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Abstract. The prolonged operation of wind turbines in harsh offshore environments leads to
deterioration and roughness accumulation on the blade surface. This roughness, particularly on
the leading edge and other surfaces, can affect the laminar-to-turbulent transition, alter the flow
characteristics in the turbine wake and turbulent boundary layer, and become critical for the
accurate design and performance analysis of offshore horizontal axis wind turbines (HAWT).
This study investigates the effects of blade surface roughness on the aerodynamic performance
and wake evolution of the NREL Phase VI wind turbine rotor using the Reynolds-Averaged
Navier-Stokes (RANS) technique. First, 2D simulations are validated against experimental data
of the S809 airfoil. Then, full-scale 3D simulations of the complete turbine model are conducted
with roughness effects to simulate natural conditions. The results show that surface roughness
reduces the blade’s aerodynamic performance. The rough surface increases the boundary layer
thickness, causing flow separation and turbulence, which decrease the lift generated by the blade
and increase its drag, resulting in decreased overall blade performance. At higher wind speeds,
surface roughness has a negligible effect on turbine performance due to flow separation at the
leading edge. The analysis of surface roughness effects on the turbine wake flow indicates that
blade roughness positively correlates with wake recovery, where the wake velocity recovers faster
with an increase in roughness height.

1. Introduction
Over the past few decades, the number of offshore wind turbines in operation has increased
dramatically. Wind turbines are a cost-effective solution for creating environmentally sustainable
energy sources [1]. Proper maintenance of the turbine components is critical for consistent
energy output throughout its lifetime. The Horizontal Axis Wind Turbine (HAWT) is the
most common type of wind turbine used for both onshore and offshore applications. While
wind turbines can be constructed and operated in various environments, they are susceptible to
contamination from sources such as insects, dirt, dust, and erosion, which can easily accumulate
on the turbine blades [2]. In previous studies, researchers have investigated the impact of
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surface roughness on the flow over a damaged or rough surface, and several experiments have
documented how roughness affects the apparent flow parameters [3]. Estimating complex flow
behavior over a rough surface or developing a reliable and efficient computational solution has
proven to be challenging. Surface roughness accelerates the laminar-to-turbulent transition
process, which has significant practical implications in various flow applications [4]. Low-fidelity
models, such as the blade element momentum method, Actuator Line (AL), and Actuator Disk
(AD) [5, 6], have limited capacity to estimate three-dimensional flow features, including cross-
flow, laminar-to-turbulent boundary layer transition, and surface roughness. Additionally, these
models often rely on reduced geometric complexity [7, 8, 9] and reduced order models [10, 11, 12].
In contrast, high-fidelity computational fluid dynamics (CFD) techniques are widely used for
wind turbine simulations to more accurately estimate the boundary layer on rotating blades and
other unsteady flow features [13, 14, 15, 16, 17].

The NREL unsteady aerodynamics experiment [18] is considered the most comprehensive
testing for validating HAWT CFD simulations. The experiment was conducted on the NREL
Phase VI wind turbine in the NASA-Ames wind tunnel and has been widely used as a benchmark
for comparing CFD simulations in several other studies [19, 20]. CFD simulations for isolated
rotors or complete configurations have been carried out using either Reynolds-Averaged Navier-
Stokes (RANS) or a hybrid RANS-LES (Large Eddy Simulation) approach [21, 22]. In recent
years, researchers have also considered the effects of surface roughness in fully turbulent wind
turbine airfoil and wide-blade CFD simulations.

Ferrer and Munduate [23] demonstrated the RANS model’s ability to study the effect of
leading-edge roughness on the aerodynamic performance of the NREL S814 airfoil. They found
that contamination-induced roughness has a more significant impact on aerodynamics than
boundary layer tripping and that the RANS simulation demonstrated good agreement with
experimental data by predicting the roughness effect at moderate angles of attack. Similarly,
Bouhelal et al. [24] used RANS-based CFD simulation to investigate the uniform roughness
across the entire surface of the Model Experiments in Controlled Conditions (MEXICO) blade.
The study used the modified k − ϵ turbulence model with the sand grain roughness height
(ks). The roughness generally reduces the rotor’s overall power at different wind speeds, and in
the worst scenario, the reduction in power reaches 35% of the total. Jung and Baeder [25]
conducted numerical simulations on the NREL Phase VI rotor and found that the impact
of evenly distributed surface roughness on force transition performance depends on the state
of the boundary layer. They discovered that coupled flows experienced an 8.3% decrease in
performance, while separated flows observed an increase of up to 23.3% when upstream roughness
was present. Janiszewska et al.[26] found that the S814 airfoil experiences a 25% drop in lift
and a 60% increase in drag when exposed to a leading edge grit roughness pattern that imitates
a wind turbine field sample. Similar experiments were conducted on 13 different airfoils as part
of a larger study by the National Renewable Energy Laboratory (NREL). In a recent study,
Kelly et al.[27] investigated the impact of blade roughness on wind turbine performance and
yearly energy output using CFD-generated polars for NACA4415, S801, and S810 airfoils and
the BEM method. They demonstrated that roughened rotor blades cause a performance decline
of between 2.9 and 8.6% for a torque-based control method compared to clean rotor blades.

In this study, we began by simulating the S809 airfoil and took into account the impact of
surface roughness on flow calculations, with a focus on the boundary layer transition process.
Numerical results verification has been conducted through a comprehensive comparison with
previously published results by Y. Su et al.[25]. Accurately predicting the onset of transition
is crucial for understanding the downstream flow history on the blade, especially in the case
of leading-edge roughness. Therefore, we used RANS modeling to investigate the effect of
leading-edge roughness on turbine aerodynamic performance, taking into account the roughness
effect on both the transition process and the turbulent boundary layer. We then extended our
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implementation to study the impact of blade roughness on the aerodynamic performance of the
NREL Phase VI rotor, a benchmark HAWT model. To account for the roughness effect, we
utilized the modified wall function, where the roughness is expressed in terms of the sand grain
roughness height (ks). The simulations were performed using the roughness model that has
already been implemented in the CFD software program STAR-CCM+ [28].

2. Governing equations
The present study utilizes a RANS-based CFD model to estimate the flow around an airfoil with
transition effects in the boundary layer while considering surface roughness. There are several
approaches for accounting for turbine rotation [29], but we have chosen to use the Moving
Reference Frame (MRF)[30] approach, which is based on steady-state approximation. This
method is straightforward to implement and translates the fluid motion in a rotating frame. Its
steady-state solution makes this technique computationally less expensive than other methods
like the Sliding Mesh Interface (SMI). For example, in a previous study[31], the use of both
MRF and the more accurate SMI method was investigated, and we refer the readers to that
paper for more details.

2.1. Reynolds Averaged Navier-Stokes equation
The governing equations for fluid flow are the continuity and conservation of momentum
equations (Navier-Stokes equations) [32]. The simulation of turbulent flows is challenging due
to the intricate and chaotic nature of turbulence. One key approach to tackling this complexity
is the use of RANS equations, which are the fundamental equations derived from the Navier-
Stokes equations, adapted to account for the statistical behavior of turbulence. The RANS
approach seeks to capture these statistical tendencies by decomposing the flow variables into
their mean values and fluctuating components. This decomposition results in a set of equations
that describes the evolution of the mean flow properties and their interactions with the turbulent
fluctuations. The RANS equations for the conservation of momentum (in vector form for the
i-th direction) can be written as follows:

∂(ρui)

∂t
+

∂(ρuiuj)

∂xj
= − ∂P

∂xi
+

∂

∂xj

[
(µ+ µt)

(
∂ui
∂xj

+
∂uj
∂xi

)]
− ∂Rij

∂xj
+ ρgi

Where, ρ is the density of the fluid. ui is the time-averaged velocity component in the i-th
direction. P is the pressure and µ is the dynamic viscosity of the fluid. µt represents the eddy
viscosity (turbulent viscosity).Rij are the Reynolds stress terms, which quantify the turbulent
transport of momentum and gi is the acceleration due to gravity in the i-th direction.

The Reynolds stress terms Rij arise from the interaction between the fluctuating components
of velocity and are typically modeled in terms of turbulence closure models, which involve
additional equations to relate them to the mean flow variables. The above equation is a general
form of the RANS equation for momentum conservation and can be adapted to specific flow
scenarios and coordinate systems.

2.2. Laminar-Turbulent boundary layer transition
The addition of boundary layer transition effects in RANS simulations is made possible by using
transition models. Previously, transition modeling relied on an empirical basis [33]. Langtry and
Menter [34] further extended the empirical correlation to a free-stream turbulent environment.
Intermittency is a fundamental concept in the study of turbulent flows, offering insights into
the transition between laminar and turbulent behavior. It quantifies the fraction of time a flow
spends in turbulent or non-turbulent states, shedding light on the intermittence of turbulence.
In this study, the role of intermittency γ is investigated in understanding turbulent flows and
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their impact on the governing equation. The transition onset, which is empirically known in the
free stream, is incorporated within the boundary layer dynamics. Based on this flow variable,
the scalar intermittency term γ causes the production terms in the Shear Stress Transport (SST)
model to be activated, as shown in Equation (1)

∂(ργ)

∂t
+

∂(ρujγ)

∂xj
= Pγ − Eγ +

∂

∂xj

[(
µ+

µt

σf

)
∂(γ)

∂xj

]
(1)

In Equation (1), the intermittency concept plays a crucial role in modulating the production
terms. The intermittency-dependent variations in these terms stem from the intermittency-
induced changes in the flow structure. These changes, influenced by the intermittency fraction,
influence the turbulent energy transfer mechanisms and are encapsulated by the intermittency
concept. The P and E are the production and destruction terms, respectively, explained in
the model development by Menter [33]. To integrate this in STAR-CCM+ solver, Malan et
al. [35] recommended some minor modifications. To commence the transition locally, the model
uses the intermittency concept. The intermittency variable is a scalar term, varying between 0
(representing laminar flow) and 1 (representing turbulent flow).

2.3. Roughness model
The surface roughness in a CFD solver is modeled using the standard wall function as explained
in detail by Launder and Spalding [36]. Equation (2) gives the modified wall function.

Upu
∗

τw/ρ
=

1

κ
ln

(
E
u∗yp
v

)
−∆B (2)

Where Up and yp are the velocity and height at the cell’s center. The term E is the smooth
wall’s empirical constant with a value of 9.793. ∆B is a roughness function of the dimensionless
roughness height of sand particles k+S , is defined as:

∆B =
1

κ
ln
(
1− CSk

+
S

)
(3)

kS is the equivalent height and depending on the value of k+S , the roughness regime is defined
as: aerodynamically smooth surface k+S < 2.25, transitional 2.25 < k+S < 90 and fully rough
surface k+S > 90. CS is the roughness constant (CS=0.5) for sand grain roughened surfaces. τw
is the wall shear stress and u∗ is the wall friction velocity given in Equation (4):

u∗ = C1/4
µ k1/2p (4)

k+S =
u∗kS
v

(5)

In Equation (4), kp represents turbulent kinetic energy, while Cµ is a constant with a fixed
value of 0.09. The basis for modifying the wall function described in Equation (5) stems from
Nikuradse’s experiments [37] on flow in pipes roughened with sand grains. These experiments
demonstrated that the mean velocity distribution is parallel to the logarithmic law distribution
near a rough wall. The model has been implemented in Star CCM+ and is used in this study
to define the blade surface roughness.
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Airfoil Images and data
S809 Airfoil

S809 is a 21% thick, laminar-flow airfoil
designed specifically for HAWT applications.
It was tested in low-turbulence wind tunnel
and the measured data reported by Somers
(1989) are used in this work for comparison
with the numerical results.

(m)

(m
)

Figure 1. S809 airfoil: C-type structured CFD grid generated for the airfoil resulted in 80,000
quadrilateral cells. The full mesh (left) and zoomed view of the mesh surrounding the airfoil
(right).

3. Results and discussion
3.1. S809 airfoil
The S809 airfoil was studied at the Ohio State University subsonic tunnel under both steady
and unsteady conditions in the study of [38]. With a thickness of 21%, this airfoil serves as the
primary section airfoil for the NREL Phase VI wind turbine blade.

The experimental investigations involved adding leading-edge grit roughness to the airfoil.
The roughness was extended on the upper and lower surfaces from the leading edge by almost
11% of the chord length, with an average particle size ratio of 0.0019 relative to the airfoil chord
length (k/c). In the CFD simulations, the (k/c) value from the experiment corresponds to the
(ks/c) value for the airfoil model. The maximum Reynolds number in the experiment was 1.5
million, which is also the flow Reynolds number for the simulation. For the 2D computational
mesh, shown in Figure 1, a structured grid was used for the S809 airfoil with a blunt trailing edge.
The mesh consisted of 400 points defined for the entire airfoil surface and 200 points defined
in the normal direction. The initial cell spacing was set at 1 × 10−5m, such that the value of
the wall y+ was approximately 0.8. To reduce the boundary effects, the far-field boundary was
located about 100 chord lengths away. The normal grid spacing was adjusted during the mesh
size study to achieve mesh independence.

Initially, simulations were conducted for a clean airfoil to consider both the transition and
fully turbulent flow at two different angles of attack, 0o and 6.2o. The coefficient of pressure
(Cp) obtained from the simulations was compared with the experimental data [39], and good
agreement was observed, as shown in Figure 2. It presents an ’intermittency contour,’ a visual
representation that illustrates the spatial distribution of intermittency within the flow field.
An intermittency contour provides a valuable tool for observing the regions of the flow where
turbulence intermittency is particularly pronounced or subdued. Each contour line corresponds
to a specific intermittency value, allowing us to visualize the evolving patterns of intermittency
across the domain. The experimental data also indicated that the transition flow undergoes
laminar separation in the boundary layer before reattaching as a turbulent boundary layer, a
feature that is not observed in the fully turbulent flow because the boundary layer remains
entirely attached. The results from the transition model are appropriate for predicting wind
turbine aerodynamics. Figure 3 compares the aerodynamic coefficients (lift and drag) and airfoil
performance expressed as the lift-to-drag ratio for both clean and rough surfaces. The results are
compared with a previous numerical study and the available experimental data [25]. As indicated
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by the results, the current CFD outcomes exhibit strong agreement across the entire range of
angles of attack. However, when compared to the experimental data, the numerical results
deviate from the measured data after 6o. This discrepancy might arise due to the limitation of
the steady two-dimensional flow, which cannot capture the flow separation on the suction side
of the airfoil. Both the numerical and experimental results indicate a decrease in performance
as the lift-to-drag ratio is reduced for the rough airfoil.

3.2. NREL Phase VI rotor
The study was expanded to include the analysis of turbulent flow over a complete HAWT
model for various roughness values. The NREL Phase VI HAWT [40] was designed to
investigate research issues such as aerodynamic loads, aeroelasticity, acoustics, and wake-
structure interactions. This turbine has been widely used as a benchmark for other small-scale
turbines in research facilities, showcasing its effectiveness [41]. The NREL Phase VI HAWT
rotor consists of two blades with a diameter of 10.058m and rotates at 72 RPM. It has a linear
taper with a blade pitch angle of 3o , and the twist axis is located at 30 % of the chord length. To
simulate the turbine numerically, a hybrid-unstructured mesh (illustrated in Figures 4 and 5)
was generated with tetrahedral and pyramid cells, along with 35 layers of prismatic cells in the
boundary layer region. The blade’s surface was represented with a total of 101,229 quadrilateral
cells, with an initial wall distance of 1× 10−5m, resulting in y+ < 1.”

The simulations were conducted for a range of oncoming wind speeds, varying from 7m/s
to 25m/s. The surface roughness specifications for the two-dimensional airfoil test case and
the wind turbine blade are similar, with a roughness of 10 % of the chord length located from
the leading edge for both upper and lower surfaces. Furthermore, the analysis was extended
to simulate the turbine for various equivalent sand grain roughness heights. The rotor’s thrust
and torque estimates were compared with and without leading-edge roughness at different wind
speeds to assess the impact of leading-edge roughness on turbine performance. The comparison
is presented in Figure 6, where the experimental data [40] is plotted for the clean blade, and
reference simulation results are plotted for the rough surface blade.

The comparison results demonstrate that the CFD prediction agrees well with the experiment
for wind speeds ranging from 7m/s to 15m/s. However, for the 20m/s case, the turbine’s thrust
is overpredicted by 11%, and the torque is underpredicted by 13 % when compared with the
experimental data. This deviation in the results could be due to the steady-state assumption of
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(a) (b)

Figure 2. S809 airfoil: Coefficient of pressure (Cp) plot along with the intermittency contours
obtained from the transition model at a velocity of 7m/s (a) Angle of attack 0o (b) Angle of
attack 6.2o. The comparison has been made between the experimental data (shown by black
scatter) and the CFD prediction for transition and fully turbulent flow.
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Figure 3. S809 airfoil: Comparison of the predicted aerodynamic parameters for clean and
rough surface. (a) Lift coefficient (b) Drag coefficient (c) Lift-to-drag ratio. A comparison has
been made between the previous CFD simulation results and the available experimental data.

the simulation in this study, whereas the experimental state is highly unsteady. Furthermore,
the thrust and torque estimates for the rough blade are presented in Figure 6(a) and (b),
respectively, showing a significant change in predicted torque due to roughness in the range
of 10m/s to 15m/s, which may be due to the occurrence of flow separation on the blade. As
the wind speed increases, the impact of roughness decreases, and this trend was also observed
in previous numerical studies that considered surface roughness. At higher wind speeds, since
the flow separates from the leading edge, surface roughness has a negligible effect on turbine
performance.

3.2.1. Effect of roughness height variation The presence of surface roughness can significantly
impact the flow behavior around a wind turbine blade, leading to changes in boundary layer
separation, transition, and aerodynamic performance. This effect creates turbulence in the
boundary layer, leading to an earlier separation point and increased drag. The impact of varying
the roughness height on the normal and tangential aerodynamic forces acting on the blade is

(b)(a)

Cylinder

Spinner

Transition

Main Blade (S809)

Figure 4. NREL Phase VI: wind turbine blade (a) Actual experimental setup showing the wind
turbine placed in a 24.4m × 36.6m wind tunnel test section (b) Isometric view of the surface
mesh of the wind turbine blade, showing different turbine sections and a dimensionless scale
(r/R) for blade length.
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Spinner
Cylinder

Transition
Main Blade (S809)

Inflow Outflow

Blade (Wall) Number of Blades 2

Turbine Diameter 10.058 m

Airfoil S809

Rotor Speed 72 rpm

Rated Power 19.8 kW

Tower Height 12.192 m

Tip Pitch Angle 3o towards feather

Figure 5. NREL Phase VI: Complete CFD mesh of rotor (left). A section plane is cut to
show the mesh density in the interior (mid) with marked boundary conditions and the turbine
parameters are given in the table (right)

shown in Figure 7(a) and (b), respectively. The comparison is first made with experimental
data [42] available for the clean blade, where some discrepancies at the 30 % and 95 %
locations are attributed to modeled geometry (e.g., edge flatness at the tip and blending at the
blade transition). However, a reasonable level of agreement is established for the intermediate
locations. It is observed that the normal and tangential forces decrease with increasing roughness
height. Additionally, the outer region of the blade (r/R >0.5) is more affected by roughness in
terms of normal and tangential force. The level of surface roughness is likely to have a significant
impact on the stall and flow separation phenomena, as increased roughness can lead to notable
alterations in tangential forces. These alterations in tangential forces, induced by roughness,
play a key role in influencing the behavior of stall and flow separation.

3.2.2. Effect roughness on the wake Assessment of wind turbine wakes is crucial, particularly
for offshore wind farm construction, where one turbine operates in the wake of another. Figure 8
shows line contours of the velocity magnitude indicating wake formation behind the NREL Phase
VI rotor, with four regions marked and visualized in a wake plot.

The near wake is the closest zone, where the flow velocity is altered by the interaction of
the turbine hub or nacelle, and the velocity decreases towards the center. In the transition
region, turbulence begins to build up as the tip vortices wear down with expansion in the shear
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Figure 6. NREL Phase VI: Comparison of the wind turbine performance with the available
experimental data (clean blade) and a reference CFD simulation (rough blade): (a) Thrust (N)
(b) Torque (N-m)
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Figure 7. NREL Phase VI: Effect of roughness height on the force coefficients (a) Normal
force coefficient (b) Tangential force coefficient. The clean blade comparison is with existing
experimental data, and the dotted lines represent the force coefficients for various surface
roughness heights.

layer. In the transition phase, the shear layers intersect, and the center-line velocity starts to
recover in the decay region. Finally, wake turbulence develops entirely in the far wake zone and
is no longer influenced by the turbine. Wind speed is reduced in the far wake, and turbulence
intensity increases compared to the undisturbed surrounding flow. This reduction in wind speed
and increase in turbulence can significantly affect downstream wind turbines in a wind farm
arrangement.

Additionally, it is also observed from the vorticity contours in Figure 9 that the size and
strength of the tip vortices decrease as the roughness height is increased. This reduction in
the size and strength of the tip vortices can be attributed to the increased mixing between
the boundary layer and free stream flow, which leads to a decrease in the pressure difference
across the blade span. Therefore, it can be concluded that surface roughness not only
affects the aerodynamic performance of the blade but also influences the wake characteristics.
Understanding the wake characteristics of wind turbines is crucial in the design and placement
of wind farms to maximize energy extraction and minimize wake effects on downstream turbines.

Inflow

Near Wake Transition 
region

Decay 
region

Far
wake

Figure 8. NREL Phase VI: The wake plot showing different wake regions. The line contours
of the velocity magnitude are mapped to present the wake flow features.
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Figure 9. NREL Phase VI: Velocity and the vorticity magnitude plot for free stream wind
velocity of 7 m/s and 10 m/s. The contour plots are shown for three different roughness heights
(0.05 mm, 0.1 mm, and 0.2 mm)

Roughness height = 0
Velocity = 10 m/s

Roughness height = 0.2
Velocity = 10 m/s

Figure 10. NREL Phase VI: Contours of the normalized free stream velocity (Ux/Uref ) for the
clean blade (top) and the blade with surface roughness height of 0.2 mm.

4. Conclusion
This study aims to investigate the impact of blade roughness on the performance and wake
behavior of a HAWT. Surface roughness is defined in terms of sand grain roughness height, and
its effects are analyzed on the S809 airfoil for both fully turbulent and transitional flows. The
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study is then extended to the NREL Phase VI rotor, considering both clean and rough blade
surfaces.

The current method produces roughness effects on wind turbine aerodynamic performance
that are in agreement with experimental data. For the S809 airfoil, the computational and
experimental results show a decrease in the lift-to-drag ratio for the rough airfoil. However,
due to the steady two-dimensional flow assumption, the numerical results differ slightly from
the measured data. Although the CFD predictions and experimental results for the NREL
Phase VI wind turbine are in good agreement, some differences are observed. One possible
reason for these differences is that the MRF method’s steady-state assumption may not be
entirely accurate in highly unstable experimental conditions. Additionally, minor changes in
blade geometry (between CFD study and experiment) could lead to differences in predicted
aerodynamic forces.

The predicted torque for the simulated HAWT is reduced due to roughness, which may be
caused by flow separation on the blade. As wind speed increases, the impact of surface roughness
on turbine performance decreases, primarily because the flow separates from the leading edge at
higher wind speeds. Therefore, surface roughness has a negligible impact on turbine performance
under these conditions.

Blade roughness in wind turbine wake flow can increase mixing between the boundary layer
and free stream flow, causing turbulence and resulting in faster velocity recovery in the wake
compared to a clean blade. This increased mixing due to blade roughness can also lead to
increased aerodynamic forces on the turbine blade, which can have implications for wind turbine
design and operation.

The model developed in this study would require further investigation to increase the accuracy
of roughness effects. Moreover, determining the impact of wind turbine blade roughness on wake
velocity recovery is challenging because it depends on various factors, including roughness level,
wind speed, turbulence intensity, etc. While the RANS simulation was able to capture the
wake behavior caused by blade roughness, future research will incorporate advanced modeling
techniques, such as LES or the hybrid RANS-LES model, to further investigate the wake behavior
and its associated parameters, such as wake width, velocity minimum, and angle, across various
roughness conditions.
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