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Effects of Anhedral and Dihedral on a 75-deg Sweep Delta Wing

Lance W. Traub*
Texas A&M University, College Station, Texas 77843-3141

An investigation into the effects of spanwise camber in the form of anhedral and dihedral on a 75-deg sweep
delta wing is detailed. Data are presented encompassing force balance, surface pressure measurement, seven-hole
probe surveys, and vortex burst trajectories. The results show that the net effect of this form of nonplanarity is an
increase in lift for anhedral and a decrease in lift for dihedral compared to the planar wing. Small anhedral angles
are most effective in augmentinglift. Anhedral does not appear to greatly augment the strength of the leading-edge
vortex. The major benefit from anhedral would appear to be due to its displacing effect on the vortex trajectory:
drawing the vortex closer to the wing surface and inboard compared to the planar wing. As the vortex is drawn
inboard, its induced surface loading acts on a greater area of the wing. Dihedral also draws the vortex closer to
the wing surface (to a greater extent then anhedral) while moving the vortex toward the wing leading edge. In
addition,anhedral does not appear to introduce any detrimental effects on longitudinalstability and does not incur

any penalties in terms of vortex burst characteristics.

Nomenclature
Cpmin = minimum drag coefficient
C; = lift coefficient
Cy = normal force coefficient
Cp = maximum stagnation pressure loss
Cr = leading-edge thrust coefficient
c, = wing root chord
k = wing efficiency parameter
kp = potential lift constant
q = freestream dynamic pressure
r = radial coordinate, measured from vortex
center line
s = local semispan
U = freestream velocity
Va = axial velocity
Vo = rotational velocity
v, w = spanwise velocity, vertical velocity normal
to wing surface
x,¥,2,y',7 = Cartesian coordinates,y’ and 7’ orientated at ¢
o = wing centerline incidence
r = vortex circulation
A = wing leading-edge sweep angle
¢ = wing dihedral angle, defined (—) for anhedral,
(+) for dihedral
10} = axial vorticity
Subscripts
max = maximum
min = minimum
np = nonplanar
pr = projected
Introduction

ELTA, or triangularwings, were first tested by Winterin 1935.!
Because of the ability of the delta-wing planform to satisfy the
disparate requirements of low wave drag at supersonic speed and
stable and controllable flight at high a, a considerable number of
studies have been undertaken to elucidate their flow characteristics.
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Generally, the flow mechanism and physics of delta wings are well
understood.

For a delta wing with sharp leading edges, enforcement of the
Kutta condition at the leading edge ensures that the flow separates,
forming leading-edge vortices. These structures are fed from the
vorticity generated by the merging of the upper and lower surface
leading-edge boundary layers. The velocity vectors on the upper
and lower surfaces of the wing leading edge are equal in magnitude,
but have different orientations yielding a resultant vorticity vector
closely aligned with the wing leading edge. The merging bound-
ary layers form a free shear layer or vortex sheet that rolls up to
form a vortex with a viscous core surrounded by an essentially in-
viscid rotational region bounded by the free shear layer. Remnants
of the spiraling free shear layer are usually not apparentin the vor-
tex structure due to diffusion of vorticity attenuating the vorticity
gradients.

Delta wings are not without limitations. They are poor lift genera-
torsbecause of theirlow AR, requiringhigh a (with consequenthigh
drag) for takeoff and landing. If the delta wing is sharp-edgedor the
flow has separated, lift is augmented by the leading-edge vortices,
which induce high velocities on the wing upper surface, thereby re-
ducing the surface pressure. This vortexlift, as shown by Polhamus,?
is equal to the leading-edge suction that would have been developed
if the flow on the wing was fully attached. Thus, the net effect of en-
forcing leading-edgeflow separation on a flat delta wing is to cause
effective rotation of the leading-edge suction force to the plane of
the normal force. Naturally this is at the expense of a substantial
increase in drag, as the leading-edgesuction is lost. Nonetheless, as
shown by Lamar® theoretically and experimentally, the substantial
lift increases due to the leading-edge vortices, augmented through
entrainment resulting from the core pressure deficit, can result in
significant increasesin wing efficiency, as lift is markedly increased
for a given o.

Numerous devices and design methodologies have been tested
with the purpose of enhancing the performance of delta wings, es-
sentially by reducing drag. An initial concept, first proposed and
successfully demonstrated by Lee,” is that of using a warped lead-
ing edge upon which to concentrate the vortex suction peak and so
generate thrust. This concept has been greatly developed culminat-
ing in the leading-edge vortex flap (LEVF).>~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, but rather they
concentrate the induced suction of the leading-edge vortex on the
flap. As a consequence, drag of the wing is reduced if the flap is ro-
tated below the plane of the wing. Lift, however, is also diminished,
due to a reduction in vortex strength and a moderate reduction of
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the attached flow lift component. As the flaps provide leading-edge
camber, they shift the angle of attack for zero lift positive, so ad-
ditionally reducing lift for a given a below stall. This effect does
howeverresultinimprovedhigh a performanceas the maximum lift
coefficient peak occurs at higher a.® Performance of a wing with
vortex flaps improves overall, as the reduction in drag outweighs
the loss of lift. LEVF performance is limited by the inboard mi-
gration and expansion of the leading-edge vortices with incidence.
This may result in the flap effectively loosing the vortex suction
as the vortex moves inboard, with a consequent drag penalty. For
a planar wing with a constrained span, Munk® has shown that the
minimum induced drag occurs when the downwash in the wake is
constant. This condition for minimum drag for a given AR corre-
sponds to that of elliptic spanwise loading. For minimum drag the
wing should have a large span to capture as great a volume of air as
possible, thus requiring less work to accelerateit downward to gen-
erate the lift impulse. If the wing is not constrained to be spanwise
planar, Cone® and Lowson' have shown that numerous nonplanar
wing forms (wings with spanwise camber of their lifting lines, e.g.,
V wings, end plates, etc.) can improve efficiency beyond the theo-
retical planar minimum. Nonplanarity has numerous effects on the
aerodynamics of the wing. The curve of the spanwise cambered
bound vortex results in an incremental induced velocity parallel to
the freestream, so-called induced lift. This effect is not symmetrical
with respect to anhedral or dihedral. Cone® shows that the induced
drag of a lifting system can be varied by changing the spatial dis-
tribution of the trailing vorticity. To reduce the effective downwash
(and thus induced drag), the strength of the trailing vorticity should
be minimized, and the lifting elements should be distributed over a
large area. For a planar wing this may be achieved by increasing the
wing span for a given lift coefficient and by distributing the trailing
vorticity over a large vertical area for a nonplanar system. The un-
derlying principle is that by spreading the vorticity for a given lift
a larger mass of air is affected, and consequently the velocity at a
pointis lowered so by reducing the wake velocities.

The wing efficiency factor may be expressed as k =7 AR(C)p —
Cp min)/CZ, where Cp =Cysina— Crcosa. This expression
shows that for a given wing aspect ratio wing efficiency may be
increased (i.e., minimize k) by enhancing leading-edge or camber
thrust, or by increasing the lifting ability of the wing (for a given o),
or a combination of both. For a sharp-edged wing, with no chord-
wise camber, k =nARtana/ C; as Cp — Cp min =C tan . Thus
in this case k may be reduced only by increasing the lifting ability
of the wing for a given a. Spanwise camber, through reduced down-
wash and/or enhanced vortex lift, may provide a means to improve
efficiency for this type of wing configuration.

Experimental investigations of cambered delta wings have often
been limited to those with conical camber so as to afford com-
parison with available prediction methodology. However, conically
cambered delta wings contain both chordwise and spanwise cam-
ber effects. A notable experimental investigation on camber effects
was the study of Squire.!! Squire’s investigation was motivated in
part by the observation that wind-tunnel tests of certain conically
cambered gothic wing forms for a supersonic transportaircraft gen-
erated lift curve slopeslarger than the planarequivalentat lift coeffi-
cientsabovethatofleading-edgeflow attachment.Squire’s test cases
consisted of a A =76-deg wing (AR =1) with various leading-
edge droop angles and shoulder locations. Significant, however, in
his study was the inclusion of a delta wing with pure anhedral of
16.7 deg suchthatthe wing possessedno chordwise camber. Squire’s
results showed that leading-edge camber does indeed increase the
lift curve slope of the wing above the attachmentincidencebut shifts
the angle of attack for zero lift positive. An exceptionto this was the
result for the delta with pure anhedral. As this wing had no chord-
wise camber, the angle of attack for zero lift occurred at o« =0 deg.
The results exhibited a substantial increase in lift beyond the pro-
jected planar wing, with an increase in lift of 11% at oo =16 deg.
Squire attributed the lift increase,based on results from the theoreti-
cal model of Brown and Michael,'? to “the distortion of the velocity
field of the vorticity which is produced by the curvature of the wing
in the cross-flow plane.” Squire’s theoretical modeling suggested
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that the effect of conical camber was to increase the height of the
vortex core above the wing leading-edge and increase its strength.
In the transformed plane, in which computations are performed in
the Brown and Michael method, Squire noted that the vortices were
closer to the wing surface, thus increasing the upper surface cross-
flow velocities and hence reducing pressure. In the physical plane
the converse was true, leading Squire to conclude that wing camber
produces a large distortion of the flowfield around the vortices.

Early experimental studies of dihedral on swept wings were pri-
marily concerned with stability effects.'>!* Washburn and Gloss'>
investigated the effect of circular arc spanwise camber on a 76-deg
sweep delta. Their results indicated that for this wing planform and
camber distribution anhedral and dihedral had an insignificant ef-
fect on the vortex and its burst location. A subsequent study be
Washburn and Gloss!® focused on the effects of anhedral and dihe-
dral on the longitudinal and lateral characteristics of a supersonic
cruise configuration. Their results showed that for the configura-
tion (which resembled a cranked arrow wing) studied longitudinal
forces were relatively invariant, with the anhedral model showing
a slight lift improvement. Lateral data were similar for all of the
model variations.

The single result of Squire!! for an AR =1 delta with 16.7-deg
anhedral suggests that this type of pure spanwise cambering may
offer a means to enhance performance without the limitations of
LEVFs. Spanwise cambered wings would not suffer a significant
zero liftdrag penalty. Expansionand migration of the vortices would
not impact performance. As the wing would not be optimized for a
specific condition, it should have a flexibility in the flight envelope
of efficient operation. The increment in lift noted by Squire'! for
the anhedral delta over the equivalent span planar wing could only
be matched by increasing the planar wing’s AR. In a high AR wing
this would have the penalty of increased wing root bending moment;
however, the penalty in slender wings is associated with the onset of
vortex breakdown (BD). Increasing the wing’s AR so as to enable it
to match the lift increase would result in earlier BD, with all of its
concomitant implications. Furthermore as noted by Washburn and
Gloss,! fora wing planform (if not anhedral distribution) similar to
Squire’s!! anhedral appeared to have a marginal effect on BD. Data
pertaining to the effect of anhedralon delta wings are also useful for
prediction of the behavior of caret wing configuration wave riders,
as these types of aircraft would operate subsonically during takeoff
and landing.

The present study was thus motivated by the lack of a systematic
investigation of the effects of pure spanwise camber on delta wings.
In this paperthe form of the spanwise camber was limited to anhedral
and dihedral, such thatin a crossflow plane the wings formed a “Vv”
or “A.” The experimental investigation used a series of flat-plate
delta wings with A, =75 deg. Anhedral/dihedral angles varying
from 10 to 25 deg in 5-deg increments were used. The present in-
vestigation includes force-balance measurements, surface-pressure
measurements, vortex-bursttrajectories,and flowfield surveysusing
a seven-hole probe.

Model Description and Experimental Procedure

Figure 1a shows geometric details of the models used in the
study. All of the wings were fabricated from mild steel plate.
Kegelmanand Roos!” have shown that the leading-edgedetails (e.g.,
form of beveling, etc.) can dramatically affect the high o aerody-
namics of the wing, determined experimentally using a series of
wings 1.77% thick. Wentz and Kohlman,'® however, found for a
thinner series of wings (thickness/c, =1.1%) that a square-edged
wing showed similar performance characteristics to a chamfered
or beveled edged wing. Consequently, to eliminate the necessity of
beveling the wing’s leading edges, they were manufactured from
1.52-mm-thick steel plate. The wing’s thickness combined with a
root chord of 375 mm yields a thickness to chord ratio of 0.41%.
A projected leading-edge sweep angle of 75 deg was investigated.
For each wing the projected span, and consequentlythe aspectratio,
were constrained, and thus the arc length of the wing was variable.
This is in accordance with Cone,’ who has shown that in com-
paring planar and nonplanar wings the use of the projected AR is



304 TRAUB

V Wing
Apr ]
Yy
xfc,
0.3
0.5
0.7
09

Spanwise tapping locations (y/fs) at each x/c, location:
02,04, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95

a) Model and pressure tapping locations

Tunnel wall
Not to Scale
Wing
c
I .
Model support — Spine
- |
Freestream e

\Balance shroud \
Balance mount

b) Model mounting system

¢) Grid geometry

Fig. 1 Wind-tunnel model, mount and flowfield survey grid geometri-
cal details.

appropriate. Dihedral/anhedral angles of 10, 15,20, and 25 deg were
used.

The effects of anhedral/dihedral on the wing surface-pressure
distribution were also investigated. Two wings, one planar with a
leading-edge sweep angle of 75 deg and one nonplanar with an
anhedral angle of 15 deg and a projected leading-edge sweep angle
of 75 deg, were pressuretapped with a total of 52 taps per wing half.
The tappings were distributed in four spanwise rows as shown in

Fig. 1a. Tappings were also located along a ray at 65% of the local
semispan, as this location is roughly coincident with the trajectory
of the vortex core. The pressure tappings had a diameter of 0.5 mm,
which should minimize errors in regions of large gradients.

The wings were attached to a mount that consisted of a thin rein-
forcing spine that extended for 203 mm along the root chord of the
wing, so as to minimize wing flexing (see Fig. 1b). The model dimen-
sions were kept to a minimum to reduce the effectof the wind-tunnel
walls. Tests were undertaken in Texas A&M University’s 3 X4 ft
continuous wind tunnel at U =45 m/s and Re =1.14 X 10° based
on ¢,, unless mentioned otherwise.

Vortex-burst trajectories were determined in Texas A&M Uni-
versity’s 2 X3 ft water tunnel. These tests were run at a freestream
velocity of 0.4 m/s, yielding a root chord Reynolds number of
0.15 X 10°. Spanwise distance markers were drawn on the upper
wing surface at 7-mm intervals allowing determination of the vor-
tex burst location to within = 1% of the wing root chord. Dye was
injected at the wing apex to help locate the leading-edge vortices.
The dye flow rate was controlledusing aneedle valve. Video footage
was recorded during the tests and analyzed subsequently to deter-
mine the trajectories. The spiral vortex breakdown mode was seen
to predominate, and the location of breakdown was taken as that at
which the vortex core filament showed the distinctive kink associ-
ated with this mode.

Surface pressures were measured for an a range of 5-30 deg in
5-deg increments, as well as at a =40 deg for a projected wing
sweep of 75 deg with ¢ =0 and —15 deg. Data were acquired at
U =45m/s, yielding Re =1.14 X 10°. The pressures were recorded
at the four rows of spanwise tappings using a 48-port Scanivalve
pressure multiplexer connected to an Air Neotronics autozeroing
digital manometer. The manometer was interfaced with a PC so as
to automate the acquisition process. The manometer was sampled
500 times through a 16-bit A/D board and averaged to establish the
pressure at each location.

A six-component Aerolab sting balance was used for force and
moment determination. The accuracy of this balance is estimated
at 0.5% of full scale for lift, drag, and pitching moment. Balance
resolution is better than 2 X 10~* of the measured coefficient on all
channels. Through repeated data runs, repeatability of the balance
for lift, drag, and pitching moment is estimated at AC; =0.0008,
ACp =0.0005, and AC,, =0.0008. Model pitch and yaw is ad-
justed using dc motors connected through a potentiometerto a dig-
ital read-out display. Model angle of attack can be set to within
0.05 deg. Force balance data as well as tunnel dynamic pressure
were acquired using a PC equipped with a 16-bit A/D board.

The data acquisition program used to acquire the balance loads
samples each data channel 1000 times and averages it. The code
also displays graphically real time lift, drag and pitching moment,
such that erroneous data can be quickly recognized.

The force-balance component of the tests comprised pitching the
model through a set angle-of-attackrange from —2 to 56 deg. Data
were recorded at 2-deg intervals. In the vicinity of the maximum lift
coefficient, smaller a increments were used where necessary. Pitch-
ing moment was taken about 0.25 of the wing’s mean aerodynamic
chord, effectively the wing’s midroot chord. The moment reference
length was the mean aerodynamic chord. Delta-wing flows, assum-
ing enforced leading-edge flow separation, are not particularly sen-
sitive to Reynolds number or scale effects, although the location of
the secondary separation is Reynolds-number dependent. In an ef-
fort to be consistentwith otherinvestigations,’*-?° it was decided not
to employ any type of forced transition, as enforced transition does
not guarantee a flowfield representative of realistic flight Reynolds
numbers. Wentz'® has shown that the vortex breakdown location is
indeed insensitive to Reynolds-number effects.

Tare and interference effects were determined using an image
system,?! as this method is relatively simple to implement and yields
the total interference and tare effects, and may additionally be used
todetermine the wind-tunnelflow angularity. The effectof the model
supporton pitching moment was determined similarly. In this study
solid and wake blockage were corrected for using the method of
Shindo.?? Upwash corrections were applied using the method de-
tailed in Pope and Rae.?!
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Due to equipment load limitations, it was necessary to run the
flowfield surveys at a freestream velocity of 20 m/s, yielding a
Reynolds number of 0.5 X 10° based on the wing’s centerline root
chord. A seven-hole conical probe was used for the surveys. The
probe was moved using a three-component traversing mechanism.
The accuracy of this system in positioning is within 0.03 mm. The
probe had a diameter of 1.6 mm. Pressures measured by the probe
were evaluated using a 32-channel ESP pressure sensor with a mea-
surement range of +2.5 KPa. Calibration of the ESP was checked
by sequentially comparing a reference pressure imposed on each
channel against the value measured by a calibrated Air Neotron-
ics micromanometer. Agreement between the micromanometer and
the ESP was generally within 1%. Prior to each test the ESP was
zeroed to reduce drift. After completing a test, the ESP was again
rezeroed to ascertainif the zeroes had drifted significantly. The pres-
sures measured by the ESP were digitizedusing a 12-bit A/D board.
The probe was calibrated using a least-squares calibration routine.
The accuracy of the calibration was verified by inclining the probe
at various pitch and yaw angles and comparing the predicted and
set angles. Consequently, the accuracy of the probe calibration is
estimated to be within 0.5 deg at a yaw or pitch angle of 30 deg.

At each survey point in the flowfield, the pressures were sampled
120 times and averaged. After moving to a new point in the flow-
field, datameasurementwas delayed for 3 s to allow the pressuresto
stabilize. All data were acquired using the AeroView data acquisi-
tion and analysis code. The surveys were undertakenat o =20 deg,
with the probe tracing a rectangular section perpendicular to the
wing surface. At each chordwise station a 30 X35 grid was used
yielding 1050 points in each crossflow plane. The grids extended
laterally from 0.2 to 1.2 of the local semispan (see Fig. 1¢). For all
cases the grids extended vertically to 0.7 of the local semispan. The
lower circuit bound of the probe was 3 mm from the wing surfacein
order to eliminate any possibility of contact caused by flexing of the
support members and to reduce interference between the probe and
the upper wing surface. The spanwise resolution of the grids was
0.029 and the vertical resolution 0.023 of the local semispan. These
values compare favorably to those used in other investigations?
All the ¢ variations were surveyed at x/c, =0.3, 0.5, and 0.7 (0.9,
¢ =0 deg) in order to determine the chordwise effects of ¢ on the
flowfield.

AeroView was used for processing data from the probe surveys.
This included calculation of vorticity and circulation. The code al-
lows the evaluation of circulation using either a surface integral of
the vorticity or aline integral of the velocity around a contourenclos-
ing the surface. The total crossflow circulation was evaluated using
both these methods for all of the surveyed data, and in no case was
the discrepancy greater than 1.5% and was typically <0.2%. This
was encouraging as it would be expected that circulation based on
vorticity integration may incur a somewhat greater error due to dif-
ferentiation of the discrete velocity field. The assumption was thus
made that the level of uncertaintyin the measurement of circulation
may be satisfactorily evaluated by determining the uncertainty in
the line integral method for determining I'. Evaluation of various
data sets yielded an uncertainty in the measurement of circulation
of 0.76%.

Results and Discussion

Forces and Moments

Wentz'® conducted a comprehensive force-balance investigation
of the effects of wing sweep on a range of planar delta wings, with
A, ranging from 45 to 85 deg. Wentz’s'® results are often regarded
as baseline data and have been used to verify numerous theoretical/
computational methodologies. Figure 2 shows comparisons be-
tween the present results and those of Wentz!® for A, =70- and
75-deg delta wings. Theoretical predictions using the method of
Polhamus? are also included. Agreement between the experimental
data sets is seen to be excellent.

The results of wing nonplanarityon lift coefficient are presentedin
Fig. 3. The effect of anhedral and dihedralis equivalentat low lift co-
efficients (o < 10 deg) showing that the impact of ¢ on the attached
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flow lift curve slope is weak. Marked lift enhancementeffects, both
pre- and post-C .., are associated with anhedral (for o > 10 deg,
with all ¢ variationsdemonstratingsimilar performance) when com-
pared to the planar wing. This suggests that the effectiveness of
anhedral/deg reduces as anhedral increases, i.e., small ¢, generate
larger lift increases relative to the deflection angle (AC, /A ¢) than
large anhedral angles. Increasing the dihedral angle causes ever
greater lift loss for a given a compared to the planar wing. Dihedral
results in abrupt post-maximum lift behavior, with significant loss
of lift compared to the planar wing (see Fig. 3). Anhedral has the
opposite effect: post-maximum lift behavior is less abrupt than the
planar wing, whereas in additionliftin this regionis augmented with
significant post-stall lift recovery evident. Wing efficiency may be
gauged in terms of k =7 AR(Cp — Cpmin)/ CZ, which as already
mentioned for this class of wings is given by k =7 AR tana/C;.
Thus for a given combination of AR and «, aerodynamic efficiency
can only be improved through an increase in lifting ability. For a
constrained span unswept planar wing, k has a theoretical minimum
value of 18. For low AR deltas (AR = i) and rectangular plates of
similar AR, k can be <1 (Refs. 24 and 25). For nonplanar wings,
however, k’s value may reduce appreciably below 1°. For slender
delta wings k typically reduces as o increases due to increased lift
from the vortex sheets. Figure 4 clearly shows that anhedral in-
creases efficiency and dihedral decreases efficiency compared to
the planar wing, as would be expected considering the disparate lift
augmentation of these configurations.
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Effects of anhedral and dihedral on the pitching moment coeffi-
cient are shown in Fig. 5. The data show that pitch up is coincident
with Cp max, as is typical for highly swept wings. The effect of an-
hedral and dihedral on pitching moment is seen to be relatively
minimal. This suggests that for this wing geometry modifications to
the wing flowfield by either anhedral or dihedral are affected uni-
formly such that any altered loading follows the load distributionof
the projected planar wing.

Figure 6 exhibits the location of the wing’s aerodynamic cen-
ters (expressed as a fraction of the wing root chord) as a function
of a. Thus an aerodynamic center location of 0 corresponds to the
wing apex and 1 to the wing trailing edge. Generally, as follows
from Fig. 5, the effect of ¢ on the aerodynamic center (a.c.) loca-
tion is weak. In all instances the aerodynamic center moves for-
ward toward the wing apex with increasing c. This is caused by
increasing trailing-edge influence and thus departure from conical
flow penetrating further upstream with elevated angle of attack. The
trailing-edgeeffects influence the vortex lift to a greater extent than
the potential lift. Consequently, as the vortex lift constitutes an
increasingly greater percentage of the total lift as « increases, the
a.c. moves forward.

Surface Pressures

The effects of anhedral on surface pressures are summarized in
Figs. 7-9, for a =10, 20, and 30 deg, respectively. The pressure
data are presented as a functionof y'/s,,, where sy, is the local wing
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semispan or arc length, i.e., not projected. The most obvious effect
of anhedral shown in Fig. 7 is an inboard migration of the vortices
relative to the planar wing as evidenced by the suction peak move-
ment. At this a anhedral appears to have a minimal overall effect on
the suction peak pressures compared to the planar wing. Transition
of the crossflow boundary layer precipitates an outboard movement
of the primary vortex suction peak as demonstrated by examination
of Fig. 7 (compare the spanwise location of the suction peaks in
the top two plots of Fig. 7).27 Anhedral causes increased loading at
x/c, =0.3 for 15 deg <a <25 deg (datafor a =15 and 25 deg not
shown) compared to the planar wing (see Fig. 8). At this chordwise
locationx/c, =0.3, the crossflow upper-surfaceboundary layer ap-
pears to have transitioned for ¢ =—15 deg but not for ¢ =0 deg.
The increased loading near the apex may be an artifact of altered
vortex structure/properties or trajectory, as the state of the crossflow
boundary layer affects the nature of the secondary vortex formation
and consequently its effect on the primary vortex. It is unlikely that
the increased apex loading is greatly responsible for the majority
of the observed lift augmentation with anhedral, as enhanced apex
loading would be reflected in the pitching moment data.
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o= 20deg, A z75deg B¢ = -15 deg cases presented the nonplanar wing effectively shifts the vortices
o ¢ =0deg further inboard than the planar wing. As a consequence, anhedral
18} i has the effect of increasing loading inboard and reducing it out-
F board, a flow modification favorable for wing root bending moment
1.2 considerations. In all of the presented cases, apart from x/c, =0.3
0.6 i (15 deg < <25 deg), anhedral appears to have a marginal effect
1 on the magnitude of the minimum pressure coefficient relative to
0.0k the planar wing. Figures 7-9 clearly show the progressiveimpact of
1.8 the trailing-edge Kutta condition. With increasing «a trailing-edge
e r effects become more marked, with a significant reductionin loading
% 12r toward the wings’ trailing-edge, (see Figs. 8 and 9) evident. The pre-
= I ceding discussion assumes that the wings’ lower surface pressures,
3 06 i . which were not measured, are relatively independent of ¢.
o Fig. 8 Effect of ¢ on the
[ 0.0 - spanwise pressure distribu-
2 181 tion, o = 20 deg. Flowfield Properties
8 42 i Effects of anhedral and dihedral on flowfield properties are dis-
a | playedin Figs. 10-19. It was necessary to determineif the presence
T o6t of the seven-hole probe over the upper wing surface may have, in

[ certain cases, precipitated the onset of BD. Payne®® has shown that
0.0 the presence of a probe can affect the location of vortex burst, par-
181 ticularly when the burst is near the wing’s trailing edge. However,

1.2 i XiCr=09 when the probe is not in close proximity to the burst location, its
L influence is minimal.>® For the data presented it is unlikely that BD

0.6 was present over any of the configurations as will be shown in the
subsequent discussion and BD trajectories. Figure 10 presents the

O-g 0 : 025 050 075 1 '00 effect of ¢ on the lateral (y'/s,,) and vertical (z'/sy,) location of

the vortex core with z’ orientated perpendicular to the wing chord
plane. The vortex core was identified as the region of maximum
stagnation pressure loss and highest axial velocity. Upstream of BD
o= 30deg, A =75deg 5= -15deg these regi.on.s are coincident?’ as was also observed in thezgresent
pr 6 =0deg study. This is not, however, the case downstream of burst.>’ In all

; of the present tests, the maxima of axial velocity and the maximum
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Raising o to 30 deg (Fig. 9) shows an apparent reduction in rel- 35k g‘:\\\:ﬁm\
ative loading toward the wing apex (x/c, =0.3) compared to that 8 30l Primary vortex— =2

seen at lower a. For this case both the secondary separation from
the planar and nonplanar wing are turbulent, suggesting that the
increase in peak loading toward the wing apex noted at lower o

iy,
525 —A— XICr=03

20 & XICr=0.5 Fig. 11 Effect of ¢ and

(Fig. 8) may be an artifact of the state of the boundary layer. Transi- g 15 —8—wcr=07 fe/;’ C?I{lc:ll;ztl:;immum vor
tion typically causes an increase in the loading associated with the 101 ’

primary vortex (due to an altered vortex trajectoryresultingin closer 0.5- Secondary VorteX\

surface proximity) caused by a weaker secondary vortex. Figure 9 0.0~ =

shows that the increased lift associated with anhedralin this applica- o5

tion is as a result of increased loading inboard relative to the planar 25-20-15-10 -5 0 5 10 15 20 25

wing, and not through any obvious increase in peak loading. For the ¢, deg
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Fig. 13 Effect of anhedral on the vortex axial velocity, x/c, = 0.5,
o =20 deg. Arrow indicates wing leading edge. p=a) 0,b) — 10, ¢) — 15,
d) — 20, and e) — 25 deg.

stagnation pressure loss showed coincidence. This concurrencere-
inforces the presumption that the probe did not initiate premature
BD. Data are presented for three chordwise locations to highlight
any axial trajectory variations. As shown in Fig. 10, anhedral and
dihedral draw the vortex closer to the wing surface. The effect is
somewhat discontinuous,with two sequential displacementminima
for both + and —¢. The data show that for this wing configura-
tion dihedral draws the vortex comparatively closer to the wing
surface than anhedral. Trends regarding chordwise trajectory vari-
ations are not clearly apparent, although the most forward survey
station (x/c, =0.3) shows the closest wing-vortex proximity. The
lateral vortex location appears sensitive for ¢ #0 deg, whereas for
¢ =0 deg the vortex core trajectory follows a spanwise ray lying
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Fig. 14 Effect of dihedral on the vortex axial velocity, x/c, = 0.5,
o =20 deg. Arrow indicates wing leading edge. ¢ = a) 0, b) 10, ¢) 15,
d) 20, and e) 25 deg.
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Fig. 15 Effect of anhedral on the vortex rotational velocity, x/c, = 0.5,
o =20 deg. Arrow indicates wing leading edge. p=2a) 0,b) — 10, ¢) — 15,
d) — 20, and e) — 25 deg.

along 70% of the local semispan for the flow planes surveyed. As
discussed prior and shown in Fig. 10, anhedral pulls the vortex
inboard, and dihedral moves the vortex towards the leading edge
comparedto ¢ =0 deg. This effectis most pronouncedfor initial ¢,
e.g., £10 deg (similar to the trends seen for the lift dependence on
¢), with further increases in anhedral/dihedral affecting the vortex
trajectory to a lesser degree.

As already mentioned, circulation was calculated using both
the spatially integrated vorticity field and the crossflow velocity
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Fig. 16 Effect of anhedral on the vortex pressure loss, x/c, = 0.5,
o =20 deg. Arrow indicates wing leading edge. p=a) 0,b) — 10, ¢) — 15,
d) — 20, and e) — 25 deg.
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Fig. 17 Effect of dihedral on the vortex pressure loss, x/c, = 0.5, & =
20deg. Arrow indicates wing leading edge. $=2) 0,b) 10,¢) 15,d) 20,and
e) 25 deg.

components. The two methods showed excellentagreementindicat-
ing minimal error in differentiatingthe velocity field. Consequently,
all radial circulation distributions were calculated through vorticity
integration. Vorticity integration to compute I" was also chosen to
limit possible errors that probe proximity to the wing surface may
have had on the crossflow velocity components when the integration
bound encompassed the upper wing surface. Vorticity integration
also allows straightforwarddetermination of regions of positive and
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Fig. 18 Effect of anhedral on the vortex axial vorticity, x/c, = 0.5,
o =20 deg. Arrow indicates wing leading edge. p=2a) 0,b) — 10, ¢) — 15,
d) — 20, and e) — 25 deg.
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Fig. 19 Effect of dihedral on the vortex axial vorticity, x/c, = 0.5, x =
20 deg. Arrow indicates wing leading edge. ¢ = a) 0, b) 10, ¢) 15, d) 20,
and e) 25 deg.

negative circulation. The integrations proceeded from the vortex
core center, i.e., r =0, to r/s,, =0.6 in [A(r/spr) =1]0.025 inter-
vals. The integration path for each r/s,, value was circular. When
the integration path impinged on the upper wing surface, the wing
was taken as the lower integrationpath, similarly for the edges of the
survey grid. In Ref. 30 it is shown that vortex strength s proportional
to k, and sin o, whereas its chordwise growth is very nearly coni-
cal, i.e., proportional to the local semispan. Consequently, to aid in
interpretationand characterization, plots depicting circulation have
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been nondimensionalized by s, Ukpy, sin a, where kp,, is the lift
curve slope of the nonplanar wing. The circulation of the primary
vortex was assumed to contain only positive vorticity (the right-
hand-side wing panel was surveyed), whereas the secondary vortex
was assumed to contain all of the negative vorticity. The effect of
¢ and x/c, on the total measured strength of the primary and sec-
ondary vortices is summarized in Fig. 11. The data were acquired at
o =20 deg. To ascertainany chordwise variationin circulation,data
are presented for survey planes located at x/c, =0.3, 0.5, and 0.7.
The figure shows that the circulation is relatively conical (i.e., ocs)
asitfallsinto a thin band for the three chordwise survey locations for
a given ¢. The secondary vortex also shows conical flow develop-
ment, with similar levels of circulation developed for each ¢ value
at the three survey stations (remember that the circulationis scaled
by the local semispan). The strength of the primary vortex decreases
continuouslyas ¢ is varied from —25 to +25 deg. Thus anhedralin-
creases the total vortex strengthrelative to the planar wing, whereas
dihedral reduces it. The variation of the circulation with ¢ for this
wing geometry appears relatively linear. The secondary vortex is
seen to constitute approximately 7% of the strength of the primary
vortex.

The impact of ¢ on vortex radial developmentis summarized in
Fig. 12 for a =20 deg. The radial distribution shows that dihedral
has a greater effect on vortex strength than anhedral. Generally,
for the data range tested increasing anhedral increases total vortex
circulation compared to ¢ =0 deg, whereas the oppositeis true for
dihedralduein part to an increase and decreasein length of the shear
layer, respectively. It is evident that the magnitude of the effect of ¢
is asymmetric with respect to anhedral or dihedral. Dihedral affects
vortex strength markedly for r/s,, > 0.22, i.e., for regions where
r/ sy, > than the location where the integration path contacts the
wing. Until the path contacts the surface the vortex circulation in-
creasesradially through the addition of relatively axisymmetric vor-
ticity centered around the core. However, beyond the contact point,
additional circulation is added only through vorticity contained in
the leading-edge shear layer. Consequently, the rate of increase of
radial circulation diminishes markedly. The effects of anhedral are
mainly confined to the leading-edge shear layer (compared to the
planar wing). Increasing anhedral results in the maximum circula-
tion being reached at progressively higher r/s,, values, implying
a larger vortex and/or longer shear layer, which is consistent with
the observed inboard vortex movement with anhedral. Comparison
of the data for x/c, =0.3 and 0.5 does suggest a moderate axial
location influence. Dispersion amongs the curves is seen to reduce
with increasingdistance from the wing apex. Notice that I increases
relatively linearly for /s, < 0.2 such that the integrated vorticity
comprises the rotationalregion surroundingthe vortex core and does
not include the leading-edge shear layer. This would imply a radial
distribution of vorticity oc 1/r, with viscous effects keeping the
vorticity finite for » =0. A linear variation of radial circulation is
not without precedent: Lowson®! found in a low-speed wind-tunnel
study of the flow over a 75-deg delta that the transverse velocity in
the core was uniform so by corroboratingthe theoretical predictions
of Mangler and Smith.3?> Thus, in this case, the vortex strength is
simply a linear function of the core dimensions.

Vortex axial velocity profiles are shown in Figs. 13 and 14. The
data are nondimensionalizedby the freestream velocity. High axial
velocities, showing the jetting nature of the vortex core, are visible
in Figs. 13 and 14. The secondary vortex is discernible as a white
region adjacentto the wing leading edge and is characterizedby ve-
locities below the freestream—a wake-type vortex. The flow region
encompassingthe secondary vortex recorded the lowest axial veloc-
ities in the measurement plane for all tests. Notice that the core axial
velocity profiles show reasonable axisymmetry for anhedral, but the
velocity profile becomeslaterally elongated with dihedral. This may,
in part, be caused by the outboard migration of the leading-edgevor-
tices associated with dihedral (see Fig. 10). As the survey plane was
perpendicularto the wing centerline, an outboard movement of the
vortex would result in an increased misalignment between the mea-
surement plane and the vortex. The spatial extent of the secondary
vortex wake-type flow increases with anhedral (Fig. 13): this char-

Table1 Chordwise effects of wing nonplanarity on vortex
aerodynamic parameters, Apr =75 deg, x =20 deg

xle,  ¢,deg  Omaxc, /U Cpt Vamin/U  Vamax!/U
0.3 0 678.7 —-1.29 0.78 2.17
0.5 0 485.1 —-1.30 0.79 2.39
0.7 0 388.3 —1.69 0.85 2.44
0.9 0 303.8 —-1.20 0.66 2.38
0.3 —15 682.2 —-1.94 0.78 2.16
0.5 —15 435.7 —1.88 0.78 2.24
0.7 —15 363.6 —-1.96 0.76 2.34
0.3 15 706.0 —-1.25 0.94 2.25
0.5 15 500.8 —-1.27 0.79 2.46
0.7 15 397.9 —1.41 0.84 2.48

acteristic is not evident for dihedral (Fig. 14). Figures 13 and 14
also show that the leading-edge shear layer initially convects axi-
ally at or just above the freestream velocity. View Figs. 18 and 19
for location of the shear layer. Visser and Nelson®® measured the
flowfield over a planar 75-deg delta wing at a =20 deg. Their data,
for similar conditions to those presented, indicate a peak axial ve-
locity of 2.33 compared to 2.39 from the present study, a difference
of 2.5%. Table 1 comprises a summary of the effect of ¢ on vortex
properties. The data show the chordwise variation of the measured
maximum axial velocity to be relatively small, demonstrating the
conical nature of the flow. A similar trend is also present for the
secondary vortex, corresponding to the minimum measured axial
velocity.

Crossflow rotational velocities are presented in Fig. 15 for
¢ <0 deg. The rotational velocity is defined as (v + w?)%3_If the
vortex was axisymmetric and contained no radial velocity compo-
nents, the figures should contain concentric circles for isorotational
velocity contours. However, this is clearly not the case and is indica-
tive of radial inflow velocities as a result of the low pressures expe-
rienced along the vortex core.** The center of the vortex is clearly
visible as a white mark, indicating zero rotational velocity. The data
do not show any marked effect of nonplanarity on the rotational
velocity distribution. Similar data for ¢ > 0 deg are not presented
as the observed effect of ¢ on the data was small. The highestrota-
tional velocities are located between the vortex core and the upper
wing surface due to the flow being rotationally asymmetric. This is
shown computationally*® by Longo. Such a feature also indicates
that the spanwise velocity component is considerably greater than
the vertical velocity component because of the channel formed be-
tween the vortex core and the wing surface > This channel causes
an acceleration of the vortical flow in the spanwise direction that
causes radial forces. As a result, the vortex core deforms due to the
differential centrifugal forces acting on the top and bottom of the
vortex.?> Comparison of Figs. 15 and 18 shows that the region of
low rotational velocity, indicated by the white streak adjacent to the
wing leading edge, is located at the approximate center of the shear
layer. This indicates a substantial velocity gradient across the shear
layer, which is a manifestationof the large shear layer vorticity. The
origin of these velocity gradients are the disparate spanwise outflow
velocities of the upper and lower surface boundary layers. Figure 15
also suggests that the rotational velocities of the secondary vortices
are generally low.

The region of highestrotational velocity is also seen to be some-
what below and to the right of the vortex core for all cases. It is
probable that the highest rotational velocities are situated some-
what outboard of the primary vortex due to the combined induced
velocities of both the primary and secondary vortices causing the
rotational velocity maxima. Longo’s® results for rotational velocity
isosurfaces do not show this spanwise displacementof the velocity
maxima relative to the vortex core. Longo’s results are, however,
inviscid, thus the secondary vortex was not present in the computa-
tions.

Anhedral/dihedral effects on the total pressure loss are displayed
in Figs. 16 and 17. The pressure loss is defined as the difference
between the local stagnation pressure and the freestream static pres-
sure. Figure 16 and Table 1 clearly show that anhedral increases the
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core stagnationpressure loss compared to the planar wing. Anhedral
is seen to increase the spatial extent of pressure loss adjacent to
the wing leading edge comprising the leading-edge shear layer and
secondary vortex, whereas the opposite effect is seen for dihedral
(Fig. 17). The regions showing the greatest pressure losses are near
the wing leading-edgeand the core. The pressurelosses at the vortex
core are largestdue to accumulated viscouslosses.** The largeradial
gradients evident in the pressure loss contours are a manifestation
of misalignment between the vorticity and velocity vectors. This
follows from Crocco’s theorem assuming steady inviscid adiabatic
flow. Misalignment is indicated by large core rotational velocities
combined with a vorticity vector, which is essentially axial.

Vector misalignment as the main cause of pressure loss is also
suggested by the results of Ref. 36, where the flow over a delta wing
was forced to sustain zero pressure loss, which resultedin alignment
of the vorticity and velocity vectors. The data in Table 1 show that
the axial variation of the maximum pressure loss is approximately
constant for a given wing within the experimental accuracy. This
result was also reported by Kegelman and Roos.?

Measurements of the effect of anhedral/dihedral on axial vorticity
are presentedin Figs. 18 and 19. The axial vorticity was determined
from the crossflow velocity components perpendicular to the wing
surface. To enhance the contrastin the figures, the negative vorticity
scale was fixed at —100. Thus, the white regions adjacent to the
wing leading edge indicate the size and location of the secondary
vortex, but not its relative magnitude. Both Figs. 18 and 19 indicate
that nonplanarity has a moderate effect on the core axial vorticity,
where the majority of the axial vorticity is concentrated. As cited
previously, Visser and Nelson’s* results for a planar A, =75-deg
wing at o =20 deg yielded a peak core axial vorticity of 517, which
compares favorably with that determined in the present study, i.e.,
485. Figure 18 shows that increasing anhedral also increases the
spatial extent of strengthened vorticity along the leading-edge shear
layer compared to the planar wing. This may be caused by anhedral
effectively rotating the wing leading edge down (consideringa side
projection), thus increasing the duration that the leading-edge vor-
ticity vector is approximately aligned perpendicularto the measure-
ment plane,’” as the vorticity vector that leaves the wing leading
edge is initially parallel to that edge. Figure 18 shows that increas-
ing anhedral significantly increases the spatial extent of negative
vorticity, i.e., the secondary separation vortex, probably caused by
the inboard movement of the primary vortex with anhedral. The
feeding sheet for the anhedral configurations is increased in length
due to inboard movement of the vortex with anhedral. Dihedral (see
Fig. 19), results in less lateral deformation of the vortex than an-
hedral. The leading-edgeshearlayeralso appearsto haveits strength
attenuated compared to the planar wing. The core of the vortex is
situated closer to the wing surface than for ¢ =0 deg. In contrast
with anhedral, dihedral reduces the spatial extent of the secondary
vortex because of the closer vortex-shear-layer proximity, but not
necessarilyits peak vorticity (data omitted for brevity). Although the
probe surveys were undertaken at a single fixed a (=20 deg), the
nature of the flow developmenton a delta wing suggeststhat the fea-
tures described should be applicableat higherincidencein prevortex
BD flow. The effects of higherincidence would be to strengthen the
vortices, increase their size, and usually to displace the cores’ tra-
jectories inboard (see Figs. 7-9).

Vortex-Burst Trajectories

The effects of anhedral/dihedral on vortex burst trajectories are
summarized in Fig. 20. The data were acquired at Re =0.15 X 10°
based on c,. The wings were carefully aligned to minimize burst
asymmetry of the left- and right-hand-side vortices. However, as
asymmetry is extremely sensitive to yaw and roll, slight model im-
perfections are capable of instigating asymmetry. Consequently, all
of the presented data represent an average of the left- and right-
hand-side vortex-burstlocations. Highly swept delta wings are also
prone to a chordwise oscillation of the burst location. To moderate
the impact of the oscillations on the results, the burst trajectories
were recorded on video. The burst location was then subsequently
averaged for each a. Nonetheless, the asymmetry and chordwise
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Fig. 20 Effect of ¢ on vortex-burst trajectory.

oscillations do introduce an uncertainty into the results. Thus the
plots have a conservativeor worst-case uncertainty bound included;
it is expected that the uncertainty is somewhat less than that in-
dicated. The burst trajectories were not corrected for wall effects
as at present an accepted method to correct the trajectories for the
tested wing configurations is not available. The effect of the tun-
nel walls would be to decrease the o at which breakdown occurs
at a specific chordwise location®® due to the upwash from the im-
age leading-edge vortices that simulate the tunnel side walls. Thus
a correction to account for the tunnel side walls would comprise
an increment to the wing’s geometric o It would be expected that
the upwash corrections for all of the wings investigated would be
of similar magnitude as the effect of anhedral and dihedral on the
vortex strength was moderate.

The data in Fig. 20 clearly indicate that within the experimental
accuracy the effects of anhedral and dihedral on vortex burst are
marginal. A similar result was found by Washburn and Gloss'® for
the vortices over a circular arc spanwise cambered 76-deg leading-
edge sweep delta wing compared to an equal projected span planar
wing. This result may be anticipated for the current models since
there is a weak dependency of Cp .y, and vortex core properties on
¢. Core properties have been used successfully in the Rossby num-
ber criterion (the ratio of peak core axial velocity to the rotational
velocity at the edge of the viscouscore) to predict vortex breakdown
in numerical codes.

Conclusions

An experimental investigation into the effects of anhedral and
dihedral on a 75-deg sweep delta wing was undertaken. Testing
encompassed force balance, surface-pressure measurement, seven-
hole probe surveys, and the determination of vortex-burst trajec-
tories. From the experimental data the following conclusions are
drawn:

The net effect of nonplanarity is an increase in lift for anhedral
and a decrease in lift for dihedral compared to the planar wing.
Consequently, anhedral shows the greatest benefit for most appli-
cations. Small anhedral angles are most effective in augmenting
lift. Anhedral increases wing efficiency over a comparative planar
wing. Anhedral does not appear to greatly augment the strength of
the leading-edge vortex. The major benefit from anhedral would
appear to be caused by its displacing effect on the vortex trajectory,
both drawing it closer to the wing surface and inboard. As the vor-
tex is drawn inboard, its induced surface loading acts on a greater
area of the wing. Dihedral also draws the vortex closer to the wing
surface (to a greater extent then anhedral) with a concomitant dis-
placement of the vortex towards the wing leading edge. Anhedral
does not appear to introduce any detrimental effects on longitudinal
stability and does not incur any penalties in terms of vortex-burst
characteristics.
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