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The global push toward clean energy has intensified the search for efficient, innovative technologies to harness
renewable resources. Small-scale horizontal-axis wind turbines (HAWTSs) offer a promising solution to meet
growing urban energy demands with minimal environmental impact. This computational study investigates the

:izt aerodynamic and aeroacoustic effects of two passive flow separation control techniques, slat and slot, applied to
FW-H the blades of a small-scale HAWT. Using the NREL S809 Phase II rotor as a benchmark, simulations are conducted
Aeroacoustics using the steady Moving Reference Frame (MRF) and the unsteady Sliding Mesh Motion (SMM) approaches. The

k-0 SST turbulence model is validated against experimental data for multiple inflow conditions. The results
demonstrate that flow separation is significantly mitigated by both control methods, particularly at higher wind
speeds and at specific locations along the blade span. Quantitatively, the slat and slot configurations yield power
output increases of 8.74 % and 21.07 %, respectively, compared to the baseline case. However, aeroacoustic
analysis reveals that the slot introduces a sound pressure level (SPL) increase of up to 20 dB near 1 kHz, while
providing a more balanced performance in terms of noise and energy gain. These findings highlight the slot
configuration as a particularly effective solution for enhancing aerodynamic efficiency, while the slat provides a
more balanced aeroacoustic profile. The choice between them involves a trade-off between maximum power gain
and noise-control requirements in small-scale wind energy systems.

1. Introduction

Small-scale horizontal-axis wind turbines (HAWTSs) are expected to
play a growing role in the global clean energy transition, particularly in
decentralized and urban energy systems. These turbines are cost-
effective, scalable solutions that can serve as backup power sources
during outages and be adapted to varying energy demands [20]. As
global energy demand rises and reliance on fossil fuels becomes
increasingly unsustainable, wind energy emerges as a mature and viable
renewable energy option. According to the World Wind Energy Associ-
ation [44], wind power contributed up to 10 % of global electricity
production in 2023, with a 12.5 % increase in installed capacity
compared to the previous year. This trend reflects a strong and ongoing
push toward larger wind farms and increasing deployment of small-scale
HAWTSs, particularly in urban and remote areas where grid expansion is
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challenging.

Enhancing the aerodynamic efficiency of wind turbine blades re-
mains one of the most effective strategies for improving wind energy
conversion. Flow separation on the blade surface, particularly at high
angles of attack or under unsteady conditions, can lead to performance
losses and increased acoustic emissions. These aerodynamic penalties
reduce power output and contribute to noise pollution, a significant
concern in urban and suburban installations, potentially hindering
public acceptance of wind turbines. Thus, power improvement, flow
stability through control methods, and noise reduction are fundamental
prerequisites for the future expansion of small-scale wind turbines in
urban areas.

The NREL S809 Phase II rotor has been extensively studied in both
experimental and numerical contexts, serving as a valuable benchmark
for exploring flow behavior and control techniques. Foundational
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experimental data were provided by Butterfield et al. Butterfield et al.,
[7], and unsteady RANS simulations were conducted using in-house
solvers to examine the effects of turbulence and loading [34]. [13]
further extended this work by considering nacelle and tower effects,
aiming to validate turbulence models for capturing rotor aerodynamics.
A hybrid CFD/BEM approach was proposed by Esfahanian et al. Esfa-
hanian et al., [14] to estimate normal and tangential loads based on 2D
sectional lift and drag coefficients. Other studies, such as those of Ali
etal. Ali et al., [2], explored morphing trailing edges to enhance power
output, while Mostafa et al. Mostafa et al., [29] numerically evaluated
the effect of micro-cylinders at the leading edge for separation delay
using the k-0 SST model.

Flow separation remains a critical challenge in wind turbine aero-
dynamics. High lift and low drag are achieved when the airflow adheres
to the blade surface [8]. However, adverse pressure gradients near the
trailing edge of the suction side can lead to boundary-layer separation,
particularly at higher local spanwise angles of attack, resulting in a loss
of lift and increased drag. This results in reverse-flow regions and
boundary-layer thickening, especially under turbulent or high-load
conditions [12].

To mitigate separation and improve performance, passive flow
control methods have attracted significant interest due to their energy
efficiency and ease of integration. In recent studies, slats and slots,
designed to energize the boundary layer and delay flow separation, have
been applied to S809 airfoils. Bouterra et al. Bouterra et al., [5] iden-
tified optimal slat geometries for separation control and subsequently
investigated their aeroacoustic implications for the S809 Phase VI blade
using the permeable Ffowcs Williams-Hawkings (FW-H) analogy [43].
Similarly, Belamadi et al. Belamadi et al., [4] assessed the aerodynamic
performance of single and double-slot configurations on the S809 Phase
II rotor. Despite these advances, the combined aerodynamic and aero-
acoustic effects of passive control devices on the S809 Phase II rotor
remain insufficiently explored in the literature, particularly under
realistic, unsteady flow conditions.

Flow control devices are commonly used to enhance the aero-
dynamic efficiency and power output of wind turbines by reducing flow
separation on the blades’ suction surfaces. However, their acoustic
impact is also critical, especially considering international noise regu-
lations and the need for public acceptance of wind turbines, particularly
in urban or suburban areas.

According to Brooks and Schlinker [6], aeroacoustic sources can be
broadly classified into two categories: inflow noise, generated by the
interaction between the atmospheric boundary layer and the rotating
blades, and airfoil self-noise, which originates from turbulence and
boundary-layer dynamics over the blade surface. Consequently, the
aerodynamic behavior of the blades is intrinsically linked to the tur-
bine’s overall acoustic emission.

The current study focuses on airfoil self-noise, which is directly
influenced by the application of flow control devices. The main mech-
anisms of self-noise generation include:

o Trailing edge noise: caused by the interaction between the turbulent
boundary layer and the airfoil’s trailing edge.

e Separation noise: induced by unsteady eddies forming in detached
flow regions, which alter surface loading distributions [19].

e Tip vortex noise: This noise originates from the pressure differential
between the suction and pressure sides at the blade tip, creating
strong trailing vortices [31].

Cho et al.’s experimental measurements on a 12 % NREL Phase VI
rotor blade with an S809 profile [11] confirmed that noise generation is
particularly pronounced near the blade tip and increases with fre-
quency, especially under stalled-flow conditions. Unlike the
three-bladed, constant-pitch Phase II rotor, the Phase VI configuration
features two tapered and twisted blades, leading to distinct aerodynamic
and acoustic behaviors.
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In computational aeroacoustics, hybrid methods are often used that
decouple the generation and propagation of sound [40]. Near-field
aerodynamic data are obtained through unsteady simulations, and the
far-field sound is predicted using acoustic-analogy-based models, most
notably the Ffowcs Williams-Hawkings (FW-H) equation [43]. In the
solid-surface formulation, acoustic sources—such as monopoles and
dipoles—are captured via surface integration over a moving control
surface coinciding with the blade geometry [38,42].

The FW-H method has been widely adopted for aeroacoustic analysis
in various fields, including jet noise, aircraft noise [9], helicopter rotors
[24], and wind turbines operating at low Mach numbers for incom-
pressible flow field simulation [27,35,37,41]. Its effectiveness depends
on accurately capturing the unsteady flow field, particularly in rota-
tional and turbulent regions responsible for aerodynamic noise. Another
FW-H formulation uses a porous surface that encapsulates the rotating
blade and captures noise sources. Size and location of the porous surface
are essential, and misuse can lead to spurious results. The solid surface
was chosen in this study due to its simplicity and its relatively low
computational cost compared to the porous surface formulation.
Full-scale unsteady simulations, however, are computationally inten-
sive. Consequently, steady RANS-FW-H simulations have been used to
compromise aeroacoustic prediction in wind turbine applications.

Two main numerical strategies are generally employed in wind tur-
bine simulations:

e The Multiple Reference Frame (MRF) approach offers a steady-state
solution with lower computational cost.

e The Sliding Mesh Motion (SMM) technique offers a more accurate
solution for unsteady flows by resolving rotor-wake interactions and
turbulence dynamics; however, it is significantly more computa-
tionally expensive [20].

Although previous studies [23,36,10] have demonstrated SMM’s
capabilities for wind turbine analysis, its use remains limited due to its
high cost. Nevertheless, SMM is better suited to capturing the unsteady
flow structures responsible for aerodynamic noise, particularly when
evaluating the impact of flow control strategies.

Despite extensive research on flow control strategies for wind turbine
blades, most studies focus on 2D profiles or limited spanwise sections,
often neglecting the full 3D aerodynamic and aeroacoustic implications
of implementing passive devices such as slats and slots. Additionally,
while the aerodynamic performance improvements of these devices
have been documented, their influence on far-field noise generation,
particularly in unsteady rotating environments, remains insufficiently
explored. Furthermore, the comparative assessment of steady (MRF) and
unsteady (SMM) approaches for modeling full-rotor performance under
flow-control scenarios remains underdeveloped in the literature. This
study addresses these gaps by performing a comprehensive 3D compu-
tational analysis of the NREL S809 Phase II rotor blade with integrated
slat and slot control devices. We use MRF and SMM techniques to
investigate the aerodynamic impact and noise emissions under realistic
operational conditions. A novel contribution of this work is the aero-
acoustic characterization of these control methods using the FW-H
analogy, which provides insights into the trade-offs between aero-
dynamic gains and noise penalties and offers valuable guidance for
future low-noise wind turbine blade designs.

The paper is organized as follows. Section 2 outlines the numerical
and acoustic methodology, including mesh generation and model pa-
rameters. Section 3 presents the MRF-based aerodynamic performance
results, followed by transient SMM simulations, flow visualization, and
acoustic analysis. Section 4 concludes the study with key findings and
perspectives for future work.
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2. Methodology
2.1. Turbine description

The NREL S809 Phase II rotor, developed by the National Renewable
Energy Laboratory, serves as the benchmark model for this study, which
investigates the aerodynamic and aeroacoustic effects of two passive
flow separation control devices. This small, downwind, three-bladed
horizontal-axis wind turbine (HAWT) features a rotor radius of
5.029 m, as illustrated in Fig. 1. The turbine employs the S809 airfoil
profile along most of the blade span. The tower is omitted from this
study, which is a limitation as it excludes potential aerodynamic and
aeroacoustic installation effects. Its influence will be considered in
future higher-fidelity studies, as the focus lies on the aerodynamic per-
formance and flow behavior modifications induced by the passive con-
trol methods. The Phase Il rotor is characterized by a uniform geometry,
with no spanwise twist or taper and a constant chord length of 0.4572 m.
The blade uses the NREL S809 profile from 30 % span outward. In
comparison, the root region (14.4-30 % span) features a gradual
reduction in relative thickness, decreasing linearly from 43 % to 20.95 %
chord thickness ratio (t/c) and remaining constant beyond that point [4,
7]. Experimental rotor tests were conducted at a rotational speed of
71.68 rpm and a fixed pitch angle of 12°, operating in stall-controlled
mode at constant rotational speed [7].

2.2. Control methods definition

Two previously validated flow-separation control techniques,
developed through detailed two-dimensional parametric studies, are
implemented in the active span region of the NREL Phase II rotor. The
key geometric parameters for each method, illustrated in Fig. 2 and
summarized in Table 1, correspond to the optimal configurations for
each method. The first method employs a slat based on a symmetric
E297 airfoil with 0° camber, as validated by Bouterra et al. Bouterra
et al., [5]. The second method uses a slot configuration inspired by the
work of Riyadh et al. Riyadh et al., [33], which was later enhanced by
integrating a leading-edge micro-cylinder and positioning the slot exit at
30 % of the airfoil chord.

This study examines the three-dimensional effects of these passive
control strategies on the flow topology over the wind turbine blade,
providing a quantitative assessment of power output improvements and
the suppression of flow separation. Both steady-state and transient
rotational conditions are considered to evaluate aerodynamic perfor-
mance. Furthermore, the aeroacoustic implications of these three-

Fig. 1. NREL S809 Phase II rotor.
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dimensional control configurations are analyzed by extracting un-
steady acoustic pressure data and comparing the results to the baseline
(uncontrolled) case.

2.3. Turbulence model

2.3.1. Steady-state simulation

The turbulence model employed in this study is the Reynolds-
Averaged Navier-Stokes (RANS) k-o Shear Stress Transport (SST)
model, assuming incompressible, three-dimensional, steady-state flow.
This model was selected for its proven ability to accurately resolve
turbulent flows in the presence of adverse pressure gradients and
boundary-layer separation, key characteristics of wind turbine aero-
dynamics. The NREL Phase II rotor has been extensively studied using
the k-0 SST model, with previous research confirming its reliability in
capturing flow separation and delivering accurate predictions of aero-
dynamic parameters [2,4,14,29,34].

Initially developed by Menter [25], the k-® SST model combines the
strengths of the k-@ formulation near the wall with those of the k—¢
model in the free shear layers via a blending function, thereby
improving accuracy in transitional and separated flows. Muiruri et al.
Muiruri et al., [30] further demonstrated that the k- SST model out-
performs other RANS models, including the k-g, k—¢ RNG, and Spa-
lart-Allmaras models, in predicting aerodynamic torque and pressure
distributions on wind turbine blades. It incorporated a blending function
to combine the advantages of the k-o and k-¢ models in the near-wall
region and the free shear layer, respectively.

2.4. Grid topology, boundary conditions, and computational approach

2.4.1. Steady-state moving reference frame (MRF)

A multi-block structured mesh was developed for the MRF formu-
lation, as illustrated in Fig. 3. The blade and hub are enclosed within a
rotating circular block of thickness 0.2 R and radius 1.4 R. Surrounding
this, a static outer block extends 2 R upstream and 10 R downstream,
with a radial extent of 3 R. Periodic boundary conditions are applied at
the lateral edges of the 120° coaxial domain, enabling the simulation of
a single blade and thereby reducing computational costs. The MRF
approach reformulates a transient rotating problem into a steady-state
one by incorporating additional acceleration terms to account for dif-
ferences between relative and absolute reference frames. This method is
particularly advantageous for providing initial conditions in subsequent
transient simulations using the Sliding Mesh (SMM) approach in Ansys
Fluent software [3].

A C-type mesh topology is used around the blade profile to capture its
complex curvature and ensure high-quality mesh resolution. Mesh
refinement is concentrated in critical regions, including the interface
between rotating and stationary domains, the blade tip, and the transi-
tional root region (Ax = 0.005 m), as well as the leading and trailing
edges (Ax=0.0002m) and in the downstream wake region
(Ax = 0.0005 m). This localized refinement improves numerical accu-
racy and enhances solution stability.

Boundary conditions are as follows: a velocity inlet is prescribed at
the upstream boundary, and a pressure outlet at the downstream ex-
tremity. The blade surfaces and the hub are treated as no-slip walls,
while the bottom boundary of the static domain is assigned a slip con-
dition. A symmetry condition is imposed at the upper boundary of the
one-third cylindrical domain.

Fig. 4 presents the three-dimensional implementation of the two
passive flow control devices applied to the NREL S809 Phase II rotor
blade: the slot (Fig. 4a) and the slat (Fig. 4b). Both configurations were
previously validated through extensive two-dimensional parametric
studies and are here adapted and extruded along the active spanwise
region of the blade for full 3D simulation. The slot configuration is in-
tegrated into the blade’s leading edge, with its exit located at 30 % of the
airfoil chord on the suction side, following the design guidelines
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(a)

(b

Fig. 2. Geometric parameters for (a) slat and (b) slot configurations.

Table 1
Definition of slot & slat geometric parameters relative to the main element.

SLOT SLAT

X: slot Y1/Y2: y: slot Rp: pressure rt: slot trailing Rc: Coanda X: horizontal TE ~ ¢/C: chord  Y: horizontal TE B: inclination

location Entrance-Exit slope surface radius edge radius radius position length position (% of airfoil angle (°)

ratio (% of airfoil chord)
chord)
30 % 3 -60° 100 mm 1 mm Not defined 3 0.05 4 20

proposed by Riyadh et al. Riyadh et al., [33]. The slat configuration
involves placing a secondary symmetric airfoil (E297 profile) at a for-
ward offset from the blade’s leading edge, creating a high-velocity
passage that energizes the boundary layer and delays flow separation.
The geometries are integrated into the blade design to maintain struc-
tural continuity and ensure compatible meshing and numerical simu-
lation requirements.

Fig. 5 illustrates the distribution of the non-dimensional wall dis-
tance parameter y* over the blade surface at various spanwise locations,
denoted by the radial ratio r/R. This parameter is crucial for assessing
near-wall mesh resolution, particularly in simulations using the RANS
approach with the k- SST turbulence model. For accurate resolution of
boundary-layer and flow-separation phenomena, it is essential to
maintain y* values within an acceptable range, typically y* <1, to
ensure that the first grid point lies within the viscous sublayer. As shown
in the figure, y* values remain below 1 across most of the blade surface,
and only a negligible number of cells fall outside this range, confirming
the mesh’s reliability in capturing key aerodynamic features, including
flow separation and reattachment zones critical to the analysis of passive
flow control performance.

2.4.2. Sliding Mesh Motion (SMM)

The mesh topology described in the MRF setup is retained for the
unsteady simulations using the Sliding Mesh Motion (SMM) approach.
SMM provides a time-accurate method for simulating unsteady rotating
flows by physically rotating the inner cylindrical block relative to the
stationary outer domain. Unlike the MRF method, which uses a steady-
state approximation, SMM captures the rotor’s transient behavior by
allowing the mesh within the rotating zone to move incrementally at
each time step. The rotating and stationary domains are connected
through conformal mesh interfaces, which are treated numerically as
internal boundaries where flow variables are interpolated across the
moving surfaces.

Although SMM is computationally more demanding, it provides
greater accuracy in modeling rotor-wake interactions and unsteady
vortex shedding [32]. All wall boundaries within the rotating zone move
synchronously at a prescribed angular velocity. The time step selection
is critical in SMM simulations, as it must be smaller than the

characteristic time for the fluid to traverse the smallest mesh element to
ensure numerical stability and accuracy.

2.4.3. Solver settings

A pressure-based solver was employed for both steady-state and
transient simulations, utilizing the SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) algorithm for pressure-velocity coupling. A
second-order scheme was applied for pressure discretization, while
second-order upwind schemes were used for both momentum and tur-
bulence quantities. Spatial gradients were calculated using a least-
squares cell-based method. Under-relaxation factors were slightly
reduced to enhance solution stability and promote convergence. The
simulation utilized air properties to replicate experimental conditions at
19.1°C, with a density of p = 0.956 kg/m® and a dynamic viscosity of
=1.7894 x 107° Pa-s. A low turbulence intensity of 1 % was prescribed
at the inlet. The rotational speed is 71.68 rpm, and the pitch angle is 12°.

Convergence was considered achieved when scaled residuals fell
below 107°. For transient calculations, a second-order implicit time-
stepping scheme was employed, with a time step of 0.0006 s, as rec-
ommended by Sorensen and Michelsen [34]. This time step corresponds
to a blade rotation of 0.0036° per iteration, and the total simulated
duration covered approximately three and a half full rotor revolutions
(T ~ 2.95 ).

The blade was initially positioned at the midpoint between the two
lateral mesh interfaces in the SMM configuration. To mitigate numerical
instability observed in preliminary tests, especially near the blade tip,
where curvature gradients and mesh distortion are more pronounced,
the upper mesh interface was deliberately offset by 0.4 R vertically
above the blade tip. This adjustment ensured smoother mesh motion
during rotation and helped prevent divergence caused by excessive
sliding-induced shear at the tip.

2.5. Ffowcs-Williams &Hawkings

The fundamental formulation for aerodynamic sound prediction was
first introduced by Lighthill [22], who attributed the generation of
aerodynamic noise to the inherent unsteady flow structures and in-
stabilities in the fluid. The associated acoustic wave equation is
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Fig. 3. Computational domain & mesh details: (a) Full domain boundary conditions, (b) Rotating block BC, (c) Rotating block mesh, (d) Blade mesh, (e) Full
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expressed as:

10 _,, 0T
o o0

The right-hand side of this equation describes the wave operator
applied to the pressure perturbation p'= cZ(p-po), and Tj= pujuj+ Py-
cﬁ(p—po)éij, where puju;j are convection forces represented by the Rey-
nolds stresses, Py is the viscous stress tensor, ¢y is the sound speed, and
represents the speed at which disturbances travel in the flow.

To account for the sound generated by moving solid bodies, such as
rotating wind turbine blades, the (FW-H) equation was developed [43].
This extension introduces generalized functions, specifically the Heav-
iside function H(f), and captures the acoustic influence of moving solid
surface bodies as sound sources. It is derived by manipulating the con-
tinuity and momentum equations into an inhomogeneous wave equation
[15]. In the acoustic medium, the identification of the blade’s solid
surface (non-penetrating condition) and its motion is achieved by using
a function f (x, t) that satisfies f(x,t) = 0 at the surface, f < 0 inside the
surface, and f > 0 outside the surface. The blade surface is equivalent to
the acoustic source surface (wall boundary condition). The differential
FW-H equation valid both inside and outside of f is obtained using the

Heaviside function: H(f) :{é if {gzg, and Dirac’s delta function
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®)

Fig. 4. Slot (a) and slat (b) layout for S809 phase II rotor blade.

defined by: (0 5(f)— { ®if { : g toyield;

1 0% 5, O 0 &
2w VP =5 (Povn)8(f) ] T [Lo()] +W0xj [T;H(E) ],

This equation describes the propagation of sound by three discern-
ible sources:

e The first term on the right represents a monopole source and is
defined as a mass flow rate time derivative, v, is the surface ve-
locity in the outward direction.

e The second term contains the local force vector, li:p'ijni, and repre-

sents the sound source produced by viscous stresses and the aero-

dynamic pressure exerted by the surface on the fluid [39]. n; is the
outward surface normal unit vector. It is characterized as a dipole
source term due to the surface-over-fluid effect.

The last term contains H(f) which is valid outside f. Therefore, it

represents a volume source or quadrupoles and is mainly due to

turbulence.

The surface and volume sources integration in the above equation is
carried out utilizing Green’s function:

X . 0 ojT>t v
G(x,t,y;c)—{é(g)/‘mr1f{r§t,g—r—t+r/co,r_|x v |

The resolution of the classical formulation of the FW-H equation
allows for the estimation of the emitted source sound (coordinate: y at
time: 1) perceived by a receiver at coordinate: x at time: t. At low Mach
number, the contribution of volume source (Lighthill’s tensor) is
considered negligible compared to both surface terms [16]. Thus, the
acoustic pressure has two components p'=p(x,t)+p; (x,t), py and p; are
the thickness and loading noise respectively:

/ Po(Vn +Va)
4npr(x,t) = & === dS
imo=sf [l
&+ / PoVa (TMiT; + oM, ; coM?) ds

0 P1-M,) y

1 Lir;
dap (e, t) =& — [ |—T | ds
(%) CoJi-0 |:r(1 M,)Z]m

+ / b oM 5| ds
=0 r2(1 - M') ret
N 1 L. (rMir; + coM, 73COM2) ds
Fu-mP o,

CoJt=0

In this study, aeroacoustic predictions using the FW-H acoustic
analogy are performed during the final full rotation of the unsteady
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SMM simulation, once the flow field is fully developed and stabilized.
The no-slip wall surfaces of the blade, especially the tip and suction side,
serve as primary acoustic source surfaces in the baseline configuration.

For the controlled configurations, the internal surfaces of the slat and
slot flow control devices are also included as acoustic source
contributors.

Acoustic pressure data from these surfaces is post-processed using
the Fast Fourier Transform (FFT) to obtain frequency-domain sound
pressure levels (SPLs) at designated receiver locations. To avoid re-
flections, the domain was larger than the minimum required for the
sound source, which was placed one wavelength away from the domain
boundaries. Before the FFT, the unsteady pressure signals were detren-
ded and multiplied by a Hanning window to reduce spectral leakage,
and then the SPL spectra were computed.

To evaluate the directivity of the acoustic emission, 36 equally
spaced receivers are positioned circumferentially around the rotor at
ground level, forming a circular arc at a radius equal to the blade length
(Fig. 6a). The receiver distance complies with the IEC 61400-11 stan-
dard, placing the far-field sensors at a horizontal distance of H + D/2
from the rotor center (where H is the hub height and D is the rotor
diameter). This setup enables quantification of directivity and SPL
variation around the turbine for each configuration.

3. Results and discussion

In this section, the results obtained from the steady-state MRF sim-
ulations are validated against available experimental data and previous
numerical studies. To assess the aerodynamic performance and the ef-
fect of the passive control methods, three uniform inflow velocities, U
=7m/s, 13m/s, and 19 m/s, are imposed at the domain inlet. The
aerodynamic coefficients and power output are analyzed for both the
baseline and controlled configurations.

In addition to steady-state validation, the reliability of the unsteady
SMM approach is confirmed through torque predictions, which are
compared with benchmark values to assess the accuracy of the transient
aerodynamic simulations.

Moreover, the aeroacoustic behavior of the turbine is evaluated
across all configurations using the FW-H acoustic analogy, with special
attention to the impact of control methods on far-field noise emissions.
Although aeroacoustic experimental data for the NREL S809 Phase II
rotor are not publicly available, limiting the direct validation of noise
predictions, the aerodynamic validation methodology adopted in this
study follows established practices used in similar investigations, such as
those of [21,28,41].

8809 PHASE 11

Receiver

Ground level

= =
H+D/2

(@)
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3.1. Mesh independence

In this section, the simulation results’ independence from the grid
size is assessed by comparing experimental power values. Table 2
summarizes the key parameters used for mesh sensitivity analysis (the
error percentage is defined as the relative deviation of the computed
power from the corresponding experimental measurement at each wind
speed), focusing on their influence on computed power output and the
associated relative error compared to experimental measurements. The
mesh independence study was conducted for the baseline blade
configuration under three uniform inflow velocities: 7 m/s, 13 m/s, and
19 m/s. The analysis considered variations in the first cell height adja-
cent to the wall and in the number of chordwise and spanwise elements
across four mesh densities (G1 to G4).

Results indicate that mesh parameters significantly affect predicted
power values. At 7 m/s, all four mesh configurations yielded relatively
similar power errors, with G4 exhibiting the lowest deviation from
experimental data. While G1 produced the smallest error at 19 m/s, it
notably overpredicted power at 13 m/s, a critical velocity for the onset
of separation. In contrast, G2, G3, and G4 demonstrated consistent and
more accurate results across all wind speeds.

Based on this consistency and better convergence of the deviation
between experiment and simulation at 13 m/s, G4 was selected as the
optimal mesh for all subsequent simulations. A growth factor of 1.1 was
applied, and the resulting y* distribution, presented in Fig. 5, shows
values close to unity, aligning with recommended practices for the k-o
SST turbulence model and providing an accurate resolution of the
viscous sublayer [26].

It is important to note that the same mesh generation methodology
was extended to the slat and slot configurations to ensure compatibility
with the validated baseline grid. Specifically, 40 chordwise elements
were used on both the pressure and suction surfaces, as well as on the
inner walls of the slot geometry, to maintain high resolution near critical
flow features. Discrepancies between experimental and numerical re-
sults are further discussed in Section 3.2. The number of chordwise cells
near the interface (stationary/moving block) per minimum wavelength
of interest corresponding to 1 kHz is around 40.

3.2. Model validation

To validate the steady-state numerical model, pressure coefficient Cp
distributions were compared against experimental data obtained from
the well-documented campaign by Butterfield et al. Butterfield et al.,
[7]. Pressure tap measurements were taken at four spanwise stations
along the blade, r/R = 0.30, 0.47, 0.63, and 0.80, for three steady-state
inflow speeds (U = 7 m/s, 13 m/s, and 19 m/s). In addition, numerical

L.

=
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(b)

Fig. 6. Acoustic receivers layout: (a) SPL receiver, (b) Directivity receiver (top view).
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Table 2
Grid independence study.

European Journal of Mechanics / B Fluids 117 (2026) 204443

N° elements*10° Airfoil

Computed power (kW)

total grid Inner Outer Wall adjacent N° of chordwise
number domain domain cell (m) elements

Gl 1.7 0.8 0.9 0.002 90

G2 33 1.8 1.46 0.00002 140

G3 3.6 2.1 1.46 0.00002 80

G4 4 2.3 1.7 0.00001 140

N° of spanwise 7 m/ Error 13m/ Error 19m/ Error
elements s (%) s (%) s (%)
60 1.170 53,93 16.716 28,88 19.963 7,32
80 1.880 25,98 11.866 8,51 16.308 12,32
100 1.907 24,92 16.670 10,02 15.315 17,66
120 2.010 20,86 11.881 8,39 15.535 16,47

results from Sorensen & Michelsen [34] and Belamadi et al. Belamadi
et al., [4] were included for comparative purposes.

As shown in Figs. 7, 8, and 9, a relatively good agreement was ach-
ieved between the present simulation and both experimental and pre-
viously published numerical results at r/R = 0.47, 0.63, and 0.8. The
model accurately captured the pressure-coefficient trends on both the
suction and pressure sides at these stations for all three inflow speeds.

However, noticeable discrepancies emerged in the root region (r/R =
0.3), particularly on the suction side. While the pressure-side predictions
remained consistent with the experimental data, the suction-side pre-
dictions exhibited significant deviations, especially from the leading
edge to mid-chord. This divergence becomes more pronounced at higher
inflow speeds.

At U= 13 m/s, the deviation in predicted C, values increased to
approximately 71 % at r/R=0.30 and 40 % at r/R= 0.47, spanning
nearly the entire suction surface. This trend suggests a clear correlation
between rising wind speeds and the growth of flow separation, partic-
ularly in the near-root region where adverse pressure gradients are
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strongest, and the RANS model struggles to capture complex 3D sepa-
ration dynamics.

For r/R= 0.63 and 0.80, the simulation maintained good predictive
accuracy even at higher speeds, confirming the model’s reliability in
mid-span and near-tip regions (Fig. 8). At the highest tested wind speed,
U = 19 m/s, deviations became more pronounced across all four span-
wise stations, with the suction side again exhibiting the most significant
errors. At r/R= 0.30, the deviation reached up to 70 %, as shown in
Fig. 9. Overall, the spanwise C, distribution is explained by the effect of
separated flow under high angles of attack. The above results correlate
with the values in Table 2, as the discrepancies in power can be attrib-
uted to lift loss in spanwise portions of the blade. Belamadi et al. [4] and
Sorensen and Michelsen [34] similarly attributed C, discrepancies to
high local angle of attack, especially near the root region. The primary
difference lies in the use of in-house code, as noted by Sorensen and
Michelsen [34].

These results confirm that while the k-o SST RANS model performs
robustly in the mid-span and tip regions, it exhibits limitations in
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Fig. 7. Comparison of pressure coefficient distribution for spanwise stations r/R= 0.3, 0.47,0.63 & 0.8 at 7 m/s.
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Fig. 8. Comparison of pressure coefficient distribution for spanwise stations r/R= 0.3, 0.47,0.63 & 0.8 at 13 m/s.

capturing strong separation near the blade root, particularly under high
inflow conditions. This underscores the potential value of higher-fidelity
approaches (e.g., LES or hybrid RANS/LES) for future investigations
focused on near-root dynamics.

3.3. Aerodynamic and performance evaluation of control methods using
MRF

3.3.1. Velocity streamlines and pressure contours

For the slot and slat configurations, steady-state velocity streamlines
and pressure contours were examined and compared to the baseline
configuration to assess the aerodynamic effects of the two passive flow
control methods. These visualizations were generated at four spanwise
stations (r/R = 0.30, 0.47, 0.63, and 0.80) for three uniform inflow
velocities (7 m/s, 13 m/s, and 19 m/s), as shown in Figs. 10-12.

At the lowest inflow velocity (7 m/s) (Fig. 10), a pronounced sepa-
ration bubble develops over the suction side at r/R= 0.30 in the baseline
configuration, extending to nearly half the chord length. In contrast,
both the slot and slat configurations effectively suppress the separation
at this critical near-root location. This highlights the effectiveness of the
control devices in managing flow detachment at low speeds.

Notably, both control methods also modify the leading edge pressure
distribution. In the slot configuration, the low-pressure zone is elongated
downstream of the slot jet exit, driven by the accelerated, re-energized
flow. For the slat configuration, a strong low-pressure region forms on
the suction side of the slat itself, contributing to a more extensive low-
pressure area near the blade’s leading edge.

The flow remains essentially attached across all configurations for

the remaining spanwise stations (r/R = 0.47, 0.63, and 0.80). While
separation is not observed at these stations, the pressure contour to-
pologies differ significantly between cases. The slot configuration in-
troduces a distinct secondary low-pressure region at the slot jet exit,
particularly evident at higher inflow velocities. In the slat configuration,
for instance, at r/R = 0.47, a slightly deeper depression zone forms on
the suction side (resulting in a higher fluid velocity). The depression
zones tend to extend either chordwise along the blade surface or verti-
cally, perpendicular to the wall, depending on the spanwise location and
inflow speed.

These differences in streamline behavior and pressure field distri-
bution suggest that each control method alters local aerodynamic
behavior differently, with the slot acting more as a boundary-layer
energizer and the slat contributing to flow stabilization and lift
enhancement.

Flow separation becomes more prominent at an inflow velocity of
13 m/s (Fig. 11), especially in the baseline configuration. The stream-
lines detach from the leading edge and form a large recirculation zone
that extends over the entire blade chord at r/R= 0.30 and 0.47. When
the slot is introduced at r/R = 0.30, it disrupts the continuous separation
by splitting the large recirculation zone into two smaller, less intense
detached regions located fore and aft of the slot. Although separation
remains, the depression zone behind the slot is less severe than in the
baseline case, indicating partial suppression of adverse pressure
buildup.

In the slat configuration, while separation persists at r/R= 0.30, the
enhanced suction effect generated by the convected flow over the slat’s
surface amplifies the local low-pressure zone near the blade wall. At r/R
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Fig. 9. Comparison of pressure coefficient distribution for spanwise stations r/R= 0.3, 0.47,0.63 & 0.8 at 19 m/s.
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Fig. 10. Spanwise sections of streamline distribution and pressure contours comparison at U =7 m/s for the baseline (upper), slot (middle), and slat (lower)
configurations.
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/R=0.30 /R=0.47 /R=0.63 /R=0.80

Pressure [Pa] -800-600 -400 -200 0 200

Fig. 11. Spanwise sections of streamline distribution and pressure contours comparison at U = 13 m/s for the baseline (upper), slot (middle), and slat (lower)
configurations.
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Fig. 12. Spanwise sections of streamline distribution and pressure contours comparison at U = 19 m/s for baseline (upper), slot (middle), and slat (lower).

= 0.47, both control methods exhibit significant improvement. The mitigate separation by energizing the boundary layer.

streamlines over the baseline and the slat’s case are similar; however, we The flow is fully reattached at further spanwise positions (r/R = 0.63
noticed a slightly more significant zone of low pressure on the suction and 0.80), and both control methods increase the extent of low-pressure
side of the slatted case, meaning a higher fluid velocity. The slot zones on the suction side. These pressure contours suggest improved lift
configuration nearly eliminates separation behind the jet exit, leaving generation and boundary layer stability over the upper blade surface.
only a minor recirculation bubble near the leading edge. The flow re- At the highest inflow velocity of 19 m/s (Fig. 12), the baseline case
mains mostly attached in the slat case, aided by the high-velocity stream experiences severe separation, with flow completely detached from the

passing through the gap between the slat and the main blade. This helps surface and swept downstream at r/R=0.30 and 0.47. Under these
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extreme conditions, both control methods lose effectiveness. The slot
has a modest impact at r/R = 0.63, helping redirect the separated flow
toward the blade surface downstream of the jet exit. However, a recir-
culation zone remains near the trailing edge. The slat configuration is
less effective in this regime, with only minor modifications to the
suction-side pressure contours, indicating limited flow reattachment.

At r/R = 0.80, the baseline flow is reattached, and the slot and slat
primarily influence the leading-edge pressure distribution. The slot’s
converging geometry accelerates the jet flow, creating a localized low-
pressure zone at the exit. In contrast, the slat enhances flow accelera-
tion through the gap between its profile and the main blade, strength-
ening the suction effect and helping to oppose adverse pressure
gradients. These aerodynamic modifications enhance energy recovery in
regions where the flow remains marginally attached.

Additionally, the observed flow field is dictated by the variation of
the spanwise angle of attack, the wind’s relative velocity amplitude
changes, which induce a modification of the local Reynolds number. The
constant rpm and increase of the fluid spanwise velocity induce higher
Reynolds numbers and lower angles of attack towards the tip, resulting
in attached flow. Overall, the performance and flow control effective-
ness of both devices vary significantly with inflow velocity and spanwise
position. The slot demonstrates superior control at moderate speeds and
mid-span regions, while the slat primarily enhances suction effects near
the leading edge.

The development of vortical structures over the blade suction surface
for the baseline and controlled configurations at a velocity of 13 m/s is
illustrated in Fig. 13. In the baseline case, strong three-dimensional
separation vortices form between the blade root and mid-span, indi-
cating a large region of flow detachment. When the slot is introduced, it
effectively divides the separated flow into two distinct vortical struc-
tures, thereby reducing the extent of the separation zone in both
chordwise and spanwise directions. In contrast, the slat configuration
primarily reduces the chordwise size of the detached flow, although the
spanwise coverage still extends up to mid-span.

Velocity gradients along the blade suction surface are examined to
further investigate separation behavior. Negative velocity gradient
values indicate adverse pressure gradient effects and potential flow
reversal, typical signs of boundary layer separation. A comparative
analysis of chordwise velocity gradients at selected spanwise stations (r/
R=0.3, 0.47, and 0.63) is performed, as shown in Fig. 14, based on the
flow features previously observed in Figs. 10-12.

e Atr/R= 0.3, U =7 m/s (Fig. 14a): The baseline configuration shows
slightly negative velocity gradients near the leading edge, indicating
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Fig. 13. Distribution of velocity Streamline around the blade suction surface; (a) baseline, (b) slot, (c) slat for U= 13 m/s.

(b)
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the onset of mild separation. In contrast, both the slot and slat con-
figurations maintain attached flow for x/C < 0.2. The slot jet, in
particular, exhibits strong positive velocity gradients at the exit
location, reflecting an increase in fluid kinetic energy. Although
velocity gradients decrease along the chord due to adverse pressure
effects, they remain above the separation threshold, indicating
effective suppression of separation.

e Atr/R=0.47,U = 13 m/s (Fig. 14b): Flow separation is significantly
more pronounced. Both the baseline and slat cases show fully sepa-
rated flow across the entire chord. However, in the slot configura-
tion, although separation initiates before the slot, the energized jet at
the exit successfully reattaches the flow and maintains attachment
until the trailing edge, confirming the results from Fig. 11.

e At r/R=0.63, U = 19 m/s (Fig. 14c): For both baseline and slat
cases, velocity gradients remain negative throughout the chord,
indicating complete separation. The slot configuration, however,
sustains attached flow between x/C= 0.4 and x/C= 0.6, about 20 %
of the chord length, resulting from the slot jet’s energizing effect.
Beyond this region, the gradient again falls below the separation line,
suggesting the onset of a trailing recirculation bubble, as seen in
Fig. 12.

These results confirm that the slot configuration consistently out-
performs the slat in reattaching flow and reducing the size of the sepa-
rated region, especially under moderate inflow conditions. While
beneficial at lower speeds, the slat is less effective in high-separation
regimes.

3.3.2. Performance evaluation

Beyond the aerodynamic flow-control benefits discussed previously,
the influence of the slot and slat configurations on turbine power output
and thrust force is quantitatively assessed relative to the baseline rotor at
three inflow velocities (U = 7, 13, and 19 m/s) using the MRF method.
The results are presented in Fig. 15.

At a velocity of 7 m/s, both control methods exhibit a lower power
output than the baseline. The slot configuration yields a dramatic power
drop of —72 %, while the slat shows a modest decrease of —5.32 %. This
performance loss is primarily due to increased drag from both devices,
especially the slot, and to limited lift generation at low wind speeds. The
slat’s relatively better performance stems from its ability to generate
some lift enhancement across the span despite the added drag. Given
that the NREL S809 Phase II rotor is based on a lift-driven S809 airfoil,
the overall impact is directly proportional to the control method’s
aerodynamic efficiency and influence.
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At a velocity of 13 m/s, a notable shift occurs. The slot configuration
achieves a power gain of + 17.41 %, while the slat yields a + 6.34 %
increase. These gains align with the effective flow separation suppres-
sion observed in Fig. 11, particularly at the mid-span sections (e.g., r/R
= 0.47), where both devices successfully reattach the flow and enhance
the aerodynamic loading.

At a velocity of 19 m/s, the control methods deliver substantial
performance improvements. The slot configuration increases power
output by + 62.7 % and the slat by + 41.61 % compared to the baseline.
Although the steady-state flow visualizations in Fig. 12 show noticeable
regions of flow detachment across all configurations, the corresponding
power values provide a more sensitive and integrated measure of sep-
aration severity. The superior performance of the slot under high inflow
conditions confirms its enhanced ability to sustain overall flow attach-
ment and delay large-scale separation, primarily by improving attach-
ment at the rotor’s outer part, thereby generating higher lift and
improving the rotor’s global aerodynamic efficiency.

Fig. 15b presents the evolution of thrust force, a key indicator of the
axial force generated by pressure differences across the rotor. At 7 m/s,
the slot reduces thrust by —21.3 %, whereas the slat has a negligible
effect (+1.1 %), again reflecting their aerodynamic influence at low
Reynolds numbers. At 13 m/s, both control methods increase thrust by
+ 8.4 % for the slot and + 5.4 % for the slat. At 19 m/s, the increases are
+ 14.3 % and + 12.9 %, respectively.

These performance variations demonstrate how flow modifications
induced by the control methods affect sectional lift and drag, resulting in
significant changes in rotor torque and axial thrust. The slot configu-
ration proves more effective, particularly at higher speeds, due to its
localized momentum injection and efficient suppression of flow
detachment over critical sections of the blade span.

3.4. Unsteady SMM results

This section presents and discusses the results obtained from tran-
sient simulations using the SMM approach at an inflow velocity of U
= 13 m/s, comparing the aerodynamic performance of the baseline and
controlled cases (slot and slat configurations).

3.4.1. Validation of transient results

The SMM method is a time-accurate approach that resolves the dy-
namic interaction between rotating and stationary domains. Due to the
complex nature of the mesh interfaces and strict requirements for nu-
merical stability, model validation is essential.

To ensure the reliability of the transient simulation, the computed
average torque from the SMM simulation for the baseline case is
compared to the experimental data of Butterfield et al. [7] and numer-
ical results from Sorensen & Michelsen [34]. As shown in Fig. 16, the
time evolution of torque exhibits a clear periodic pattern after the initial
transient, which was initialized using the steady-state solution.

The mean torque predicted by the SMM model deviates only 2.50 %
and 5.87 % from the numerical and experimental values, respectively.
These errors fall within acceptable margins, confirming that the un-
steady simulation produces trustworthy and consistent results.

3.4.2. Performance evaluation

Following validation, the SMM method is applied to the slot and slat
configurations to evaluate their unsteady power generation perfor-
mance over 3.5 full rotor revolutions. The instantaneous mechanical
power generated by each blade is calculated as:

Pr=TQn

where Pris the power generated from the whole turbine, T is the torque
generated from one blade [N - m], 2 is the rotational velocity in [rad/s],
and n is the number of blades.

Fig. 17 shows the time evolution of the total mechanical power for
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Fig. 17. Comparison of unsteady mechanical power evolution generated by
baseline and controlled cases using SMM.

the baseline, slat, and slot configurations. After discarding the initial
transient peaks (due to the ramp-up from steady-state conditions), a
stable periodic power pattern is observed in all three cases.

The average power output was computed using values after 20,000
iterations, ensuring statistical convergence. The results reveal that:

o The baseline configuration produced an average power of 12.17 kW.

e The slat configuration increased average power output to 13.24 kW,
representing an improvement of + 8.74 %.

o The slot configuration yielded the highest average power, 14.74 kW,
corresponding to a 21.07 % performance gain over the baseline.

These results are consistent with the steady-state observations,
confirming the slot configuration’s superior separation control and
aerodynamic efficiency, especially under dynamic inflow conditions.
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3.4.3. Flow visualization

The Q-criterion introduced by Hunt et al. [18] is used to characterize
the development of vortical structures and turbulence features over the
rotor. This method identifies regions where the vorticity magnitude
exceeds the strain rate, indicating the presence of coherent vortex
structures. The Q-criterion is defined as:

_1 2 _ 2
Q=3[ Il - 1)

The formulation of the Q-criterion is based on the velocity gradients
of the stress tensor component %, and represents a balance between the
J

rotation rate Q and the strain rate S defined as the antisymmetric and
symmetric tensor components by:

Lfow ow] o 1fou oy
ox; oxi| T 2(6x  ox

T2

A positive value of Q identifies vortex-dominated regions, while
negative values correspond to strain-dominated flow.

Fig. 18 displays Q-criterion isosurfaces (Q = 0.5) colored by
instantaneous velocity magnitude, highlighting vortical structures in
both the near wake and over the suction side of the blade for the base-
line, slot, and slat configurations.

e Fig. 18a-c illustrate the whole rotor wake structure for the three
configurations.

e Fig. 18d-f provide a focused view of the blade suction side and tip
regions, where flow separation and tip vortices are most pronounced.

Baseline Case (Fig. 18a, d): The baseline configuration shows sig-
nificant turbulent activity, mainly originating from the blade root and
suction side. A significant separation region with multiple rolled-up
vortical layers is evident near the leading edge. These vortices extend
well into the rotor wake and cover over half the blade span, indicating
inefficient flow attachment and severe separation.

Slot Case (Fig. 18b, e): The slot configuration shows markedly
improved flow control. The extent of the separation region is signifi-
cantly reduced both chordwise and spanwise, especially near the blade
root. A clear high-velocity stream emerges from the slot exit, energizing
the boundary layer and delaying separation. The turbulent structures in
the wake are less intense and more organized, indicating improved
aerodynamic performance and reduced vortex-induced drag. Compared
to the baseline and slat cases, the slot suppresses leading-edge vortex
shedding and stabilizes the flow near the tip region.

Slat Case (Fig. 18c, f): The slat configuration induces similar vortex
shedding near the root, with additional turbulent structures convected
from the slat’s suction side. These structures merge with the main
blade’s flow, contributing to the transfer of kinetic energy but not
significantly reducing the spanwise extent of separation. The presence of
the slat alters the local velocity distribution, but detached eddies persist,
particularly in the mid-span and tip regions.

The Q-criterion analysis confirms that:

e The baseline blade suffers from severe separation and unsteady
vortex shedding.

e The slat modifies the pressure field but does not fully mitigate sep-
aration, especially at the root.

e The slot provides the most effective control by reducing turbulent
structures and energizing the boundary layer, enhancing aero-
dynamic stability and power extraction.

3.4.4. Skin friction and strain rate distribution

Skin friction is a key indicator of boundary-layer behavior and is vital
for identifying attachment and separation zones. In particular, the skin
friction coefficient drops to zero in regions where the boundary layer
separates from the surface, reflecting the detachment of fluid particles
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due to adverse pressure gradients and viscous dissipation.

Fig. 19 illustrates the contours of the skin friction coefficient over the
blade’s suction surface for the baseline, slot, and slat configurations. The
focus on the suction surface is justified by its critical role in separation-
related phenomena under aerodynamic loading.

Baseline Case (Fig. 19a): Two primary zones of low skin friction are
observed: A root region extending to about 25 % of the blade span near
the leading edge indicates an early onset of separation. A large
detachment region originates from the mid-chord and extends toward
the trailing edge, with axial and radial elongation driven by centrifugal
pumping and Coriolis effects. These forces act to redistribute the flow
radially and chordwise, contributing to the flow instability and vortex
shedding.

Slot Case (Fig. 19b): The slot significantly alters the distribution of
skin friction. A distinct, elongated, low-friction region extends across
half the span at the trailing edge. The root separation zone is also
fragmented and less severe, suggesting improved flow stability. The jet
from the slot exit increases Coriolis-induced tangential forces, resulting
in a more two-dimensional flow that enhances attachment and delays
separation.

Slat Case (Fig. 19¢): The presence of the slat above the leading edge
slightly modifies the root separation region, reducing its severity. This is
attributed to the accelerated flow in the gap between the slat’s trailing
edge and the blade’s leading edge, which re-energizes the boundary
layer. However, the tip separation region is extended and appears more
pronounced than in the baseline case, likely due to increased drag and
surface curvature effects.

The instantaneous strain rate is closely related to turbulence gener-
ation and aeroacoustic noise. High-strain-rate regions promote the for-
mation of vortices, energy redistribution, and pressure fluctuations,
making this a crucial metric in both aerodynamic and aeroacoustic
analysis [1].

Fig. 20 displays normalized strain-rate contours over the blade’s
suction surface for the baseline, slot, and slat cases. The normalization
factor used is c¢/U2, where c is the chord length, and U is the inflow
velocity.

Baseline Case (Fig. 20a): Strain rate is moderate near the root,
reflecting dominant separation and weak shear. It gradually increases
toward the mid-span and tip regions, following the increase in velocity
and shear forces induced by rotation. However, chordwise strain
generally decreases toward the trailing edge due to detachment and
reduced momentum.

Slot Case (Fig. 20 b): The strain field is clearly modified. The strain
rate is higher in regions surrounding the slot exit, indicating enhanced
momentum and shear due to re-energized flow. Spanwise, the high-
strain zones are more extended, particularly in the mid-span, where
the slot’s control effect is most pronounced. These findings are consis-
tent with prior flow-visualization and skin-friction results.

Slat Case (Fig. 20c): The strain rate distribution is similar to the
baseline, with only minor variations along the span. This suggests that
the slat has limited influence on modifying strain behavior and turbulent
shear development.

3.4.5. Vorticity and wake topology

Fig. 21 presents instantaneous vorticity magnitude contours on four
downwind vertical planes located at different streamwise positions: y/R
= 0.02, 0.03, 0.04, and 0.05. The visualization focuses on the upper part
of the blade near the tip region, capturing the development and dissi-
pation of vortical structures shed by the rotor in the near wake, with
particular emphasis on the tip vortex. In the baseline case, strong and
disorganized vortical structures persist downstream, particularly in the
root and mid-span regions. The slot case exhibits a more organized wake
with reduced vorticity intensity and narrower shedding structures,
confirming its efficiency in limiting separation and suppressing turbu-
lence. In contrast, the slat case retains substantial vortex intensity,
resembling the baseline in many respects, particularly near the tip.
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Fig. 20. Contours of the instantaneous rate of strain normalized by the [rate of strain (%)] over the blade suction surface: (a) baseline, (b) slot, (c) slat.

3.5. Far-field noise and directivity

To evaluate the aeroacoustic impact of implementing passive flow
control methods on the S809 Phase II rotor, far-field sound pressure
levels (SPL) were computed from unsteady SMM simulation results. The
(FW-H) acoustic analogy was employed to capture pressure perturba-
tions originating from surface flow dynamics.

According to IEC 61400-11 standards, the primary far-field receiver
was placed downwind at a distance of H + D/2, where H is the tower
height, and D is the turbine diameter. All solid, no-slip surfaces,
including the slat suction and pressure surfaces and the internal walls of
the slot, were treated as noise sources. The unsteady pressure fluctua-
tions were collected during the last rotor revolution to ensure fully
developed flow and acoustics. The resulting acoustic signal was pro-
cessed using the Fast Fourier Transform (FFT) to generate the SPL in the
frequency domain. A reference pressure level of Pres = 2 x 107> Pa was
used, and the analysis was conducted over a frequency range of 1 Hz to
1 kHz.

Additionally, 36 ground-level receivers were placed in a polar
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configuration around the turbine at a D radius, enabling directivity
analysis at discrete frequency bands.

Fig. 22 presents the SPL spectra measured at the main receiver
location for the baseline, slot, and slat configurations:

e Below 4 Hz, the baseline values are lowest, with both the slot and slat
cases showing almost identical SPL levels.

For frequencies below 17 Hz, the baseline turbine consistently ex-
hibits the highest SPL, suggesting greater low-frequency noise gen-
eration without flow control.

e The slot and slat configurations yield reduced SPLs at very low fre-
quencies, indicating effective damping of large-scale pressure fluc-
tuations typically associated with separated flow.

Between 10 Hz and 100 Hz, all three configurations exhibit irregular
small-scale fluctuations without dominant tonal components. These
variations are interpreted as statistical scatter in the spectral esti-
mate, arising from the finite time series length and the broadband
nature of the signal. No specific physical mechanism is therefore
assigned to this frequency band, and the discussion focuses instead
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Fig. 21. Instantaneous vorticity magnitude contours on four downwind vertical planes located at different streamwise positions: y/R = 0.02, 0.03, 0.04, and 0.05 for
baseline (upper), slot (middle), and slat (lower).
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Fig. 22. Sound pressure level at H+D/2 receiver for baseline and passive control cases.
on the low-frequency (<10-20 Hz) and high-frequency (~1 kHz) geometry promotes flow suction on the pressure side and ejection on the
ranges where clearer trends between configurations emerge. suction side, thereby enhancing shear and turbulence, key contributors
e Beyond 100 Hz, the baseline and slat SPL curves converge and to aerodynamic noise generation. The characteristic cavity shape of the
remain comparable across the mid-frequency range. slot is primarily responsible for the previously discussed acoustic emis-
o At high frequencies (near 1 kHz), the slot configuration exhibits a sions [17].
peak SPL approximately 20 dB higher than the baseline and slat Fig. 23 illustrates polar directivity patterns at four selected fre-
cases. This increased noise emission is likely linked to enhanced quencies, 125 Hz, 250 Hz, 500 Hz, and 1 kHz, to further characterize
aerodynamic loading, higher local shear, and the presence of fine- the directional distribution of noise.
scale vortical structures, particularly in the blade tip and trailing At 125 Hz and 250 Hz, the baseline and slat cases show clear dipolar
edge regions, as observed in Q-criterion visualizations (Fig. 18e). radiation patterns, with peak lobes oriented at approximately 120° and

240°. These patterns reflect the typical low-frequency vortex shedding

Although the slat exhibits higher SPLs than the baseline at isolated and loading noise associated with rotating blades. In contrast, the slot
frequency bands, its smaller surface area ratio (c/C = 0.05) limits its configuration exhibits a more omnidirectional radiation pattern at
acoustic impact at high frequencies. In contrast, the slot’s convergent 125 Hz. It shifts its peak radiation to 90° and 270° at 250 Hz, likely due

18
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Fig. 23. Directivity comparison for baseline and passive control cases at frequency ranges of: (a) 125 Hz, (b) 250 Hz, (c) 500 Hz, (d) 1 kHz.

to flow jet interactions altering vortex trajectories. At 500 Hz, the
baseline maintains dominant radiation in all quadrants compared to the
slat. At the same time, the slot configuration surpasses both, producing
SPL peaks 10-20 dB higher, particularly along the crosswind directions
(90° and 270°). At 1 kHz, all three configurations show complex, multi-
lobed patterns. The slot configuration exhibits two pronounced peaks at
90° and 270°, with SPLs up to 20 dB higher than the baseline and the
slat.

Overall, both passive control methods contribute to noise reduction
at very low frequencies, thereby supporting their benefits for mitigating
low-frequency noise. However, the slot configuration exhibits notable
high-frequency noise amplification, which should be considered when
evaluating the trade-off between aerodynamic performance gains and
acoustic emissions. Although less effective in noise suppression, the slat
provides a more balanced aeroacoustic behavior, especially in envi-
ronments with stricter noise constraints.

4. Conclusions
This study presents a comprehensive numerical investigation of two

previously validated 2D passive flow-separation control devices, a slat
and a slot, implemented on the entire 3D rotor of the NREL S809 Phase II
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small-scale HAWT. The research evaluates aerodynamic performance,
flow control effectiveness, and acoustic behavior across various oper-
ating conditions using both steady-state (MRF) and unsteady-state
(SMM) simulation approaches, coupled with the RANS K-o SST turbu-
lence model.

A structured multi-block mesh and a robust simulation strategy
enabled accurate capture of complex flow dynamics and noise radiation
characteristics. Notably, this work represents one of the few studies to
extend 2D-validated flow-control methods to a complete 3D rotating-
blade configuration, offering new insights into their aerodynamic and
aeroacoustic implications.

The following key findings and contributions are emphasized:

1. Steady-State (MRF) Analysis at U =7, 13, and 19 m/s:

e Severe flow separation is observed on the inboard blade sections,
especially at higher wind speeds.

e The slat mitigates separation by generating an energized shear layer
between its trailing edge and the blade’s leading edge and convect-
ing high-momentum flow over the suction side.

e With its converging nozzle geometry, the slot effectively injects high-
velocity flow to counter adverse pressure gradients and delay sepa-
ration. The spanwise flow topology is shaped by variations in local
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angle of attack and fluctuations in the Reynolds number, driven by
changes in relative velocity across radial positions. Both the slot and
the slat are least effective near the root region, and the slot, in
particular, induces power penalties at a wind speed of 7 m/s.

In terms of total turbine power output:

- At 7 m/s, the slat shows minimal penalty (—5.32 %), while the slot

suffers a —72 % drop.

At 13 m/s, the slot yields a 17.41 % power gain, outperforming the

slat’s 6.34 %.

- At 19 m/s, both methods significantly improve power: + 62.7 %
(slot) and + 41.6 % (slat), reflecting successful control of high-speed
separation.

2. Unsteady (SMM) Analysis at U = 13 m/s:

The slot increases the unsteady average power output by 21.07 %,
compared to 8.74 % for the slat.

In terms of flow behaviour, the Q-criterion visualizations show that
both methods alter vortex topology: the slat enhances tip and root
vortex shedding, while the slot suppresses near-field turbulence and
streamlines vortex structures.

Skin friction analysis confirms the slot’s ability to re-energize
boundary layer flow, reducing the extent of detachment zones and
promoting more 2D-like flow, especially near the trailing edge.

3. Aeroacoustic Analysis Using FW-H Analogy:

Both control methods reduce noise at low frequencies (<17 Hz)
compared to the baseline.

In the mid-frequency range (10-100 Hz), oscillatory SPL patterns are
observed, with the slot maintaining lower amplitudes.

o At high frequencies (~1 kHz), the slot generates up to 20 dB more
noise than the baseline due to increased aerodynamic loading and
tip-vortex activity.

Directivity patterns show that the slot produces omnidirectional ra-
diation at mid-frequencies and pronounced multi-lobed emissions at
1 kHz, with increases of up to 20 dB at the 90° and 270° receiver
positions. The slot’s cavity-like geometry contributes to noise gen-
eration, though it can also reduce noise at specific isolated fre-
quencies. The slat, as expected, contributes to the overall acoustic
emission by generating additional surface noise from its aero-
dynamic body.

The main contributions of this research are:

This work is among the first to implement and analyze 3D versions of
slat and slot flow control devices on a rotating HAWT blade, going
beyond previous 2D parametric studies.

It combines a detailed assessment of the aerodynamic flow field with
comprehensive aeroacoustic analysis using the FW-H analogy,
thereby offering a multidisciplinary perspective on flow control
effectiveness.

The study also identifies trade-offs between performance enhance-
ment and noise generation, highlighting the need to balance aero-
dynamic gains with the environmental impact of noise.

Given that control-induced noise penalties can be significant, espe-
cially at high frequencies, when applied to large-scale turbines, future
research should: 1) extend the present methodology to MW-class wind
turbines using high-fidelity turbulence models (e.g., DES, LES); 2)
Investigate combined passive control strategies (e.g., slat + slot) on
more complex geometries, such as the NREL S809 Phase VI; 3) Explore
geometry optimization of flow control devices to maximize power gain
while minimizing acoustic emissions.

Finally, the authors acknowledge that RANS capabilities in
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computational aeroacoustics studies and data-sampling considerations
related to time-series length and sampling rate are the main limitations
in a limited transient simulation time. These factors can influence the
quality of the acoustic data presented in the present study, and better
estimates would be achievable with a high-fidelity LES model and
increased simulation time.
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