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ABSTRACT

This study demonstrates the separation and transition flow behaviour
around a 3-D wind turbine blade by analysing blending functions,
intermittency, and transition onset Reynolds number in SST Gamma
Theta model. The National Renewable Energy Laboratory Phase VI rotor
was modelled for the analysis. The simulations were executed by using
the ANSYS-CFX solver. Extensive comparisons were performed to
demonstrate the accuracy of this numerical model for sectional pressure
distribution, tangent force, normal force, thrust, and torque. Good
agreement was observed in all wind speed cases. The discrepancies in
pre-stall region were negligible, and those in the post-stall region were
acceptable. Thus, the capability and accuracy of the SST Gamma Theta
model in predicting separated and transitional flow effects were verified.
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1. Introduction

Wind energy is one of the cleanest, sustainable, and abundant renewable energy resources. Wind
turbines are used to harness this wind energy. One of the fundamental technological components
in a wind power generation system is the wind turbine blades. Thus, numerous efforts to develop
unique blades or optimise existing blade designs have been made by many research institutes.

During the design and development of new, efficient, and reliable wind turbine blades, accurate
aerodynamic force predictions and optimised aerodynamic design are necessary because the inter-
action between the blades and wind significantly influences the efficiency and ultimately affects the
lifespan of the wind turbine. Thus, it is essential to know the characteristic results of the flow field
and aerodynamic performance. Wind tunnel test is considered to be an accurate and reliable way to
investigate wind turbine blades. However, it needs comprehensive knowledge and high-quality
equipment to operate the experiment. One of important wind tunnel test data reported by National
Renewable Energy Lab (NREL) to the public is NREL Phase VI wind turbine blade reports (Schreck,
Hand, and Fingersh 2001; Hand et al. 2001), which used the S809 aerofoil (Ramsay, Hoffmann, and
Gregorek 1995) as the blade section, and have been used by many researchers to verify their work.

In addition to wind tunnel tests, various highly complicated numerical approaches have been
developed to predict aerodynamic behaviour, including blade element momentum (BEM) theory
and computational fluid dynamics (CFD). Wind turbine blades are traditionally designed using
BEM theory with lift and drag coefficients defined by two-dimensional (2D) aerofoil data from
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wind tunnel tests, which means BEM theory is highly dependent on wind tunnel experiments.
When applying BEM methods to higher wind speeds to predict rotor power, possible errors can
happen which are mainly caused by inadequacies of evaluating accurate 3D aerodynamic force
characteristics for the fully separation and stall conditions. Therefore, experimental corrections,
including tip losses, root losses, dynamic stall effects, and rotational effects, are often applied to
make the predictions as close as possible to the real data. For instance, Dai et al. (2011) studied
the aerodynamic characteristics of turbine blades using a dynamic stall model and a modified
BEM theory. Lanzafame and Messina (2012) considered the radial flow in BEM theory. Further-
more, based on BEM theory, a code incorporating tip loss was also developed and proved to be
reasonably accurate in evaluating the aerodynamic parameters of horizontal axis wind turbines
by Sharifi and Nobari (2013).

The CFD is becoming one an important tool in wind turbine research. Many hypothetical
models have been developed for turbulent flow simulation. Those that are based on the Rey-
nolds-averaged Navier–Stokes equations (RANS) are the most widely used. Such models provide
detailed information and visual representations of airflows in various critical areas, which helps
researchers understand the 3D aerodynamics of the rotor which can analyse the complex 3D
geometry commonly. However, CFD also has many difficulties, such as requiring more comput-
ing time and technical skills to obtain acceptable results. Fortunately, as the computational
capacity of computers and the user-friendliness of software are improved, researchers are over-
coming these difficulties. Thus, a number of researchers have used CFD to obtain the aerody-
namic design of wind turbines. For instance, computations of the NREL Phase VI wind
turbine using the RANS flow solver Overflow-D2 were performed by Duque, Burklund, and
Johnson (2003). They compared the experimental data with the Overflow-D2 results and
found that good agreement was achieved for the power and spanwise loading of the wind tur-
bine. Sezer-Uzol and Long (2006) calculated the blade parameters at various wind speeds and
yaw angles and showed acceptable results in comparison with the NREL Phase VI experimental
data, except in the massive flow separation situation. Potsdam and Mavriplis (2009) applied
RANS code to investigate an isolated wind turbine rotor and found that the results were in
good agreement with the experimental data. Lee et al. (2012) evaluated the blunt effects by mod-
ifying the original NREL Phase VI blade using the RANS-based turbulent model using Fluent. In
addition, large eddy simulation (LES), which overcomes the disadvantages of the steady-state
RANS equations, such as the inability to capture unsteadiness resulting from vortex shedding,
was performed by Mo et al. (2013) to study the effect of variation in wind speed on transient
wake instability. The simulation results were also compared with experimental data and were
found to be in good agreement.

Many general-purpose RANS-based turbulent models show an inability to accurately predict the
onset of separation behaviour or flow reattachment. However, the shear stress transport (SST) tur-
bulent model achieves an optimal formulation by combining the k–ω and k–εmodels (Menter 1994;
Menter 2009). Mo and Lee (2012) investigated the accuracy of the SST turbulent model and
reported a comparison with experimental data to verify the validity of the analysis results. Li
et al. (2012) simulated unsteady aerodynamics using detached eddy simulation (DES).

Moshfeghi, Song, and Xie (2012), Lanzafame, Mauro, and Messina (2013), and Yelmule and Vsj
(2013) used the SST Gamma theta model to take into account both of separation and transitional
flow effect on NREL Phase VI wind turbine using commercial CFD tools. In these researches, the
extensive and comprehensive studies were performed to show the accuracy of applied SST Gamma
Theta model, and showed good agreement with experiments. Lanzafame, Mauro, and Messina
(2013) in his works perform numerical simulation to calculate lift coefficient, power coefficient,
Y + effect, etc. to analyse the turbulence model and its efficiency in predicting blade flow outcome.
Yelmule and Vsj (2013) in their research considered experimental analysis of wind turbine blade at
7–10 m/s velocity and later validated their numerical simulation using experimental data. Since
they considered 10 m/s or below they did not discuss stall effects at higher velocities.
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In the boundary layer of fluid flows, separated and transitional flows greatly influence many
engineering applications, such as wind turbine blade rotation. Furthermore, the location and
characteristics of the onset and the extent of separation and its effect on the transition are important
in the design and performance of wind turbine blades. The SST turbulent model commonly over-
estimates the flow dissipation from the leading edge of the aerofoil. To address the transition effect
more accurately Menter et al. developed the Gamma Theta correlation model (2003, 2006a, 2006b).
The correlation is combined with SST model the mathematical formulation of which is mentioned
in part-I of the paper on (2006a). It is an empirical correlations-based transition model with two
transport equations that utilise only local parameters, one for the intermittency and one for the
transition onset criteria. It is a very popular transitional model for general-purpose applications.
Additionally, several new empirical correlations, which have been developed to cover standard
bypass transitions as well as flows in low free-stream turbulent environments, are currently utilised
and have been extensively validated by Menter et al in the Part-2 of the publication (2006b) for a
wide range of transitional flows. This transitional model contributes to the formation of the SST
Gamma Theta model, which builds the turbulent boundary layer from the transition point and pro-
duces a more accurate result.

Even though valuable results were described in their research for the accuracies and advantages
of SST Gamma Theta model, details of separation and separation-induced transitional flow under
low to higher wind speed were not demonstrated sufficiently. The effect on the stall and transition-
induced stall has more significance at mid to high wind speed condition (10–25 m/s) which is con-
sidered in previous researches. Moreover, to analyse better numerically the prediction of transition
effect, blending function is an effective prospective. It helps to clearly explain intermittency and
transition onset Reynolds number. In authors knowledge which are not available in any literature.
Most studies focused on the accuracy and applicability of this model by comparing the results of the
aerodynamic force and pressure coefficient with the NREL experimental data. Thus, in this study,
the separation and transition on the NREL Phase VI wind turbine blade using the SST Gamma
Theta model were analysed and the sectional pressure coefficient, velocity coefficient contours, sec-
tional aerodynamic force, and streamline results were evaluated. In addition, the results of intermit-
tency and transition onset Reynolds number were clearly explained with the help of the blending
functions. The accuracies of these studies were demonstrated by comparison with experimental
data. The advantage of using blending function, intermittency, and transition onset Reynolds num-
ber in analysing complex flow behaviour at near wall during separation and transition has been
identified and discussed through this work which will be a valuable method for future wind turbine
blade studies.

2. Specifications of NREL phase VI wind turbine blades

The NREL has conducted complicated experiments on wind turbine performance. To take 3D
effects into account and acquire accurate quantitative aerodynamic and structural wind turbine
measurements, in May 2000, a successful test of the upwind NREL Phase VI wind turbine was con-
ducted in the NASA Ames wind tunnel (Hand et al. 2001). In December 2001, NREL published a
publicly available technical report that included details of the experimental data of the blade
(Schreck, Hand, and Fingersh 2001; Hand et al. 2001). Thus, the performances of developed analyti-
cal codes were demonstrated by comparing with the reported data.

In this study, the blade shape used in the NREL Phase VI test was adopted for CFD simulation.
The NREL Phase VI wind turbine tested in the NASA wind tunnel is stall-regulated and produces a
rated output power of 19.8 kW. The turbine blade diameter is D = 10.058 m, the blade number is Z
= 2, and the rotational speed is N = 71.9 rpm (N = 72 rpm is adopted in this study).

Blade surface pressure measurements play a critical role in the quality of the aerodynamic per-
formance because the aerodynamic coefficients are integrated from the installed measured pressure
taps, which were distributed on the surface of the blade skin. Five span-wise locations (r/R = 30.0%,
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46.6%, 63.3%, 80.0%, and 95.0% of the span) were selected to be instrumented with the 22 pressure
taps on both the suction and pressure surfaces. More taps were located near the leading edge to
obtain a more accurate solution in the more active regions of the aerofoil. The geometry and
pressure tap distribution of the NREL Phase VI wind turbine blade section is presented in Figure
1(a). Particularly, pairs of taps, located on the 4% and 36% chords, were adopted on the suction
surface along the spanwise direction, as shown in Figure 1(b).

Figure 1. NREL Phase VI 2D and 3D pressure distribution. (a) Blade cross section and aerofoil surface pressure taps distribution;
(b) Blade surface pressure taps locations.
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3. CFD modelling processes

Besides the calculation process, pre-processing and post-processing are also two critical steps in
CFD simulation. Pre-processing involves the creation of the geometry model, meshing, and the
setup of boundary conditions. And the post-processing is the final step of the CFD analysis. It
mainly focuses on the interpretation, analysation, and visualisation of the simulation results.
This chapter explains the pre-processing in details.

3.1. Geometry construction

Although the entire wind turbine system was initially tested in a wind tunnel experimental study,
the tower and nacelle were ignored to simplify the CFD model. In this study, only the blade was
investigated. The actual taper and twist of the blade were considered to resolve the real 3D flow
field. The blade design is incorporated from same group previous work (Lee et al. 2016a), as
shown in Figure 2. It is built by a series of original sharp-edged S809 aerofoils from root to tip.
This well-documented aerofoil is optimised to be less sensitive to leading edge roughness to
improve the wind energy output power (Schreck, Hand, and Fingersh 2001; Hand et al. 2001).
Along the entire blade, the minimum chord length is 0.356 m, and the maximum chord length
is 0.737 m. The twist axis is located at 30.0% to chord length. The maximum twist angle is
20.04°, which occurs at 25% of the span and decreases to a –2.5° twist at the tip. In addition to
the aerofoil, a cylinder with a 0.109 m radius that extends from 0.508 m to 0.883 m also exists,
and a transitional part was designed to connect the circular section to the root aerofoil section at
radius 1.257 m.

3.2. Computational domain, meshing, and boundary conditions

In our study, as shown in Figure 3, the best compromise for the computational domain of the wind
turbine blades has a height of 20 m, a width of 20 m, and a length of 30 m in the streamwise direc-
tion. The domain includes two parts: the interior rotary domain (cylindrical part that includes the
blades) with a high mesh density and the external stationary domain (wind tunnel part) with a low
mesh density.

Unstructured grids with approximately 14 million elements and 3.7 million nodes were created
for the CFD simulation. The refined cell, which is approximately 0.0001 m in length, is distributed
near the blade surface, and the grid volume is gradually coarsened approaching the far-field region
so that the grid quantity and the computational time can be relatively reduced. The minimummesh
orthogonal quality is approximately 2.08 × 10–5 with a growth rate of 1.15. The optimal compro-
mised grids for the computational mesh at different boundaries are shown in Figure 4. Further-
more, to deal with the boundary effect, 18 inflation layers are constructed around the boundary
wall, and refinement is made to satisfy y +≤1.

The boundary conditions (BCs) of the domain were defined as follows: the front face of the
cuboid is defined as a wind inlet type BC, the back surface of the box is defined as a pressure outlet
type BC, and a symmetry type BC is applied to the lateral surface of the box. In all cases, uniform
velocity normal to the inlet is utilised at the wind inlet boundary with a medium turbulent inten-
sity of 5%, and atmospheric static pressure is applied at the outlet and far-field boundaries. For
turbulence calculations, SST Gamma theta model has been implemented. The SST Gamma Theta
model is a four-equation turbulent-transitional model that includes the SST turbulent model and
the Gamma Theta transitional model. The idea behind the SST turbulent model is combining the
advantages of the k–ε and k–ωmodels by utilising the first blending function F1. The word ‘blend-
ing’ indicates that both the models are taken into consideration; F1 is equal to 1 near the blade
surface to activate the k–ω model and 0 in the rest of the flow to activate the k–ε model. SST
Gamma theta transitional turbulent model (Menter 1994; Menter 2009; Langtry and Menter
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2005; Menter, Langtry, and Völker 2006a; Menter et al. 2006b; Menter et al. 2003) complements
transport of the turbulent shear stress with a modified eddy viscosity equation that provides
higher accuracy and reliability while also maintaining stability. This model yields much more
accurate simulations around the aerofoil surface, especially in the separation region. This
model can be expressed as below:
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Figure 2. 3D NREL Phase VI wind blade model and related parameters. (a) NREL Phase VI wind turbine blade; (b) Side view: twist
angle; (c) Isometric view; (d) Twist angle on span; (e) Taper on span.
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where,
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r: Density; k: the turbulent kinetic energy; 1: dissipation rate; m: molecular viscosity;
mt : The eddy or turbulent viscosity; t: wall shear stress; v = specific turbulence dissipation rate;

sk1 = 2; sv1 = 2.000; k = 0.41; g1 = 0.5532; b∗ = 0.09; b1 = 0.075; cl = 10; sk2 = 1;
sv2 = 1.168; k = 0.41; g2 = 0.4403; b∗ = 0.09; b2 = 0.0828.

The new relationship of constant parameter with the k– ε and the k– ε model is [8]:

f = F1w1 + (1− F1)w2

where w1, w2 are the coefficients of the k–ε and the k–ε model, respectively [8]:
Furthermore, to restrict the shear stress in the wall boundary layer and obtain the onset of

separation correctly, the eddy viscosity is modified by introducing second blending function F2

Figure 3. Computational domain definition and dimension.
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More information about this model, its verification and application can be found in the work of
Menter and Langtry.

4. Results and discussion

In this study, the sectional pressure coefficients CP and blending functions were first analysed. Sub-
sequently, the intermittency, transition onset Reynolds number, and streamlines on both the suc-
tion and pressure surfaces of the blade were explained. Furthermore, the tangent force and normal
force coefficients (CT and CN, respectively) in the five sections were investigated and explained.
Finally, the results of torque and thrust on the entire blade were determined and compared with
various turbulent model results.

Figure 4. General and detailed computational mesh. (a) General mesh on domain; (b) detailed mesh on boundaries and blade.

552 K. LEE ET AL.



4.1. Stall definition

Based on the experimental results from 2D wind tunnel test in the Ohio State University (Ramsay,
Hoffmann, and Gregorek 1995), CL and CD for the S809 aerofoil versus the AOA were identified
(Lee et al., 2016b, 2017; Roy et al. 2017). In this study, the AOA ranging from −6° to 6° is regarded
as the Attached Flow Region, where CL and CD vary almost linearly with AOA, and the main flow
behaviour is an attached flow. The region where the AOA is approximately 6°–15° is termed as Sep-
aration/Transition Region. A mixed flow behaviour of attached, separated, and transitional flow on
the blade surface may happen in the Separation/Transition Region. At around 15° AOA, which
yields the maximum CL value and marks the beginning of the Dynamic Stall Region, is defined
as the critical AOA in this 2D S809 aerofoil case. At around 20° AOA, a sudden change in CL

and CD occurs, and the region shifts from Dynamic Stall Region to Deep Stall Region. After the
20° AOA, the airflow separates right after the leading edge, and fully separated flow on the suction
surface can be observed. Many researchers have discussed the importance of the 20° AOA (Tangler
and Kocurek 2005). In the current work, 20° AOA is regarded as the Onset of the Fully Separated
flow and is also used to explain the flow behaviours on the wind turbine blade surface. In addition,
the dynamic stall and deep stall regions are combined together and defined as the Post-stall Region,
where stall starts to appear.

The 3D AOA distributions for the NREL Phase VI blade versus the spanwise radial distance at
different wind speeds are illustrated in Figure 5. It is known that separation and transition can hap-
pen even though attached flow is still dominant at low AOA. For the case with a wind speed of 5 m/
s, the attached flow prevails, but a little separation and transitional flow could also happen because
small part of blade span is above the attached region. At a wind speed of 7 m/s, all sections are in the
separation/transition region. Thus, a small separation or transition combined with a largely
attached flow could be observed there. The AOA of 15°–20° is defined as dynamic stall region,
and three wind speed cases (10–15 m/s) pass through it. In particular, 10 m/s case can be regarded
as the stall onset velocity since it is the first case that passes through the dynamic stall region. A

Figure 5. Relationship for angle of attack in span-wise with different wind speed.
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mixed flow behaviour of attached, transitional and turbulent flow is expected to be found in these
three cases. As shown in Figure 5, the location where 20° AOA occurs in 10 m/s case is around
45.0% section, around 70.0% spanwise radius in 13 m/s and 90.0% section in 15 m/s case, respect-
ively. Thus, the separation region size in these three cases would increase as the wind speed
increases whereas the attached region decreases. Finally, 20 and 25 m/s cases are in the deep stall
region and the flow is totally separated, as their AOA from tip to root are higher than 20°.

4.2. Blending function and pressure coefficient

The separation and transition that occur in the boundary layer with SST Gamma Theta model by
analysing the blending functions, intermittency, and transition onset Reynolds number (Figures 6–
14) are presented in this section. The separation and transition have a strong effect on the near-wall
behaviour. The capability of the SST turbulent model to predict separated flow has been demon-
strated in many previous studies (Mo and Lee 2012; Moshfeghi, Song, and Xie 2012; Lanzafame,
Mauro, and Messina 2013; Yelmule and Vsj 2013). Figures 6–9 show the sectional pressure coeffi-
cient, velocity coefficient contours, and blending function contours around the sectional aerofoils
on the span-wise sections r/R = 30.0%, 46.7%, 63.3%, 80.0%, and 95.0% with several wind velocities
ranging from 5, 10, 15, and 20 m/s. From Figures 6–9, it can be observed that for all velocity coeffi-
cient contours, changes occur primarily on the suction surface of the aerofoil, which indicates that
more attention is required on suction surface during analysis. In addition, for the first blending
function of SST model, the red contour expresses that the k–ω model is applied in the boundary
layer region, whereas the dark blue contour shows the application of the k–ω model in the free-
stream. For the second blending function, the distribution of the turbulent shear stress near the
wall for an aerofoil is shown, which corrects the overestimated eddy viscosity of the boundary
layer in F1. Moreover, for the transitional blending function, the red contour near the wall
shows the place where the source term is turned off in the boundary layer whereas the yellow
and dark blue contours show the place where the transported scalar is diffused from the free stream
to match the local value and where transition occurs. For pressure coefficient, a comparison is made
between the CFD results, and the experimental data obtained from the pressure tabs installed in the
blade.

In 5 m/s case (Figure 6), for the first blending function, most of the aerofoil surface region in the
whole blade is governed by the k–ωmodel whereas a little part of surface region in the trailing edge
is by the k–ωmodel. The reason is that with the increase of the turbulence intensity near the trailing
region, the value of F1 decreases which introduces the k–ωmodel. For the second blending function,
the red contour on both the suction and pressure surfaces of the entire section decreases in size,
which corrects the boundary layer predictions in F1. Weak separation might occur around the
middle span of the aerofoil along the blade. Transitional flow can be verified from the transitional
blending function. It is found that wake contours on both surfaces appear near the middle chord
position of the last four sections (r/R = 46.7% to 95.0%), which indicates the position of the transi-
tional flow. The velocity coefficient contours in five sections through the contour lines intersecting
the surface, indicate that the whole blade in 5 m/s case is mainly in the attached flow behaviour
whereas very weak separation or transition is observed between the half of the chord position
and the trailing edge, which satisfies the expectations in Figure 5 as well as the prediction in blend-
ing functions. Then, the CP value for five sections can be calculated from the above-obtained vel-
ocity coefficient contour. The calculated CP value is in good agreement with the measured
experimental data for all spanwise sections.

The 10 m/s wind speed is a critical case where stall first appears as defined in Figure 5. In the
10 m/s case (Figure 7), for the first blending function, the k–ωmodel at the leading edge of the suc-
tion surface continues decreasing in size in the range of r/R = 60.0%–95.0% span. However, the k–ω
model governs the trailing edge instead of the leading edge in the 30.0% and 46.7% sections. Com-
paring with the second blending function, overestimation on the boundary layer in F1 is observed
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for the whole blade of the pressure surface as well as the leading edge of the suction surface in the
range of r/R = 63.3%–95.0% sections. For the suction surface of the first two sections (r/R = 30.0%,
46.7%), underestimation of the boundary layer in the leading edge is found. The separation is
observed at the leading edge of the first section and transfers to the trailing edge as the section
r/R ratio increases. It reaches around the middle of the aerofoil at the fifth section (r/R = 95.0%).
For the pressure surface of the transitional blending function, transition occurs mainly in the region

Figure 6. Sectional coefficients and blending functions contours for 5 m/s wind speed case. (a) Blending functions: 5 m/s wind
speed case; (b) Pressure coefficients and velocity coefficient contours: 5 m/s wind speed case.
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between middle span and the trailing edge near the hub. However, on the suction surface, no tran-
sition is found in the first section (r/R = 30.0%). From the span ratio of r/R = 46.7%–95.0%, tran-
sition occurs in the leading edge and spreads to the middle span as the span ratio increases. This
result satisfies the predictions in Figure 5, which shows that before the 46.7% span section, the
blade is in the deep stall region and the remainder of the sections are in the separation/transition

Figure 6 Continued
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region. From velocity coefficient contours, it is found that separation occurs in the suction surface at
the span ratio of 30.0% whereas separation or separation-induced transition moves towards the
trailing edge of the suction surface as the span ratio increases. For the calculated CP values, discre-
pancies were observed near the leading edge of the suction surface, and these discrepancies are
mainly located in the first two sections, especially at the 46.7% span. The reason for this is that radial
flow resulting from centrifugal acceleration may change the distribution of the blade pressure when
the blade rotates (Lanzafame and Messina 2012) . Flow separation and induced stall-delay effects

Figure 7. Sectional coefficients and blending functions contours for 10 m/s wind speed case. (a) Blending functions: 10 m/s wind
speed case; (b) Pressure coefficients and velocity coefficient contours: 10 m/s.
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can make the suction pressure more difficult to be accurately captured in this simulation than in the
experiments (Schreck, Hand, and Fingersh 2001; Hand et al. 2001). In addition, the regions close to
the complicated hub geometry may cause some deviation between the measured and simulated
results.

In the 15 m/s case (Figure 8), for the first blending function, the whole aerofoil surface in the first
four sections (r/R = 30.0%–80.0%) is governed by the k–ω model whereas a little part near the

Figure 7 Continued
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leading edge on the suction side of the 95.0% ratio section is by k–ωmodel. Likewise, for the second
blending function, similar boundary layers are predicted in the first four sections but with an inten-
sive pattern. The main difference between F1 and F2 is located in the 95.0% section where F1 over-
estimates the boundary layer on the pressure surface and the leading edge of the suction surface. It
can be found that the whole suction surfaces of the first four sections were totally separated. For the
fifth section (r/R = 95.0%), the separation starts at around 30.0% chord position. For the transitional
blending function, weak transition can be found near the middle span to the trailing edge region of

Figure 8. Sectional coefficients and blending functions contours for 15 m/s wind speed case.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 559



the last three sections (r/R = 63.3%–95.0%) on the pressure surface whereas on the suction surface,
it occurs near the leading edge of the tip region. For the velocity coefficient contours, clear separ-
ation on the whole suction surface is observed in the first four sections (in the span ratio from r/R =
30.0%–80.0%). It diminishes when flow proceeds in chordwise direction. Since separation also
diminishes in the spanwise direction, weak separation is found near the middle span of the
95.0% section. As shown in Figure 5, the region including the 30.0%–80.0% spanwise sections

Figure 8 Continued
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was in the deep stall region, and the last span (95.0%) was in the dynamic stall region. Therefore,
prediction from blending functions and velocity contour are in good agreement with Figure 5. The
overall calculated CP values show good agreement with the NREL experimental data, though small
difference exists, like the overestimation of CP on the leading edge of the 30.0% section. One poss-
ible reason that may explain this inboard inconsistency is that the blade may have undergone a stall
effect due to the large AOA. It can be observed in Figure 5 that the AOA near the hub is around 30°
and is in the deep stall region.

Figure 9. Sectional coefficients and blending functions contours for 20 m/s wind speed case.
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Finally, in the 20 m/s case (Figure 9), all five sections are governed by k–ω model for the first
blending function. The intensity of k–ω model contour is found to be stronger. Similar contours
are also obtained in the second blending function. It is found that the whole suction surface of
20 m/s case is totally separated. This can also be verified from the transitional blending function,
since no transition is observed in the suction surface of this case whereas very weak transition is
observed in the pressure surface. In addition, in the velocity coefficient contour, clear separation

Figure 9 Continued
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starting from the leading edge can be observed in this case. This is in good agreement with the pre-
diction from Figure 5, which indicates that the whole blade in the 20 m/s case would be in the deep
stall region and the flow would be fully turbulent across the whole blade span. Although a little
difference in the CP values exists, the CP values obtained in this study show good agreement
with the experimental values. These discrepancies might be caused by unsteady flow, and the
stall effect which may have resulted from the high AOAs since all the sections in this case exceed
30°. Moreover, very desirable results can be obtained when integrating the pressure for the whole

Figure 10. Turbulence intermittency on the suction and pressure side for five different wind speed cases. (a) Turbulence inter-
mittency of the suction side for five different wind speed cases; (b) Turbulence intermittency of the pressure side for five different
wind speed cases.
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blade surface. It was found that all the results of the first blending function were rarely consistent
with those of the second blending function. Furthermore, even though similar results were
occasionally obtained from the first and second blending functions, such as in high wind speed
case (20 m/s), it should also be noted that differences in the contours still exist. With the increase
of the wind speed, the transition and separation position diminish from the hub to tip. Finally, with
the help of the first, second, and transitional blending functions and the AOA distributions on the
3D blade, a clear understanding of the pressure coefficient was provided.

Figure 10 Continued
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4.3. Turbulence intermittency and transition onset Reynold number

To have an advanced investigation on transitional flow, predicted turbulence intermittency, and
transition onset Reynold number on both the suction and pressure sides for five different wind
speed cases (7, 10, 13, 15, 25 m/s) are presented in Figures 10 and 11. For turbulence intermittency,
the dark blue contour shows the attached flow region while the light blue contour presents the sep-
arated flow region and the red contour represents the transitional flow region. For and transition

Figure 11. Transition onset Reynolds number on the suction and pressure side for five different wind speed cases. (a) Transition
onset Reynolds number of the suction side for five different wind speed cases; (b) Transition onset Reynolds number of the
pressure side for five different wind speed cases.
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onset Reynold number, the dark blue contour shows the separated flow region whereas the yellow
contour presents the attached flow region and the region between these two represents the transi-
tional flow region.

For the suction side of the 7 m/s wind speed case (Figure 10(a)), the flow is largely attached. In
particular, a significant amount of laminar flow is predicted from the leading edge to half of the
chord position of the whole blade. Transition occurs at the 50.0% chord position along almost
the entire blade surface. For the 10 m/s case, the inner hub region stalls. The tip region remains

Figure 11 Continued
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Figure 12. Tangential and normal force coefficient with pressure coefficient for different velocities. (a) Aerodynamic coefficient
for 5 m/s wind speed case; (b) Aerodynamic coefficient for 7 m/s wind speed case; (c) Aerodynamic coefficient for 10 m/s wind
speed case; (d) Aerodynamic coefficient for 13 m/s wind speed case; (e) Aerodynamic coefficient for 15 m/s wind speed case; (f)
Aerodynamic coefficient for 20 m/s wind speed case; (g) Aerodynamic coefficient for 25 m/s wind speed case.
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attached, and the laminar flow region decreases from the 50.0% chord position to the leading edge.
The marked 20° AOA at the leading edge shows clear separation which is in accordance with the
definition in Figure 5. Comparing with 7 m/s case, the transition location moves to the leading
edge. With the increase of the wind speed, separation on the blade surface became robust. For
15 m/s case, the attached region continues decreasing in size and occurs around 95.0% spanwise
ratio. The onset of the separation at the leading edge is around in 90.0% spanwise and from this
point extending to the half chord at the tip is the transitional region. Finally, at 25 m/s the inter-
mittency contours indicate that the flow is almost completely separated.

For the pressure surface (Figure 10(b)), attached flow is dominant in four higher speeds out of
five speed cases. For 7 m/s case, the separated region is from the leading edge to the range of around
40.0% chord length of almost the whole blade. The transitional region located in 40.0% chord length
from the hub to tip of the blade surface. As the increase of the wind speed, the separated and

Figure 12 Continued
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transitional region decreased in term of size. Therefore, in 15 m/s case, the transitional region is
from around 65.0% spanwise ratio to the tip in 20.0% chord position. Finally, in 25 m/s case, the
flow is mainly attached at the pressure surface.

Figure 11 presents the predicted transition onset Reynolds number for four wind speeds. For
suction side of 7 m/s case, attached flow is dominant and transitional flow can be observed around
the middle of the chord position along the blade. As the wind speed increases, the effective angle of
attack of the wind turbine blade also increases. For 10 m/s case, the separated flow is dominant and
it governs the hub region as well as the trailing edge part of the rest of the blade. Transition occurs in
the 50.0% chord position of the tip and extends to the leading edge near the hub. Clear separation at
the leading edge can be found in the 20° AOA, as defined in Figure 5. In 15 m/s case, the size of
laminar flow contour continues decreasing and attached flow is observed up to the 0.5 chord pos-
ition in the tip region. Due to the increased angle of attack, the transition location near the tip
moves to the leading edge. Finally, at 25 m/s, dark blue contour was found on the entire surface
which means that the suction side of the blade is totally separated. For the pressure side, all the
blade surfaces of the transition onset Reynolds number for four wind speed cases are similar: lami-
nar flow is the main flow behaviour and weak transition is observed in the middle chord near tip
region. With the increase of the wind speed, the transitional contour diminishes towards the tip
region. Notice good consistency can be achieved, when comparing with the transitional flow pre-
dictions from transitional blending function, which in turn verifies the prediction for the near wall
flow transition behaviours.

4.4. Tangent and normal force coefficient simulation

The normal and tangent force coefficients (CN and CT, respectively) demonstrate the forces acting
vertical to the aerofoil chord line and parallel to the aerofoil chord, respectively. They can be

Figure 13. Comparison of torque value between different simulation approaches with NREL data.
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Figure 14. Comparison of thrust and torque with different turbulence models. (a) Comparison of simulated torque value in differ-
ent CFD approaches; (b) Comparison of thrust values with various CFD approaches.
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calculated by integrating the average pressure of two adjoining positions that are projected onto the
chord and onto an axis orthogonal to the chord, respectively. Thus, separation on the suction sur-
face can have a huge influence on the value of CT whereas little influence on CN. The evaluation of
these aerodynamic parameters allows further verification of the SST Gamma Theta model and the
previous predictions of the blending functions, intermittency and transition onset Reynolds num-
ber. Notice the experimental data are limited to only five sections, with locations of r/R = 30.0%,
46.7%, 63.3%, 80.0%, and 95.0%. However, CFD simulation results in this study are obtained in
16 sections to get smoother trends. Results for four wind speeds, 7, 10, 15, and 20 m/s are presented
in Figure 12.

For the 7 m/s wind speed, as shown in Figure 12(a), the CFD results of the CT and CN values for
the entire blade agree well with the NREL experimental data, despite separation appearing in the
root. This is consistent with the previously obtained accurate CP values. This also proved the accu-
racy of our CFD simulation model.

As the wind speed increases, the separated flow became stable, clear, and important, and discre-
pancies appeared gradually. As shown in Figure 12(b), for 10 m/s, except in the 46.7% span section
where a sudden dip occurs in NREL results while flat contour value is observed in CFD results, CT

values are found to be in good agreement with the NREL experimental data. It should be noted that
the critical 20° AOA, which indicates the onset of the total separation on the leading edge, is also
located near the 46.7% span section. Therefore, the predicted high CT value may have resulted from
the inaccuracy of the CP results, which is caused by the stall delay phenomenon. For the CN value of
10 m/s case, no sudden decrease but smooth value change is observed in both CFD results and the
NREL experimental results. The reason is that CN is less affected by suction surface separation or
stall phenomena. So good agreement between CFD results and NREL data is obtained.

For 15 m/s wind speed, the calculated CT and CN results showed trends similar to the experimen-
tal data. These two cases are in the dynamic stall region. The drag force in the tip region of the blade
increases whereas the lift force decreases, which induced a decreased trend in CN value. Other part
of the blade is in the deep stall region which is totally separated and had little influence on the CN

value. The stall delay effect, occurred in 10 m/s case of CT results, does not show here. Therefore,
good agreement between this study and NREL experimental values is achieved whereas small differ-
ences are observed. These differences might be caused from the discrepancies in the suction surface
leading edge of the CP results where separation happened.

For the fully separated case of 20 m/s wind speed, CFD calculated CT and CN results match the
NREL results well with all the blade sections whereas small differences are observed. This can also
be found in the CP results. In the post-stall region from 10 to 20 m/s, the CT curves were slightly
higher than the NREL results, which were affected by the separation, but the overall trends are
in good agreement with the experimental results.

It is known that the SST Gamma Theta model is capable of providing accurate predictions for
separation and transition. The calculated results of the aerodynamic force coefficients show com-
paratively good agreement with the NREL experimental data, even though small discrepancies
exist. In every wind speed case, data from 16 sections were collected in this study instead of five
sections, as was used in the NREL test. Thus, the simulation results yielded smoother aerodynamic
force coefficient curves.

4.5. Torque and thrust analysis

A comparative study of the SST Gamma Theta model with the other turbulent models in calculating
the aerodynamic characteristics of the NREL Phase VI wind turbine blade was performed and are
shown in Figures 13 and 14. Various turbulent models were adopted to calculate the torque and
thrust under the same grid and simulation conditions. SST-based turbulent models present trends
similar to those of the experimental data. In particular, better consistency with the NREL 3D exper-
imental torque results was achieved in the SST Gamma Theta and SST models than with other
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turbulent models, including the k–ω, BSL, and ω–R.S. model (omega-based Reynolds stress model),
etc. For the torque value of the whole blade, results from SST model and SST Gamma Theta model
are very similar, both of them show very accurate results. Differences with the NREL experimental
data are observed in k–ω, BSL Gamma Theta and ω-R.S. models. The underestimation in the ω-R.S.
model resulted from too fine resolution. For k–ω model, it is substantially accurate in the near wall
layers but fails in the free stream region outside the boundary layer. This disadvantage is reduced in
BSL model with the help of the first blending function. However, discrepancies still exist since
neither of these two models consider the turbulent shear stress. Therefore, SST turbulence model
is developed to take the turbulence shear stress into account by modifying the eddy viscosity and
introducing the second blending function. As described in many papers (Moshfeghi, Song, and
Xie 2012; Lanzafame, Mauro, and Messina 2013; Yelmule and Vsj 2013; Menter 1994, 2009; Menter
et al. 2003), the SST turbulent model is already known to be able to consider the inner sublayer of
the wall, properly predict the separation, and provide accurate results under adverse pressure gra-
dient. For SST Gamma Theta model, as mentioned previously, it has the capability to accurately
predict the onset and the length of transition, however, shaft torque value of the blade is more
affected by separation instead of transition. Thus, both of these two models show accurate
predictions.

For all of the models in Figure 14, the calculated thrust force values agree well with the exper-
imental data. And there are little discrepancies between turbulent models except lamina model and
Yelmule and Vsj (2013) result. Thrust force is mainly related to the CN and thus little affected by
separation. Good results in CN make it possible to achieve accurate thrust force in SST-based
model. Thrust calculated from the SST turbulent and SST Gamma Theta models are very similar
in all cases. Minor discrepancies (errors deemed acceptable, as all were less than 5%) were observed
in the post-stall region (10–20 m/s). the maximum deviation happened in 15 m/s, and could be
interpreted as the natural inability of the SST turbulence model to predict the separation point
in highly separated flows (Moshfeghi, Song, and Xie 2012).

As demonstrated above, the calculated torque and thrust force from the SST Gamma Theta
method, agree well with the experimental data. Thus, the ability of this model to identify separation
and transition is verified, and it can be applied to simulate other aerodynamic parameters of the
blade in the future work.

5. Conclusions

In this study, complex separated and transitional flows at the boundary layer of the NREL Phase VI
wind turbine blade were analysed by utilising the SST Gamma Theta model. The near wall flow
behaviour was predicted using a newer approach: blending functions, intermittency, and transition
onset Reynolds number. The success and accuracy of the aerodynamic force prediction through
blending function are validated with the streamline flow simulations. It was observed that on the
suction surface, attached flow was predominant and a slight transitional flow occurred when the
flow speed was low (5 m/s). As the speed increased to 7 m/s, separated flow first appeared near
the hub, and the transitional flow in the radial direction became relatively clear. As the wind velocity
increased further, the separation progressively spread from the hub to the tip and also from the
trailing edge to the leading edge, ultimately covered the entire blade at 20 and 25 m/s, where the
flow was fully turbulent across the whole span.

Using this strategy, the locations of separated and transitional flows on the blade surface were
analysed successfully. Other aerodynamic parameters, including pressure coefficient, normal and
tangent force coefficients, thrust, and torque, were evaluated, compared with the experimental
data, and shown to be in good agreement. As a result, the SST Gamma Theta model using blending
functions, intermittency, and transition onset Reynolds number to explain the flow characteristics
of separation and transition was proven to be a better and more accurate approach. This newer
approach to predict aerodynamic flow provides numerical computation to be more powerful and
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reliable. In future research, this flow visualisation will help to identify more complex phenomena of
turbulence and transition intermittency for different aerodynamic load and blade design con-
ditions. In the future, our results will be applied to fluid structure interaction.
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