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Abstract: In this paper, we explore the improvement of the aerodynamic characteristics of wind
turbine blades under stall conditions using passive flow control with slots. The National Renewable
Energy Laboratory (NREL) Phase II rotor, for which detailed simulations and experimental data
are available, served as a baseline for assessing the flow control system effects. The position and
configuration of the slot used as a flow control system were determined using CFD analysis. The
3D-RANS equations are solved with ANSYS FLUENT using the k-w SST turbulence closure model.
The pressure coefficient for different wind speeds for the baseline configuration is compared to the
available experimental data. The comparison shows that CFD results were better for the attached
flow. The current work consists of a 3-D CFD modeling of a rotating blade equipped with different
flow control systems: single-slot (S-S) and two-slots (T-S). The computation provides a better under-
standing of the influence of these flow control devices on the performance of wind turbine blades,
the control of boundary layer separation, and the rotation effect. These control systems increase
the power output by over 60% at high wind speeds with large separated boundary layer regions.
For the configuration with the control system, the slot has shown its ability to delay the boundary
layer separation. However, the improved aerodynamic performance has been proven for medium
and high angles of attack where the flow is generally in the stall condition. The addition of the
second slot changed the flow behavior, and an improvement was observed compared to the single
slot configuration. The results are helpful for the design and development of a new generation of
wind turbine blades.

Keywords: wind turbine; boundary layer separation; flow control; turbulence; computational
fluid dynamics

1. Introduction

The flow separation and boundary layer control are methods aimed at improving an
airfoil’s aerodynamic performance, increasing the wind turbine’s efficiency. In addition,
these methods can adjust the wind turbine’s aerodynamic load and output power under
varying wind speeds and ensure the generator’s safety [1].

The design of actuators is guided by the physical principles of the phenomenon to
be controlled. Thus, it is possible to delay or prevent separation by exploiting various
properties of the separated or about to be separated boundary layer. The boundary layer
can exist under two different flow regimes, laminar and turbulent. The fluid layers slide
over each other in the laminar flow without exchanging energy and mass between the
neighboring layers. Therefore, the shear developed by the velocity gradient is entirely
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due to viscosity. Therefore, the laminar boundary layers can withstand only very small
unfavorable pressure gradients before the flow separation occurs. On the other hand, in
a turbulent flow, fluctuations of the axial velocity and the perpendicular velocity to the
flow direction result in a significant transfer of momentum between the neighboring layers.
This allows for overcoming larger unfavorable pressure gradients due to the continuous
momentum transfer in the near-wall zone [2]. Overall, flow separation control techniques
can be divided into two categories based on energy expenditure [3]:

(1) The active flow separation control requires additional energy for the boundary
layer control, such as boundary layer blowing and suction [4-7] and synthetic jets [8-10],
which can operate in two ways: (i) in an open-loop where the injection or suction of fluid is
independent of the state or conditions of the flow such as wind speed and angle of attack
(along the wingspan); (ii) in closed-loop, where the information is obtained from the sensors
to control the rate of fluid injection/aspiration or to disable the control system in operating
conditions where the flow is attached. Here we must mention that the open-loop or closed-
loop methods are applicable for all active control methods [11], plasma actuators [12], and
SO On.

(2) Passive control techniques that do not require auxiliary power or a control loop,
such as slot [13], multi-element airfoil [14-16], leading-edge slat [1,17], Gurney flap [18-20],
self-activated flaps [21], vortex generator [22-24], stall strips [25,26], and other airfoil
configurations that can delay or even eliminate dynamic stall.

Handley Page [27] and Lachmann [15,28] initially introduced the slotted and multi-
element airfoils, but the first thorough and systematic study of these elements was per-
formed by Weick and Shortal [29]. Weick and Shortal examined various combinations of
slots and various slot locations to identify the optimal aerodynamic configuration. For an
un-flapped airfoil, their study shows that the most effective position for a single slot is near
the leading edge. However, when the slot is moved aft, the effectiveness decreases.

Multiple slots are generally relatively ineffective unless they include a slot near the
leading-edge [29,30]. The leading-edge slot was firstly used in aircraft to delay the boundary
layer separation at a low relative speed [16]. The particularity of this technique is to energize
(adding kinetic energy) the boundary layer by augmenting the flow in the gap between
the main body and slat [31], creating either large vortices or multiple smaller vortices,
leading to separation delay of the main airfoil boundary layer. The hydrokinetic and wind
turbines with leading-edge airfoil-slat were numerically and experimentally investigated
by Yavuz et al. [32,33]. Their results showed that the stall angle of attack increased by 8°,
and the maximum lift coefficient increased by 191.7%.

Akhter and Omar [10] noted a shift in the separation point from 47% to 0.67% chord
for the slat configuration. They also noted that the geometric parameters and slat position
relative to the blade are essential for performance enhancement. In addition, the circulation
around the leading edge slat reduces the sharp increase in the flow velocity over the
main airfoil body, thus regulating the flow separations and causing an improved pressure
recovery [34].

Similarly, the use of a micro-cylinder was investigated for aerodynamic performance
enhancement and flow separation control. Shi et al. [35] used an oscillating micro-cylinder
at the leading edge and recorded an increase of 88.21% in lift/drag ratio at optimum
oscillation mode. Furthermore, setting a micro-cylinder with a 1 mm diameter at the
blade leading edge can improve torque under light stall conditions for 10 m/s free flow
velocity [36].

Luo et al. [37] performed a parametric numerical study using Reynolds averaged Navier-
Stokes calculation combined with delayed detached eddy simulation on a NACAQ012 airfoil
equipped with a micro-cylinder. The position of the micro-cylinder was at x/c = 0.02 based
on a hypothesis that flow separation is impossible to control further downstream. They
concluded that aerodynamic performances are highly sensitive to the spacing between the
cylinder and suction surface.
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A hybrid Reynolds averaged Navier-Stokes/Large-Eddy-Simulation turbulence tech-
nique was adopted by Liggett et al. [38] to study an oscillating flapped airfoil to determine
the influence of modeling the gap on the performance and acoustic signature of the airfoil.
Their results are compared with the experimental data to confirm the validity of the com-
putational approach. They examined both attached and separated oscillating flows. The
flow physics within the gap is important for the airfoil performance when a stall occurs
and when acoustic signatures are required.

Two-dimensional RANS equations are common for CFD analysis of specific studies
related to airfoil flow control. For example, Ramzi and Abed Errahmane [39] studied the
effect of slot geometry on a cascade of the highly loaded axial compressor. Based on their
2-D analysis, results showed a maximum reduction of 28% of the loss ratio and an increase
of 5° in the flow deflection angle.

To increase the power production of a modern multi-MW rotor [40], a two-dimensional
CFD optimization approach was adopted by Gaunaa et al. [41], where the effects of using
slots were quantified. The results indicate that the slats boost the aerodynamic performance
of the inner part of rotors, and the effects may be better if the slats and the main rotor blade
are designed simultaneously.

Standish [42] performed an extensive 2-D computational study to examine the in-
fluence of tab height and tab location on the upper and lower surfaces of the S809 and
GU25-5(11)8 airfoils. His results show that the optimal tab height was in the order of the
boundary layer thickness. Furthermore, the optimal location was at approximately 95% of
the chord in terms of lift versus drag.

Buhl et al. [43] used 2-D calculation to investigate trailing-edge flaps of a 5 MW
upwind reference turbine without changing its lift coefficient. Their analysis indicates that
the potential of using trailing-edge flaps to reduce fluctuating loads is significant.

From the above works, the 2-D approach does not give a full insight into the complex
3-D flow phenomena around the wind turbine blade. For example, both rotation and radial
flow components present in the rotor have a major effect on the lift and drag characteristics
of the blade compared to a 2-D airfoil [44]. In 3-D rotor flows, two main factors are
generally involved: (i) the Coriolis force, which acts in the direction of the chord as a
favorable pressure gradient and tends to delay the separation of the boundary layer; (ii) the
centrifugal forces, which produce a pumping effect in the spanwise direction.

Using a viscous-inviscid interaction model, the 3-D equations of the boundary layer
on a rotating surface are solved numerically by Serensen [45]. His results show a significant
difference between the lift coefficients calculated for 2-D and 3-D cases.

Du and Selig [46] approached the resolution of the 3-D equations of the incompressible
stationary boundary layer. Their analysis indicated that the delay in separation depends
slightly on the effect of the pressure and mainly on the acceleration of the boundary layer
flow, i.e., on the Coriolis forces. The two rotation effects become smaller going outwards,
according to [47,48].

Hu and his colleagues [49] carried out a study on separation delay for wind turbines.
The complex flow fields are simulated using CFD based on the 2-D stationery and 3-D
rotation conditions. Their computation results show that rotation affects the pressure
distribution on the surface, which can increase the 3-D stall-delay on Horizontal Axis Wind
Turbines (HAWT).

This list is far from being exhaustive. Flow control methods, in all their forms, are
widely used in the turbomachinery field, especially those with high aerodynamic loading
(high-pressure ratio). For example, Cravero et al. [50] carried out a CFD simulation to study
the effect of the ported shroud on the radial compressor stage under different operating
conditions. Moreover, it develops some criteria to detect the limiting mass flow rate
compared to a compressor without this device. Here, at the design rotational speed, an
increase of 11% of the surge margin has been detected. Gabriel et al. [51] experimentally
studied the effect of an active control to improve the stability of an axial compressor
stage CME2 operating at 3200 rpm. It is an air injection system (continuous and pulsed)
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composed of 20 injectors that work independently of each other. Their results show that
the control system improved the compressor operating range by decreasing the stalling
mass flow rate and increasing the pressure rise for a given operating point.

The current work consists of a 3-D CFD modeling of a rotating blade equipped with
different flow control systems: single-slot (5-S) and two-slots (T-S). The computation
provides a better understanding of the influence of these flow control devices on the
performance of wind turbine blades. The results are helpful for the development of a
new generation of wind turbine blades. Several issues have been addressed, including the
control of boundary layer separation and the rotation effect with the control system. The
increase in the power output reaches over 60% at high wind speeds with large separated
boundary layer regions.

2. Methodology
2.1. Experimental Data

In this subsection, turbine geometry considered during numerical computations is
detailed. The National Renewable Energy Laboratory (NREL) Phase II rotor (Table 1) is
chosen to conduct simulations and validation cases based on the experimental data [52].
The blades of the considered rotor are non-twisted and non-tapered with a constant cord
of 0.4572 m. It consists of a HAWT rotor composed of three small blades with a 5.029 m
radius mounted on a downwind machine [53]. NREL S809 airfoil series is used, except for
the root. The airfoil thickness is t/c = 43% at 14.4% span and falls linearly to t/c = 20.95% at
30% span, while outboard of 30%, thickness is steady at that value (Figure 1). The nominal
rotation speed is 72 rpm, the tip pitch equals 12°, and the cone angle is 3°.

00 F 3
T T T T Z
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5809 Profile
00 — J X
cJ 000 < \
3,
ook / ]
4% - -
430 = 1 | 1 1 =
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transitional part (t/c= 43% to 20.95% at r/R=0.3)

Figure 1. NREL phase ii rotor.
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Table 1. Rotor description.

Number of blades 3
Rotor diameter 10.06 m
RPM 72 rpm
Rotor location Downwind
Root extension 0.723 m
Pitch angle 12°
Blade profile 5809
Twist angle 0°

2.2. Boundary Conditions and Computational Mesh

Figure 2a,b depicts the computational domain, including boundary conditions and
the mesh grid. Only one blade is treated for the computational domain, and a periodic
condition is applied at 120°. The wind turbine tower and nacelle and the ground impact
were ignored. The computational domain is surrounded by a small inner cylinder where the
Euler condition was applied and an outer cylinder with a symmetry boundary condition.
To eliminate far-field effects, the domain radius length equals three times the rotor diameter
(BR). The inlet was placed at 2R upstream of the blade, where a uniform wind speed
was assumed as the velocity inlet boundary condition (Table 2). In addition, turbulence
conditions are characterized by a fixed turbulent intensity and viscosity ratio. The pressure
outlet boundary condition was applied at 10R downstream of the rotor.

Table 2. Boundary conditions.

Boundary Conditions Position
Velocity inlet 2R upstream of the blade
symmetry Outer cylinder at 3R
Wall (no-slip) blade
Wall (Euler-slip) Inner cylinder at r = 0.51 m
Periodic At120°
Pressure outlet 2R downstream of the blade

A structured C-type mesh was considered, which allows for better capture of the
leading-edge curvature and of the airfoil. Figures 2b and 3 show the hexahedral mesh
distribution on the studied domain. The mesh density is nearly 2.8 million cells (for the
baseline configuration), with 280 cells on the blade surface in the chordwise direction,
50 cells in the spanwise direction, and 6339 cells on the tip surface. The thickness of the
first cell to the wall was kept at 2 x 107> m so that the y+ value is less than 1 for most of
the blade surface (Figure 4), which is appropriate for k-w with SST correction model.

2.3. Numerical Method

An incompressible steady Navier-Stokes solver is used to predict the aerodynamics
proprieties of the different configurations. For the case of the rotating rotor, ANSYS Fluent
provides us with several choices. The one used in the present study is called Single Moving
Reference Frame (SRF) [54].

The pressure-based discretization scheme with a SIM-PLE algorithm was applied. A
second-order upwind discretization scheme is used for all variables, i.e., pressure, momen-
tum, and turbulence equations. To decrease the scaled residual below the value of 1075,
the convergence criterion and the under-relaxation factors were manipulated. The static
pressure and torque were considered for each run to evaluate the solution convergence.
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Figure 2. (a) Computational domain and (b) grid and boundary conditions.

Figure 3. Zoom view on the mesh details.
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Figure 4. Y plus over the suction side at different spanwise sections for a wind speed of 19 m s~ 1.

Since this work concentrates on flow control, large separation areas are anticipated, so
the turbulence model would probably have a noticeable impact on the numerical solution.
Therefore, the three-dimensional steady-state RANS equations with the closure turbulence
model k-w SST are first performed on the baseline configuration.

In the present work, and for simplification reasons, the influence of the mast and the
nacelle on the rotor’s aerodynamics are neglected. This greatly simplifies the geometric
complexity of the flow problem, and this simplification also avoids interference between
the blades and the tower and nacelle.

3. Results

In this section, the computation results on the investigated blade are presented. The
numerical results are first compared with the measured and computed data from [52,55]:
(i) pressure coefficient (Cp) at different spanwise and wind speeds as well as the mechanical
power production; (ii) the effect of rotation on the flow control system is investigated.

3.1. Pressure Distribution

The accuracy of the computed Cp against the corresponding experimental (the mea-
surement is taken at the position 90° before the tower passage) and computed values [53,56]
are verified at the four spanwise examined stations (r/R) for three different wind speeds.
Figure 5a depicts the comparison of Cp for r/R = 0.3 and r/R = 0.47 for wind speeds of
7ms~!,13ms~ !, and 19 m s~!. Figure 5b presents Cp at r/R = 0.63 and r/R = 0.80 for the
same wind speeds.

For the wind speed of 7 m s, the computed pressure distribution agrees with the
measured ones. At these conditions, the computed angle of attack is 18.86° at r/R = 0.30,
and 8.10°, 3.77°, and 1.20° at r/R = 0.47, 0.63 and 0.80, respectively. The agreement is very
good for the upper and lower surface for the small AoA (near the blade’s tip), where the
flow is wholly attached. However, as we approach the blade’s root, the AoA increases, and
the flow is separated, leading to the agreement’s deterioration.

Significant deviations were observed for wind speeds of 13 m s~! and 19 m s~ !,
and the agreement is generally worse for the upper side of the entire blade span. These
discrepancies are proportional to AoA (Table 3). Therefore, the best agreement was seen
near the blade’s tip, at lower AoA compared to the other sections (Figure 5).
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Table 3. The values of the angle of attack at different blade sections.

Computed AoA [°]

Section 1/R 7ms1 13ms1 19ms1
0.3 18.86 33.99 45.46
0.47 8.10 22.04 33.59
0.63 3.77 15.52 25.55
0.80 1.20 9.40 19.27

3.2. Power Production

A comparison between computed and measured power production for different wind
speeds is illustrated in Table 4 at a wind speed of 7 m/s. The agreement is quite good, with
an error of 4.33%. As the wind speed increases, the difference between the calculated and
measured power production increases, where a maximum value of deviation (17.36%) is
observed at a wind speed of 19 m/s.

Table 4. Comparison of measured and computed power production.

Wind Speed Measured Power [kW] Computed Power [kW] Error %
7 2.54 243 4.33
13 12.97 12.35 4.78
19 18.60 15.37 17.36

3.3. Effect of Rotation on the Control System

The aerodynamic characteristics of the blade are considerably affected by rotation
(the Coriolis and Centrifugal forces). The aim here is to improve the efficiency of the wind
turbine by applying a control system. In this subsection, four different configurations of
the flow control system (Table 5) are compared in terms of power generated by the rotating
blade. The first configuration consists of a Single-Slot (S-S) control system (Figure 6) applied
over the whole blade span (outboard of r/R = 0.144), as shown in Figure 7a. The second
one is applied in the active part of the blade, as shown in Figure 7b. The third and fourth
configurations consist of Two-Slots, where a second small slot has been added to the S-S
control system configuration as given in Figure 7c. All configurations are investigated from
the overall point of view and then compared with the baseline configuration to determine
the influence of rotation on the control system and then assess the blade performances.

M\

rF s

Figure 6. The geometric characteristics of the slot.
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Table 5. Studied configurations.

Configuration 1 Single-slot from r/R = 0.144 to blade tip (whole blade)
Configuration 2 Single-slot from r/R = 1.509 to blade tip (active part)
Configuration 3 Two-slots from r/R = 1.509 to blade tip (active part)
Configuration 4 Two-slots slot from r/R = 0.144 to blade tip (whole blade)

7 z

o,

(a) (b)

(©)

Figure 7. Geometric characteristics and mesh of the slot(s). (a) Configuration 1; (b) Configuration 2;

(c) Configurations 3 and 4.

As illustrated in Figure 7c, a hexahedral mesh of 8400 cells was generated for the first
slot and 4000 for the second slot. It gives an overall cell number of approximately 3.7 million
for configuration 1 and 4.6 million for configuration 4. The k-w SST turbulence model with
the appropriate wall modeling approach has been used for all steady-RANS simulations.

3.3.1. Applying a Single-Slot

The best position of the slot depends on the boundary layer separation position.
Therefore, for the control system to adequately delay boundary layer separation and
improve aerodynamic performance, the optimum position of the slot location must be just
upstream of the separation point. More details are available in reference [13]. However, for
a 3-D rotating flow, the angle of attack (the point of separation of the boundary layer) varies
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along with the blade’s spanwise position for the same wind speed (Table 3). Therefore,
determining the exact optimal slot location for all the blade sections is not practical in terms
of design. Based on this, the adopted approach to determine the slot position uses the
mid-span section (r/R = 0.5) at the wind speed of 10 m s~ 1.

The geometric characteristics of the control system (see Figure 6) are a slot position at
X =30% (chord length) and a slope of \p = —60° (y-axis direction). The converged section
of the slot Y;/Y, = 3, and Coanda radius R. = 10> mm. The results of power increase
of configurations 1 and 2, compared with baseline configuration (without flow control
system), are shown in Figure 8 for different wind speeds: U, =7 ms™!,10ms™!, 13 ms~!,
16 ms~!, and 19 m s~ 1. It corresponds to different flow situations: design condition, stall
condition, and post-stall condition.

804

[ ] Config.1
601 [ Config.2

0l

10 mis 13 mis 16 mis 19 m/s

401

204

o

-204

Power increase [%)]
o

404

-604

7mls

-80-

Figure 8. Power increase of configurations 1 and 2 compared to baseline.

The comparison shows that both configurations exceed the baseline for wind speeds
over 10 m s~ !. At U, =7 m s}, there is a significant power decrease for configurations
1 (—56.46%) and 2 (—62.95%) compared to the baseline. For Usx = 10 m s}, a power
increase of 23.27% for configuration 1 was obtained compared with the baseline. However,
the performance of configuration 2 is still below the baseline. At Us = 13 m s~ !, the power
of both configurations exceeds that of the baseline. The increases are 26.62% and 21.88% for
configurations 1 and 2, respectively. The maximum increase in the power compared with
the baseline reaches 61.48% for configuration 1 at 19 m s~ .

The comparison of the S-S (single slot) configurations with baseline shows that the
slot’s presence does not improve the aerodynamic performance of the blade at lower wind
speeds. However, the control system’s efficiency is clearly enhanced for high wind speeds
(stall and post-stall). As seen in Figure 8, the rate of power increase for configuration 1 is
always exceeding the one for configuration 2. However, this difference decreases as the wind
speed increases, i.e., the slightest difference is observed for the speed of 19 m/s, at 2.25%.
Furthermore, the inboard region of the blade is characterized by the large separation of the
boundary layer, which can occur over the entire upper surface of the blade for high wind
speeds (see Figure 9). Therefore, the addition of momentum in this region can influence the
behavior of the flow in the outboard region and improve the blade’s performance.

Figure 9 illustrates the streamlines colored by the static pressure on the upper side of
the blade for the two configurations with control slots and the baseline. At Uy, =13 ms~!,
we observe that the flow is separated on most of the upper surface of the baseline configu-
ration, except for the area near the blade tip. For the same wind speed, the boundary layer
separation was almost eliminated in the active part for configuration 1. The controlled
area is slightly larger than for configuration 2, which confirms the discussion below. At
U = 16 m s1, the separation zone is larger for the baseline and the controlled configura-
tions. The control system effect is almost the same for both configurations in the outboard
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region, which performed almost the same streamlined behavior. However, as the wind
speed increases, the separated surface of the baseline configuration is enlarged. On the
other hand, the control system shows its capacity to delay or even eliminate the boundary
layer separation for high wind speeds.

U=13m/s Baseline

Pressure

137
4
-130
-263
-397
-530
-664
-798
-931
- -1065
-1198
-1332
-1466
-1599
-1733
-1866
-2000
[Pa]

Figure 9. Comparative view of the streamlines on the upper surface of the blade, comparison between
configuration 1 (whole blade), configuration 2 (active part), and the baseline (top).

To better analyze the control effect on the boundary layer separation for 3-D rotation
flow, we visualize the XY plane’s streamlines at two locations, namely r/R = 0.5 and
r/R=0.6. A comparative view of the velocity distribution of the baseline configuration
and with the S-S control system is illustrated in Figures 10 and 11, respectively, for different
wind speeds. At r/R = 0.5, the boundary layer separation is delayed for configuration 1,
and the flow is almost attached downstream of the slot for Us, = 13 m s~ ! (Figure 11). For
configuration 2, at the same location, the flow is well delayed except upstream of the slot
where we observe the appearance of a small vortex, not seen in configuration 1. On the
other hand, the control system eliminates the boundary layer separation at r/R = 0.6 for
the two configurations compared with the baseline. For Us, = 16 m s~ the control system
changes the flow behavior considerably at r/R = 0.5. However, the upstream vortex in
configuration 1 is smaller than in configuration 2. Atr/R = 0.6, the flow is well controlled
for both configurations compared to baseline.

As mentioned above, the separation position of the boundary layer is related to the
angle of attack, and the slot must be located just upstream of the separation point to have a
positive (optimal) effect. As the angle of attack varies with blade spanwise position and
the wind speed, using a single slot at the same location along the spanwise has a variable
effect, i.e., positive or negative, depending on the slot location and spanwise position.

According to Figure 12, the main observation is that the slot has no positive effect
when it is located in the middle of the separation zone, and the separation zone of the
boundary layer remains almost the same or even enlarged. It is because the fluid passing
through the slot does not have sufficient kinetic energy to re-energize the inner region of
the boundary layer. The effect is quite the opposite of the desired one. Vortices are observed
upstream of the slot for configuration 1, compared with configuration 2, for which no
control is applied at this location.
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Figure 10. Streamlines and velocity distributions for baseline configuration atr/R =0.5and r/R = 0.6
-1

for windspeeds Ue =13 m s 1 16ms1,and19ms

Figure 11. Streamlines and velocity distributions for configurations 1 and 2 compared to baseline at
r/R =0.5and r/R = 0.6 for windspeeds U, = 13m s~ and 16 m s~ 1.
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Figure 12. Comparative view of streamlines and velocity distributions for configurations 1 and 2 at
r/R=02and Ux =16 ms~ 1,

3.3.2. Two-Slots Control System Configurations

In this section, to improve the control system, we investigate the effect of adding a
second slot (Two-Slots (T-S) control system configuration) close to the leading-edge while
keeping the same characteristics of the first slot (S-S configuration). The second slot is
located at X = 10% of the chordwise with a converged section Y1/Y; = 2.6 and a slope
P = —70° (see Figure 13). The power increase for configurations 3 and 4 compared with

baseline are shown in Figure 14 for different wind speeds: Us =7 m s 1,10ms1,13ms 1,
16ms ! and 19 ms L.

Figure 13. Second slot geometric characteristics.
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Figure 14. Power increase for configurations 3 and 4 compared to baseline.
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Again, we observe a deterioration of the power output at Us, =7 m s~ 1. The second
slot leads to a significant decrease in power by —65.25% and —74.39% for configurations 3
and 4, respectively, compared with the baseline. We observe a slight power increase of
approximately 2.35% for both configurations at 10 m s~! wind speed. The increase is
more significant for Us, = 13 m s~! at approximately 23%. Noticeably, the power increases
significantly as the wind speed increases, as seen for Us, = 16 ms~! and Us =19 m s~ 1.
The highest increase is observed at Us, = 19 m s, at 62.60% for configuration 3 and 63.38%
for configuration 4.

To determine the best configuration, we compare the streamlines and the velocity
distribution of S-S and T-S configurations at Us = 19 m s~ wind speed (Figure 15) for
two different planes r/R = 0.5 and 0.6. The main observation is the positive effect of
adding the second slot. The flow behavior is considerably improved compared with S-S
configurations and the baseline. At r/R = 0.5, the separation zone of the S-S configuration is
more significant than for the T-S configuration. As a result, the downstream boundary layer
separation (downstream relative to the slot location X2 = 30%) for the T-S configuration is
delayed. For configuration 4, the upstream vortices completely disappear compared with
the S-S configuration. Atr/R = 0.6 plane, the separation is eliminated. The T-S configuration
has proven its ability to improve the control system compared with the baseline and the
S-S configuration.

Figure 15. Streamlines and velocity distributions for configurations 1 to 4 compared to baseline at
r/R =0.5and r/R = 0.6 for wind speed U = 19 m s~ 1.

Knowing that the kinetic energy in the region of the favorable pressure gradient is
dissipated by internal viscous friction, it becomes insufficient to overcome too much strong
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overpressure, which leads to the boundary layer separation [56]. The role of the slot is

then to re-energize the dead fluid zone where the particles” movement near the wall is

slowed down or even possibly stopped. However, the separation zone still exists, even

with improved aerodynamic performance for the S-S configuration (see Figure 16). The size

of the separation zone depends on the blade section and the wind speed (angle of attack).

The reasons for boundary layer separation even with the S-S control system are:

(i)  The fluid passing through the slot does not have sufficient kinetic energy to re-energize
the dead fluid zone;

(ii) The location of the slot in the middle of the separation zone and the upstream vortex
(relative to the slot location X2 = 30%) affects the downstream flow (main flow).

Config.2 Config.4

Figure 16. Zoom view on velocity distributions for configurations 2 and 4 at r/R = 0.5 for Uco = 19 m s .

Figures 16 and 17 show that the upstream vortex is almost eliminated by adding the
first slot at the leading edge. In addition, this leading-edge slot has a positive effect even
downstream of the second slot by keeping the boundary layer attached.
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Figure 17. The distribution of the relative velocity derivative in the normal direction to the upper

side of the blade for S-S, T-S, and baseline configurations, r/R = 0.5 and wind-speed Us = 19 m s~ 1.

This section compares the boundary layer separation for the four configurations (two
5-S and two T-S configurations) with the baseline. We used the derivative in the direction
normal to the wall of the relative flow velocity on the blade in the x-direction as a criterion
to detect separation. If this derivative is positive, the boundary layer is attached. If it is
negative, the boundary layer is detached. Figure 17 illustrates this derivative’s distribution
on the blade’s upper side at r/R = 0.5 and wind-speed U = 19 m s~ 1. The negative values
below the reference line represent separated flow, while positive values above the reference
line represent the attached flow.
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At 0 < x/c < 0.3, the flow is completely detached for configurations 1 and 2. The
difference in static pressure between the lower and upper sides of the blade leads to an
acceleration of the flow through the slot, which will renew the exhausted fluid layers from
the friction effect and the strong pressure gradient. Consequently, the downstream flow is
reattached to the wall. However, the main flow remains attached only over a distance of
x/c=0.41t0 0.5 and x/c = 0.4 at 0.75 for configurations 1 and 2, respectively. After that, the
boundary layer separates again as the energization of the boundary layer is insufficient to
counter the friction effects and adverse pressure gradient.

When adding a slot near the leading edge (configurations 3 and 4), we noticed a
positive value of the relative velocity derivative (Figure 17) in the zone between the two
slots (0.1 < x/c < 0.2). The leading edge slot also affects the flow downstream of the
downstream slot, where we observe that the main flow remains attached over the entire
upper surface. It means that the first slot (X = 10%) is well-positioned with respect to the
separation line, which gives positive values upstream of the downstream slot (X = 30%).
As the first slot (X = 10%) is insulfficient to re-energize the main flow to remain attached to
the entire upper surface (Figure 18), the second, downstream, is essential to accelerate the
flow and strengthen the boundary layer attachment.
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. slot: X=10%
3.00x10°%
2.50x10"
2.00x10%%
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.
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Figure 18. The distribution of the relative velocity derivative in the normal direction to the upper
side of the blade for S-S configuration, r/R = 0.5 and wind-speed U, = 19 m s~ 1.

In general, the configurations with a single slot, whatever the position, show lower
performance than those with two slots, for which the flow remains attached over most of
the upper side of the blade.

4. Conclusions

The current work consists of a 3-D CFD modeling of a rotating blade equipped with
different flow control systems: single-slot (S5-S) and two-slots (T-S). The computation
provides a better understanding of the influence of these flow control devices on the
performance of wind turbine blades. The results are helpful for the development of a
new generation of wind turbine blades. Several issues have been addressed, including the
control of boundary layer separation and the rotation effect with the control system. The
results of the calculations were entirely satisfactory, and, in our opinion, they can represent
a sound basis for future work in the wind turbine field. The most significant results are
summarized below.

The capacity of the CFD-RANS method for calculating aerodynamic performance
and loads on wind turbine blades has been demonstrated. While the agreement with the
experimental data was better for the attached flow and close to the nominal conditions,
the tool is suitable for designing blades equipped with control systems. In addition, the
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turbulence model k-w SST with the advanced wall modeling approach used in this work
has given good results even at relatively high angles of attack.

The presence of the slot has shown its ability to delay the boundary layer separation in
the 3-D flow of the rotary blade. However, the improvement in aerodynamic performance has
been proven only for medium and high wind speeds (10 m s1< Uc), when the boundary
layer is generally separated. Low wind speed (low angle of attack) makes it not effective to
use slots for flow control (which is the main limitation), as the wind turbine power output
is reduced. Therefore, it is necessary to design a blade with variable geometry that operates
with slots only at higher wind speed, i.e., angle of attack. This can be done with a system
opening or closing the slot according to wind speed. Indeed, at high angles of attack, the
slot will significantly increase the overall performance of the rotor and the energy efficiency
of wind turbines. The addition of a second slot near the leading edge further improves the
power output and the flow behavior compared with the single slot configuration.

We noticed that the control system has no positive effect on the inboard region of
the rotor due to the large separation on the entire upper surface. Therefore, we suggest
applying a hybrid approach using two different control methods:

(i) A first method (active or passive) for the inboard region of the rotor that does not
depend on the separation point of the boundary layer. In fact, in this region (up to
30 to 40% of the blade span), the separation begins from the leading edge. However,
applying a control method that must be located just upstream of the separation point
will not be effective in this case;

(i) A second control method with two slots is applied for the middle span and the
outboard region.
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Nomenclature

AoA Angle of Attack

SST Shear Stress Transport

RANS  Reynolds-averaged Navier-Stokes
CFD Computational Fluid Dynamics

R Diameter

Cp Pressure coefficient

LE Leading edge

TE Trailing edge

S.S Suction side
PS Pressure side
S-S Single slot
T-S Two slots

X Slot location
Y Slot width

P Slot slope

Rc Coanda radius
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