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Abstract: Understanding the characteristics and effects of the laminar separation bubbles (LSBs) is
important in the aerodynamic design of wind turbine airfoils for maximizing wind turbine efficiency.
In the present study, numerical simulations using the γ-Reθ transition model were performed to
analyze the flow structure of LSBs around a 21% thick NREL S809 airfoil. The simulation results
obtained from the γ-Reθ transition model and the standard k-εmodel for the aerodynamic coefficients
at various angles of attack (AoAs) were compared with the wind tunnel data acquired from the
Delft University 1.8 m × 1.25 m low-turbulence wind tunnel. When the AoA increased, the bubble
on the suction airfoil surface was found to move closer to the leading edge owing to an earlier
laminar separation (LS). Furthermore, the transition onset (TO) points were shown to occur right after
separation, thus causing an abrupt increase in turbulence intensity (TI) and forming different bubble
extents with increasing AoAs. Consequently, the transition model-based approaches can provide a
clear understanding of the characteristics and effects of the LSB on airfoil aerodynamic performance.
The findings of this study can provide important insights into redesigning an airfoil with a reduced
bubble length causing the improved aerodynamic performance.

Keywords: laminar separation bubbles; laminar separation point; transition onset; separation bubble
length; turbulent reattachment; turbulence intensity

1. Introduction

Small wind turbine blades, which comprise a single airfoil, often experience relatively low
Reynolds numbers in comparison with multi-MW turbine blades, which operate at high Reynolds
numbers of above 10 million [1]. At the low Reynolds numbers, laminar flow is separated at the
upper surface of the airfoil under various angles of attack (AoAs). The separated laminar flow often
transitions to turbulent flow and may then reattach to the surface forming a laminar separation bubble
(LSB) at a moderate AoA or remain separated at a large AoA. The bubble changes the boundary
layer characteristics downstream and deteriorates the aerodynamic performance by loss of lift and
an increase in drag [2,3]. The existence of the separation bubble is generally considered undesirable
because it can have negative effects on the performance owing to the local alteration of the surface
pressure distribution and lead to stall of the airfoil if the bubble bursts [4]. The leading-edge, stall
which occurs at a high AoA, causes abrupt loss of lift and increase of drag [5,6]. At a low AoA, which
causes the formation of an LSB, the strong amplification of disturbances within the laminar separated
boundary layer gives rise to a transition to turbulence in the separated shear layer and may have a
significant impact on airfoil performance [6]. The impact on aerodynamic performance is strongly
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dependent on the separation location and LSB size, which are affected by the transition process.
Therefore, understanding the characteristics and effects of the LSBs is important in the aerodynamic
design of airfoil shapes for maximizing wind turbine power and efficiency.

Considering the importance of exploiting renewable energy resources in recent decades, the blade
shape for a wind turbine can be optimized by finding the best combination of airfoil type, chord length,
and twist angle with the highest local torque along the spanwise direction of the blade [7,8]. Therefore,
for prompt design evaluation using blade element momentum (BEM) theory, the aerodynamic lift and
drag coefficients used in BEM theory-based calculations are required, depending primarily on 2D wind
tunnel measurements of airfoils with a constant span.

The general flow structure of an LSB and a separation-induced transition on an airfoil are illustrated
in Figure 1. It shows that the LSB is composed of two regions: laminar (LS point to TO point) and
turbulent (TO point to TR point) regions. The LSB is formed through the following processes; laminar
boundary layer separation, transition to turbulence, and reattachment. When a laminar boundary
layer separates at the LS point due to a strong adverse pressure gradient, the shear layer reattaches
at the turbulent reattachment (TR) point, forming an LSB. The length between the LS point and the
TR point is defined as the LSB that depends on the transition process in the shear layer. The length
and location of the separation bubble strongly depend on the airfoil profile, free-stream turbulence
intensity, free-stream Reynolds number, and the angle of attack [9,10]. Separation bubbles can be either
short or long. According to the Tani [9], short bubbles reattach shortly after separation and therefore
only have a local effect on the pressure distribution. In contrast, long bubbles completely change the
pressure distribution creating a pressure plateau and hence produce large aerodynamic losses.
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Figure 1. General characteristics of a laminar separation bubble (LSB) and separation-induced transition,
reproduced from Horton (1968).

In general, there are three types of transitions; natural, bypass, and separation-induced transition.
Out of these, the most prevalent type of transition observed for airfoils at low Reynolds numbers is
the separation-induced transition, where a laminar boundary layer separates under the influence of a
pressure gradient on airfoil surface [11,12]. As a result, a transition develops within the separated shear
layer, which may reattach due to the enhanced mixing caused by the turbulent flow. This reattachment
then forms an LSB at some distance downstream from the surface [13,14]. According to Mayle [15],
a free-stream turbulence level of 1% is a boundary between natural and bypass transition with and
without downstream development region of instability waves and thus a higher turbulence intensity
(TI) than 1% can cause a shorter LSB. Furthermore, Choudry et al. [16], numerically confirmed that the
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increase of TI at a NACA 0021 airfoil triggers a delay in LS, resulting in a larger laminar zone and
decrease of separation bubble length (SBL).

Understanding the characteristics of an LSB on an airfoil has been the subject of many investigations,
both experimentally and numerically, over the last few decades [6,10,17], but the overall LSB dynamics
are still not completely understood. The experimental approaches to LSBs have been discussed
to understand the complex nature of this phenomenon. A combination of hot-wire anemometry,
high-speed flow visualization, and velocity and surface pressure measurements was also used to study
LSB dynamics on a NACA 0018 airfoil, with an emphasis on the formation of roll-up vortex, evolution,
and detachment [18]. However, experimental approaches to the measurement of LS and transition
onset (TO) points are both expensive and time consuming. Thus, as an alternative, computational fluid
dynamics (CFD) approaches which use numerical modeling techniques, are more preferred for the
accurate prediction of the aerodynamic performance of airfoils [19–21]. However, one of the major
challenges in the accurate simulation of airfoil aerodynamics is to reproduce the transitional flow.
In this regard, predicting the transition from laminar to turbulent flow is extremely crucial, especially
when LSBs are present around the airfoil at high AoAs.

To the authors’ best knowledge, very few publications about characteristics and effects of the
LSBs on the S809 airfoil are available in the literature, despite its importance regarding aerodynamic
performance. A number of studies have used two equation turbulence models to acquire comparatively
fast results, whereas direct methods of direct numerical simulation (DNS) and large eddy simulation
(LES) are prohibitively expensive for industrial applications [22,23]. To further avoid the difficulties of
the methods, recently, approaches based on the Reynolds-averaged Navier–Stokes (RANS) equations
coupled with linear stability theory have been suggested as an attractive alternative for accurate
prediction of the separation-induced transition. Pasquale et al. [24] extensively reviewed transition
models for CFD and Menter et al. [11,12,25] suggested a new transition model called γ-Reθ, which can
be readily implemented into an existing RANS solver.

Therefore, the objective of this study is to achieve a better understanding of the LSB characteristics
on pressure and suction airfoil surfaces to prevent the unintended degradation of airfoil performance
and accurately predict the aerodynamic coefficients of an airfoil. Detailed analysis was performed to
investigate the characteristics of the LSB and its subsequent effects on the aerodynamic performance of
the NREL S809 airfoil as a function of AoA. A numerical approach utilizing the γ-Reθ transition model,
first proposed by Menter et al. [25], was adopted using commercial CFD software (ANSYS FLUENT
19.4 solver, Ansys, Canonsburg, PA, USA). The simulation results were compared and validated with
the aerodynamic properties of the wind turbine airfoil experimentally obtained at the Delft University
1.8 m × 1.25 m low-turbulence wind tunnel [26]. The following properties were studied as a function
of AoA: the flow structure of the LSB, the TO point at the onset of turbulence, the reattachment point
on the pressure and suction airfoil surfaces, and the relationship between the extent of the separation
bubble and the lift-to-drag ratio.

2. Transition Modeling

2.1. Transport Equations for the Transition SST Model

The transition shear stress transport (SST) model, known as the γ-Reθ model, is used in this
study. This model is based on coupling of the SST k-ω transport equations with two other transport
equations for the intermittency, and for the transition momentum thickness Reynolds number (Reθ).
The intermittency equation is used to control the production of turbulent kinetic energy in the boundary
layer. The TO Reynolds number transport equation is developed in order to avoid the additional
non-local operations introduced by quantities used in the experimental correlations. These correlations
are typically based on the TI or the pressure gradient outside the boundary layer. This model is able
to provide an accurate prediction of the TO point as it allows the intermittency to vary across the



Appl. Sci. 2020, 10, 6095 4 of 18

boundary layer. Instead of using the momentum-thickness Reynolds number, the γ-Reθ model is based
on the vorticity Reynolds number (Rey) [25], which is dependent solely on local variables, as:

Rey =
ρy2

µ
∂u
∂y

=
ρy2

µ
Ω (1)

where, Ω is the vorticity (shear strain rate) and y is the wall normal distance. The maximum value of
Rey is dependent on the momentum thickness Reynolds number as follows:

Reθ =
max

(
Rey

)
2.193

(2)

The transport equation for the intermittency is formulated to trigger the transition process and is
given by [25]:

∂(ργ)

∂t
+
∂
(
ρU jγ

)
∂x j

= Pγ1 − Eγ1 + Pγ2 − Eγ2 +
∂
∂x j

[(
µ +

µt

σγ

)
∂γ

∂x j

]
(3)

where the transition sources, Pγ1 and Eγ1 are defined as follows:

Pγ1 = Ca1FlengthρS [γFonset]
Cγ3 (4)

Eγ1 = Ce1Pγ1γ (5)

where, S is the strain rate magnitude, Flength is an empirical correlation that controls the length of the
transition region, and Ca1 and Ce1 have constant values of 2 and 1, respectively.

Pγ2 and Eγ2 in Equation (3) represent the destruction and relaminarization sources defined as:

Pγ2 = Ca2ρΩγFturb (6)

Eγ2 = Ce2Pγ2γ (7)

The transport equation for the transition momentum thickness Reynolds number R̃eθt is defined
as follows:

∂(ρR̃eθt )

∂t
+
∂
(
ρU jR̃eθt

)
∂x j

= Pθt +
∂
∂x j

[
σθt (µ + µt)

∂R̃eθt
∂x j

]
(8)

Outside the boundary layer, the source term Pθt is employed to force the transported scalar R̃eθt
to match the local value of R̃eθt calculated from an empirical correlation. The source term is defined as

Pθt = cθt
ρ

t
(Reθt − R̃eθt) (1.0 − Fθt) (9)

t =
500µ
ρU2 (10)

The studied fan where t is a time scale and the blending function Fθt is used to turn off the source
term in the boundary layer and allow the transported scalar R̃eθt to diffuse in from the freestream.
In the free stream, Fθt is 0, and in the boundary layer it equals 1.

2.2. Separation-Induced Transition Correlation

It is known that when a laminar boundary layer separation occurs, the present transition model
consistently predicts the TR location too far downstream [11]. This is because the turbulent kinetic
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energy (k) in the separating shear layer is smaller at lower free-stream turbulence intensities. Therefore,
a modification for the separation-induced transition is applied by the following equation:

γsep = min
(
Cs1max

[(
Rev

3.235Reθc

)
− 1, 0

]
Freattch, 2

)
Fθt (11)

Freattch = e−(
RT
20 )

4

(12)(
γe f f = max

(
γ,γsep

)
(13)

where, Cs1 is a constant with a value of 2. The model constants in this equation have been adjusted
from those by Menter et al. [11] in order to improve the predictions of the separated flow transition.
The main difference is that the constant that controls the relation between Rev and Reθc was changed
from 2.193 for a Blasius boundary layer to 3.235 at a separation point where the shape factor is 3.5 [11].
The transition model has been coupled with Menter’s k-ω SST turbulence model [15], in which the
production and destruction terms from the turbulent kinetic energy equation in the original SST model
have been modified using the intermittency. In order to capture the laminar and transitional boundary
layers correctly, the mesh should have a y+ of approximately one.

2.3. Coupling the Transition Model and SST Transport Equations

The transition model interacts with the SST turbulence model by modification of the k-equation,
as follows:

∂
∂t

(ρk) +
∂
∂xi

(ρkUi) =
∂
∂x j

(
Γk
∂k
∂x j

)
+ G∗k −Y∗k + Sk (14)

G∗k = γe f f G̃k (15)

Y∗k = min
(
max

(
γe f f ,0.1

)
, 1.0

)
Yk (16)

where, G̃k and Yk are the original production and destruction terms for the SST model. Note that the
production term in the ω-equation is not modified. The reason behind the above model formulation is
given in detail in [11]. A complete description of the model is available in [11,12]; the full model is
quite large and is not repeated here in the interest of space.

3. Numerical Simulation

3.1. Governing Equation

The flow governing equations are solved using a cell-centered control volume space discretization
approach for the fluid domain. The continuity equation and RANS equation can be expressed in
Cartesian tensor form as follows:

∂ρ

∂t
+

∂
∂xi

(ρui) = 0 (17)

∂
∂t

(ρui) +
∂
∂xi

(
ρuiu j

)
= −

∂p
∂xi

+
∂
∂xi

[
µ

(
∂u j

∂xi
+

∂ui
∂x j
−

2
3
δi j
∂ui
∂x j

)]
+

∂
∂xi

(
−ρu′i u′j

)
(18)

The Reynolds term (ρu′i u′j) is an additional term that represents the effects of turbulence and
must be modeled in order to close the RANS equation. A common method employs the Boussinesq
hypothesis to relate the Reynolds stress to the mean velocity gradients as follows:

− ρu′i u′j = µt

(
∂ui
∂x j

+
∂u j

∂xi

)
−

2
3

(
ρk + µt

∂uk
∂xk

)
δi j (19)
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Here, the turbulent viscosity,µt, is computed by combing k andω (explained earlier in Section 2.3) as

µt = α
∗
ρk
ω

(20)

where, the coefficient α∗ damps the turbulent viscosity causing a low-Reynolds number correction.

3.2. S809 Airfoil Specifications

The wind turbine airfoil model considered in this study is S809 airfoil designed by the National
Renewable Energy Laboratory (NREL) for phase VI small wind turbine blade. The S809 is a laminar-flow
airfoil with 21% thickness, as shown in Figure 2. It was specifically designed and analyzed theoretically
using the Eppler design program developed by Eppler and Sommers [27,28] for maximum sustained
lift, insensitivity to surface roughness, and low profile drag. The airfoil model was tested in the
low-turbulence wind tunnel of the Delft University of Technology Low Speed Laboratory in The
Netherlands [26], which the numerical results of the present study will be compared with for validation
of the model. The geometry of the airfoil is also adopted from [26,29]. For a higher resolution,
interpolations of the upper and lower side profiles of the airfoil using a cubic spline curve, as shown in
Figure 2, were used in this study.
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3.3. Computational Mesh

In this study, ANSYS Workbench was used to generate turbulent flow simulations around the
S809 airfoil with two kinds of turbulence models (standard k-ε and γ-Reθ transition models). The
mesh employed for the simulations is illustrated in Figures 3 and 4. The computational domain has a
C-type grid topology, which consists of a normal distance of 150 m (15D) and a wake direction of 160 m
(16D) from the leading edge. The airfoil was placed approximately in the middle of the computational
boundary at a distance of 15 chord lengths from the half circle boundary in order to ensure that the
boundary location did not influence the flow. A total of 69,000 elements were used to model the flow,
with 246 grid points along the airfoil upper and lower surface each, 100 in the orthogonal direction,
and 100 in the wake direction. A total of 25 inflation layers with the expansion ratio of 1.1 in the
normal direction were applied in order to accurately capture the boundary layer region and the height
of the first layer was 0.005 mm. The transition model was set for a maximum y+ of 1 needed for
the high-Re turbulent models. For y+ values between 0.001 and 1, there is almost no effect on the
solution [26]. In addition, for the comparison with the standard k-ε turbulence model proposed by
Launder and Spalding [30], the additional grid with the standard wall function of y+ 30~100 was used,
which is based on a semi-empirical formula to bridge the viscosity-affected region between the wall
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and the fully turbulent region. The lower limit should always be in the order of y+ ~15. Wall functions
typically deteriorate below this limit, and the accuracy of the solutions cannot be maintained [31].Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 18 
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3.4. Analysis Conditions and Far-Field Boundary Condition

The study was conducted using ANSYS FLUENT 19.4, which is a general-purpose commercial
CFD code based on a cell-centered finite-volume method. There are several types of solver algorithms
available in FLUENT, including coupled explicit, coupled implicit and segregated solvers. For the
computations presented in this paper, we selected the segregated solver to speed up the convergence.
The pressure-velocity coupling was obtained through the SIMPLE algorithm, and a green-gauss
cell-based scheme was used for the gradient spatial discretization. Second-order upwind schemes
were employed for pressure, momentum, and turbulence equations. The steady state computation
was performed for approximately 20,000 iterations where the convergence tolerance for all relevant
variables was less than 0.001% and changed from a default value of 0.1% due to the experimental
data with five decimal places. Note that the results were taken using the average of the last 2000
datapoints acquired at each iteration step due to the oscillation problem for each variable occurring
in the convergence history. However, the occurrence of the oscillation phenomenon, which means
unsteady physical flow characteristics, is general and natural in the wall-bounded transitional flows
with separation bubbles when the convergence criterion becomes very low. Therefore, averaging the
last data is a reasonable method to accurately predict aerodynamic coefficients.
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The analysis was carried out at a low Reynolds number of 2.0 × 106 for the angles of 0◦, 1.02◦,
5.13◦, 6.04◦, 8.04◦, 9.22◦, 14.24◦, and 20.15◦. The Reynolds number corresponds to Mach number of
0.04797 converted to velocity of 16.31 m/s. A TI of 0.03% was applied from the experimental results
as the turbulence level in the test section of NREL wind tunnel varied from 0.02% at 10 m/s to 0.04%
at 60 m/s [26]. The free-stream turbulent kinetic energy and the specific dissipation rate of turbulent
energy were 3.59 × 10−5 m2/s2 and 0.44 1/s, respectively. This is based on TI of 0.03% and density
(ρ) of 1.226 kg/m3 using Equations (21) and (22), where Cµ is an empirical constant specified in the
turbulence model and µt

µ is the turbulent viscosity ratio.

k =
3
2
· (U · I)2 (21)

ε = ρ ·Cµ ·
k2

µ

(
µt

µ

)−1

(22)

A pressure far-field condition for all the boundaries except for the airfoil was used to model a
free-stream condition at infinity, with a free-stream Mach number. The pressure far-field boundary
condition is often called a characteristic boundary condition, since it uses characteristic information to
determine the flow variables at the boundaries. This boundary condition is applicable only when the
density is calculated using ideal-gas law.

3.5. Grid Independence Study

Mesh grid size is an important factor in numerical simulations because resolving the transitional
flow depends significantly on the grid size to accurately describe the flow. Thus, a grid independence
study at AoA = 0◦was conducted to ascertain whether the selected grid density had sufficient resolution
and to confirm that the spatial discretization errors were minimal. Moreover, the low AoA of 0◦ can
achieve a better convergence than higher AoAs, and thus, only the grid size effect can be observed at
the same condition. Table 1 shows the properties of four grids that were generated. The number of
grid elements of Grid 2 in the lower and upper sides of the airfoil and the wake direction was doubled
for Grid 1, and was halved for Grid 3. Grid 4 was the finest grid generated using 360,000 grid elements.
Figure 5 depicts a representative example of the change in Cd (percent) as a function of the mesh
number for the S809 airfoil. This serves to identify a mesh resolution that provides a reasonable tradeoff

between accuracy and computational burden. By further increasing the number of grid elements,
it is confirmed that using Grid 3 results in a value (−0.58%) that is within the acceptable range of
variation compared to Grid 4. This indicates that we have reached a solution that is independent
of the mesh resolution. By considering the computation time and the minimal variation in the drag
coefficient between the four cases, Grid 3 was found to be optimal in terms of accuracy and computation
time. Therefore, the transition and standard k-ε turbulence models for Grid 3 were applied with the
same elements by differently adjusting the distance of the first grid from the airfoil for the y+ value
requirements of each model, as already described in Section 3.3. To the best of the authors’ knowledge,
compared to other S809 airfoil simulation results in the literature, the present simulation results for the
airfoil aerodynamic performance can be regarded as highly accurate.
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Table 1. Grid independence study.

Grid
Name Max. y+

Wall Normal
Expansion

Ratio
Number of Grid Elements Total

Cells

Pressure
Side (Lower

Side)

Suction
Side (Upper

Side)

Orthogonal
Direction

Wake
Direction

Grid 1 <1 1.1 95 95 150 35 33,750
Grid 2 <1 1.1 190 190 150 70 67,500
Grid 3 <1 1.1 380 380 150 140 135,500
Grid 4 <1 1.1 1000 1000 150 400 360,000

Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 18 

 

Figure 5. Cd percent change based on Cd = 0.006497 for the finest mesh (Grid 4) at each calculation as 

a function of mesh resolution for the NREL S809 airfoil with AoA = 0° and Re = 2 × 106. 

4. Results and Discussion 

4.1. Validation of the Simulation 

4.1.1. Comparison of Pressure Coefficients 

In order to validate the numerical model, the results were compared with experimental data. 

Due to the effect of AoA on the transition location, the validation was done for a range of AoAs for 

which experimental data were available. The computed pressure coefficient (Cp) distributions along 

the blade chord at different AoAs of 0°, 1.02°, 5.13°, 9.22°, 14.24°, and 20.15° for a Reynolds number 

of 2.0 × 106 are compared with the experimentally measured values in Figure 6 [26,29]. The blade 

chord presented is expressed as a normalized distance of X/C. The computed pressure coefficients 

calculated from the transition model show a very good agreement with the pressure measurements 

on the suction and pressure sides for all the angles. On the other hand, the simulation results of the 

standard 𝑘-휀 turbulence model were overpredicted or underpredicted over the blade chord for the 

all the angles due to a delay in LS. It is noteworthy that small discrepancies between the pressure 

coefficients by the transition simulation exist near the suction side below X/C = 0.5 and over X/C = 0.8 

for the high angle of 14.24°. These discrepancies might be due to a stall by the vortex shedding and a 

strong vertical disturbance over the suction surface, occurring near a stall angle of 16° [32]. Similarly, 

discrepancies can be observed near the suction side for the high angle of 20.15°. Nonetheless, these 

discrepancies are of such small magnitude that they are unlikely to affect the flow field caused by 

LSBs on the airfoil. The transition ramp, which is defined as the region over which the bubble moves 

with increasing AoA, was found on the suction side, as can be clearly seen in Figure 6a–c [26,29]. It is 

interesting to note that as the AoA is increased, the TO point moves forward as the suction side 

pressure gradient becomes more adverse. Since the flow field characteristics around an airfoil are 

closely related to the change in axial and angular momentum [33] that leads to the pressure 

distribution on the airfoil, accurate predictions of the pressure coefficients along the airfoil provide 

the necessary validation for the subsequent LSB analysis. 

  

Figure 5. Cd percent change based on Cd = 0.006497 for the finest mesh (Grid 4) at each calculation as a
function of mesh resolution for the NREL S809 airfoil with AoA = 0◦ and Re = 2 × 106.

4. Results and Discussion

4.1. Validation of the Simulation

4.1.1. Comparison of Pressure Coefficients

In order to validate the numerical model, the results were compared with experimental data. Due
to the effect of AoA on the transition location, the validation was done for a range of AoAs for which
experimental data were available. The computed pressure coefficient (Cp) distributions along the
blade chord at different AoAs of 0◦, 1.02◦, 5.13◦, 9.22◦, 14.24◦, and 20.15◦ for a Reynolds number of
2.0 × 106 are compared with the experimentally measured values in Figure 6 [26,29]. The blade chord
presented is expressed as a normalized distance of X/C. The computed pressure coefficients calculated
from the transition model show a very good agreement with the pressure measurements on the suction
and pressure sides for all the angles. On the other hand, the simulation results of the standard k-ε
turbulence model were overpredicted or underpredicted over the blade chord for the all the angles
due to a delay in LS. It is noteworthy that small discrepancies between the pressure coefficients by the
transition simulation exist near the suction side below X/C = 0.5 and over X/C = 0.8 for the high angle
of 14.24◦. These discrepancies might be due to a stall by the vortex shedding and a strong vertical
disturbance over the suction surface, occurring near a stall angle of 16◦ [32]. Similarly, discrepancies
can be observed near the suction side for the high angle of 20.15◦. Nonetheless, these discrepancies are
of such small magnitude that they are unlikely to affect the flow field caused by LSBs on the airfoil.
The transition ramp, which is defined as the region over which the bubble moves with increasing
AoA, was found on the suction side, as can be clearly seen in Figure 6a–c [26,29]. It is interesting to
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note that as the AoA is increased, the TO point moves forward as the suction side pressure gradient
becomes more adverse. Since the flow field characteristics around an airfoil are closely related to
the change in axial and angular momentum [33] that leads to the pressure distribution on the airfoil,
accurate predictions of the pressure coefficients along the airfoil provide the necessary validation for
the subsequent LSB analysis.
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9.22◦ (d), 14.24◦ (e), and 20.15◦ (f) for the S809 airfoil (Re = 2 × 106).

4.1.2. Comparison of Aerodynamic Coefficients

Tables 2 and 3 present the comparison of the simulation results from the transition model and the
standard k-εmodel for the drag and lift coefficients at the six AoAs and the experimental results [26,29].
The numerical lift and drag coefficients calculated from mixed laminar/turbulent flows obtained
with the semi-transition model by [29] are also presented. The transition calculations in the present
study show a very good agreement with the measured data even at AoAs higher than 9.22◦. The
exceptions to this are the drag coefficients at 14.24◦ and 20.15◦, which are underpredicted by 33%
and 38%, respectively. This is primarily due to the sharp truncated trailing edge on the airfoil, where
the drag is underpredicted [34]. Slight underpredictions for the drag coefficient of 8% and 9% are
observed at 0◦ and 1.02◦, whereas lift coefficient overpredictions between 7.3% and 21.1% are observed
at AoAs higher than 9.22◦. On the other hand, the simulation results by the standard k-ε model are
largely overpredicted or underpredicted in the range of 389% to 36%. Accordingly, the transition
results show considerably better predictions than the standard k-ε model. In addition, the transition
simulations are found to be more accurate than the mixed laminar/turbulent flows obtained with
the semi-transition model suggested in [29]. In particular, the semi-transition model was applied
by splitting the computational region into laminar and turbulent domains and specifying laminar
and turbulent zones using the standard k-ε model in each domain. However, the accuracy of the
semi-transition model depends strongly on the transition location. Owing to the known transition
location from the experimental report [26,29], it is expected that the semi-transition model results
provide a reasonable match with the experimental results. Therefore, the semi-transition model has a
notable disadvantage in that the TO point from the experiment should be suggested in advance, prior
to the simulation. Hence, this methodology is not currently useful for predicting the LS on an airfoil.
Overall, comparison of the γ-Reθ transition model results with the experimental data demonstrated a
good agreement. Accordingly, the subsequent LSB analysis is considered to be of sufficient accuracy.
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Table 2. Comparison between the simulation and experimental results for the drag coefficient at
selected AoAs from different studies for the S809 airfoil (Re = 2 × 106).

AoA Drag Coefficient (Cd)

Simulation Results Exp. % Error

Standard k-ε
Model

Transition
Model

Mixed
Laminar/

Turbulent

Standard k-ε
Model

Transition
Model

Mixed
Laminar/

Turbulent

0◦ 0.0303 0.00646 0.0062 0.007 333 −8 −11
1.02◦ 0.0125 0.00653 0.0062 0.0072 74 −9 −14
5.13◦ 0.0342 0.0073 0.0069 0.007 389 5 −1
9.22◦ 0.0259 0.0186 0.0416 0.0214 21 −13 94
14.24◦ 0.0589 0.0605 0.0675 0.09 −35 −33 −25
20.15◦ 0.119 0.114 0.1784 0.1851 −36 −38 −4

Table 3. Comparison between the simulation and experimental results for the lift coefficient at selected
AoAs from different studies for the S809 airfoil (Re = 2 × 106).

AoA Lift Coefficient (Cl)

Simulation Results Exp. % Error

Standard k-ε
Model

Transition
Model

Mixed
Laminar/

Turbulent

Standard k-ε
Model

Transition
Model

Mixed
Laminar/

Turbulent

0◦ 0.07822 0.1495 0.1558 0.1469 −46.8 1.8 6
1.02◦ 0.13455 0.2718 0.2755 0.2716 −50.5 0.1 1
5.13◦ 0.5898 0.7595 0.7542 0.7609 −22.5 −0.2 −1
9.22◦ 1.1069 1.1144 1.0575 1.0385 6.6 7.3 2
14.24◦ 1.3629 1.2600 1.3932 1.1104 22.7 13.5 25
20.15◦ 1.2018 1.1040 1.2507 0.9113 31.9 21.1 37

4.2. Laminar Separation-Induced Transition

4.2.1. Laminar Separation-Induced Transition

The skin friction coefficient (C f ,x) and TI on the airfoil’s lower surface (pressure side) and upper
surface (suction side) as a function of X/C are shown in Figure 7. The predictions from the γ-Reθ
transition model are compared at two representative angles of 0◦ and 5.13◦. The C f ,x and TI curves for
the pressure airfoil surface are shown as the blue lines, whereas those for the suction airfoil surface
as the red line. The distributions on each surface clearly depicts the points of LS, TO, TR, and SBL.
Figure 7a,b indicate that at an AoA of 0◦, the laminar boundary layers on the pressure and suction
airfoil surfaces separate at X/C = 0.455 and 0.50, respectively. In addition, the shear layers reattach
at X/C = 0.499 and 0.557, respectively. This results in SBLs of 4.44% and 5.74% the chord length,
respectively. As the AoA is increased to 5.13◦, the LS on the pressure and suction airfoil surfaces is
generated at X/C = 0.471 and 0.496 and is reattached at X/C = 0.523 and 0.518, resulting in SBLs of
5.17% and 2.24% the chord length, respectively. Therefore, as the AoA is increased, the bubble on the
suction surface moves closer to the leading edge due to an earlier LS caused by the increased adverse
pressure gradients, whereas the bubble on the pressure surface moves downstream due to a later LS.
In addition, for Re = 2.0 × 106, the bubble on the pressure side is longer by 0.73% (5.17% − 4.44%) of
the chord length (compared to an AoA of 0◦), whereas on the suction side the bubble is shorter by 3.5%
(5.74% − 2.24%) of the chord length (than for an AoA of 0◦). Similar observations were made in the
experiments by [26].
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Figure 7. Comparison of x-direction skin friction coefficient (C f ,x) and turbulence intensity (TI) at the
AoAs of 0◦ (a) and 5.13◦ (b) for both surfaces of the airfoil (pressure and suction sides).

TO in this study is defined as the location where the TI just starts to increase after the separation.
Using this definition, it can be observed that at the AoA of 0◦, a TI of 0.03% at the far-field condition
suddenly increases on the pressure and suction airfoil surfaces at the TO points of X/C = 0.476 and
0.526. This is observed to occur after the LS points at X/C = 0.455 and 0.50, and after the TR points at
X/C = 0.523 and 0.518 reach maximum values of 0.83% and 0.75% at X/C = 0.524 and 0.592, respectively
(Figure 7a). Similarly, as the AoA is increased to 5.13◦, the TI starts to increase at the TO points of X/C
= 0.495 and 0.508 after the LS points of X/C = 0.471 and 0.496, and after the TR points of X/C = 0.523
and 0.518 reach maximum values of 0.88% and 0.91% at X/C = 0.543 and 0.547 on the pressure and
suction airfoil surfaces, respectively (Figure 7b). Hence, with increase in AOA the TO on the suction
side moves closer to the leading edge and moves downstream on the pressure side since the separation
occurs at a smaller and larger distance to the leading edge, respectively.

The distribution of TI and the overlapped distribution of the velocity vector and TI at AoAs of
0◦, 5.13◦, and 14.4◦ and close-up views of the LSB on the S809 airfoil are shown in Figure 8. The
points of LS, TR, TO, and SBL are also shown. The shift of the LS point closer to the leading edge and
trailing edge on the suction and pressure surfaces by increasing AoA can be seen in Figure 8. The
Figure 8 shows that at the AoA of 0◦, the separated shear layer reattaches on the upper (suction) surface
around the mid-chord length and on the lower (pressure) surface just forward of the mid-chord length,
resulting in the formation of different sizes of separation bubbles on each surface. This is primarily
due to the increased adverse pressure along each surface gradient prior to the onset of turbulence,
as stated earlier. As the AoA increases, the adverse pressure gradient on the suction surface increases
near the leading edge of the airfoil, leading to earlier separation of the laminar boundary layer and
consequently the increased turbulence level up to a maximum of 30%. From a close-up view at the
AoA of 14.24◦, earlier TO and TR are triggered upstream. Therefore, the SBL on the suction surface
decreases as the bubble moves upstream with increasing AoA.
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Figure 8. Distribution of TI and overlapped distributions of velocity vector and TI at selected AoAs
of 0◦ (a), 5.13◦ (b), and 14.24◦ (c) (left panels) and close-up views of the LSB on the S809 airfoil (right
panels). The points of laminar separation (LS) followed by turbulent reattachment (TR), the transition
onset (TO) between them, and SBL are also marked for the pressure and suction surfaces of the airfoil.

4.2.2. Effects of the Separation Bubble

The LS, TR, and TO points on the suction airfoil surface for each AoA are plotted in Figure 9.
The TR points overall show a very good agreement with the experiments between AoAs of 0◦ and
15◦, except those between 6.03◦ and 8.04◦, between which a sudden jump of the separation point to
the upstream occurred because the transition model approaches could represent regions at which the
LSB changed. The simulations showed that the transition model was not able to detect the unsteady
characteristics of the flow for AoAs between 6.03◦ to 8.04◦, which will be further studied in future
using large eddy simulation. It must also be noted that the TO points indicating the turbulence onset
could not be compared to the experiment by Van Ingen et al. and Somers as it was not reported in [26].
According to Figure 9, as the AoA increases from 0◦ to 5.13◦, the transition location moves from 0.523
to 0.504 X/C, which shows that the minor effect of small AoAs on the transition location of the suction
side. At the AoA of 9.22◦, which is smaller than the 2D stall angle of 16◦, the separation bubble on
the upper surface jumps to the leading edge of the airfoil [32]. When the AoA is greater than 9.22◦,
the transition always occurs at the leading edge.
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Figure 9. Movement of LS, TR, and TO points on the suction airfoil surface with increasing AoA. The
red squares represent experimental data points.

The LS, TR, and TO points on the pressure side of the airfoil for each AoA are plotted in Figure 10.
The TR points show a good agreement with the experiments, except for small deviations at higher
AoAs. With increasing AoA from 0◦ to 20.15◦, the TO point moves downstream from 0.476 to 0.591
X/C without abrupt jumps along the surface. This shows that increasing the AoA gives rise delays
separation on the pressure side with the weak adverse pressure gradient.
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Figure 10. Movement of LS, TR, and TO points on the pressure airfoil surface with increasing AoA.
The blue squares represent experimental data points.

The SBL on the suction airfoil surface and the airfoil lift-to-drag ratio (Cl/Cd) are presented in
Figure 11. As the AoA increases, the extent of the LSB decreases from 5.74% of the chord length at
0◦ to 0.841% the chord length at 20.15◦, except for a little increase to 5.86% the chord length at 1.02◦.
The change in the size occurs primarily because of upstream movement of the TR point due to a
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strong adverse pressure gradient in the separated shear layer. According to Bastedo and Mueller [31],
a separation bubble with a size of less than a maximum of 5.86% the chord length can be classified as
a short separation bubble. The simulation results also show that the lift-to-drag ratios obtained by
using the transition model are 104.1 and 118.4 at the AoAs of 5.13◦ and 6.03◦, respectively, when the
corresponding bubble sizes are 2.24% and 2.11% of the chord length, whereas the Cl/Cd value obtained
by using the standard k-ε model (Tables 2 and 3) is 17.2 at the AoA of 5.13◦. A maximum Cl/Cd

ratio at a designed AoA is an important factor in accurately predicting and maximizing the power
of wind turbine blade, based on the BEM theory [7]. The results of the transition and standard k-ε
models showed the Cl/Cd ratio underpredictions of 4.2% and 84.1%, respectively, at AoA of 5.13◦ when
compared to the experimental value of 108.7, whereas the Cl/Cd ratio of the semi-transition model
was 109, which showed overprediction of 0.3%. However, the semi-transition model approach is not
currently useful for predicting the transition location because the experiments should be suggested in
advance, prior to the simulation, as described in the previous section. Therefore, the Cl/Cd ratio values
of the transition and standard k-ε models cause deviations of 0.17% and 25.4% in power, respectively,
based on the BEM theory-based calculations [7], when rotational speed, local chord length, and local
radius are 71.9 rpm, 0.59 m, and 2.71 m, respectively; the local twist angle, rotor radius, and tip speed
ratio are 2.754◦, 5.029 m, and 2.915, respectively; and the local solidity, wind speed, density, and span
length for the blade element are 0.0693, 7 m/s, 1.246 kg/m3, and 0.59 m, respectively. A complete
description of the BEM theory-based calculations has been reported elsewhere [7] because explaining
in greater detail is out of the scope of this research. The bubble lengths at AoAs of 8.04◦, 9.22◦, 14.24◦,
and 20.15◦ are 1.92%, 1.78%, 0.74%, and 0.84% of the chord length, respectively. According to Choudry
et al. [16], a decrease in the bubble extent of 9% causes an improvement in the maximum lift-to-drag
ratio of approximately 17%. Therefore, the aerodynamic performance of the airfoil can be considerably
improved by the mitigation of the bubble by increasing the laminar region, thus decreasing the drag,
and enhancing lift-to-drag ratio due to a smaller bubble size.
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Figure 11. Extent of the separation bubble on the suction airfoil surface as a percentage of the chord
length (line with empty circles) and effects on the airfoil lift-to-drag ratio (line with empty squares).
The solid line with green squares represents experimental data points.

5. Conclusions

Numerical simulations using the γ-Reθ transition model coupled with SST k-ω transport equations
around the 21% thick NREL S809 airfoil were performed to achieve a better understanding of the
characteristics and effects of LSBs existing at a low Reynolds number and low TI. The computational
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domain had a C-type grid topology with a pressure far-field condition, and the analysis was carried
out under various AoAs. The reliability and validity of the simulations were verified using published
results of experiments. The transition model case showed very good agreement with the experimental
case in terms of aerodynamic lift and drag coefficients, and characteristics of LSBs owing to the higher
predictive accuracy relative to the standard k-ε model case. These comparisons provide sufficient
evidence that the predictions of the LSB are accurate, as evidenced by the fact that the aerodynamic
characteristics of the airfoil are closely related to the characteristics of the LSB. Consequently, the
transition model-based approaches, which have a high predictive accuracy, presented herein can
elucidate the characteristics and effects of the LSB on airfoil aerodynamic performance. Important
findings arising from this research are as follows:

The transition ramp, which is defined as the region over which the LSB moves with increasing AoA,
was clearly observed on the suction airfoil surface. It was confirmed that the TO point on the suction
side of the S809 airfoil moved upstream due to an earlier LS caused by increased adverse pressure
gradients as the AoA increased. Therefore, the accurate predictions of the pressure coefficients along
the airfoil using the transition model offered the necessary validation for the subsequent LSB analysis.

At the AoA of 0◦, the location of the LSB on the pressure and suction airfoil surfaces was observed
to be generated at X/C = 0.455 and 0.50 and to be reattached at X/C = 0.499 and 0.557, causing SBLs
of 4.44% and 5.74% the chord length, respectively, between LS and TR. Furthermore, when the AoA
increased to 5.13◦, the location of the LSB moved to X/C = 0.471 downstream and to X/C = 0.496
upstream, resulting in an SBL that is taller by 0.73% the chord length and shorter by 3.5% the cord length
for the pressure and suction airfoil surfaces, respectively. Therefore, the suction surface prediction
featured a slightly earlier LS compared to the pressure surface.

It was observed that the TI increased suddenly on the pressure and suction airfoil surfaces at the
TO points of X/C = 0.476 and 0.526 after the LS points at X/C = 0.455 and 0.50, respectively, at the AoA
of 0◦. At the AoA of 5.13◦, this increase occurred at X/C = 0.495 and 0.508 after the LS points of X/C =

0.471 and 0.496, respectively, which caused the production of turbulent kinetic energy in the separated
laminar shear layer. Moreover, at the AoA of 0◦, the TI reached maximum values of 0.83% and 0.75%
at X/C = 0.524 and 0.592 after the TR points of X/C = 0.523 and 0.518, respectively. At the AoA of 5.13◦,
the TI reached maximum values of 0.88% and 0.91% at X/C = 0.543 and 0.547 after the TR points of X/C
= 0.523 and 0.518, respectively. Therefore, the simulation results demonstrated a sharp increase in
turbulence levels during the transition process, immediately after the LS, and a maximum TI value
after the TR.

The separation bubble on the suction surface jumped to leading edge of the airfoil at the AoA of
9.22◦, whereas on the pressure surface, it moved downstream. In addition, the maximum SBL was
5.86% the chord length at the AoA of 1.02◦. The extent of the separation bubble slightly decreased to
0.841% the chord length at 20.15◦. Therefore, an SBL of less than a maximum of 5.86% the chord length
on the S809 airfoil can be identified as a short separation bubble.

The Cl/Cd ratios of the transition and standard k-ε models at the AoA of 5.13 were 104.1 and 17.2,
respectively, which shows underpredictions of 4.2% and 84.1% with respect to the experimental value
of 108.7, whereas the Cl/Cd ratio of the semi-transition model was 109, which showed overprediction
of 0.3%. However, the direct comparison of the maximum lift-to-drag ratios with the semi-transition
model was not presented because the model cannot currently predict the TO point without prior
knowledge of the experimental results. Therefore, BEM theory-based calculations using these results
of the transition and Standard k-ε models led to deviations of 0.17% and 25.4%, respectively, in power.

Thus, an airfoil design with a high lift-to-drag ratio, and a high predictive accuracy of aerodynamic
coefficients in simulation is required to maximize and accurately predict the performance of wind
turbine blades, respectively, through a deep understanding of the characteristics and effects of the LSB
on airfoil and the transition model approaches presented in the current study. The results of this study
can help in redesigning an airfoil with a reduced bubble length causing the improved aerodynamic
performance, and designing wind turbine blades that offer maximum power. Further investigations
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into the aerodynamic corrections for two-dimensional airfoil characteristic data and its effect will be
conducted to improve the performance prediction of the wind turbine blades.
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