral and hexahedral types, getting
smaller near the blades due to boundary layer and rotating
effects. A cross-sectional of the generated mesh is given in
Figs.1 and 2. The far filed distance in domain is chosen great
enough (10 times characteristic length which is blade length),
so that the simulation gives reliable results. The inner domain
surrounds the turbine blades and hub having 2~6 m offset
from the blades surface, while the outer domain includes the
rest of it of hexahedral type. The tetrahedral-type domain is
actually sliding in the complement hexahedral region to
capture the rotating effects generated by high angular
velocity. Since the free stream velocity is known, boundary
condition at inlet is taken as velocity-inlet normal to the
turbine in the x-direction. On the other hand, despite the inlet,
pressure is known for outlet instead of velocity, which is the
atmosphere condition. As a result, gauge pressure is set for
outlet. It is to mention that turbulence level can’t be
definitely set, for it totally depends on environmental
condition in which the turbine is running. Moreover, since
the path passed by air to meet the blades is long enough,
turbulence intensity of flow is damped enough. However, an
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initial estimation of 4~12%, for working speed range of
turbine, will be fine as discussed in [16].

Fig. 2. Fluid domain for CFD model, including rotating unstructured and
stationary structured parts

6. Turbulent Model
Investigation

Fig. 1. Unstructured mesh construction of rotating parts on normal cut plane

5. Grid Study
Table 1. Variation of €™ versus number of mesh elements for case 7
Number of elements

š› about rotor axis

649,358

0.05767

1,203,423

0.05753

1,923,117

0.05747

2,602,863

0.05745

3,489,261

0.05743

Obviously, no numerical simulation is reliable without a grid
study. The first rough mesh, generated at the first step often
contains cells especially near wall or in boundary layer
region, which is not capable of capturing all gradients effects
or phenomena happening in separation region. So by slightly
changing the mesh, the results may take new values.
Therefore, the mesh must be treated in a couple of steps to
get results, which become independent of mesh size. The first
mesh generated in this study contains around 650,000 cells,
more of which are in cylindrical sliding region. Then, the
mesh was treated in five stages leading the mesh size to reach
3,500,000 cells. During five level of treatment it was seen
that the results don’t change considerably, which shows
independency is already achieved. Consequently, the first
grid was chosen because of simplicity in computational cost.
Table 1 shows the details about number of elements and
variation of moment coefficient ( €™ ) during grid study
process for case 7, RNG method (as a sample case). It must
be mentioned that solution residuals values in whole domain
were chosen as the convergence criteria in order to make sure
that solution is converged all across the domain. This was
evaluated by checking residual contours.

Referring to brochure data given in [17], the cut-in and cutoff speeds for Vestas V80 HAWT are respectively 4 m/s and
25 m/s. Taking these two values as minimum and maximum
of free stream velocity range, minimum and maximum values
of Reynolds number can be calculated, based on blade length,
as 1.1e+7 and 6.7e+7. Even the minimum value is higher
than critical Reynolds number for transition to outer turbulent
flow. Hence, one can assume the flow fully turbulent. Thanks
to k εRNG and k ωSST methodologies for both nearwall and far distance regions, surely all turbulent and
boundary layer phenomena, including separation, viscous
layer interactions and wakes are investigated in the
simulations, using these models. To get results for a wide
performance range of turbine, 22 cases were considered, the
variant parameters of which are free stream velocity and
mean pitch angle of blades.

7. Wall y+ Number
To fully capture the fluid flow behaviour in boundary layer
region, we need to correctly set∆• distance as the first cell
height. According to a correlation for ∆• valuewe have the
following equation for our cell-based method:
∆•

EJ

2„√74• K žŸ ZE•

(17)

where • K is the dimensionless distance from the wall. As
mentioned before, the Reynolds number is around 6.7e+7.
Therefore, having above equation and taking • K as 30,∆•
becomes about 0.0026 m (2.6 mm). Setting this value in
mesh generation, we can make sure all interactions in the
boundary layer are fully captured.

8. Output Power Calculation
To calculate the output power of the turbine, moment
coefficient value should be used. Having angular velocity and
moment about rotating axis of turbine power delivered by
turbine can be defined. The torque T can be calculated by the
following equation:
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/

… = 6.
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(18)

where 6 and u¢ are density and velocity of free stream,
respectively, €™ (moment coefficient) is obtained directly
through developed CFD code, ¡ is circle area swept by
rotating bladesand R is blade radius in SI units. Assuming
standard condition the value of 1.225 7£. ¤Z$ is used for air
density. Other parameters, provided by the manufacturer [17],
are given in table 2.
Table 2. Brochure data for Vestas V80 [17]
Power Regulation
Rated power
Cut-in wind speed
Rated wind speed
Cut-out wind speed
Rotor diameter
Swept area
Blade length

Pitch regulated with variable speed
2000 kW
4 m/s
16 m/s
25 m/s
80 m
5027 m2
39 m

One important characteristic of any wind turbine is the tip
speed ratio, ¥, which means at what wind speed, turbine will
rotate at specific angular velocity. It is defined by following
equation:
¥

¦ .§
¨©

(19)

where R is blade radius and Ω is turbine angular velocity in
SI units. Tip speed ratio values applied in this study are
calculated from angular velocity plot given by [18]. The
corresponding curve is given in Fig. 3. Taking account these
values in our calculations, data set in approach are given in
table 3.The most important factor used to evaluate overall
performance of a wind turbine is its power coefficient, which
is defined as:
€~

«¬ -f® ¯°±²³
E
J
´µ¶ ¨©
G

13

9. Results and Discussion
The corresponding results for four mentioned CFD methods
are given in Fig.4. Clearly the k ε RNG has given bigger
moment coefficient and output power values for all free
stream velocities. So did the ̅
f method, but with less
deviation from manufacturer’s brochure data, while k ω
SSTand Spalart-Allmaras models have under-predicted the
power output values after around infinity velocity of 7m/s. It
is to be noted that the wind turbine geometry simulated in
this study is not the same as experimented by the
manufacturer; mainly because of three reasons: (1) the Vestas
V80 turbine geometry used here doesn’t include its nacelle
and tower, so the their effect on the air flow is neglected; (2)
These turbines are mounted at hub height of around 70-80 m
above the ground[18], while we have assumed the rotating
blades free in the air, so this height is not considered in the
simulations; (3) wind turbines are usually installed together
in farms in big quantities resulting in reduction of overall
performance of turbines, mainly because of wakes produced
by adjacent turbines. But current study doesn’t take this issue
in to account, so that the results are optimistic to some extent.
Therefore considering above assumptions, roughly we can
expect that the results should show some over prediction of
power values. The k ε RNG has over-predicted values with
about 22~50% deviation, least of which corresponds to rated
power of turbine, while maximum error is for cut-in
velocities of turbine. However, ̅
fresults show smaller
deviation and can be labelled as more “realistic” model
among the other approaches regarding assumptions of the
problem.

(20)

Fig. 4. Power curves of four used CFD methods compared with brochure
data

Fig. 3. Rotor speed and pitch angle both as a function of wind speed [18]

In addition to power curve ( v u¢ diagram), another
important plot, which is never disregarded by wind turbine
designers, is the variation of power coefficient with tip speed
ratio; because we are always looking for a quasi-
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constant€~ values over various operating wind velocities[19].
The corresponding plots extracted from simulation results are
given in Fig.5 as well as data obtained in [19]. As indicated
in Fig.5, the peak value of pressure coefficient (0.452) is well
predicted by k ω SST model in comparison with that of
experiments, which is about 0.436. This could be because of
the model’s intrinsic assumption, that is, the hybrid shear
stress transport model solves simplified Navier-Stokes
equations for low Reynolds regime near the wall, while it
uses high Reynolds assumption for region outside the
boundary layer.

By employing such plates, clearly the flow would pass the tip
area smoother, hence with fewer disturbances.
The pressure coefficient distribution on the surface and
leading edge of the wind turbine’s blades is illustrated in
Fig.7. As indicated, the pressure coefficient values increase
on the blade as nearing to the leading edge. This is due to
stagnation near the leading edge; the fluid particles almost
stop when they meet the first contact area on blades, which
means a sudden fall in velocity magnitude. The change in
pressure is accounted for by the Bernoulli equation, which
means for horizontal fluid flow, a decrease in the velocity of
flow will result in an increase in static pressure. This fact
could be help to designers to consider such a magnificent
load on the leading edge to prevent destructive phenomena
such as fatigue or creeping in a more effective way.

Fig. 5. Power coefficient versus tip speed ratio plot of four used CFD models
and trend given in [17]

Fig. 7. Pressure coefficient distribution along blade surface and the leading
edge

Fig. 6. (a) Pathlines by velocity magnitude and (b) velocity vectors showing
mild separation around blade tip

Given the path lines, determined by velocity magnitude, and
velocity vectors obviously showing mild separation around
blade tip in Fig. 6, as a future work it may be useful to mount
winglet-like end plates on blade tips to prevent separation.

Finally, as discussed earlier, the closest results for generated
output power, in comparison with the experiments, are
related to k-epsilon RNG turbulence method. However, for
the power coefficient all employed methods have given
acceptable outcomes for output power.

Table 3. Cases with associated data and results
Case
1
2
3
4
5
6
7
8
9
10
11
12

·¢ (m/s)
4
5
6
7
8
9
10
11
12
13
14
15

¸ (rad/s)
1.319
1.299
1.361
1.508
1.676
1.843
1.885
1.885
1.885
1.885
1.885
1.885

¹
12.865
10.128
8.849
8.402
8.168
7.987
7.351
6.683
6.126
5.655
5.251
4.901

Pitch angle (deg)
-1.75
-1
0
0.8
1
1.25
1.75
-0.5
-3
-6.5
-10.5
-12

k-w SST
78.5
188.4
291.2
491.1
697.9
935.5
1158.6
1408.2
1561.3
1704.7
1813.8
1853.2

k-e RNG
84.9
215.1
336.6
499.2
722.8
1000.3
1338.8
1626.2
1827.3
2003.1
2095.4
2078.6

S-A
67.7
151
261.3
304.1
652.4
917.7
1096.3
1306.6
1483.5
1643.2
1737.8
1795.3

v2-f
83.6
167.2
318.8
512.2
747.4
1063.6
1306.6
1549.6
1803.1
1931.2
2040.9
2137.6
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Case
13
14
15
16
17
18
19
20
21
22

·¢ (m/s)
16
17
18
19
20
21
22
23
24
25

¸ (rad/s)
1.885
1.885
1.885
1.885
1.885
1.885
1.885
1.885
1.885
1.885

¹
4.595
4.324
4.084
3.869
3.676
3.501
3.342
3.196
3.063
2.941

Pitch angle (deg)
-13.75
-15.8
-17.5
-18.75
-19
-19
-19
-19
-19
-19
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