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Lift Augmentation on Delta Wing with Leading-Edge
Fences and Gurney Flap
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A wind-tunnel experiment was conducted on a 60-deg delta wing at low speeds and low angles of attack to
determine the lift augmentation effects of the leading-edge fences and a Gurney flap. Lift, drag, pitching moment,
and surface pressures were measured, accompanied by vapor and oil-film flow visualizations. Both the leading-
edge fences and the Gurney flap increase lift. They are shown to shift the lift curve by as much as 5 and 10 deg,
respectively. The fences aid in trapping vortices on the upper surface, thereby increasing suction. The Gurney flap,
on the other hand, improves circulation at the trailing edge. The lift augmentation effects of these two devices are

roughly additive, resulting in high lift gain.

Nomenclature
Cp = dragcoefficient, D/qo S
C; = lift coefficient, L/qo, S
Cy = pitching moment coefficient, M/ g Sc,, about 25%

mean aerodynamic chord
C, = pressurecoefficient, (p — Pe )/ qwo
local airfoil chord
wing root chord
drag force
fence height; flap chord
lift force
pitching moment
surface static pressure
freestream static pressure
freestream dynamic pressure, pU?2 /2
Reynolds number, pUs ¢,/ 1t
reference area, wing area plus projected device area
wing thickness
freestream velocity
chordwise coordinate
spanwise coordinate
angle of attack
= gain in force coefficient from device (i.e.,
ACL,ACp)
sweep angle
absolute viscosity
density
= fence angle

Introduction

ELTA wings of low aspect ratio have long been used for su-

personic aircraft because of their favorable wave drag charac-
teristics. The delta wing generates large vortex lift at high angles
of attack, which allows for its flight at low-speed conditions. The
vortex liftis due to the leading-edge separation that results in roll up
of vortices above the wing. The vortices, in turn, create high-suction
regions near the leading edge, as well as maintaining attached flow
inboard.
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A variation of the delta wing was considered for the High-Speed
Civil Transport (HSCT). To reduce noise and to avoid tail strike or
impairmentof the pilots’ view, the HSCT needsto fly atlow angles of
attackduringtakeoffandlanding. This,however,requiressignificant
lift augmentation on the delta wing. Among various passive and
active means that could be used to achieve this purpose, the leading-
edge fences and the Gurney flap were considered promising enough
for initial exploration.

Background

Vortex Trapping with Leading-Edge Fences

Using conformal mapping solutions, Rossow' showed in the late
1970s that a vortex could be trapped above an infinite wing with
a fence positioned near the leading edge with cross-stream suction
applied. The trapped vortex would add apparent thickness and cam-
ber to the wing, thereby increasinglift. He later suggested that a rear
fence could be employed to aid in trapping the vortex and reduce
the required cross-stream suction.? Both experimental and numer-
ical results appeared to support these vortex trapping concepts>~>
Rossow? further speculated on their application to delta wings,
where the freestream velocity component parallel to the leading
edge would provide the necessary cross-stream suction.

In fact, in a seemingly unrelated experimenton the leading-edge
vortex flap (LEVF), Marchman® has shown that the constant-chord
LEVFs, inverted 40 deg upward (140 deg from the wing upper sur-
face) ona 60-degdeltawing, can increasethe lift coefficientby about
0.18 at angles of attack up to where the stall occurs. Similar effects
were seen for tapered LEVFs inverted 30 deg upward on a 75-deg
delta wing. Such inverted LEVFs, as he speculated, could be useful
in landing. Lift increases by vortices trapped behind tapered and
constant-chord leading-edge fences (flaps normal to wing surface)
were later reportedby Buchholzand Tso’-8 for a 60-deg delta wing at
low anglesof attack, althoughno similarincreases were observed for
the two-fence configurations tested. For the constant-chord fences,
in particular, they observed that only those with an opening in the
apex region produce noticeablelift increases. This is consistent with
the recent observation by Traub and Galls® that neither upper nor
lower (full-span) constant-chord leading-edge Gurney flaps on a
70-deg delta wing produce any noticeablelift increases at angles of
attack up to the stall angle. In a separate water-channel experiment
on a 70-deg sweep delta wing at angles of attack from 16 to 35 deg,
Deng and Gursul'® have shown the vortices trapped by LEVFs de-
flected 60-150 deg from the wing upper surface. They concluded
that the breakdown of the trapped vortices depends strongly on the
flap deflection angle and the angle of attack.
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Gurney Flap

The Gurney flap was originally used at the trailing edge of a
rectangular race-car wing. It was a flat plate deflected 90 deg, per-
pendicularto the airfoil chord line. Numerous wind-tunnel tests on
the Gurney flap have been done on both single- and multielement
airfoils and some on straight and tapered wings.!"!> The flap chord
was typically 1-5% of the airfoil chord. According to Liebeck,"
race-car testing by Gurney demonstrated improved downforce with
the flap. Drag was typically increased for the larger flap chords, but
a reduction in drag was noticed for flap chords below 2%. Liebeck
hypothesized that with the addition of the flap, separation of the
upper surface flow was delayed, allowing for a wake of similar,
even lower, momentum deficit than that of the bare airfoil. Water-
tunnel visualizations'* and two-dimensional numerical solutions'
have supported Liebeck’s'® hypothesis. Experiments with a 5% Gur-
ney flap on a two-elementairfoilhave also been conducted.'® Higher
lift and lower lift-to-drag ratio L/ D were recorded, which is con-
sistent with Liebeck’s'? findings for larger flap chords. The Gurney
flaphasalsobeen used on an airfoil with vortex generatorsin concert
to generate greater lift enhancement.!”

The preceding studies were all for airfoils and straight or tapered
wings. The Gurney flap, however, could be used at the trailing edge
of a delta wing to increase circulation, thereby increasing lift.”~®
Located at the trailing edge, the Gurney flap also has the advantage
of complementing the lift augmentation obtained by the vortices
trapped upstream behind the leading-edge fences. Together, these
two devicescould work in concertto provide a highlift configuration
useful to the HSCT during takeoff and landing. With this idea in
mind, awind-tunnelexperimentwas setoutto determinethe separate
and joint performances of these two devices for a 60-deg delta wing
at low speeds and low angles of attack.

Experimental Apparatus and Procedure

Wind Tunnel and Test Models

The experiment was conducted in the 3 X4 ft (91.4 X121.9 cm)
low-speed wind tunnel in the Aerodynamics Laboratory at Cali-
fornia Polytechnic State University, San Luis Obispo, California.
Figure 1 shows the schematic of the general flat-plate delta wing
model with a 60-deg sweep angle and the three test configurations
for the leading-edge fences and the Gurney flap. The delta wing

<-Gurney flap

%

Leading-edge fence

< Gurney flap

Fig. 1 General schematic of wing model with tapered leading-edge
fences and constant-height Gurney flap.

models were all made of clear acrylic. Their leading edges were
beveled downward at 45 deg, and the trailing edges were left blunt
for flap attachment. The leading-edge fences and the Gurney flaps
were also made of acrylic, with sharpened edges. There were all
mounted normal to the wing surface, with the fences along the lead-
ing edges and the Gurney flaps along the trailing edge.

Delta wing models of different sizes were used. The first model
had a 25-in. (63.50-cm) root chord and %-in. (1.91-cm) thick-
ness; it was used for force and moment measurements and for
flow visualization with vapor. The second model had a 17.31-in.
(43.97-cm) root chord and %-in. (1.27-cm) thickness and was used
for surface flow visualization with oil film. Both models had %-in.-
(0.32-cm-) thick acrylic fences and flaps. The third model had a
24-in. (60.96-cm) root chord and 0.87-in. (2.18-cm) thickness; it
was built for surface pressure measurements. The Gurney flap used
on thismodel was i in. (0.64 cm) thick, and the taperedleading-edge
fences had an included angle ¢ of 5 deg and were i in. (0.64 cm)
thick. Nine rows of 0.01-in.- (0.025-cm-) diam static-pressure ports
were located at 10% root chord intervalson this model. The aft rows
contained 20 ports on the wing semispan and 7 ports on each side of
the fence; the resolution decreased near the apex region. Inside the
wing, clear flexible PVC tubing connected each port to a pressure
tap on the trailing edge.

Force and Moment Measurements

A custom-made Aerolab six-component sting balance was used
to measure lift, drag, and pitching moment. The wing models were
strut mounted with an aerodynamically smooth 0.13-in. (3.3-mm)
steel plate on the sting balance, which in turn was connected to an
angle-of-attackcontroller and indicator. The balance’s strain gauge
outputs were sent through a Hewlett-Packard 3421A data acquisi-
tion controlunit to a Hewlett-Packard150personal computer, where
30 readings over 10-s periods were averaged to obtain the force and
moment data. The pitching moment was taken about the 25% mean
aerodynamic chord. The force and moment coefficients were cal-
culated based on the wing area plus any projected device area. The
gains in force coefficients, that is, AC; and ACp, were calculated
by subtracting the coefficient of the bare delta wing from the coef-
ficient of the delta wing with fences or flap. The force and moment
measurements were done at the Reynoldsnumberof 8.6 X 10° based
on the root chord. For the majority of measurements, the uncertain-
ties are at most £0.01 for the lift and drag coefficients and less
than +0.005 for the pitching moment coefficient. In addition, the
accuracy for the angle of attack is within 0.1 deg.

Because of the wing thickness, the 45-deg bevel of the leading
edges, and the blunt trailing edge, the base delta wing model had a
higher lift curve slope than thin delta wings with small bevels on all
edges.'®!” However, because the primary goal of the presentexperi-
ment was to examine the lift and drag increments of the leading-edge
fences and the Gurney flap, no further refinements were made on
the models. Also, no wall or blockage corrections were made in
calculating the coefficients.

Flow Visualization

Both vapor and oil film were used to visualize flow patterns of
the trapped vortices. The vapor was generated by superheating a
Rosco fogging fluid flowing through an electrically heated 3—12-in.
(0.79-mm)i.d. steel tube. The outlet of the steel tube was positioned
near the apex of the delta wing to allow entrainmentof vapor into the
vortex core. Surface flow patterns,on the otherhand, were visualized
using the oil-film technique. In this approach, a mixture of black
powdered tempera paint and mineral oil was applied evenly to the
white model surface. The wind tunnel was brought quickly up to the
test speed and ran until the coating of oil became too thin to flow.
Afterward, the surface flow patterns were recorded with a 35-mm
camera.

Pressure Measurements

Surface pressures induced by the trapped vortices were mea-
sured using a 48-port Scanivalve® (Model 48J9 2373) with a single
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pressure transducer rated for a maximum of 0.5 psi differential
(3447 Pa) and an accuracy of +0.06% full scale. The transducer
output was sampled via an RC Electronics ISC-16 data acquisition
system to an Everex 386 personal computer. Time averages of 256
readings over 2-s periods were taken, and each row of pressure ports
was scanned at several angles of attack.

Results and Discussion

Leading-Edge Fences

Figure 2 shows the plots of lift coefficient vs angle of attack for
fences with the fence angle ¢ varied from 2 to 8 deg. As seen in
Fig. 2, the lift curve for the ¢ =2 deg fences still exhibits a quasi-
linear behavior with angle of attack, similar to the bare delta wing.
With increasing fence height, the delta wing produces greater lift,
and the lift increases amount to shifts of the lift curve by about
2-5 deg. The lift curves for the higher fences, however, have an
anomaly near o =5 deg. It appears as a short plateau for ¢ =5 deg
and becomes a pronounceddip for ¢ =8 deg. In addition, the slopes
of these curves decrease at angles of attack beyond the anomaly.
The anomaly is magnified by the plots of the lift gain coefficient
in Fig. 3. In general, the lift gain increases with angle of attack
below a= 5 deg and then decreases. This is consistent with the
slope change of the lift curve around the anomaly in Fig. 2. It was
also noticed that at any angle of attack before the anomaly the lift
gain is roughly linearly proportional to the fence angle.

Figures 4 and 5 show the results of C, and ACp, respectively.As
seen in Fig. 4, the higher fences produce higher drag. The anomaly
is apparent at a= 5 deg in the drag coefficient curve for the high-
est fences. However, unlike its counterpartin the AC; curves, the
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Fig. 2 Effect of fence angle on lift, Re = 8.6 X 10°.
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Fig. 3 Effect of fence angle on lift gain, Re = 8.6 X 10°.
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Fig. 4 Effect of fence angle on drag, Re = 8.6 X 10°.
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Fig. 5 Effect of fence angle on drag gain, Re = 8.6 X 10°.
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Fig. 6 Effect of fence angle on L/D, Re = 8.6 X 10°.

anomaly is less distinct in the ACp, curves in Fig. 5. The drag gain
increases until o~ 5 deg but remains nearly constant beyond the
anomaly.

A comparison of the plots of L/ D vs lift coefficient is shown
in Fig. 6. The bare delta wing is seen to have the highest L/ D,
with a peak of 5.2 at C, = 0.3. The peak ratio decreases and be-
comes less distinct with increasing fence angle. Figure 7 shows the
plots of pitching moment vs angle of attack. Despite the anomaly at
a= 5deg, the overall trend of the moment coefficientis not changed
appreciably with the addition of fences.
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Fig. 7 Effect of fence angle on pitching moment, Re = 8.6 X 10°.
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Fig. 8 Hysteresis of the lift coefficient, Re = 8.6 X 10°.

The results presentedin Figs. 2-7 were all measured with increas-
ing angles of attack. With decreasing angles of attack, however,
lower lift gains were obtained near the anomaly. Figure 8 shows
this hysteresis effect in the C; vs o plots for the ¢ =5 deg fence
at Re =8.6 X 10°. As seen in Fig. 8, the hysteresis loop exists be-
tween o =3 and 7 deg. The upper portion of the loop is from data
measured through increasing angle of attack and the lower portion
through decreasingangle of attack. On entering the loop from either
side of the anomaly region, the lift curve slope is preserved. This
suggeststhatthe flow characteristicsfor a < 3 deg are differentfrom
those at o > 7 deg.

Flow Visualization

To understand better the measured lift increases, both vapor and
oil film were used to visualize the flow over the wing. For the bare
delta wing at increasing angles of attack, the fogging fluid vapor re-
vealedlittle evidenceof leading-edgevorticesat @ =0 deg (Fig. 9a).
A weak vortex core can be seen at o =6 deg (Fig. 9b), and vortex
bursting starts to occur at o = 14 deg over the aft portion of the wing.
These observationsare consistent with previous investigations 820
However, with the addition of the ¢ =5 deg fences, the vortex core
is distinctat a =0 deg, as shown in Fig. 10a. The case for o = 6 deg
is similar (Fig. 10b), except that bursting of the vortex core could
be seen intermittently above the wing. The bursting point would re-
main approximately one-third of the root chord behind the trailing
edge for 30-60 s, then move up to the trailing edge and back again.
This intermittent behavior is captured in Fig. 10c. As the angle of
attack is further increased to o =10 deg, the bursting point moves
above the wing and stays at a steady location, as shown in Fig. 10d.
As the angle of attack decreases, however, the vortex bursting point

a) a=0deg

b) o =6 deg
Fig. 9 Vapor patterns on 60-deg delta wing, Re = 4.3 X 10°.

would move gradually downstream and finally behind the trailing
edge at a= 4 deg. This is consistent with the hysteresis of the lift
coefficient reported earlier.

Figure 11 shows the surface oil film patterns for the ¢ =5 deg
fenced wing. Consistent with the vapor patterns, Fig. 11a shows
that the primary vortex is well developed at oo =0 deg, and the
secondary vortex is seen adjacent to the fence. In between these two
vortices is a region showing a braided tertiary pattern. As the angle
of attack increases to oo =10 deg, Fig. 11b shows that the primary
vortex pattern expands at the aft portion of the wing due to vortex
bursting. The bursting also smears the region between the primary
and secondary vortices. When compared to the water-channelresults
of Deng and Gursul'® on a 70-deg delta wing, the breakdown of the
vortices trapped by leading-edge fences appears to occur at a lower
angle of attack. Their result would suggest that for delta wings of
larger sweep angles, higher leading-edge fences could be used for
lift augmentation at low angles of attack.

The flow visualization results are consistent with the force and
moment measurements reported earlier. The increases in lift and
drag coefficient at low angles of attack could easily be explained by
the vortices trapped by the fences and the deterioratedlift gains be-
yond o= 5 deg by vortex bursting near the trailing edge. The vortex
bursting explains the anomalies observed in the lift and drag curves
in Figs. 2-7. The explanationis also consistent with previous studies
on vortex bursting,'® which show a drop in lift curve slope when the
vortex bursting location moves upstream from the trailing edge.

Althoughthe flow visualizationswere observedat Re =4.3 X 10
and 6 X 10, they provided adequate explanations for the lift and
drag coefficient trends at Re =8.6 X 10°. This relative insensitivity
to Reynolds number is likely because the leading-edge vortices are
formed by roll up of the shear layers separated at fixed locations, the
sharpedges, ofthe fences. Such weak dependenceon Reynoldsnum-
ber s also consistentwith the observationby Deng and Gursul' that
the formationand breakdownof the trapped vorticesdependstrongly
on the leading-edge flap deflection angle and the angle of attack.

Surface Pressure Distributions

Figure 12 shows the surface pressures measured over one-half
of the upper surface of the 60-deg delta wing and on both sides of
the ¢ =5 deg fence. The pressures on the bare delta wing and the
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a) a=0deg ¢) o = 6 deg occasionally

d) a=10deg
Fig. 10 Vapor patterns on 60-deg delta wing with ¢ = 5 deg fences, Re = 4.3 X 10°.

b) & =10 deg
Fig. 11 Oil patterns on 60-deg delta wing with ¢ = 5 deg fences, Re = 6 X 10°.
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Fig. 12 Surface pressure distributions, Re = 7.9 X 10°.
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Fig. 13 Lift for constant-height Gurney flap, Re = 8.6 X 10°.

fenced delta wing are compared at @ =0 and 10 deg. Generally, the
suction on the bare delta wing increases with angle of attack. It is
highest near the apex and gradually decreases toward the trailing
edge. The buildup of the strong leading edge vortices can be seen as
the angle of attackincreases from 0 to 10 deg. The high suctionpeaks
near the leadingedge are associated with the primary and secondary
vortices. The inboard region has substantially less suction than the
region under the vortices. Between these regions exists a dip in
suction that can be attributed to the reattachment of the primary
separation.

The addition of fences creates strong primary and secondary vor-
tices, which impose clear suction peaks on the wing and fence sur-
faces.Incomparisonto the bare deltawing, largeincreasesin suction
are present at oo =0 deg, where the bare delta wing vortex has not
yetformed. This is shown in Fig. 12a. At a =10 deg, Fig. 12b shows
that the fences still provide a large increase in suction on the for-
ward portion of the wing. However, there is a loss of suction on the
aft portion of the wing due to vortex bursting. In both cases, there
is a large pressure difference across the fence, which is primarily
responsible for the drag increase.

Gurney Flap

In addition to the leading-edge fences, the Gurney flap was at-
tached along the trailing edge of the delta wing to examine its lift
augmentation effect. In previous experiments, the Gurney flap was
typically tested with airfoils, and its height was a percentage of
the local airfoil chord. However, as found in this experiment, an
h/c =0.05 tapered flap and an /2/c, =0.02 constant-chordflap had
nearly the same lift and drag characteristics. Because of its greater
simplicity, smaller area, and smaller maximum height, the constant-
chord Gurney flap was used for further testing.

Figure 13 shows the plots of C, vs a for constant-chord Gurney
flaps. As seenin Fig. 13, the lift coefficient increases with increasing
flap chord, and the increases amount from 4- to 10-deg shifts of the
lift curves. For larger flaps, a decrease in the lift curve slope is seen
at angles of attack around a =10 deg. This change is magnified by
the lift gain plots in Fig. 14, and it is attributed to vortex bursting.
The slope decrease, however, was not expected initially at this angle
of attack (compared to 14 deg for the bare delta wing) because the
rectangularwing resultsfor the 2% chord Gurney flap would suggest
that the flap should decrease the adverse pressure gradient near the
trailingedge. Previous studies on vortex burstinghave indicated that
bothhigh swirl angle and adverse pressure gradientcan cause vortex
breakdown *!?2 Because the Gurney flap producesa higher pressure
on the lower wing surface, it could cause more flow to circulate
around the leading edges, thereby increasing the vortex swirl angle.
Consequently, the Gurney flaps used couldlead to vortex breakdown
at lower angles of attack.

Figures 15 and 16 show the plots of drag and drag gain coeffi-
cients. Not surprisingly, the drag coefficient increases with increas-
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Fig. 14 Lift gain for constant-height Gurney flap, Re = 8.6 X 10°.
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Fig. 15 Drag for constant-height Gurney flap, Re = 8.6 X 10°.
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Fig. 16 Drag gain for constant-height Gurney flap, Re = 8.6 X 10°.

ing flap chord. L/ D is plotted vs lift coefficientin Fig. 17. For higher
lift coefficients, similar to the observation by Traub and Galls,’ the
flapped configurations exceed the bare delta wing in efficiency. This
advantage, however, is tainted by the flap’s high negative pitching
moment, as shown in Fig. 18.

Comparison of Fences and Flaps

The results thus far have shown that both the tapered leading-
edge fences and the constant-chord Gurney flap increase the lift of
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Fig. 17 L/D for constant-height Gurney flap, Re = 8.6 X 10°.

0.10

0.05

0.00 | delta wing, A = 60°

-0.05 |
CM
-0.10 |

-0.15

-0.20

-0.25

030 s 2 2 L L L L L L
-50 25 0.0 2.5 5.0 7.5 100 125 150 17.5 20.0

o (deg)

Fig. 18 Pitching moment for constant-height Gurney flap, Re =
8.6 X 10°.
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Fig. 19 Gain in lift for combined fence-flap configuration, Re =
8.6 X 10°.

the 60-deg delta wing at low speeds and low angles of attack. The
flap has shown higher L/ D efficiency. Compared to the bare delta
wing, the fences reduce the L/ D, but the Gurney flap increases the
ratio at high lift coefficients. Both devices lower the angle of attack
at which vortex bursting reaches the trailing edge; the fences fare
worse in this aspect. However, the fences produce little change in
the pitching moment, superior to the flap’s significant nose-down
moment.
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Fig. 20 Gain in drag for combined fence-flap configuration, Re =
8.6 X 10°.

Despite their differences, the lift augmentation effects of these
two devices are almost additive. Figures 19 and 20 show the lift and
drag gains of the combined configuration of the ¢ =5 deg fences
and the &7 =0.01c, flap. The gains of the combined configuration
are seen to be fairly close to the sum of the gains of the individual
devices. In fact, the combined lift gain before vortex bursting is
almost twice the individual gains. This occurs because the primary
effect of the leading-edge fences is to increase vortex lift whereas
that of the Gurney flap is to improve the circulationsurrounding the
trailing edge.

Conclusions

A wind-tunnel experiment has been conducted on a 60-deg delta
wing with tapered leading-edge fences and a Gurney flap to deter-
mine their lift augmentation effects for low-speed and low-angle-
of-attack applications during the approach and landing phases of
flight. Through different mechanisms, both devices produced large
lift augmentations at low angles of attack. The fences aid in trap-
ping vortices to increase suction on the upper surface, whereas the
Gurney flap improves circulation at the trailing edge. Shifts in the
lift curve by as much as 5 and 10 deg (0.4 and 0.6 increases in
lift coefficient) were achieved by the fences and flap, respectively.
In particular, the study shows that the individual lift augmentation
effects of both devices are roughly additive, creating high lift gain.

Eachdevice,however, hasits own disadvantages.The Gurney flap
significantly increases nose-down pitching moment. The fences, on
the otherhand, reduce L/ D more when comparedto a Gurney flap of
about the same maximum lift gain. The higher fences, in particular,
precipitate vortex burstingat a= 5 deg and perhaps should only be
used with delta wings of large sweep angles. Alternately, with some
blowing or suction, the bursting of the trapped vortices could be
postponed to a much higher angle of attack. An experimental study
in this direction is being pursued.

Although the presentresults suggest that the leading-edge fences
along with the Gurney flap may well be useful for approach and
landing phases of flight at low angles of attack, further study is
requiredfor similartakeoffapplications.One possiblesolutioncould
be using leading-edge vortex flaps at a modest upward deflection
angle, for example, 30 deg. In this case, the upward leading vortex
flap along with the Gurney flap could still produce significant lift
increase at low angles of attack, but with a drag favorably lower
than the 90-deg fence case. As a result, the combined configuration
could be considered for takeoff at low angles of attack.
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