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Vortex Generators Used to Control Laminar
Separation Bubbles

M. Kerho,* S. Hutcherson,t R. F. Blackwelder, and R. H. Liebeck$
University of Southern California, Los Angeles, California 90089

This study examines the effect of various forms of vortex generators on the laminar separation bubble of a
two-dimensional low Reynolds number Liebeck LA2573A airfoil. The objective of this research was to determine
the effects that different generator sizes and spacings have upon the separation bubble and the drag. Wind-
tunnel measurements were made on several generator configurations at Reynolds numbers ranging from 200,000
to 600,000 at angles of attack less than the stall angle where the separation bubble can provide a significant
contribution to the airfoil drag. The vortex generators used were constructed small enough to be contained
completely within the laminar boundary layer. Wind-tunnel data included airfoil drag and mean and fluctuating
velocity measurements in the laminar and turbulent boundary layers. Results have shown that the use of vortex
generators provides a measurable decrease in airfoil drag at the lower range of Reynolds numbers tested. At
the airfoil’s design condition and Reynolds number of 235,000, the submerged vortex generators were shown
to decrease the airfoil drag by a maximum of 38% at C, = 0.572.

Nomenclature
C, = airfoil drag coefficient per unit span
C, = airfoil lift coefficient per unit span
c = airfoil chord
H = maximum height of a vortex generator
L = streamwise length of a vortex generator
Re, = Reynolds number based on the airfoil chord

U = boundary-layer edge velocity

U. = freestream velocity

W = spanwise width of a vortex generator

x = chordwise position downstream of the airfoil
leading edge

Y,4 = separation bubble height parameter

o = angle of attack

Az = center-to-center spanwisc generator spacing

Az, = critical center-to-center generator spanwise
spacing

6% = displacement thickness

0 = momentum thickness

Introduction

EVERAL current airfoil applications operate in the low

Reynolds number regime, including remotely piloted ve-
hicles, high altitude aircraft, compressor blades, and wind
turbines. Typically, many of these airfoils operate at a chord
Reynolds number of Re. < 10° and experience a laminar
separation bubble for angles of attack less than the stall angle.
The separation bubble is formed slightly downstream of the
beginning of the adverse pressure gradient where the laminar
boundary layer separates and forms an unstable shear layer
which rapidly transitions to a turbulent shear layer. The strong
turbulent mixing downstream of the transition promotes the
reattachment of the turbulent shear layer. The flow then con-
tinues as an attached turbulent boundary layer to the trailing
edge.
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Although small separation bubbles have been experimen-
tally shown to have little effect upon the airfoil’s lift, they can
create a thicker turbulent boundary layer resulting in a sig-
nificant drag increase. A primary goal of this research is to
reduce or eliminate the separation bubble through the use of
submerged vortex generators, and thus reduce the drag. Al-
though vortex generators have commonly been used to delay
separation in turbulent boundary layers, they have rarely (if
ever) been used for the same purpose in laminar boundary
layers. The vortex generators are located immediately down-
stream of the airfoil’s pressure peak, and are contained com-
pletely within the boundary layer. The vortex generators that
were tested had heights between 30—80% of the local bound-
ary-layer thickness. They are designed to produce a stream-
wise vortex that energizes the near wall laminar flow to over-
come the adverse gradient. Their shape and small size are
intended to prevent the flowfield from becoming turbulent
prematurely. The range of interest for this investigation was
200,000 < Re_ < 500,000 at angles of attack less than the stall
angle. This range represents typical operating conditions for
a low Reynolds number airfoil.

Several types of generators, sketched in Fig. 1, were used
with various spanwise spacings. Wishbone vortex generators
designed by Wheeler! were tested. These generators consist
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Large Wishbone Generators 1.27 6.00 .7.70
Small Wishbone Generators 0.48 475 475
Thin Ramped Cones 0.64 480 278

Fig. 1 Wheeler wishbone and thin ramped cone generators.
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Fig. 2 Airfoil pressure distribution at Re, = 235,000 and « = 4 deg,
C, = 0.572.

of two joined legs with an included angle of approximately
60 deg with their apex pointing downstream. Two different
sizes were tested having apex heights of 1.27 and 0.48 mm.
A ramped cone generator designed by the authors was also
studied. The ramped cone had its maximum height of 0.64
mm at approximately % its length. A conventional transition
strip of glass bead grit (0.31 mm) was also tested to provide
a comparison with the new generators.

Experimental Technique

The airfoil used for this research, an LA2573A with a 0.298
m chord, was mounted in the 0.94 by 1.27 m semihexagonal
cross section of the USC Dryden wind tunnel. The tunnel is
a closed return type with a contraction ratio of 7:1 and a
maximum test section velocity of approximately 34 m/s. A
two-dimensional configuration was used with the airfoil span-
ning the tunnel width. The freestream turbulence level in the
test section has been measured to be 0.1%. A pressure dis-
tribution of the airfoil is shown in Fig. 2 which shows the
separation bubble at approximately 0.30 < x/c < 0.50.

Streamwise mean and turbulent velocity measurements were
taken using a single hot wire probe driven by a constant tem-
perature anemometer. Velocity profile data were taken at an
angle of attack of 4 deg and Re, = 235,000 at chord positions
ranging from x/c = 0.15 to x/c = 0.99. Airfoil drag was
measured by the momentum defect obtained from a pressure
rake in the wake over the range of Reynolds numbers from
200,000 to 600,000 at an angle of attack of 4 deg. From re-
peatability and comparison to previous results for the clean
airfoil, an uncertainty in C, of approximately 0.001, or 5%
can be expected. Drag data were also taken at angles of attack
ranging from —2 to 14 deg at a constant Re, of 235,000.
Further experimental conditions are described by LeBlanc et
al.2 The model used for this experiment was not pressure
instrumented. The reported lift coefficients are obtained from
a smaller cord airfoil of the same shape and angle of attack
which was pressure instrumented. Relatively small separation
bubbles at low Reynolds number show that the bubble has a
negligible effect upon C, and C,, thereby justifying this cor-
relation.

Results and Discussion

Before the vortex generators were applied to the airfoil,
drag and mean velocity profiles were taken with the clean
configuration to document the separation bubble. Boundary
layer integral parameters 6* and 6 were calculated directly
from the velocity profiles for all cases. Mean velocity profiles
and corresponding turbulence intensities for the clean airfoil
are shown in Fig. 3. The profiles have been normalized by
the displacement thickness to allow easier comparison, and
are read from right to left with increasing chord position. The
large areas of constant velocity near the wall at positions
ranging from approximately x/c = 0.31 to x/c = 0.50 are
indicative of the separation region. Reverse flow regions of
the separation bubble are not depicted due to the fact that
hot wire anemometer does not indicate flow direction; how-
ever, the data does provide a good means for determining
bubble location and height. Laminar to turbulent transition
of the shear layer above the bubble is clearly indicated by the
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Fig. 3 Mean velocity and turbulent intensity profiles for the clean
airfoil at Re, = 235,000 and & = 4 deg. The profiles are normalized
by the displacement thickness.

significant jump in turbulent intensity seen in the bubble re-
gion.

The first vortex generators to be applied to the airfoil were
the Wheeler wishbone type with a maximum apex height of
1.27 mm, corresponding to approximately 80% of the local
boundary-layer thickness. In all cases, the generators were
placed directly behind the airfoil’s pressure peak as deter-
mined from Fig. 2 at a chord position of x/c = 0.22. Smaller
wishbone generators were also tested having an apex height
of only 0.48 mm, or approximately 30% of the local laminar
thickness. The third generator tested was a thin ramped cone
with an apex of 0.64 mm placed at an angle of 30 deg incidence
to the flow. The spanwise spacing, Az in Fig. 1, was varied
for all generator types and sizes to optimize their efficiency.
A conventional bead grit transition strip was also placed at
x/c = 0.22 to provide a direct comparison to the vortex gen-
erators.

The 1.27-mm wishbone generators were used at a center-
to-center spacing of 14.3 mm, as recommended by Wheeler.!
The mean velocity and corresponding turbulence intensity
profiles for this configuration are shown in Fig. 4 where the
profiles are normalized by the new displacement thickness.
The mean velocity profiles indicate that there are no obvious
or distinct areas of separation. Also, the turbulence intensity
profiles indicate that transition does not occur until down-
stream of x/c = 0.35. This data corresponds to a spanwise
location which lies behind the apex of one of the vortex gen-
erators. Further spanwise examination (which will be pre-
sented later) indicated that there were several very small sep-
aration bubbles remaining between the generators. Therefore,
it could be concluded that the generators reduced the size
and magnitude of the separation bubble without inducing pre-
mature transition.

Since small separation bubbles were found between each
generator, a comprehensive study of the spanwise placement
for each set of generators was conducted. Intuition suggests
that a reduction of the center-to-center spacing would produce
a stronger overall effect and decrease the size of the separation
bubble further. However, at a closer spacing of Az = 7.9
mm, the generators produced a sufficiently large disturbance
which caused premature transition. Although this eliminated
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Fig. 4 Mean velocity and turbulent intensity profiles for the airfoil
with 1.27-mm wishbone vortex generators at Re, = 235,000 and a =
4 deg. The generators are located at x/c = 0.22 and have a Az = 14.3

mm. The profiles are normalized by the displacement thickness.
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Fig. 5 C, vs Re, at 4-deg angle of attack. Comparison of different
vortex generator configurations and a glass bead transition strip.

the separation bubble completely, it increased the overall drag
and decreased the performance of the airfoil as compared to
the original spacing of 14.3 mm. Further examination sug-
gested that a critical spanwise spacing, Az, existed such that
for Az < Az, the generators tripped the boundary layer
immediately. Although this eliminated the separation bubble,
the resulting turbulent boundary layer increased the total drag.
For each set of vortex generators, a range of Az > Az, was
found such that the separation bubble size was reduced and
the drag remained near its minimum value. The critical spac-
ing Az, differed for each set of generators.

Airfoil drag at the most favorable spacings for each type
of generator is shown in Fig. 5 which clearly depicts the fa-
vorable results obtained through the use of the submerged
vortex generators. A measurable drag reduction was obtained
for all three types of vortex generators. At the design con-
ditions of Re, = 235,000 and @ = 4 deg, the 1.27-mm wish-
bone generators with Az = 14.3 mm produced a 30% drag
reduction, the 0.64-mm ramped cones with Az = 25.4 mm
yielded a 35% drag reduction, and the 0.48-mm wishbone
generators with Az = 31 mm had a 38% drag reduction. All
of the vortex generators eliminated most of the separation
bubble; but the smaller physical height of the 0.48 and 0.64-
mm generators provided a smaller profile drag and their wider
spacing also reduced their device drag more than the larger
1.27-mm generators.

Figure 5 also contains drag data for the glass bead grit
transition strip. The conventional transition strip was com-
prised of 0.31-mm-diam glass beads at the same chord position
as the vortex generators. From Fig. 5, the transition strip
performs best at a Reynolds number above 375,000. This
Reynolds number corresponds to the optimum bead diameter
needed to induce transition according to Braslow and Knox.?
Although a 24% drag reduction was seen at the design con-
ditions of Re, = 235,000, increasing the bead size to induce
transition at a lower Reynolds number would make the bead’s
performance unacceptable in the mid and upper range of
Reynolds numbers. The vortex generators appear to provide
a much larger range of usefulness. )

The drag reduction obtained through the use of the vortex
generators is also apparent over a range of lift coefficients as
shown in the drag polar represented in Fig. 6. A measurable
reduction in airfoil drag by the three types of vortex gener-
ators is seen over the entire midrange of C, at Re, = 235,000.
This further illustrates the improved efficiency of the vortex
generators over the transition strip. The data converges at
high C, near stall because the separation bubble is so small
or nonexistent that the generators have very little effect on
the airfoil.

A measure of the separation bubble height can be obtained
by the distance from the airfoil surface where the velocity is
30% of the local freestream, and will be denoted by Y,,,. As
used by LeBlanc,* this distance Y5, is further removed from
the airfoil surface than when there is no separation bubble.
This parameter allows for a simple comparison of the various
generator configurations and types. Velocity profiles at many
spanwise and streamwise locations were taken to allow a three-
dimensional perspective of the separation bubble. Figure 7
shows a three-dimensional Y54, isocontour plot for the 0.48-
mm wishbone generators with the two-dimensional Y5, data
obtained for the clean model shown for comparison. The
vortex generators have greatly reduced the size and magnitude
of the separation bubble as evidenced in the figure. The span
covered by the plot includes two vortex generators located at

= 12 and 42 mm and x/c = 0.22. The small separated region
located between the generators is clearly evident. The height
of the region above the surface is only 0.8 mm compared to
the clean case of 3.3 mm. Although the flow due to the vortex
generators is more three-dimensional than the two-dimen-
sional clean case, the small regions between the generators
are still areas of locally separated flow. A separate visualiza-
tion study indicated that the small cone, or spike in Yy,
seen at z = 42 mm was caused by a strong upward jet created
by the converging flow between the legs of the wishbone
generators. This cone, however, does not appear over the
generator located at z = 12 mm. Spanwise testing indicated
that the extremely small separated regions created by the
generators near their apexes was random and dependent upon
minute physical discrepancies between each generator. The
Y04, surface for both generators is relatively the same down-
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Fig. 6 C, vs C, at Re, = 235,000. Comparison of different vortex
generator configurations and a glass bead transition strip.
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Fig. 7 Three-dimensional isocontour of Y,y for the 0.48-mm wish-
bone generators at Re, = 235,000 and « = 4 deg.

stream of x/c = 0.45. The topographical isocontour map of
the data in Fig. 7 is presented in Fig. 8. Again the small locally
separated region centered at z = 26 mm is apparent between
the vortex generators. The figure also shows the separation
created over the generator located at z = 42 mm. Once more,
it is clear that the downstream effect of each generator is
similar.

The three-dimensional isocontour plot for the 0.64-mm
ramped cones is shown in Fig. 9, again with the two-dimen-
sional clean model data shown for comparison. The random
spikes in Ys,,, apparent with the 0.48-mm wishbone genera-
tors were not seen with the cones because no converging flow
is formed. The area covered by the plot includes two gen-
erators located at z = 14 and 38 mm and x/c = 0.22. The
simpler design of the wedges provided for better physical
consistency in the dimensions of the generators which is ap-
parent in the more uniform effect each generator had on the
flow as compared to the 0.48-mm wishbones. The topograph-
ical isocontour plot for the wedges is shown in Fig. 10. These
generators provide a similar pattern to the wishbones in Fig.
8. Both sets of generators, the 0.48-mm wishbones and 0.64-
mm ramped cones, have considerably reduced the size of the
clean airfoil separation bubble without adversely affecting the
flow or causing premature transition. Since the larger 1.27-
mm wishbone vortex generators had a smaller reduction in
drag than the 0.48-mm wishbone and 0.64-mm ramped cones,
three-dimensional data were not taken for them.

Momentum and displacement thickness were computed and
show a marked decrease in the presence of the vortex gen-
erators. The momentum thickness 6 is a measure of the mo-
mentum loss due to the shear force at the surface from the
presence of a viscous boundary layer. Since all of the devices
produced less drag than the clean airfoil, their momentum
thickness was smaller as shown in Fig. 11. This figure suggests
that the momentum thickness is relatively constant with little
or no separation bubble, i.e., with the vortex generators or
transition strip; but it is greatly affected by a large separation
bubble as shown by the clean configuration. The momentum
thickness for the various vortex generator and transition strip
configurations are very similar and begin to differ noticeably
only at chord positions greater than x/c = 0.45. The turbu-
lence intensity downstream of the bubble in the clean config-
uration was markedly greater than for any generator or strip
configuration. This is associated with the high momentum
thickness of the clean configuration after the bubble has dis-
appeared. From Fig. 11, the generator configuration with the
lowest overall momentum thickness over the chord range are
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the 0.48-mm wishbone generators at Az = 31 mm. This con-
figuration also provided the largest drag reduction of 38% at
the design conditions of @ = 4 deg and Re, = 235,000.

The displacement thickness 8* gives the distance that the
outer streamlines are displaced by the flow retardation due
to the presence of surface shear stress, and is a good repre-
sentation of the efficiency of the vortex generators. This pa-
rameter is plotted for each configuration vs chord position
and is depicted in Fig. 12. Before x/c = 0.30, where none of
the configurations have a substantial separation bubble, the
values all correlate well. As the bubble appears in the clean
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configuration, x/c = 0.31, the displacement thickness grows
rapidly in the presence of the bubble and remains large after
reattachment. All of the vortex generator configurations pro-
duce a significant reduction in the displacement thickness.

For chord positions ranging from 0.31 < x/c < 0.50 in the
presence of the separation bubble, there is the possibility for
error in the calculation of the momentum and displacement
thicknesses. Since the hot wire only measures absolute ve-
locity, the reverse flow areas in the bubble are not detected.
Therefore, when the boundary layer is integrated the veloc-
ities taken in the bubble could be a source of error for the
calculation. Uncertainty in the integral parameters 5* and 6
were estimated by examining the degree of scatter in repeated
measurements. As shown by LeBlanc* for the test setup used
in this experiment, attached laminar flow produced an un-
certainty A8* = 6% and A8 = 3%. In the regions of separated
flow the uncertainty increases to A8* = 10% and A6 = 4%.
Finally, attached turbulent flow produced uncertainties of A§*
= 2% and A8 = 3%. The uncertainty in the boundary-layer
integral parameters, however, will not effect the conclusions
drawn from this research since they are based upon compar-
ative (i.e., not absolute) measurements. Important conclu-
sions drawn from the integral parameters are a result of study-
ing the effect of separation bubble or generator configuration
upon the entire upper surface boundary layer. Affects of the
separation bubble or generator configuration were shown to
largely effect the integral parameters after reattachment where
confidence in the measurements was high.

Conclusion

Experimental data from this investigation have shown that
the use of submerged vortex generators on the separation
bubble of a LA2573A airfoil at low Reynolds numbers sig-

nificantly reduces airfoil drag. This result is confirmed by the
30% drag reduction for the 1.27-mm wishbone generators,
the 35% drag reduction for the 0.64-mm ramped cone gen-
erators and the 38% drag reduction for the 0.48-mm wishbone
generators at the airfoil’s design conditions of 4-deg angle of
attack and chord Reynolds number of 235,000. At a given
chord placement the important design factors appear to
include generator height in the boundary layer and center-to-
center spacing. This center-to-center spacing Az is an impor-
tant parameter and is dependent upon the effect of the stream-
wise vortices shed by each generator. Small spacings tend to
cause flow disturbances large enough to cause premature tran-
sition. Although transition eliminates the separation bubble
completely, the resulting premature turbulent boundary layer
coupled with the device and profile drag of the generators
increases the drag above the case where small separation bub-
bles are allowed to exist between the generators.

These results are unique because the generators were used
in the laminar boundary layer and delayed the onset of the
separation bubble. They demonstrated that it is possible to
design vortex generators that produce a desirable eddy struc-
ture, but yet do it so gently that a turbulent boundary layer
is not immediately generated. A smaller separation bubble
and a thinner turbulent boundary layer downstream were the
result. This result could extend the range and endurance of
low Reynolds number aircraft considerably and find use in
other applications.
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