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Abstract. In this study, systematically designed wind tunnel experiments were conducted
to characterize the aerodynamic performance of a DU91-W2-250 airfoil with a riblet film. To
quantify the impact of the riblet film on wind turbine performance, experimental results were
used as input data for numerical simulations. Large-eddy simulations were conducted for the
smooth and modified airfoils under uniform and turbulent inflow conditions. For the turbulent
inflow simulations, staggered cubes were introduced upstream of the wind turbine to generate
velocity fluctuations in the flow. Results from the numerical simulations show that improvements
in the aerodynamic performance of the airfoil with riblets enhance the aerodynamic torque that
drives the wind turbine, thereby increasing the power output. The improvement in the power
coefficient with the use of the riblet film is higher for turbulent incoming wind compared to
uniform flow conditions.

1. Introduction
According to the International Renewable Energy Roadmap (IRENA), to reduce CO2 emissions
by year 2050 to 9.7 Gigatonnes(Gt), high energy efficiency and increased dependence on
renewable energy resources are required [1] with wind energy being 24% of the projected
renewable energy source. To achieve this goal, existing and new wind turbines may be improved
with devices that optimize the aerodynamic performances.

The dynamics in the near-wall region of wall-bounded flows can significantly affect the drag.
Several studies show that micro-texture modifications on the surface geometry can alter the near-
wall structures and can be designed to either increase mixing or reduce the drag. Riblets are
microsurface protrusions aligned with the streamwise direction and spaced along the spanwise
direction that can contribute to skin friction drag reduction. In the context of the transportation
and logistics industry, skin friction drag contributes to around 50% of total drag [2], and riblets
can be utilized to reduce fuel consumption and reduce costs. These properties of riblets have been
of great interest particularly in saving millions in fuel costs in commercial transport aircrafts [3]
and ships [4].

A considerable amount of research has been devoted to investigating the drag reducing
mechanisms of riblets. Early studies by Walsh [5] suggest that the drag reducing effects are
affected by the non dimensional riblet spacing s+. More recently, Garcia-Mayoral [6] proposed
a new length scale which is the square of the non-dimensional groove area that collapse better
with the existing experiments. These coincide with the experimental results shown by Lee
[7]. Through wind tunnel experiments and a PIV setup with smoke generated from SAFEX



The Science of Making Torque from Wind (TORQUE 2024)
Journal of Physics: Conference Series 2767 (2024) 022023

IOP Publishing
doi:10.1088/1742-6596/2767/2/022023

2

and paraffin oil, Lee [7] showed that when the streamwise vortices are smaller than the riblet
spacing, the riblets contribute to increase in drag as a consequence of the increased contact area.
When the streamwise vortices are bigger than the riblet spacing, the vortices remain above the
riblets thereby reducing the surface area exposed to the fluid carrying high speed streamwise
velocity.

It has been widely shown in literature that the use of riblet films on airfoils may improve
the airfoils’ aerodynamic performance, albeit for particular Reynolds numbers and dimensions.
Some studies delved into how this drag reducing properties of riblets can be utilized for improving
the harvesting of wind energy. Sareen et al.[8] conducted experiments on a DU 96-W-180 airfoil
and concluded that the drag-reducing effects of riblets on airfoils depend on size, location, angle
of attack, and Reynolds number. They found that optimally placed riblets can contribute to
around 4− 5% drag reduction. Similarly, Chamorro et al. [9] studied the effect of riblets on an
airfoil and found that depending on riblet height and geometry, riblets could provide an overall
reduction in airfoil drag with up to a maximum drag reduction of 6%, but in some cases could
be detrimental to the airfoil drag. Leitl [10] conducted simulations and field experiments on a
AN Bonus 450/35 KW wind turbine and found that the riblets contributed to a 1.2% power
increase in simulations and 13% power increase in field experiments.

However to our knowledge, there is a research gap on how a riblet film on the local blade
sections affects the overall output of a wind turbine. In this paper, wind tunnel experiments
were conducted to quantify the effects of the riblet film on the aerodynamic performance of a
DU-91-W2-250 airfoil section. Large eddy simulations of an NREL 5MW wind turbine were
carried out where the blade airfoils were replaced with DU-91-W2-250 airfoils to investigate the
effects of the riblet film on the wind turbine performance.

2. Methodology
2.1. Experimental measurements

(a) (b)

Figure 1: (a)Lift and (b)drag coefficient of DU91-W2-250 airfoil.

A DU91-W2-250 airfoil section with aspect ratio of 2 was vertically mounted on an ATI
Delta sensor to measure the lift and drag loads under various angle of attacks α and chord-
based Reynolds number of 650,000. The surface of the airfoil on the suction side was covered
with a riblet film with pitch distance between 180 to 240 microns to evaluate its effectiveness in
modulating airfoil aerodynamic performance. The riblet film extended from a location at 30%
chord length from the leading edge to the trailing edge of the blade section, within which the
turbulent boundary layer flow was generated on the suction side. The lift and drag coefficients
were obtained via time-averaging of 60000 data points collected by the force sensor to mitigate
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the measurement uncertainty. Measurement results highlighted that when compared to a smooth
airfoil surface, the riblet film allowed to enhance the lift to drag ratio by approximately 2%, at
6 < α < 8 as shown in Fig. 1. To assess the impacts of the riblet film on the power output of a
wind turbine, the experimental results were used as input for the numerical simulations.

2.2. Virtual wind turbine and numerical setup
Large Eddy Simulations (LES) were performed by solving the non-dimensional filtered
incompressible Navier-Stokes equation using our in-house code. The governing equations are:

∂ũi
∂xi

= 0

∂ũi
∂t

+
∂(ũiũj)

∂xj
= −∂P ∗

∂xi
+

1

Re

∂2ũi
∂xj∂xj

− τij
∂xj

+ f turb
i

(1)

where ũi is the filtered velocity component, P ∗ is the filtered modified pressure, Re = UrefD/ν
is the Reynolds number, Uref is the reference velocity, D is the diameter of the rotor, ν is the
kinematic viscosity of air, τij is the subgrid stress tensor, and f turb

i is the body force term
from the modelling of the wind turbine using rotating actuator disk model [11]. The filtered
Navier-Stokes and continuity equations are numerically discretized in a Cartesian coordinate
system using a staggered central second-order finite-difference approximation, and uses a hybrid
low-storage third-order Runge-Kutta scheme to advance the equations in time. The numerical
discretization is described in detail in [12].

The NREL 5 MW turbine [13] is used as a reference turbine with a rotor diameter D = 126
m, and rated wind speed Urated = 11.47 m/s. The average velocity at hub height is set to
Uhub = 0.8Urated. To investigate the effects of the riblets on the power production, the airfoil
sections along the blade of the NREL 5 MW turbine were virtually retrofitted with DU-91-W2-
250 airfoils while maintaining the twist along the blade length. This was done by replacing the
CL and CD in the lookup table for the airfoils in a NREL 5 MW, with experimentally measured
CL and CD coefficients of DU-91-W2-250 with and without the riblet film.

The computational domain is 16D × 5D × 10D in the streamwise, spanwise, and vertical
directions respectively. The wind turbine is placed at 10D downstream the inlet, 2.5D in the
spanwise direction. The grid is discretized into 1536 × 768 × 192 points in the streamwise,
spanwise, and vertical directions. The grid is stretched in the vertical direction, to allow for
more grid points in the region along the diameter of the turbine blades. The spreading parameter
ϵ was set as ϵ ≥ 5∆x [14] which also satisfies Troldborg’s criteria [15] ϵ ≥ 2∆x, to avoid numerical
oscillations.

No slip condition is applied to the bottom boundary of the domain, to mimic the ground.
Free-slip boundary conditions are applied at the top of the domain while periodic boundary
conditions are applied at the boundaries along the spanwise direction. Lastly, radiative boundary
conditions [16] are imposed at the outlet of the domain. The wind turbine tower and nacelle are
modelled using the immersed boundary method [17], mimicking impermeability.

The inlet wind flow was generated following the power law for the atmospheric boundary
layer:

U

Uhub
=

(
y

yhub

)β

(2)

where yhub = 90 m, and the shear exponent is set to β = 0.05.
Using blade element approach, the blade is discretized into sections with local twist angles

ϕ, where the lift FL and drag FD per unit length of the blade are locally calculated as:
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FL =
1

2
ρU2

relCL(α
◦)c

FD =
1

2
ρU2

relCD(α
◦)c

(3)

where CL and CD are functions of α, ρ is fluid density, c is the section chord length, and Urel

is the flow velocity relative to the airfoil section given by:

Urel =
√
(Uθ − ωr)2 + U2

x (4)

Uθ is the azimuthal component of the incoming flow velocity, Ux is the streamwise component,
ω is the rotor angular speed, and r the distance of the local section from the hub. For a constant
Uθ, the ωr term contributes to an increase in Urel as the section distance from hub r increases and
approaches the tip of the blade. Lift and drag coefficients are interpolated from experimentally
measured lift and drag curves (Fig. 1) using the local angle of attack α which is the angle
between Urel and the local angle of twist ϕ:

α◦ = tan−1
(

Ux

Uθ − ωr

)
− ϕ◦ (5)

The aerodynamic force Ftan along the blade sections are calculated by projecting the FL and
FD into the tangential direction along the azimuthal plane:

Ftan = FL

(
Ux

Urel

)
+ FD

(
Uθ − ωr

Urel

)
(6)

3. Results and Discussion

(a) (b)

Figure 2: Power output of the wind turbine retrofitted with the DU-91-W2-250 airfoil for (a)
uniform inflow, (b) turbulent inflow case.

Four test cases were conducted to investigate the effects of the riblets on the power output:
uniform inflow smooth airfoil (UIS), uniform inflow riblet airfoil (UIR), turbulent inflow smooth
airfoil (TIS), and turbulent inflow riblet airfoil (TIR). To generate the turbulent inflow with
approximately 9% turbulence intensity one diameter upstream of the turbine, six rows of
staggered 0.2D cubes were placed upstream the wind turbine, with the last row being 5.8D
upstream of the rotor. In the uniform inflow cases, the power output of the UIR is always
higher than UIS (Fig. 2a). For the turbulent inflow case, the behavior is more chaotic, as
the instantaneous power output of TIR sometimes dips below than that of TIS albeit oscillating
around a higher mean (Fig. 2b). This is because the power output is dependent on the variability
in the inflow condition and the dynamics of the rotor’s response to the unsteadiness and changes
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in angle of attack. In both inflow conditions, riblets increase the overall power output. In the
next sections, the effects of the riblets are discussed when the rotors are operating at constant
angular speed and variable angular speed.

3.1. Fixed rotor speed
Two additional cases were conducted for the riblets: fixed speed uniform inflow (FUIR), and
fixed speed turbulent inflow (FTIR) to investigate the effect of riblets when the turbines are
operating at constant rotor angular speed equal to that of smooth airfoil turbines. In this case,
torque is the only factor contributing to the change in power since ω is constant. When the
riblet-film turbine is operating at the steady-state angular speed of the smooth airfoil turbines,
there is a noticeable increase in the aerodynamic torque. The upward shift in lift coefficients
is primarily responsible for this increase. At the same α, the values of lift coefficient CL are
higher when riblets are placed on the blade (Fig. 3). On the other hand, CD is only partially
affected by the riblets. When the riblet-film turbine is operating at the same angular speed as
the smooth turbine, there is no additional contribution from Urel since ω is fixed. The resulting
torque and power increase is 2.86% for FUIR and 3.49% for the FTIR.

(a) (b)

(c) (d)

(e) (f)

Figure 3: Time-averaged CL, CD, and aerodynamic efficiency CL
CD

along the blade sections

0.4 < r/R < 0.9 for uniform inflow case (left column) and turbulent inflow case (right column)
when the riblet film case is operating at fixed rotor speed ω.
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3.2. Variable rotor speed
In this set of simulations, the angular speed is determined through the angular momentum
balance between the aerodynamic torque and the generator torque. The controller modulates
the angular speed following the standard control for region 2 [18], which applies a torque gain
based on the optimal tip speed ratio. When the angular speed varies, the local angle of attack
and forces also change. For laminar and turbulent inflow, the airfoils with riblets exhibit an
increase in both the average generator torque and average rotor speed. These improvements
are due to the improved lift and drag along the length of the blade, as depicted in Fig. 4.
Interestingly, these changes shift the angle of attack along the blade to lower values because of
the higher tangential velocity component (Uθ−ωr) in the velocity triangle. Nevertheless, it still
results in an increase in Tgen and ω due to the larger tangential forces resulting from changes in
CL, CD and Urel.

The local angle of attack α at each section of the blade is a function of the streamwise velocity
component of the wind Ux, relative tangential velocity Uθ − ωr, and local twist angle ϕ. At the
initial stages of the simulation when steady state is not yet reached and the angular speeds of
UIR and TIR are the same as the baseline (UIS and TIS respectively), the angles of attack
are similar to those obtained without riblets. At this stage of the operation, CL is significantly
higher for the blades with riblets as discussed in the previous subsection. As a consequence,
the tangential forces and torque are higher, leading to an angular speed which reaches a steady
state higher than that relative to the smooth airfoil.

Figures 4a and 4b shows the shift in α between the cases with riblets and the cases with
smooth airfoils in steady state. With the riblets, the increase in ω contributes to lower the angle
of attack. Typically in the region before the stall angle, a shift to a lower α would contribute
to a lower CL. However, compared to the baseline smooth airfoil without riblets, at 9 < α < 15
the airfoils with riblets still have higher CL and lower CD as shown in Fig. 1 and Fig. 4. Since
the rotor spins faster for the case of airfoils with riblets, Urel at each local section also increases
with ω as it can be inferred from equation 3.

Figure 5 shows the increase of the Ftan along the length of the blade with the addition of
the riblet film (note that Ftan are the point forces from the BEM analysis of the blades). For
the airfoils with riblets, three factors contribute to the increase in the Ftan, the combined effect
of increase in CL and decrease in CD in some sections of the blade with riblets, particularly at
0.4 < r/R < 0.9 and the increase in relative velocity Urel due to higher angular velocity ω of
the rotor with the use of riblets.

For UIR, the region 0.4 < r/R < 0.6 is the one contributing the most to the increase in torque
as shown in Fig. 6a. This region coincides with the highest increase in tangential forces observed
in Fig. 5c, where the change is monotonically decreasing towards the blade tip. Meanwhile for
TIR, the contribution of the region 0.8 < r/R < 0.9 is almost similar to 0.56 < r/R < 0.66
in Fig. 6b, despite having a smaller increase in tangential force observed in Fig. 5d. Moving
towards the tip of the blade, small improvements in the tangential force become increasingly
significant since the torque contribution varies linearly with the distance from the hub. The
increase in the aerodynamic torque with the addition of the riblet film led to a ∆Cp = 4.3%
improvement for UIR, and ∆Cp = 6.6% for TIR.

3.3. Loads and Torque Fluctuations
As a consequence of the riblet film improving the lift and drag coefficients, the axial forces and
thrust coefficient Ct of the wind turbine also increase. Increased axial forces in the wind turbine
lead to increased flapwise bending of the blades, and could potentially be detrimental to the
durability of the blades. With the addition of riblets, the mean root bending moment on the
blades increased by 3% for the uniform inflow and 4% for the turbulent inflow. The root-bending
moment probability density function has been calculated to assess possible instantaneous high
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4: Time-averaged α, CL, CD, and aerodynamic efficiency CL
CD

along the blade sections

0.4 < r/R < 0.9 for uniform inflow case (left column) and turbulent inflow case (right column).

off-design loads. Figure 7 shows that, as expected, the fluctuations for the turbulent inflow is an
order of magnitude higher than the fluctuations for the uniform inflow. Hence, we focused on
the former. For TIR, there are comparatively more occurrences of root bending moment slightly
above the mean as shown by the higher peak but the magnitude of the extreme fluctuations
relative to the mean are lower. Despite that, the extreme events still have higher magnitude
compared to TIS, but are closer to the mean. To better understand if these fluctuations worsen
the root bending moment fatigue loads on the blade, the damage equivalent load (DEL) is
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(a) (b)

(c) (d)

Figure 5: Resultant tangential forces Ftan(N.m) along the blade sections 0.36 < r/R < 0.98
and the percent increase in tangential force between the airfoil with and without riblets for (a)
uniform inflow fixed speed (b) turbulent inflow fixed speed (c) uniform inflow variable speed,
and (d) turbulent inflow variable speed.

(a) (b)

Figure 6: Percent contribution of the torque of the blade sections to the total increase in torque
with the addition of riblets in the blade for (a) uniform inflow and (b) turbulent inflow.

calculated and compared.
To measure the equivalent damage, the load cycles of the different root bending moments

are computed using rainflow counting algorithm, then following Palgrem-Miner’s rule [19], the
damage equivalent load is calculated as the following:

DEL =
m

√√√√√ n∑
i=1

∆Ti
m ·Ni

Nref

(7)

where m = 10 is a constant based on the material’s (fiberglass) Wöhler curve, ∆Ti is the load
range of the ith bin in rainflow counting, Ni is the number of cycles counted in the ith bin, and
Nref is the reference number of cycles set to 1. In this particular case, DELriblet/DELsmooth is



The Science of Making Torque from Wind (TORQUE 2024)
Journal of Physics: Conference Series 2767 (2024) 022023

IOP Publishing
doi:10.1088/1742-6596/2767/2/022023

9

(a) (b)

Figure 7: PDF of root bending moment for (a) uniform inflow and (b) turbulent inflow. Vertical
lines represent the mean.

close to 1 implying that the addition of riblets did not have a detrimental effect on the fatigue
life of the blades regarding the flapwise bending moment, despite having higher axial forces.

Torque fluctuations were also investigated, as these could cause adverse effects on the
serviceable life of the gearbox due to cyclic loads. In ideal uniform-inflow winds, there are
not much sources of cyclic loads aside from the interaction of the rotating wind turbine blades
with the tower, and the effect of the velocity gradient in the vertical direction. However in reality,
turbulent inflow is much more common and causes more fluctuations in the loads. Figure 8 shows
the effect of turbulence on the aerodynamic torque fluctuations on the blade. It can be observed
that the range of fluctuations for the turbulent inflow is an order of magnitude higher than that
of the uniform inflow. Hence, we focused on the turbulent. With the use of the riblets, the
proportion of the area under the curve above the mean is increased. This means that the riblets
contribute to more incidences of positive fluctuations than negative fluctuations as compared
with the smooth airfoils. With the use of riblets, the distribution of the torque fluctuations still
looks similar to that of the smooth airfoils, indicating that the riblets do not modify much the
torque fluctuations.

(a) (b)

Figure 8: PDF of aerodynamic torque fluctuations for (a) uniform inflow and (b) turbulent
inflow.

4. Conclusion
Wind tunnel experiments were performed to assess the efficacy of riblet films in modulating
the aerodynamic characteristics of a DU91-W2-250 airfoil section. To evaluate how the riblet
films affect wind turbines, LES of NREL 5MW turbine virtually retrofitted with DU91-W2-250
airfoil with and without the riblet films have been performed. When the riblet film turbines
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are operating at the same angular speed ω of the baseline smooth case, increase in torque and
power are observed due to the higher lift coefficient at same angle of attack leading to ∆2.86%
improvement for the uniform inflow case and ∆3.49% for the turbulent inflow case.

Greater improvement in power generation is achieved when the riblet film turbine is controlled
to work at the optimal tip-speed ratio. In this case, the angular speed increases and the angle
of attack is reduced. For a uniform inflow, the use of riblets leads to 4.3% power increase.
When the inflow wind is turbulent, the blades encounter a broader range of angle of attack and
the riblet film contributes to a higher power increase of 6.5%. This is attributed to the riblet
films delaying the critical angle of attack. Some of the angles are already in the critical stall
region for the smooth airfoils but not yet for the airfoils with riblets. In this case study where
only DU91-W2-250 airfoils were used in the blade, the riblets contributed to a highest increase
in tangential forces in the region 0.4 < r/R < 0.6 of the blade which made that region the
largest contributor in torque increase. The primary source of torque enhancement may vary
when employing several combinations of airfoils and riblets as the modulation of lift and drag
polars change. Moreover, the use of riblet film on the airfoil did not have a detrimental effect
on the flapwise fatigue life of the blade.
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