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This work deals with a computational investigation emphasized on the calibration of a turbulence model
regarding to the operational capability of a SS-HAWT (small-scale horizontal axis wind turbine).
Experimental field tests were carried out to collect data to evaluate the performance (power) coefficient,
Cp, as a function of the tip-speed ratio, l. The prototype examined was a three-bladed wind turbine
(NACA (National Advisory Committee for Aeronautics) 0012 profile) designed for fixed tip-speed ratio
(with l ¼ 5), constructed and operated at the Federal University of Ceará. The maximum value experi-
mentally achieved for Cp was about 14%. The keu SST (shear stress transport) turbulence model, solved
by the open source CFD (computational fluid dynamics) toolbox OpenFOAM (Open Source Field Oper-
ation and Manipulation), assessed the wind turbine performance. The experimental data information
obtained reporting the aerodynamic performance of the SS-HAWT prototype was required to calibrate
the model. The turbulence intensity and the characteristic length were studied in terms of the b*

parameter. The power coefficient numerically predicted tends to agree with the experimental assess-
ment. The variation of b* mainly affects viscous friction over the blades.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

SS-HAWTs (small scale horizontal axis wind turbines), which
should be safe enough and easy to run for self-sufficient and in-
dependent power production purposes [1], are becoming a
research topic of active interest [2e6]. These machines rely solely
on the torque produced by the wind acting on the blades. This
happens because, in general, they are not providedwith a generator
operating as a motor to start and accelerate the rotor when the
wind is strong enough to begin producing power [7]. Particularly,
the blades of an SS-HAWT should start rotating at the lowest
possible wind speed in order to extract the maximum possible
power [8], without necessarily the best of wind conditions [9].

In some cases, the investigation of SS-HAWTs should (or must)
include the CFD (computational fluid dynamics) analysis/design
1.
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tool. The criterion of success can be taken in terms of how well the
results of numerical simulation agree with experiments (in cases
where careful laboratory experiments can be established), and how
well the simulations can predict highly complex phenomena (that
necessarily cannot be isolated in the laboratory) [10]. It is well
known that CFD cannot reproduce physics that are not properly
included in the formulation of the problem, which is the case in the
study of turbulence [11]. For instance, the experimental data of the
NREL (National Renewable Energy Laboratory) phase VI blade [12e
14] were used to validate a numerical model and to apply this
calibrated model in the performance analysis of hypothetical blunt
blades with thicknesses distinct from the original (experimental)
blades [15]. To achieve this purpose, it was employed the software
FLUENT as a solver and ICEM-CFD for the mesh generation. The
simulation results obtained with FLUENTagreed with experimental
data. In general, the numerical simulations did not indicate sig-
nificant losses over the blades’ performance in parallel with their
structural reinforcement.

Especially for aeronautical flows, turbulence models of the keu
type, are very popular [16]. Indeed, this is currently a wide-open
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Nomenclature

a1 turbulence modeling constant
ca airfoil chord length (m)
Cl lift coefficient
Cp power coefficient
D turbine diameter (m)
F1 blending function
F2 blending function
I free-stream turbulence intensity (%)
k specific turbulent kinetic energy (m2 s�2)
Mp moment due to pressure forces (kg m2 s�2)
Mv moment due to viscous forces (kg m2 s�2)
N number of blades
Pk rate of production of k (kg m�1 s�3)
~Pk effective rate of production of k (kg m�1 s�3)
Ps shaft input power (kg m2 s�3)
Pu rate of production of u (kg m�3 s�2)
r radial blade position (m)
R blade radius (m)
S invariant measure of the strain rate (s�1)
Sij mean rate of deformation component (s�1)
T torque (kg m2 s�2)
U incident free-stream airflow (m s�1)
y shortest distance to the near wall (m)

b turbulence modeling constant
b* turbulence modeling constant
g turbulence modeling constant
dij Kronecker delta function
l tip-speed ratio
mt eddy viscosity (kg m�1 s�1)
nt kinematic eddy viscosity (m2 s�1)
r density (kg m�3)
sk turbulence modeling constant
su turbulence modeling constant
sij turbulent Reynolds stress tensor (kg m�1 s�2)
u specific turbulent dissipation rate (s�1)
U angular speed of the rotor (rad s�1)
Ke kinetic energy flux (kg m2 s�3)
Lt turbulent length scale (m)
X cross-diffusion term (kg m�1 s�2)
BEM blade element momentum
CFD computational fluid dynamics
HAWT horizontal axis wind turbine
NACA National Advisory Committee for Aeronautics
OpenFOAM Open Source Field Operation and Manipulation
RANS Reynolds-averaged NaviereStokes (equations)
SS-HAWT small scale horizontal axis wind turbine
SST shear stress transport
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area of CFD research, which some of the efforts related to SS-
HAWT/HAWT are reported in Refs. [17,18].

2. SS-HAWT experimental procedures

2.1. Aerodynamic design

The wind turbine investigated was a three-bladed upwind tur-
bine rotor (with fixed blades on the hub) and free (passive) yaw
control system with a movable tail vane. The BEM (blade element
momentum) theory was employed to design the blades for the SS-
HAWT prototype. The aerodynamic profile of the airfoils that
comprised the blades was the symmetrical NACA (National Advi-
sory Committee for Aeronautics) 0012 (maximum thickness of 12%
compared to the chord length). The radius of the blades is equal to
1.5 m. The rotor wasmounted on a tower pole at an elevation of 5 m
above the ground (in open field) at the Federal University of Ceará.

In practical terms, the original plain-form of the design theory
(described in Ref. [19]) is simplified (what removes a lot of material
close to the root) and the expression adopted in the design, as
suggested by Burton [19], assumes the form of Eq. (1):

ca
R

¼ 8
9,0:8l

�
2� l

�
r
R

�
0:8l

�
2p
CllN

; (1)

where ca is the airfoil chord length (m), R denotes the blade radius
(m), l expresses the tip-speed ratio, r represents the radial blade
position (m), Cl is the profile lift coefficient and N is the number of
blades. The 0.8 in Eq. (1) refers to the 80% point between the target
points. Further details on wind turbine design and construction
followed instructions provided in Ref. [20].

2.2. Prototype field tests

To obtain the shaft power, the wind turbine prototype was
instrumented in order to measure directly the rotation and torque.
The rotational speed of the main mechanical shaft was measured
using a tachometer model TADIG-C1 (T&S Equipamentos ele-
trônicos, Brazil) with maximum estimated error equal to �0.23%.
The torque measurement was made via torque transducer (T22
HBM, Germany), with nominal (rated) torques up to 1 kNm, accu-
racy class 0.5, and �0.2% of sensitivity tolerance for voltage and/or
current output. Flux measurements (wind velocity) were realized
using WindMaster 1590 PK-20 (Gill, United Kingdom) pulse-based
ultrasonic anemometermounted 4m far from thewind turbine and
at an elevation of 4.5 m above the ground. The anemometer can
measure a maximum wind speed of 45 m s�1 with a resolution of
0.01 or 0.001 m s�1 and accuracy (12 m s�1)>1.5% RMS (Root Mean
Squared). Data were logged on EL005 Enviromon and EL037 data
loggers (Pico technology, United Kingdom) and stored on a personal
computer. The experimental data acquisition system and the
measuring station/prototype under test are depicted in Fig. 1.

The power coefficient Cp, which represents the ratio between Ps,
the shaft input power (kg m2 s�3), and Ke, the kinetic energy flux
(kg m2 s�3), both experimentally measured, was evaluated from
Eq. (2):

Cp ¼ Ps
Ke

¼ UT
0:5rpR2U3 ; (2)

whereU is the angular speed of the rotor (rad s�1), T represents the
torque (kg m2 s�2), r is the air density (kg m�3), and U denotes the
incident free-stream airflow (m s�1). The tip-speed ratio l is
expressed by Eq. (3):

l ¼ UR
U

: (3)

It is useful to note that equivalent experimental approacheswere
employed in investigations carried out in wind tunnels: a study on
the aerodynamic characteristics of a HAWT designed according to
the BEM theory [21], given that the results are based on the power
evaluated from data obtained via torque and rotation measure-
ments, and a similar work dealing with telescopic blades [22].



(a)

(b)

Fig. 1. SS-HAWT under test: (a) schematic of the experimental data acquisition system
and (b) measuring station at Federal University of Ceará.
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3. keu SST (shear stress transport) turbulence model

Menter’s keu shear stress transport (SST) model [23e26]
comprises two equations [23,27]:

� one for k, the specific turbulent kinetic energy (m2 s�2) (Eq. (4)):

v

vt
ðrkÞ þ v

vxi
ðUirkÞ ¼ v

vxj

 
mk

v

vxj
k

!
þ ~Pk � b�ruk; (4)

� and one for u, the specific turbulent dissipation rate (s�1) (or
specific turbulent frequency) (Eq. (5)):
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The effective viscosities (kg m�1 s�1) are given by Menter [25]:
mk ¼ mþ mt
1
s

; (6)

k

mu ¼ mþ mt
1
su

; (7)

where mt is the modified eddy (or turbulent) viscosity (kg m�1 s�1),
and sc (c ¼ k;u) are diffusion constants of the model. The Reynolds
stresses sij (kg m�1 s�2) are computed as usual in two-equation
models with the Boussinesq expression [25,27]:

sij ¼ �rU0
iU

0
j (8a)

¼ 2mtSij �
2
3
rkdij: (8b)

In Eq. (8b), Sij represents the mean rate of deformation
component (s�1) and dij is the Kronecker delta function. Pu, the rate
of production of u (kg m�3 s�2), is given by the Eq. (9) [27]:

Pu ¼ g

"
2rSij,Sij �

2
3
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v
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!
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#
; (9)

where g is a model constant.
3.1. Updated turbulence model constants and limiting

The constants in the keu SST model are blended values of the
standard keu and keε parameters calculated from the blending
function F1 [23], as defined by Eq. (10):

F1 ¼ tanh
��

min
�
max

�
Lt

y
;
500nt
y2u

�
;
4rsu;2k
Xy2

�	4�
; (10)

whereas F1 is limited (varies) from unity at the wall to zero outside
wall boundary layers. The first argument in Eq. (10), Lt [¼k1/2/
(0.09u)], represents the turbulent length scale (m), divided by y, the
shortest distance to the near wall (m). The positive portion of X, the
cross-diffusion term (kg m�1 s�2), presented in Eq. (5) is limited as
[26]:

X ¼ max
�
2r

1
u

1
su;2

v

vxi
k

v

vxi
u;10�10

�
: (11)

Each coefficient of the Menter’s model (4 h sk, su, b, g) is
evaluated from Eq. (12) [24]:

4 ¼ 41F1 þ 42ð1� F1Þ; (12)

where the subscript 1 (in 4) is related to the adjusted keu model
and the subscript 2 is connected with the standard keε model,
whose constants values are given as follows [23]:

sk;1 ¼ 1
0:85034

; sk;2 ¼ 1:0;

su;1 ¼ 2:0; su;2 ¼ 1
0:85616

;

b1 ¼ 3
40

; b2 ¼ 0:0828; b� ¼ 9
100

; k ¼ 0:41;

g1 ¼
�
b1
b�

�
�
 

su;1k
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b�
�1=2

!
¼ 0:5532;
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g2 ¼
�
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Improved performance in flowswith adverse pressure gradients
and wake regions are obtained by limiting the eddy viscosity
[23,27]:

mt
1
r
¼ a1k

maxða1u; SF2Þ
¼ nt; (13)

given that S ¼ (2SijSij)1/2 is the invariant measure of the strain rate,
a1 (¼0.31) is a constant, nt is the kinematic eddy viscosity (m2 s�1)
and F2 is a blending function [23] given by the Eq. (14):

F2 ¼ tanh
��

max
�
2
Lt

y
;
500nt
y2u

��2�
: (14)

For other regions of the boundary layer, the eddy viscosity can
be evaluated according to Eq. (15)

mt ¼ r

�
k
u

�
: (15)

Toprevent thebuild-upof turbulence in stagnationregions, ~Pk, the
effective rate of production of (kg m�1 s�3), is limited as follows [26]:

~Pk ¼ min
�
Pk;10b

�rku
�
; (16)

where Pk, the rate of production of (kg m�1 s�3), is expressed by the
Eq. (17) [27]:

Pk ¼ 2mtSij,Sij �
2
3
rk

 
v

vxj
Ui

!
dij: (17)

4. Numerical setup

The frozen rotor approach was taken into account in this study.
It consists of a steady-state formulation in which the rotor and the
fluid (air) are fixed with respect to each other. The computational
fluid dynamics code used for turbulence model simulation was
OpenFOAM (Open Source Field Operation and Manipulation)1

v.1.7.1 [28,29]. All the simulations were carried out with the “sim-
pleFoam” solver, which is a steady state, incompressible solver. This
solver has full access to all the turbulence models in the “incom-
pressibleTurbulenceModels” library of the standard OpenFOAM
release. The generalized fully second-order setup was used for all
simulations. The NVD (normalized variable diagram) type differ-
encing scheme e GAMMA [30] with gNVD ¼ 1.0 was applied for all
convective terms approximation. All other inviscid terms and the
pressure gradient were approximated with a fourth order accuracy.
The relaxation parameters were set to the default value of 0.04 for
pressure and of 0.06 for the other prognostic variables. For the
spatial discretization of differential operators, the Gaussian inte-
gration was used with different interpolation schemes.

4.1. Boundary conditions

The specification of I, a free-stream turbulence intensity (%), can
be given as follows in Eq. (18) [27]:

k ¼ 3
2
ðIUÞ2: (18)
1 http://www.openfoam.com.
The turbulent frequency term can be determined by the Eq. (19)
[11,27]:

u ¼ k1=2

Lt
; (19)

where Lt denotes the turbulent length scale (m).
For the boundary conditions, the following criteria were

observed:

� The inlet free-stream speed was based on the average of the
values obtained in the field, i.e., 2.5 m s�1. On the turbine, the
“rotatingWallVelocity” condition (which evaluates the velocity
fields over a solid surface, using a priori rotation condition) was
employed, based on experimental l (¼7.85). On outlet, the
“zeroGradient” condition was applied.

� For pressure, “zeroGradient” conditions were used in the inlet
and on the turbine; 0 kg m�1 s�2 (gauge) was specified at the
outlet.

� k and u, respectively expressed by the Eqs. (18) and (19), were
used at the inlet of the domain and on the turbine. The “zer-
oGradient” condition was applied at the outlet.

� The “slip” conditionwas employed in the physical contour of the
domain.
4.2. Mesh generation

An optimum solution to this problem is expected to be
reasonably complex and will require the creation of a mesh
representative of the flow. Primarily, it was intended to determine
the geometrical dimensions of the domain (a cylinder that includes
the wind turbine), since it must adequately represent the aero-
dynamic effects of the expansion cone. Values ranging from 10 to
90 m downstream and 5 to 30 m upstreamwere considered during
the determination of the domain’s length. It was concluded 30 m as
an optimal value for both upstream as downstream. The diameter
of the domain was set to 12 m (or 4 D, where D is the turbine
diameter (m)) and the diameter of the inner cylinder (more refined)
was set equal to 6 m (or 2D). By using streamlines, it was shown
that this inner cylinder covers all the wind turbine’s expansion
cone.

The computational mesh generated from 1.6 to 3.2 million
hexahedral elements refined horizontally. A grid sensitivity anal-
ysis was carried out to estimate the solution error associated to the
discretization. Considering all the mesh’s range analyzed, it was not
verified significant variation on the results for Cp.

5. Experimental results and comparison to numerical
simulation

This section provides a comparison between the experimental
measurements and the computational predictions carried out to
understand some of aerodynamic aspects of the wind turbine
prototype.

The prototype designed, constructed and operated at the Fed-
eral University of Ceará was a three-bladed (NACA 0012 profile)
fixed tip-speed ratio (l ¼ 5), as described in Section 2. As shown in
Fig. 2(a), the power coefficient (Cp) plotted against the tip-speed
ratio (l) generated a scatter plot. These data were calculated from
experimental measurements of the mechanical shaft rotational
speed, torque and wind speed. Fig. 2(b) illustrates the average po-
wer coefficient for l intervals equal to 0.5. Efficiencies in the order
of 10% were obtained in regimes close to the projected tip-speed
ratio, with a peak of about 14% observed in l ¼ 7.25. It can be

http://www.openfoam.com


Fig. 2. Scatter plot of power coefficient Cp vs. tip-speed ratio l (a) as experimentally
observed and (b) considering 95% confidence intervals.
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Fig. 4. Numerical results for power coefficient Cp vs. keu SST model parameter b* for
different turbulence characteristic lengths compared to experimental measurements
(solid line) for l ¼ 7.85. The 95% confidence interval related to experimental data is
depicted by dotted lines.
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seen that there is a natural gain in turbine’s efficiency in the range
0 < l < 4. This increase in the turbine performance can be attrib-
utable to the reduction of stall on the blade, that occurs at low revs
(at high angles of attack). Near the design’s tip-speed ratio, the
turbine reaches its regular regime of operation, in which the blades
have not significant stalled sections. However, as the l increases,
the efficiency does not grow due to the adverse effect of the drag,
which becomes considerable. The intervals shown in Fig. 2(b)
represent the 95 confidence taken from a Student’s t-distribution.

The experimental field data about the power coefficient were
required to verify the simulation model. Model calibration here
refers to minimize the discrepancy between the simulation model
adopted and the actual physical system (real gathered data).
Sensitivity tests to the numerical parameters (presented in Figs. 3
and 4) were carried out for the particular value of l ¼ 7.85. This
was due to the fact that, at this tip-speed ratio, there is a clear
assurance that the blades do not have considerable stalled regions,
which would hinder the reliability of the numerical results, given
the difficulty by the turbulence models in predicting flow separa-
tion [11].
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Fig. 3. Numerical results for power coefficient Cp vs. keu SST model parameter b* for
discrete turbulence intensities values compared to experimental measurements (solid
line) for l ¼ 7.85. The 95% confidence interval related to experimental data is depicted
by dotted lines.
In the simulations’ setup, values of the boundary conditions for
the variables are required. In the present problem, most of these
variables have direct physical meaning (velocity, pressure). How-
ever, the variables k and u are fundamental for the turbulence
model and cannot be directly measured. Hence, the variables I and
Lt that have direct physical meaning and directly impact on the
calculation of keu (according to Eqs. (18) and (19)) are employed.
With the experimental field data, the value of turbulence intensity
value can be estimated. In turn Lt now follows the geometric
characteristics of the addressed proposition. With these values, the
boundary conditions of k and u can be determined, enabling the
numerical solution of the problem.

To study their influence in the model, at first the parameter I
was set with values 2%, 20% and 40%, then Lt was set equal to three
values: (1) the blade diameter, (2) the minimum blade chord and
(3) the blade radius. Both turbulence intensity and characteristic
length scale parameters were evaluated as a function of b*, a con-
stant of the keu SST turbulence model. The model’s calibration
performance was judged by visual comparison between experi-
mental data/simulations results via graphs.

Fig. 3 represents the influence of the turbulence intensity and b*

in the performance predicted by numerical solution. For the
selected values of b* (b* ¼ 0.09x, x ¼ 0.5, 1, 2, 3, 4, 5) there was no
significant variation in performance of the blade by varying the
intensity of turbulence. With the variation of b*, it is observed a
significant increase in the efficiency of the blade, starting from
negative values (at which in practice the turbine would not work)
to positive values getting inside (agreeing with) the confidence
interval value of the experimental result.

Fig. 4 shows results similar to those observed in Fig. 3. This time
is being tested the sensitivity for the characteristic length
concomitant with the component b*. Again the results were
insensitive to variations of the characteristic length whereas there
is a clear increase in efficiency with increasing b*, i.e., an agreement
between the experimental and numerical results.

Fig. 5 is a representative detail of Fig. 3. The performance of the
blade was separated into the effects of the moment due to viscous
forcesMv and the moment due to pressure forcesMp. It can be seen
that with the increase of b*, there is a significant change (decrease)
in the moment component related to viscosity (Fig. 5(a)).
Conversely, the same is not observable for the moment due to the
effects of pressure, which practically remains constant (Fig. 5(b)).

As indicated by the results, the variation of b* directly impacted
the turbulence effects relevant to the model. Therefore, it can be
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seen that the impact of the turbulence in the RANS (Reynolds-
averaged Naviere-Stokes) model, which in essence is a variation of
the apparent viscosity, was significantly affected by the change of
b*. This fact becomes clearer if it is found that the change in b*

practically impacted only surface effects, evidenced by viscous
friction on the blades’ surface. It is then observed that the model
calibration succeeded probably owing to the viscous effects on the
blades. This information proves itself very important since it can be
obtained from negative (unrealistic) to positive values of efficiency
and within the confidence interval of the experimental results as
shown in Figs. 3 and 4.

A similar study was conducted with a VAWT (vertical axis wind
turbine) [31], inwhich the realizable keεmodel [32] was employed.
Accordingly, Cm (a critical coefficient of the realizable keε model,
and equivalent to the b* tested in the present work) is expressed as
a function of mean flow and turbulence properties, rather than
assumed to be constant as in the standard model.

6. Conclusion

A three-bladed (NACA 0012 profile) fixed tip-speed ratio (l ¼ 5)
SS-HAWT was designed, constructed and operated at the Federal
University of Ceará. The experimental field data made available for
aerodynamic performance characteristic (Cp vs. l) was required to
calibrate the keu SST turbulence model under frozen rotor regime.
The following conclusions could be drawn:

� The turbulence intensity did not impact on the calibration of the
model, for the same values of b*, the results for I ¼ 2%, 20%, and
40% are almost the same and tends to coincide as the value of b*

increases.
� Similarly, the turbulence characteristic length scale Lt (blade
diameter, minimum blade chord, blade radius) did not affect the
calibration results.

� Presumable due to viscous effects, the b* coefficient, that
explicitly appears in the equation for the k (Eq. (4)) and
implicitly in the u equation (Eq. (5)), seems to have a relevant
role in the turbulence model calibration.

� The keu SST turbulence model was calibrated with b* ¼ 0.45 for
the specified case.
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