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This paper presents results of a study that was commissioned by the 3M Re-
newable Energy Division to measure the drag reduction by using riblet �lm on
airfoils speci�cally designed for wind turbine applications. The DU 96-W-180 airfoil
was tested with four di�erent symmetrical V-shaped riblet sizes (44, 62, 100 and
150-�m) at three Reynolds numbers (1, 1.5 and 1.85 million) and at angles of attack
spanning the low drag range of the airfoil. Tests were run with riblet �lm cover-
ing di�erent sections of the airfoil in order to determine the optimal riblet location
in terms of drag reduction. Results showed that the magnitude of drag reduction
depended on the angle of attack, Reynolds number, riblet size, and riblet location.
For some con�gurations, riblets produced signi�cant drag reduction of up to 5%,
while for others riblets were detrimental. Trends in the results indicated an opti-
mum riblet size of 62-�m for the range of Reynolds numbers at which tests were
conducted. The airfoil chord was 18 in (0.457 m). Results also showed that each
riblet size performed best at a given Reynolds number with the optimal Reynolds
number decreasing with an increase in riblet size.

Nomenclature

c = airfoil chord
Cd = drag coe�cient
Cl = lift coe�cient
Cm = quarter-chord pitching moment coe�cient
Cp = pressure coe�cient
ncrit = critical ampli�cation factor for transition
Re = Reynolds number
U1 = freestream velocity
x=c = normalized chordwise location
xtr = transition location
� = angle of attack

I. Introduction

Riblets have been known to reduce skin friction drag for the past 30 years. 3M has been pioneering the
development of riblet �lm technology since the early 1980s and has provided experimental riblet �lm to many
research centers to study the aerodynamic performance of riblets. Despite the ongoing research on riblets,
challenges such as �nding the optimal riblet size and placement for airfoil drag reduction still remain. A
majority of the research done on riblet �lm has been on at plates. Moreover, recent research on airfoils has
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been incomplete with many such studies producing more questions than answers. Most past e�orts to study
riblets have aimed at validating the drag reducing properties of riblets as opposed to �nding the optimal
riblet con�guration for drag reduction. Riblets have often been placed covering almost the entire airfoil
surface by forcing transition ahead of the �lm. While this approach might be conducive to studying the drag
reducing properties of riblets, it does not address how riblets might perform in a real world application such
as on wind turbine blades where ow remains laminar until natural transition.

Dr. Robert L. Ash1 from the Old Dominion University started the ideas related to riblet �lm. Early
research by Walsh2 reported a drag reduction of 4{7% using riblets on at plates. Subsequent research
observed skin friction drag reduction of the same magnitude in turbulent boundary layers.3{5 A few years
after these initial reports, Bechert, et al.6 published a paper relating \ribs" on shark skin to riblet �lm. In
more recent studies, Savill7 discussed the application of riblets to wind turbines and aircraft.

Most early research dealing with riblets was done on at plates; however, due to the di�erence in boundary
layer characteristics of at plates and airfoils, recent studies have focused on the application of riblet �lm
to airfoils. A commonly tested airfoil has been the NACA 0012, which is often used for academic research.
Caram and Ahmed8,9 tested three riblet sizes (23, 76 and 152-�m) starting at x=c = 10% on the NACA 0012
at Re of 250,000 and observed a drag reduction of 13% with the 152-�m riblets. However, this study was
done at just one angle of attack (0 deg). Han10 tested the same airfoil with 180-�m riblets covering the
entire airfoil at a much lower Re of 17,000 and 36,000 and reported a drag reduction of around 4% and 16%
respectively. In another study, Sundaram, et al.11,12 tested the NACA 0012 with 76 and 152-�m riblets
applied at x=c = 12%-96% and trips at x=c = 10%. Tests were run at angles of attack ranging from 0 to 12
deg. A maximum drag reduction of 13% was reported for the 152-�m riblets at 6 deg.

In a similar study, the GAW-2 and LC100D airfoils were tested with the 76 and 152-�m riblets.13{15

Similar to the NACA 0012 airfoil, the GAW-2 airfoil showed a maximum drag reduction of 15% with
152-�m riblets at 6 deg. Riblets on the LC100D airfoil, however, were not as e�ective with a maximum drag
reduction of only 2%. Studies on other airfoils and riblet sizes have reported drag reduction in the range of
6{12% with similar trends.16,17

The objective of this study was to test riblet �lm on a wind turbine airfoil by varying the riblet size and
location over a range of angles of attack and Reynolds numbers. The results should help to improve the
understanding of riblet performance, expose trends in riblet e�ectiveness with size and location, and thereby
help determine the optimal riblet con�gurations for application to wind turbine blades for increased energy
capture.

II. Experimental Approach and Test Plan

A. Wind Tunnel Facilities

Testing was conducted in the UIUC low-turbulence subsonic wind tunnel. Figure 1 shows the schematic of
the tunnel. The wind tunnel is an open-return type with a 7.5:1 contraction ratio. The rectangular test
section is 2:8 � 4:0 ft (0:853 � 1:219 m) in cross section and 8-ft (2.438-m) long. Over the length of the test
section, the width increases by approximately 0:5 in (1.27 cm) to account for boundary-layer growth along
the tunnel side walls. Test-section speeds are variable up to 160 mph (71.53 m/s) via a 125-hp (93.25-kW)
alternating-current electric motor driving a �ve-bladed fan. The tunnel settling chamber contains a 4-in
(10.16-cm) thick honeycomb and four anti-turbulence screens. The maximum Reynolds number that can be
reached is 1.5 million/ft (4.92 million/m).

The airspeed and dynamic pressure in the test section were determined by static pressure measurements
in the wind tunnel contraction. Ambient pressure was measured with an absolute pressure transducer.
Ambient temperature was measured with a thermocouple. The performance of the airfoil was measured
using a three-component external force and moment balance mounted underneath the test section and by a
wake rake. The model was mounted with the spanwise axis in the vertical direction.

The three-component balance measured the normal force, axial force, and the pitching moment of the
airfoil. Lift and drag were calculated from the normal and axial forces, but a more accurate drag value was
calculated using wake rake measurements. The rake contained 59 total pressure probes over a total width of
9:75 in (24.77 cm). The seven probes on each of the outer sides of the rake were spaced 0:27-in (6.86-mm)
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Figure 1. Schematic of the UIUC low-turbulence subsonic wind tunnel.

apart and the rest of the 45 probes were spaced 0:135-in (3.43-mm) apart. Eight spanwise wake pro�les were
measured for each angle of attack starting 4-in (10.16-cm) above and ending 3-in (7.62-cm) below center
span, and the resulting drag values were averaged.

B. Riblet Film

The riblet �lms tested were manufactured by the 3M Renewable Energy Division Laboratory. The �lms
tested were o�-the-shelf experimental samples, manufactured solely for the purpose of the research and are
not commercially available. Figure 2(a) shows an image of the 44-�m riblet �lm taken using a scanning
electron microscope (SEM). A similar image of the riblet pro�le of the 62-�m �lm is shown in Figure 2(b).
The �lm had a plastic backing with V-shaped riblets on one side and an adhesive on the other. The riblet
geometry was manufactured such that the peak-to-valley and peak-to-peak spacing was the same. Four sizes
of riblet �lm were tested: 44, 62, 100 and 150-�m. The riblet sizes were selected based on the theoretical
optimal riblet heights for the Reynolds number range at which testing was done.

(a) (b)

Figure 2. Riblet �lm viewed under a scanning electron microscope (courtesy of 3M).

C. Airfoil Model

With wind turbines being the primary application for riblet �lm in this particular study, the DU 96-W-180
airfoil was chosen for the tests. The DU 96-W-180 is an 18%-thick airfoil designed at Delft University.18 It
was designed to be used at the 75% blade station and is actively used in wind energy research and found in the
literature. The airfoil model had a span of 33:5-in (0.851-m) with an 18-in (0.457-m) chord. Figure 3 shows
the DU 96-W-180 airfoil model mounted vertically with riblet �lm applied to the upper-surface turbulent
region. The streamwise shading of the �lm seen in the picture was due to adhesive variations beneath the
skin of the �lm. The model did not exhibit waves along the surface exposed to the ow.
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Figure 3. DU 96-W-180 model in the wind tunnel with riblet �lm on the upper surface turbulent region.

D. Viscous Analysis

Before testing the airfoil with �lm applied to it, the airfoil was analyzed to determine the expected per-
formance for clean and tripped conditions. The airfoil analysis was performed using the viscous analysis
code XFOIL,19 which is capable of modeling the e�ects of laminar separation bubbles. The analysis was
performed at Reynolds numbers of 1,000,0000, 1,500,000, and 1,850,000 corresponding to the wind-tunnel
test conditions. The primary reason behind this analysis was to understand the behavior of the clean airfoil.
A second reason was to ascertain whether or not the airfoil performance might be improved if the riblet
�lm acted in such a way as to promote transition and thereby possibly mitigate the adverse e�ects of the
laminar separation bubble. The latter question was addressed by analyzing the airfoil with transition �xed
at various increments ahead of the laminar separation point found for clean conditions.

Figure 4. Cp distribution for the DU 96-W-180 at Re = 1:5� 106 as predicted by XFOIL.

Figures 4 and 5 show the predicted pressure distributions and drag polars for the DU 96-W-180 airfoil.
The polar shows that the low drag range for the DU 96-W-180 airfoil ends at a Cl of approximately 1.2.
The pressure coe�cient plot indicates the presence of a laminar separation bubble on both the upper and
lower surfaces of the airfoil. It can also be seen in the graphics that natural transition takes place near 40%
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Figure 5. Drag polar for the DU 96-W-180 at Re = 1:5� 106 as predicted by XFOIL.

chord on the upper surface and 75% chord on the lower surface. Placing the riblet �lm near the leading edge
(where the ow is laminar) might change the drag; however, this change might not be due to the action of
the riblets but due to the change in location of the transition point and consequently, a change in the length
of the laminar separation bubble. Hence, in order to obtain an accurate measure of the drag reduction due
solely to the riblets, the riblet �lm was positioned to cover the turbulent region with the front edge of riblet
�lm starting inside the laminar separation bubble and never extending in front of laminar separation point.
Thus, this primary con�guration should prevent the riblet �lm from inuencing transition and shortening
the laminar separation bubble.

E. Surface Oil Flow Visualization

Flow visualization was performed to reveal the location and size of the laminar separation bubble on the
airfoil model. The process involved spraying the airfoil surface with mineral oil mixed with a orescent
pigment, running the tunnel at the desired Reynolds number and observing the ow features under a black
light. Flow visualization was performed on the upper and lower surfaces of the airfoil, at the three Reynolds
numbers, over the entire low drag range. Figure 6 shows oil-ow visualization on the upper surface of the
DU 96-W-180 airfoil at Re of 1,500,000 and angle of attack of 6 deg. The image clearly shows a laminar
separation bubble starting at 38% chord and reattachment at 45% chord. Consequently, riblet �lm in the
turbulent region would need to be applied starting inside this bubble in order to eliminate the possibility of
the leading edge of the �lm tripping the ow while maximizing the turbulent-region riblet-�lm coverage for
maximum e�ect.

Figure 7 shows the position of the laminar separation and reattachment points with angle of attack along
with the riblet �lm for the DU 96-W-180 airfoil. Since the bubble moved with angle of attack, the riblet �lm
was placed such that it remained inside the bubble at the angles of attack at which the airfoil would most
likely be operated on a variable-speed wind turbine.

F. Test Plan

Testing of the riblet �lm was done by varying both the riblet size and location at the three Reynolds numbers.
Each con�guration was tested over the entire low drag range. Eight spanwise wake surveys, spaced 1-in
(2.54-cm) apart, were taken for each angle of attack with the �rst survey taken 4-in (10.16-cm) above and
the last survey 3-in (7.62-cm) below the model centerline. The drag measured at each of these stations
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Figure 6. Flow visualization on the upper surface of the DU 96-W-180 airfoil at � = 6 deg and Re = 1:5� 106.
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Figure 7. Laminar separation, reattachment and riblet �lm locations on the DU 96-W-180 airfoils at angles
of attack near the upper corner of the drag polar (symbols correspond to x=c locations and not airfoil surface
normal).

was averaged to get the Cd value at a given angle of attack. Each case was run three times to check for
repeatability, thereby ensuring accurate results.

Before testing the airfoil with any �lm on it, the clean airfoil was tested to obtain the baseline drag at
the three Reynolds numbers for comparison. Next, the airfoil was tested with trips ahead of the laminar
separation point to determine if there was an optimal location that minimized the drag of the laminar
separation bubble. The ow was tripped by using a backward facing step created by applying a strip of
0.0045-in (0.114-mm) thick and 5/16-in (7.938-mm) wide Chartpack R tape at the desired location.

The airfoil was tested with riblet �lm applied to the upper surface turbulent region, lower surface turbulent
region, and both upper and lower turbulent regions. When riblet �lm was placed in the turbulent regions,
a narrow piece of tape was used to secure the leading edge of the �lm to the airfoil and prevent it from
debonding (special, removable, low-tack adhesive was used for the �lms in this research). Trips were not
placed ahead of the riblet �lm as no bene�t to the airfoil performance was observed by eliminating the
separation bubble.
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III. Results and Discussion

This section discusses the results from the testing of the riblet �lm on the DU 96-W-180 airfoil. As
mentioned, the airfoil was tested with riblet �lm applied to the turbulent regions only, prior to which the
clean airfoil was tested in order to establish a baseline for drag reduction measurement.

A. Clean Airfoil

Before testing the DU 96-W-180 airfoil with riblet �lm, a baseline was determined against which the e�ect
of riblet �lm would be compared. Figure 8 shows the performance of the DU 96-W-180 airfoil without trips
or riblet �lm applied for the three Reynolds numbers. This dataset provided the baseline used to measure
drag reduction. Test were also run with trips located near the laminar separation point in order to check
for the possibility of a drag decrement on account of elimination or mitigation of the laminar separation
bubble. No bene�t, however, was seen from forcing transition ahead of the separation bubble and in some
cases trips even proved to be detrimental to the airfoil performance. Thus, if care was not taken in placing
the riblet �lm behind the natural laminar separation point, misleading results showing drag increase could
be observed on account of early transition due to the �lm.
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Figure 8. Drag polars for the clean DU 96-W-180.

B. Riblets in the Turbulent Region

Based on the test results with trips near the separation bubble, the fact that the majority of the skin friction
drag is due to turbulent ow, and the possibility of riblets in the laminar region forcing early transition, it
was decided to test riblets only in the turbulent region (starting inside the bubble). For each riblet size,
tests were run with riblets on the upper surface, lower surface, and both upper and lower surface turbulent
regions at the three Reynolds numbers. In general, the riblets on the upper surface (suction side) had a
greater impact on the airfoil drag than riblets on the lower surface (pressure side). Maximum drag reduction
was obtained with riblets on both the upper and lower surface.

As mentioned earlier, riblet �lm was placed based on the location of the laminar separation bubble at
angles of attack at which this airfoil would most likely be operated (Cl = 0.75{1). Since at Cl values outside
this range riblets would no longer start inside the bubble, any measured change in drag may not be due to
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the action of riblets but instead due to early ow transition. Therefore the assessment of riblet performance
will be made based on the drag at Cl values ranging from 0.75 to 1.0.

Figures 9{12 show the drag polars for the four di�erent riblet �lms applied to the upper surface turbulent
region, lower surface turbulent region, and both upper and lower surface turbulent regions compared to the
clean airfoil at Re of 1,000,000. The plots also show the percent change in drag due to the riblets (negative
indicating drag reduction). The percent change in drag was calculated by using the clean case as the baseline.
It can be seen from the �gures that there was a marginal decrease in drag due to the 44-�m riblets. Both
the 62-�m and 100-�m produced a 2{4% reduction in drag with riblets on the upper and lower surface. In
contrast to the other three riblet sizes, the 150-�m riblets were detrimental, causing an increase in drag.

Figures 13{16 show the drag polars for the four riblet �lms at Re of 1,500,000. It can be seen from the
plots that there was a 1{2% decrease in drag due to 44-�m riblets. The 62-�m riblets performed much better
producing a drag reduction of 4{5%. The performance of the 100-�m riblets was between the 44 and 62-�m
with a drag reduction of 2{4%. The 150-�m riblets were again detrimental causing an increase in drag of up
to 6%.

Figures 17{20 show the drag polars for the four riblet �lms at Re of 1,850,000. At this Re, the 44-�m
riblets had almost no e�ect, while the 62-�m riblets produced a drag reduction of 1{2%. Both the 100 and
150-�m riblets were highly detrimental to the airfoil performance producing a large increase in drag.

The lift curves for all the above cases are shown in Figs. 21{23. It can be seen that the 150-�m riblets
caused a small decrease in the lift at all three Re. For the other three riblet sizes, the lift remained almost
the same. The most likely reason for this is that the 150-�m riblets were the thickest of the four riblet sizes
that were tested and hence might have resulted in a change in the airfoil geometry, substantial enough to
cause a slight decrease in the lift.

The drag polars show that the performance of riblets is highly dependent on both the riblet size and
Reynolds number. Figure 24 shows the measured percent change in drag for each riblet size, with riblets
applied to the upper and lower surface turbulent regions of the DU 96-W-180 airfoil. The �Cd values have
been plotted for three lift coe�cients in the range where the airfoil would most likely be operated. Broken
lines are used to connect the 44, 62 and 100-�m riblets as di�erent thickness backings were used for the
three. The 100 and 150-�m riblets, which had the same backing, are connected by a solid line. The plot
clearly shows that there exists an optimum riblet size (62-�m) which is the most e�ective in reducing drag
over the range of Reynolds numbers tested. A decrease or increase in riblet size from the optimum resulted
in a reduction in riblet performance.

Figure 25 shows a similar comparison of the the four riblet sizes at the three Reynolds numbers and Cl

of 0.75. The plot illustrates the e�ect of Reynolds number on the riblet e�ectiveness. It can be seen that
the 62-�m riblet performs the best at all three Reynolds numbers. Comparing the percent change in drag
due to each riblet size at the three Re it can be seen that the 44 and 62-�m riblets perform best at Re of
1,500,000 while the 100 and 150 �m riblets perform best at Re of 1,000,000. Thus, it can be seen that the
optimal Reynolds number for a given riblet size decreases as the riblet size increases.

IV. Conclusions

Various con�gurations of four di�erent sized riblet �lms were tested at three Reynolds numbers on the
DU 96-W-180 airfoil. Results showed that drag reduction due to riblets depends on variables such as the
size and location of the riblet �lm, angle of attack, and Reynolds number. Despite the variables involved,
there exists an optimal riblet size that produces maximum drag reduction. For the airfoil and con�gurations
tested, the optimal riblet size was found to be 62-�m. Optimally sized riblets, when applied in the turbulent
region, produced a drag reduction of 4{5%. Non-optimal riblet sizes, on the other hand, increased drag up
to 10-12% in some cases. It was also observed that the Reynolds number at which riblets are most e�ective
decreases as the riblet size increases. Based on results from previous studies on riblets, the performance of
riblets is also dependent on the airfoil and hence the optimal riblet size and corresponding drag reduction
might be di�erent for other airfoils. The optimal riblet size and performance might also vary for di�erent
riblet geometries such as saw toothed and skipped toothed con�gurations that can be found in literature.
In spite of the large variation in riblet performance for the airfoil tested, results showed that it is possible
to select a riblet size that performs well over a range of Reynolds numbers and angles of attack. Thus, well
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designed airfoils that take advantage of riblet �lm technology and careful selection of optimally sized riblets
based on the knowledge of the operating conditions could potentially enable riblets to be used e�ectively in
real world applications such as wind turbines.
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Figure 9. Drag polar for the DU 96-W-180 at Re = 1:00� 106 with 44-�m riblets in the turbulent regions.
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Figure 10. Drag polar for the DU 96-W-180 at Re = 1:00� 106 with 62-�m riblets in the turbulent regions.
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Figure 11. Drag polar for the DU 96-W-180 at Re = 1:00� 106 with 100-�m riblets in the turbulent regions.
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Figure 12. Drag polar for the DU 96-W-180 at Re = 1:00� 106 with 150-�m riblets in the turbulent regions.
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Figure 13. Drag polar for the DU 96-W-180 at Re = 1:50� 106 with 44-�m riblets in the turbulent regions.
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Figure 14. Drag polar for the DU 96-W-180 at Re = 1:50� 106 with 62-�m riblets in the turbulent regions.
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Figure 15. Drag polar for the DU 96-W-180 at Re = 1:50� 106 with 100-�m riblets in the turbulent regions.
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Figure 16. Drag polar for the DU 96-W-180 at Re = 1:50� 106 with 150-�m riblets in the turbulent regions.
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Figure 17. Drag polar for the DU 96-W-180 at Re = 1:85� 106 with 44-�m riblets in the turbulent regions.
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Figure 18. Drag polar for the DU 96-W-180 at Re = 1:85� 106 with 62-�m riblets in the turbulent regions.
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Figure 19. Drag polar for the DU 96-W-180 at Re = 1:85� 106 with 100-�m riblets in the turbulent regions.
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Figure 20. Drag polar for the DU 96-W-180 at Re = 1:85� 106 with 150-�m riblets in the turbulent regions.
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Figure 21. Lift curve for the DU 96-W-180 at Re = 1:00� 106 with riblets in the turbulent regions.
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Figure 22. Lift curve for the DU 96-W-180 at Re = 1:50� 106 with riblets in the turbulent regions.
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Figure 23. Lift curve for the DU 96-W-180 at Re = 1:85� 106 with riblets in the turbulent regions.

18 of 19

American Institute of Aeronautics and Astronautics



 40  60  80 100 120 140 160
−20

−10

  0

 10

 20

Riblet Size (µm)

∆C
d
 (%)

 

 
C

l
 = 0.750

C
l
 = 0.875

C
l
 = 1.000

Figure 24. Percent drag reduction variation with riblet size for the DU 96-W-180 at Re = 1:50� 106 and riblets
in the upper and lower surface turbulent regions.
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Figure 25. Percent drag reduction variation with riblet size for the DU 96-W-180 at Cl = 0:75 and riblets in
the upper and lower surface turbulent regions.

19 of 19

American Institute of Aeronautics and Astronautics


