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Effects of Leading- and Trailing-Edge
Gurney Flaps on a Delta Wing

Lance W. Traub* and Samuel F. Galls®
Texas A&M University, College Station, Texas 77843-3143

An experimental wind-tunnel investigation is undertaken to determine the effects of Gurney flaps on a 70-deg
planar delta wing. Both upper- and lower-surface leading-edge, as well as trailing-edge flaps are investigated.
Results are presented comprising force balance, on- and off-surface flow visualization as well as flowfield surveys.
The data indicate that the lower surface leading-edge flaps increase the maximum lift coefficient and poststall
lifting ability. The trailing-edge Gurney flap shifts the zero-lift angle of attack negative, thereby increasing lift for a
given angle of attack, and also increases the maximum and poststall lift coefficient. Both of these flap configurations
improve the wing efficiency at moderate to high lift coefficients. The devices do not greatly affect the longitudinal
stability of the wing, although the trailing-edge flap generates an increase in nose-down pitching moment. The
lower-surface leading-edge flap causes a moderate delay in the onset and progression of vortex breakdown over
the wing. Upper surface leading-edge flaps degrade performance.

Nomenclature

= drag coefficient, D /g,

= lift coefficient, L /q S,
pitching-moment coefficient, M /¢ S, ¢
= wing root chord

= mean aerodynamic chord

= drag

stagnation pressure loss, (P — Py)/q
= height of flap

= induced efficiency factor, (Cp — Cpmin )TAR/C?
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= pitching moment

= pressure

= freestream dynamic pressure
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= wing planform area

= chordwise coordinate
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agp-tTe = angle of attack at which vortex breakdown occurs at the
wing trailing edge
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Subscripts

max = maximum

min = minimum

st = stagnation

ZL = zero-lift angle of attack

Introduction

HE ability of the delta-wing planform to satisfy the disparate
requirements of low wave drag at high speed, coupled with
stable and controllable flight at high «, have led to its widespread
use and study as an effective configuration. However, these wing
forms are not without limitations. Delta wings are poor lift gen-
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erators, requiring high o (with consequent high drag) for takeoff
and landing. If the delta wing is sharp edged, lift is augmented by
suction induced by conical vortices formed above the wing from
the roll-up of the shear layer emanating from the wing’s leading
edge. This so-called vortex lift is necessarily at the expense of a
loss of leading-edge thrust; this thrustis effectively rotated through
90 deg, thus contributing the vortex lift, as shown by Polhamus.' On
delta wings with a profiled or bluntleading edge, vortex-inducedlift
enhancement effects are delayed until leading-edge crossflow sep-
aration results in vortex formation.2

At moderate to high «, depending on the delta wing’s AR, un-
desirable phenomena in the form of an abrupt change of the vortex
structure may occur. This so-called vortex breakdown (BD) or burst-
ing is associated with an abrupt decelerationof the vortex core, with
a concomitantincrease in the diameter of the resulting structure. In-
creasing leading-edge sweep generally delays the initial onset of
vortex BD at the wing’s trailing edge. The shape of the wing lead-
ing edge, i.e., symmetrical, windward or leeward beveled, or blunt,?
also affects the onset and progressionof BD over the wing, as does
wing camber.* For high-AR wings, vortex BD has a small effect on
lift until BD reaches the wing apex. For more highly swept deltas
(AR < 1.46), BD has a more immediate effect on 1ift and usually
initiates a reduction in the lift coefficient with increasing o beyond
app-te- For most ARs, however, BD can cause longitudinal desta-
bilizationas a result of a reductionin vortex suction over the rear of
the wing.

Numerousdeviceshave beentested with the purposeof enhancing
the performance of delta wings. The most successful of these is the
leading-edge vortex flap.>~7 These devices are formed by rotating
a leading-edge flap either above or below the plane of the wing.
They differ from conventionalleading-edgeflaps in that they are not
intended to suppress separation;rather, they concentratethe induced
suction of the leading-edge vortex on the flap. As a consequence,
drag of the wing is reduced if the flap is rotated below the plane of
the wing. Lift, however, also is diminished because of a reductionin
the vortex strength and a moderate reduction of the attached flow lift
component. As the flaps provide leading-edgecamber, they shift the
angle of attack for zero-lift positive, so additionally reducing lift for
a given o below stall. However, this effect does result in improved
high o performance, the maximum lift coefficient peak occurring at
higher @ (Ref. 5). Performance of a wing with vortex flaps improves
overall because the reduction in drag outweighs the loss of lift.

Apex fences (small, slender upper-surface spoilers) were con-
ceived as devices capable of modulating the lift and pitching mo-
ment of delta-type planforms independently of the wing’s angle of
attack. At low angles of attack, fence deployment augments lift by
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the formation of a strong fence vortex, thus potentially decreasing
the landing speed of delta-winged aircraft® The fences also aug-
ment pitch-down ability of the delta wing at high o (Ref. 8) by
attenuating lift over the apex region of the wing. Studies also have
been undertaken to determine the ability of apex and leading-edge
fences to suppress wing rock.’?

Ithas beenshown by Liebeck!® and others thatatrailing-edge
flap comprising a small plate, typically less than 2% of the chord,
can significantly enhance lift. This so-called Gurney flap usually
is mounted perpendicularto the trailing edge on the pressure side.
Dependingon the configuration,dragalso may be reducedcompared
to that for a wing with no flap at high C; , resultingin improvements
in the lift-to-drag (L /D) ratio. The reason for the effectiveness of
the Gurney is not clear; however, the flap does increase the wing’s
camber at the trailing edge. The Gurney flap also may decrease the
extent of flow separation near the trailing edge by increasing the
downward momentum of the fluid leaving the trailing edge, which
consequently enables the flow over the suction side to resist the
adverse pressure gradient associated with the Kutta condition.'?

Divergent trailing-edge (DTE) aerofoils'*'> have been designed
to reduce the drag of supercritical aerofoils in the transonic flight
regime. These blunt trailing-edged profiles significantly increase
lift and base drag over a similar profile with a sharp trailing edge,
for a given «. However, the net effect of the DTE is an increase
in the L/D ratio for a given C;. The increased circulation from
the DTE modification has been attributed to an increase in the re-
circulation zone downstream of the blunt trailing edge.!” This has
the effect of increasing the aerofoil’s chord. Similarity between the
Gurney flap and the DTE is apparent, with both devices increasing
the lower-surface recompression near the trailing edge, increasing
upper-surface suction for a given «, and displaying aft loading car-
ried almost to the trailing edge. Imposition of the Kutta condition is
not clear for both modifications. Consequently, the mechanism of
operation of the DTE described earlier also may be present in the
functioningof the Gurney flap. One of the most favorable character-
istics of this flap is its simplicity compared to that of conventional
high-lift devices. Subsequent studies of Gurney-inspired devices!®
have verified their effectiveness. Bloy et al.' have demonstrated
that rearward-inclined Gurney-type flaps can improve performance
more efficiently than the standard Gurney configuration.

The use of a Gurney flap to augment the lifting ability of a delta
wing is an obvious progression, given its ease of application and
mechanicalsimplicity. Buchholz!? determinedthe effectof a Gurney
flapon a60-degdeltawing, as well as leading-edgefences. He found
that the flaps enhanced lift but generated a significant nose-down
pitching moment.

The effect of Gurney-style flaps, mounted on the leading edges
as well as trailing edge of a 70-deg leading-edge sweep delta is de-
scribed. The leading-edgeGurney flaps extended the entire length of
the wing’s leading edge and were mounted both above and below the
plane of the wing, as shown in Fig. 1a. A small leading-edgeGurney
flap may augment performance by providinglocalized leading-edge
camber, and by manipulating the shear layer shed from the leading
edge. Furthermore, the effects of Gurney flaps on a 70-deg-sweep
delta wing are needed to extend the database on these devices. Con-
sequently,a wind-tunnelinvestigationcomprisingforce balance,on-
and off-surface flow visualization, as well as flowfield surveys was
undertaken.

11-13

Experimental Equipment

A mildsteeldeltawing with aleading-edgesweep angle of 70 deg,
as detailed in Fig. 1a, was used. The wing was 1.52 mm thick and
had a root chord of 400 mm, yielding a wing-thickness-to-chord
ratio of 0.38%. Because the wing was thin, it was not considered
necessary to bevel the edges. The flaps (see Fig. 1a) were made
from thin sheets of brass and were attached with tape. For each flap
variation, two flaps were tested, with flap heights ranging between
0.5 and 0.95% of the wing root chord.

The tests were undertaken in Texas A&M University’s 3 x 4 ft
continuous wind tunnel. This tunnel has a turbulence intensity of
0.3% at a freestream velocity of 42 m/s. A six-component Aero-
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a) Model geometry showing Gurney flap variations
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b) Model tare and interference setup
Fig. 1 Experimental details.

lab sting balance was used for force and moment determination.
The accuracy of the balance is estimated at 0.6% of full scale for
lift, drag, and pitching moment. Balance resolution is better than
2 x 107* of the measured coefficient on all channels. Repeatability
of the balance for lift, drag, and pitching moment is estimated at
AC; =0.0008, ACp =0.0005 and AC,, =0.0008. Model angle of
attack can be set to within 0.05 deg. Freestream velocity was mea-
sured using a pitot static tube. Differential pressure was measured
using an Air Neotronics digital manometer. Force balance data were
acquired using a personal computer equipped with a 16-bit A/D
board. Each data channel was sampled 1000 times and averaged.
The data acquisition code graphically displays real-time lift, drag,
and pitching moment.

The model was pitched through a set angle-of-attackrange from
0 to 56 deg. After the wing was increased to a new «, data acqui-
sition was delayed for a short time to eliminate any transient flow
effects. Pitching moment was taken about 0.25 of the wing’s mean
aerodynamic chord. The moment reference length was the mean
aerodynamic chord. Solid and wake blockage were corrected for
using the method of Shindo.'® Corrections for downwash were ap-
plied using the method detailed by Pope and Rae.'® Figure 1b shows
the sting balancemount with an installedimage system consistingof
a dummy shroud and support so as to facilitate determination of tare
and interference. The model mount consisted of a thin streamlined
support, which connected to a reinforcing spine. The model was in
turnattachedto the spine. The spine was used to eliminate any chord-
wise cambering of the model under load. The mounting system was
designed to minimize balance deflections and to reduce potential
interaction between the wing vortices and the balance mount. Tare
and interference effects were determined using the method detailed
in Ref. 19. For the present model and mount, tare and interference
were generally negligible.

The wind-tunneltests were run at a freestream velocity of 42 m/s,
yielding a Reynolds number based on the wing’s centerline root
chord of 1.12 x 10°. A Kiel probe was used for the stagnation pres-
sure surveys. The probe had a diameter of 1.6 mm. Surveys were
undertakenat x /c = 0.7, with the probe tracing a rectangularcircuit
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perpendicular to the wing surface at o« =20 deg. The survey grid
extended laterally from 0.35 to 1.1 of the semispan, and extended
vertically from 0.02 z/S to 0.65 z/S. A 30 x 30 grid was used,
yielding a point spacing of 2.6 mm in y and 2.3 mm in z. Surveys
also were undertaken in the wake at x /c = 1.4 at the same «, with
the probe oriented in a wind axis reference frame. The wake grid
extended from y/Ste =0.35to 1.24, and from z /S = —0.98 t0 0.19,
with z measured from the trailing edge. The lateral and vertical grid
spacing was 4.4 and 5.9 mm, respectively.

Both on- and off-surface flow visualizationwere undertaken. The
on-surface visualization was accomplished using titanium dioxide
suspended in a mixture of kerosene and linseed oil. These tests
were run in the 3 x 4 ft tunnel at a freestream velocity of 42 m/s at
o =20deg. To map the vortex burst trajectories and location, water-
tunnel flow visualization was undertaken. A 2 x 3 ft water tunnel
was used, with the testsrun at a freestream velocity of 0.2 m/s, yield-
ing a root chord Re = 80 x 10°. Dye was injected at the wing apex
so as to best elucidate the leading-edge vortices. Video footage was
recorded during the tests and analyzed subsequently to determine
the trajectories. The spiral vortex BD mode was seen to predom-
inate, and the location of BD was taken as that at which the vor-
tex core filament showed the distinctive kink associated with this
mode.

Results and Discussion

The delta wing with no leading- or trailing-edge devices is re-
ferred to as the basic wing. Figure 2 shows a lift comparison be-
tween the basic wing and results from the studies of Wentz and
Kohlman? and Bartlett and Vidal.2! A theoretical prediction also
is included* The present results show close accord with theory
and the data from Refs. 20 and 21. Figures 3a-3c present the ef-
fect of the various Gurney flaps on lift coefficient. The effect of the
trailing-edgeGurney (Fig. 3a) is as would be expected for a trailing-
edge device, with a significant negative shiftin « , but a marginal
changein the lift curve slope, showing that the flap primarily affects
the attached flow lift component. The lift increment caused by the
trailing edge flaps is seen to be proportional to the flap height. The
maximum lift coefficient increases markedly, with an increase of
9.7% for the h /c =0.95% Gurney over the basic wing. The lower
leading-edge Gurney flap (Fig. 3b) is seen to have no effect on C;
until high o, where this flap form increases lift. The h/c=0.9%
lower leading-edge flap increases (Cp)max by 6% over the basic
wing. As shown later, this increase in the maximum lift coefficient
is partly a result of a delay in the onset and progression of vortex
BD over this wing configuration. The upper-surface leading-edge
Gurney flap has a marginal effect on C; as can be seen in Fig. 3c.
Figures 4a-4c present the drag polars for the wings as functions
of lift coefficient. Included on the plots is the lift-dependent drag
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Fig. 2 Comparison of basic wing with theory and results of Refs. 20
and 21.
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Fig. 3 Effect of Gurney flaps onlift coefficient: a) trailing-edge Gurney
flap, b) lower-surface leading-edge Gurney flap, and c) upper-surface
leading-edge Gurney flap.
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Fig. 5 Effect of Gurney flaps on L/D ratio: a) trailing-edge Gurney
flap, b) lower-surface leading-edge Gurney flap, and c¢) upper-surface
leading-edge Gurney flap.

value for elliptic loading and, consequently, full suction. As noted
in other studies,'" the trailing-edge Gurney flap is seen to reduce
drag at moderate to high C; (Fig. 4a), as is also seen in the plot
of the lower-surface leading-edge Gurney (Fig. 4b). Inspection of
Figs. 3b and 4b shows that the lower-surface leading-edge flap re-
duces drag at «’s at which it has lifting performance equivalent to
that of the basic wing. What this implies is that a certain amount of
thrust must be generated on the forward facing edge of the flap to
reduce drag. The upper-surface leading-edge flap is seen to have a
marginal effect on C, (see Fig. 4c).

The performance of the various flaps can be gauged effectively
in terms of their L /D ratios, as presented in Figs. Sa-5c, and per-
centage changesin Fig. 6. Both the leading-edgelower surface and
trailing-edge flaps improve L/D markedly from a lift coefficient
greater than 0.28 and 0.4, respectively (see Figs. 5a, 5b, and 6).
Notice that the trailing-edge Gurney does, however, incur a reduc-
tion in (L /D)y, compared to that of the basic wing, as a result
of an increase in the minimum drag coefficient. The lower-surface
leading-edge flap demonstrates practically equivalent or superior
performance to that of the basic wing throughoutthe test range. The
upper-surface leading-edge Gurney flap generally degrades wing
performance for C; < 0.79 compared to that of the basic wing.

Efficiency of the various flap configurations is depicted in
Figs. 7a-7c, where the wing efficiency factor is shown as a func-
tion of C,. In these plots, k =1 is equivalent to the wing with full
leading-edge suction and hence elliptic spanwise loading, and rep-
resents the theoretical minimum drag for a constrained-spanplanar
wing. Note that the basic wing shows a small increase in efficiency
with increasinglift coefficient. This is due to the entrainmenteffect
of the leading-edge vortices, resulting in a substantial quantity of
air being displaced downward enhancing lift for a given «. Increas-
ing wing slenderness shows this effectof increasing wing efficiency
with incidence?® becoming more pronounced as vortex lift accounts
for a greater percentage of the total lift. The trailing-edge Gurney
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Fig. 7 Effect of Gurney flaps on wing efficiency factor: a) trailing-
edge Gurney flap, b) lower-surface leading-edge Gurney flap, and
¢) upper-surface leading-edge Gurney flap.

flaps demonstrate a substantialimprovementin efficiency compared
to that of the basic wing (see Fig. 7a). This improvement is a re-
sult of the Gurney generating a substantial increase in lift for a
given o, but unlike conventional trailing-edge flaps, the enhanced
inviscid resultant force still acts perpendicularto the wing surface,
thus avoiding a substantial increase in pressure drag that normally
would occur on the aft deflected flap (assuming a sharp leading
edge); i.e., lift-dependentdrag is still a function of C; tan«. Thus,
k= (Cy tan a)ytAR/Cz reduces for a given C,, if the particular C,,
is generated at a lower « as is the case for the Gurney flap. The in-
creasein efficiency of the lower-surfaceleading-edgeflap mustbe as
aresult of thrust generation on the forward-facing extent of the flap
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because this configuration has lifting performance similar to that of
the basic wing for C; < 1.1 (see Fig. 3b). The upper leading-edge
flap generally degrades efficiency (Fig. 7¢).

Thrust-generating potential of the leading-edge flaps can be elu-
cidated by examining their ability to recover suction. The suction
recovery (SR) can be defined as

_ {Cptana — [Cp — (Cp)minl}

SR
C,tana — (Ci/rrAR)

M

Equation (1) gives the measured suction as a function of the theo-
retical maximum attainable suction, i.e., thatfor a wing with elliptic
loading. SR =0 indicates zero leading-edge suction such that the
resultant inviscid force on the wing is normal to the chord plane.
Similarly, SR =1 shows that the inviscid drag of the wing is the
theoretical minimum for a planar constrained-span wing such that
full leading-edge suction is recovered. For the basic wing and the
wing with the trailing-edge Gurney flaps, SR would be zero as the
resultantinviscid force on these wings is the normal force and thus
Cp —(Cp)min =C tana. Figure 8 shows SR as a function of lift
for the upper and lower leading-edge flaps. As surmised earlier,
the lower leading-edge Gurney flaps (Fig. 8a) do recover suction,
with increasing flap size showing an increase in SR for a given C; .
Note that the suction recovered decreases with increasing . How-
ever, this does not indicate that the magnitude of the thrust force
decreases with increasing . The upper-surface flaps (Fig. 8b), dis-
play the ability to recover some suction for C; > 0.25 or 0.5 for
the i /c =0.5 and 0.9% flaps, respectively. For these flaps at low
lift coefficients, SR probably is mitigated by localized small-scale
separation on the back of the flap, thus increasing drag.

The effectof the trailing-edge Gurney flap is to increase the nose-
down pitchingmomentfora givenC,, as shownin Fig. 9a. However,
the flap does appear to increase the severity of pitch-up, i.e., the
reversal of the slope of the C,, — C, curve. The increase in the
moment as a result of the flap is seen to be proportional to the flap
height. The effectof the upper- and lower-surfaceleading-edgeflaps
is seen to be dissimilar (Figs. 9b and 9¢). The lower-surface flap
reduces the nose-down moment slightly for C, > 0.8, compared
to that for the basic wing, whereas the upper-surface flap reduces
the nose-down moment compared to that for the basic wing for
CL <0.8.

Figure 10 exhibits the variation of the wing’s aerodynamic center
with lift coefficient for the differentflaps. All configurationsdemon-
strate a moderate forward shift of the aerodynamic center with in-
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Fig. 10 Effect of Gurney flaps on location of wing aerodynamic center.

creasing C; . This displacement is caused by trailing-edge effects
penetrating farther upstream with increasing «. The trailing-edge
effects influence the vortex lift to a greater extent than the potential
lift. Consequently, as the vortex lift becomes a greater constituentof
the total lift with increasing o, the aerodynamic center of the wing
moves forward. The trailing-edge Gurney flaps appear to shift the
aerodynamic center slightly rearward compared to that of the other
configurations.

Vortex burst trajectories are shown for the largest (so as to elu-
cidate the effects of these devices clearly) of the leading-edge and
trailing-edge flap configurationsin Fig. 11. All configurations have
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a marginal effect on BD or its progressionexcept the lower leading-
edge flap. The lower leading-edge Gurney is seen to delay BD by
approximately 2 deg. This may be due to the flap imparting a posi-
tive leading-edgecamber, thus slightly weakening the vortex and so
delaying BD. It is also possible that the lower leading-edge flap ef-
fectivelyresultsin the wing behavingas thoughit is essentially blunt
edged. Kegelman and Roos® have shown that the effect of a blunt
edge, as opposed to a symmetrically bevel-edged wing, is to delay
the onset and progressionof BD moderately. Their results also show
an increase in (Cp)m.x compared to a symmetrically beveled wing,
similar to that noted earlier. The vertical location of the vortices
above the wing for the aforementioned configurations is presented
in Fig. 12 for « =20 deg. The data show that the lower leading-edge
and the trailing-edge flaps draw the vortex closer to the wing. This
would explain why weakening of the vortex by the lower leading-
edge flap would not have any apparenteffect on lift below (Cp ) max,
in that closer proximity of the leading-edge vortex to the wing sur-
face would result in higher induced surface velocities and, conse-
quently, higher suction levels. Furthermore, as shown in Fig. 3b,
at « =20 deg, C, of the basic wing and the lower leading-edge
flap are similar, despite the closer wing-vortex proximity shown
in Fig. 12. This additionally suggests that the lower leading-edge
flap attenuates the vortex strength. The trailing-edge Gurney may
draw the vortex closer to the surface as a consequenceof increased
upper surface velocities due to greater bound circulation, resulting
in reduced surface pressure. The upper-surface leading-edge flap
presents a physical obstacle to the vortex core near the wing apex,
and thus is seen initially to displace the vortex above the position of
that on the basic wing for S/Ste < 0.54. As the vortex moves away
from the vicinity of the apex, the displacing effect decreases, and
the trajectory matches that of the basic wing as shown in Fig. 12.
Flowfield surveys using the stagnation pressure probe are shown
in Figs. 13a-13d for x /c = 0.7, « =20 deg. As the rate of change
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Fig. 13 Effect of Gurney flaps on vortex stagnation pressure loss
(x/c =0.7,a =20 deg): a) basic wing, b) trailing-edge Gurney flap
(h/c = 0.95%), ¢) lower-surface leading-edge Gurney flap (h/c = 0.9 %),
and d) upper-surface leading-edge Gurney flap (/c = 0.9%).

of stagnation pressure normal to a streamline is proportional to the
vorticity, the relative concentration and magnitude of vorticity can
be inferred from a stagnation pressure plot. Figure 13c intimates
that the vorticity and thickness of the shear layer emanating from
the lower leading-edge flap are attenuated compared to those of the
other configurations, which agrees with the prior suggestion that
this flap may reduce the vortex strength. The reductionin the thick-
ness of the shear layer may be partly a result of reduced interaction
between the secondary vortex and the shear layer, where entrain-
ment of fluid particles causes thickening of the primary vortex feed-
ing sheet.?* As shown subsequently, the lower-surfaceleading-edge
flap causes a moderate inboard movement of the laminar secondary
separation line. The chordwise location of the flow survey plane is
at the approximate location of the transition from laminar to turbu-
lent flow of the secondary separation line, such that the secondary
vortex is still farther inboard than in the basic wing case, increasing
its distance from the leading-edge shear layer. The shear layer also
appears to be displaced outboard by the lower surface leading-edge
flap, when compared to the other configurations (see Fig. 13c). The
decrease in the lower-surface leading-edge flap’s primary vortex
shear-layer strength and thickness also may be due to the effect of
the Gurney flap configuration on enforcement of the leading-edge
Kutta condition. If the lower-surfaceleading-edge flap functionsin
amanner analogousto that of a trailing-edge Gurney flap, it is feasi-
ble that increased lower surface recompression'? !4 near the leading
edge associated with the flap may result in reduced lower surface
boundary-layeroutflow velocity, causing a reductionin shear-layer
vorticity.

The basic wing and trailing-edge Gurney flap show (Figs. 13a
and 13b) essentially similar vortex structures and stagnation pres-
sure distributions at this chordwise location. The upper and lower
leading-edge flaps have a more pronounced effect on the structure
of the vortex (see Figs. 13c and 13d). This is most marked in the
stagnation pressure distribution of the upper-surface leading-edge
flap’s vortex core.

The stagnation pressure distributionin the wake behind the basic
wing, and the trailing-edge Gurney are shown in Figs. 14a and 14b
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Fig. 14 Effect of Gurney flaps on vortex stagnation pressure loss
(x/c = 1.4, a = 20 deg): a) basic wing and b) trailing-edge Gurney flap
(h/c =0.95%).

Fig. 15 Effect of Gurney flaps on limiting streamline pattern (o =
20 deg): a) basic wing, b) trailing-edge Gurney flap (h/c = 0.95%), c)
lower-surface leading-edge Gurney flap (#/c = 0.9%), and d) upper-
surface leading-edge Gurney flap (h/c = 0.9%).

for x/c = 1.4 and @ =20 deg. As noted for Figs. 13a and 13b, the
trailing-edgeflap has a marginal effect on the primary leading-edge
vortex strength and structure, as also can be seen in Figs. 14a and
14b. The Gurney flap primarily affects the outer vortex, which forms
due to the rolling-up of the trailing vortex sheet of the wing-bound
vortex system. The flap is seen to increase the size of the partially
rolled-up trailing vortex, and displaces it upward relative to the
wing trailing edge. The flap significantly increases the thickness of
the wake, which comprises the trailing vortex sheet imbedded in
the viscous wake. The increase in the minimum drag coefficient of

the trailing-edgeflap is manifested in reduced wake stagnation pres-
sure and increased wake thickness.

Figure 15 presents the limiting streamline pattern over the basic
wing and the various flap configurations at @ =20 deg. All of the
patterns show probable boundary-layer transition, indicated by the
kink in the secondary separation line. The configurations display
a marked tertiary separation line forward of the transition location.
The laminar extent of the secondary separationline for the upper and
lower leading-edge Gurney flaps is situated fartherinboard (approx-
imately 0.62S5) than for the basic-wing or trailing-edge flap config-
urations, where the separationline is located at approximately 0.7S.
These values correlate well with those measured by Verhaagen®
for the spanwise location of a laminar boundary layer, which, at
o =20 deg, was determined to be approximately 65% of the local
semispan. The spanwise location of the turbulent secondary sepa-
ration line for the present tests (approximately 0.76S) appears to be
farther inboard than found in other studies®>?® in which the span-
wise location was approximately 0.88-0.95S. The lower surface
flap is seen to cause asymmetric crossflow boundary-layer transi-
tion, perhaps as a result of slight variations in flap attachment (see
Fig. 15¢).

Conclusions

An experimental investigationis detailed that encompasses eval-
uation of trailing-edge Gurney flaps as well as full-span upper- and
lower-surfaceleading-edgeGurney flaps on a 70-deg deltawing. Re-
sults are presented for force balance, flowfield survey, as well as on-
and off-surface flow visualization. From the experimental data, the
following conclusions are drawn: The lower-surface leading-edge
flaps increase the maximum lift coefficient and poststall lift com-
pared to those of the basic wing. The trailing-edge Gurney flap shifts
the zero-lift o negative increasing lift for a given «, as well as the
maximum and poststalllift. The two aforementionedconfigurations
alsoimprove the wing efficiency at moderate to high lift coefficients.
The lower-surfaceleading-edgeflap showed a moderate delay in the
onset and progression of vortex BD over the wing. The devices do
not greatly affect the longitudinal stability of the wing, although
the trailing-edge Gurney caused an increase in nose-down pitching
moment. Upper-surfaceleading-edgeflaps were foundto lessen per-
formance. The results suggest that the lower-surface leading-edge
Gurney flap can enhance the wing L /D ratio virtually throughout
the flight regime but, unlike vortex flaps, with no concomitant lift
penalty for a given .
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