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Control of High-Incidence Vortical Flow on Double-Delta
Wings Undergoing Sideslip
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An experimental study of the vortical flow over a baseline double-delta wing model and a diamond-
fillet double-delta wing model, both with sharp leading edges, was conducted in a water tunnel using the
dye-injection technique at a nominal flow Reynolds number of 1.875 X 10* The diamond fillets at the
strake/wing junction increased the wing area of the baseline model by 1%. The main focus of this study
was to evaluate the effect of juncture fillets on the vortex core trajectory and the vortex burst location
at high angles of attack with sideslip angle. Comparison of the test results between the baseline and the
diamond-fillet models indicates a clear delay for the latter model in terms of both the vortex core tra-
jectory, and the breakdown location at high angle of attack, with sideslip angles. The vortex breakdown
data for the diamond-fillet model implies lift augmentation during sideslip motion, thus supporting the
concept of flow control using fillets. From the maneuvering viewpoint, the data suggest that the diamond-

fillet model has a better operational envelope.

Nomenclature

C = wing centerline chord

Re = freestream Reynolds number, p.U..C/p..

U. = freestream velocity

X, = streamwise strake vortex burst location

X, Y, Z = wing fixed, rectangular coordinates of any point
on vortex core trajectory, with X measured
streamwise along the wing centerline from the
apex, Y measured spanwise outboard from the
centerline, and Z measured perpendicular to and
away from the wing upper surface

o = angle of attack, deg

B = angle of sideslip, deg

[THS = dynamic viscosity of water

P = density of water

Introduction

IRCRAFT maneuverability plays a key role in the suc-

cessful mission accomplishment of a combat aircraft, and
therefore, the design of future combat aircraft will have to
incorporate features providing enhanced fighter maneuverabil-
ity during high angle-of-attack (AOA) flight. However, the
high AOA flight is limited by the vortex breakdown phenom-
enon and the onset of vortex asymmetry. As a result, large
undesired forces and moments can occur that may lead to de-
parture from controlled flight, and therefore, attention has to
be paid to high-rate pitch-up problems, lateral and directional
instability problems, and roll and yaw control problems. The
strakes and swept wing surfaces have a strong influence on
vortex developments and on lateral and directional stability. In
fact, experimental studies and flight tests on a variety of air-
craft have shown that significant increases in maximum lift
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and reduction in drag at high lift can be obtained by careful
generation and control of concentrated vortices that favorably
interact with the flow over a moderate aspect ratio main wing
surface.’

As the lift at high AOAs is essentially dominated by the
vortical flowfield, a good understanding of the basic phenom-
enon of vortex-dominated flows, the ability to predict such
flows, and control them through vortex manipulation, are cru-
cial to enhance aircraft maneuverability. The use of dynamic
lift and dynamic flow control by vortex manipulation has now
been recognized as an attractive possibility to enhance modern
aircraft maneuverability. This control concept relies on modi-
fying the vortex at its point of origin near the shedding point
(such as the junction of the strake and wing of a double-delta
wing). Both pneumatic and mechanical devices have been in-
vestigated as candidates for vortex manipulation. A brief re-
view of vortex control concepts appears in Ref. 2, and reviews
of vortex flow control through geometry modification appear
in Refs. 3-5.

The numerical study by Kern® on vortex flow control
through small geometry modifications (fillets) at the strake/
wing junction of a double-delta wing suggested that the use
of diamond-shaped fillets could enhance the lift by 13.6% at
low AOA, and 17.9% at high AOA with a slight improvement
in lift-to-drag ratio. It even suggested that the fillets may be
good candidates for roll control devices. Note that the fillets
are envisioned as being deployable on demand at the junction
of the strake and the wing during air combat maneuver or
carrier landing approach. A symmetrical deployment of the
fillets would result in enhanced lift and longitudinal control,
whereas an asymmetric deployment would provide lateral—
directional control. The experimental investigation of Hebbar
et al.’ has verified the concept of flow control using fillets,
during both nonmaneuver (static pitch) and maneuver (dy-
namic pitch) conditions.

Maneuvers at high AOA and appreciable sideslip angles pro-
vide more agility, and are therefore desirable. Wind-tunnel in-
vestigations of double-delta wings reported in Refs. 7-9, and
water-tunnel investigations in Refs. 6, 10, and 11 have gen-
erally focused attention on pitching conditions of the model
(with zero sideslip). Wind-tunnel investigations of vortex flow
characteristics are reported in Refs. 12 and 13 for sideslipping,
simple-delta wings, and in Ref. 14 for a strake—wing config-
ured fighter model. Water-tunnel flow visualization results of
slender wing leading-edge vortex flow characteristics up to



HEBBAR, PLATZER, AND CHANG 507

TURNTABLE
TCP OF TEST
SECTION <
=
)
SUPPORT STING
MDDEL PITCH AND YAW AXES

27.0cm
TEST SECTION
BOTTCM GLASS

Fig. 1 Model support system of the NPS water tunnel.

high AOAs and sideslip are reported in Ref. 1, and they show
similar trends with sideslip when compared with the results
from Ref. 15. A recent low-speed wind-tunnel investigation'®
deals with the effects of sideslip on double-delta wings. Ref-
erence 17 discusses the results of a water-tunnel flow visual-
ization study on a sideslipping, canard-configured, X-31A-like
fighter model. In general, a large body of data exists on high-
incidence vortical flows, but the data on double-delta wings
undergoing sideslip at high AOA is rather limited.

More experimental studies are needed to investigate the re-
sulting vortex structure on double-delta wings and to establish
whether small deployable fillets could provide substantial con-
trol over the vortex core trajectory and bursting at high AOA
during maneuvering conditions with sideslip. To this end, an
experimental program was conducted in the Naval Postgrad-
uate School (NPS) water tunnel to visualize vortical flows on
a sharp-edged, 76/40-deg cropped, double-delta wing baseline
model, and its derivative with a small geometry modification
(in the form of a diamond-shaped fillet) at the junction of the
strake and wing leading edges. Extensive, dye-injection flow
visualization methods were utilized to track vortex trajectories
and vortex bursting for a range of model AOA and sideslip.
The results presented in this paper should be of interest to
researchers working on similar configurations, especially in
view of the streamlined support system used. Additional details
of the investigations appear in Refs. 18 and 19.

Experiment

Water-Tunnel Facility

The NPS water tunnel is a closed-circuit facility for studying
a wide range of aerodynamic and fluid dynamic phenomena
(see Fig. 1 of Ref. 6). Its key design features are high flow
quality, horizontal orientation, and continuous operation. The
test section is 38 cm wide, 51 cm high, and 152 cm long.
Water velocities of up to 30.5 cm/s with a turbulence intensity
of <1% are possible in the test section. The dye supply system
for injecting color dyes consists of six pressurized color dyes
using water-soluble food coloring, and is provided with indi-
vidually routed lines from the dye reservoir to the model sup-
port system attached to the top of the tunnel (Fig. 1). The
model is usually mounted upside down in the test section. The
model support system utilizes a C-strut to vary the pitch travel
up to 50 deg between the limits of —10 and 110 deg, and a
turntable to provide yaw variations up to =20 deg. The two
servomotors of the model attitude control system provide in-
dependent control of model pitch and yaw with two rates.

Double-Delta Wing Models

The baseline double-delta wing model and the diamond-fillet
double-dealt wing model used in this investigation are shown

b) f— 241 ;"

Fig. 2 Double-delta wing models: a) baseline model (no fillet)
and b) diamond-fillet model. All dimensions are in millimeters.

in Fig. 2. The models were constructed of 6.3-mm-thick Plexi-
glas® with a 76-deg sweep for the strake and a 40-deg sweep
for the wing, both with sharp, beveled leading edges and flat
top surfaces. Each model has a chord C of 238 mm, a span of
241 mm, and an aspect ratio of 2.34. The geometry modifi-
cation (fillet) at the intersection (junction or kink) of the strake
and wing leading edges increased the planform area of the
baseline model by 1%. The models were used in the previous
investigation® and their dimensions are identical to the ones
used by Kern.” The upper surface of the models had grid lines
marked for easy identification of vortex core trajectory and
burst location. The location of the dye-tube tip and the rate of
dye-injection were crucial to obtain a good flow visualization
of the vortical flowfield. Satisfactory dye injection for vortex
visualization purposes was achieved by positioning small brass
tubes flat on the model bottom surface with their tips very
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close to the vortex shedding points (e.g., apex, kink, fillet),
and adjusting the injection rate properly.

Experimental Program and Test Conditions

The experimental program consisted of the flow visualiza-
tion of vortex trajectory and breakdown on the upper surface
of the models, using the dye-injection technique for several
AOAs with and without sideslip. The AOA varied from 10 to
50 deg, and the angle of sideslip (AOS) varied from 0 to 15
deg, both in 5-deg increments. The U.. in the tunnel was main-
tained at a nominal value of 7.6 cm/s, corresponding to a nom-
inal Re of 1.875 X 10% based on the centerline chord. Both
still-picture photography and videotape recordings were used
for documentation of dye-flow visualization of the models in
both topview and sideview.

Results and Discussion

The trajectories of the strake and wing vortices were easily
recognized during the flow visualization study as the dye fluid
issuing out of the apex and kink locations exhibited features
characteristic of a vortex core trajectory.” Being a coherent
vortex, the strake vortex core was easier to identify. Water-
tunnel flow visualization studies of double-delta wing models
reported by Thompson' clearly confirm the presence of the
wing vortex for Re = 1.5 X 10* As the Reynolds number in
the present study exceeded this value, it reinforces the direct,
visual interpretation of the dyeline originating at the kink as
representing a vortex core. In the following discussion the kink
vortex of the baseline/fillet model is referred to as the wing
vortex/fillet vortex, respectively.

During this study, both the windward side and leeward side
data were collected for analysis. Data reduction essentially
consisted of measuring the vortex core locations along the
model centerline from the apex (X coordinate) and outboard
from the model centerline (Y coordinate), and the burst loca-
tion X, of the vortices shed off the leading edge of the model.
The vortex core trajectories were constructed by plotting the
Y coordinate vs the X coordinate at each AOA for different
sideslip angles, and the burst location plots were constructed
by plotting the burst location X, vs AOA for different sideslip
angles. Note that the end of the core in the trajectory plots
signifies the vortex burst location.

The vortex core locations and the burst locations were vi-
sually selected from the videotape/photographs in a careful,
consistent manner, and then nondimensionalized using the cen-
terline chord length. Nevertheless, there will be some inaccu-
racies in the data because of the difficulty in assessing core
location and burst point associated with unsteady vortex burst-
ing, particularly at high AOAs. In fact, during the experiments,
the vortex burst location at any AOA fluctuated up to =19 mm
(about *=0.08C); therefore, the reported values should be
viewed as mean values. In addition, it was extremely difficult
to assess core locations of wing and fillet vortices when the
AOA was higher than 30 deg, and so there is no data for the
wing and fillet vortices above 30 deg. The data on vortex tra-
jectory and breakdown are tabulated in Ref. 18.

In the following sections, the behavior of the vortical flow
and the effect of fillets are described, with emphasis on strake
vortex core trajectories and vortex bursting at high AOA with
sideslip.

Visualization of Vortical Flowfield

Figures 3 and 4 are typical flow visualization photographs
showing the strake vortex core on the baseline model at AOA
= 20 deg and AOS = 0 and 5 deg, respectively. Note that the
nonvisualization of the wing vortices was deliberate and in-
tended to facilitate identification of strake vortex core/burst
location. In the absence of sideslip, the vortical flowfield de-
velops symmetrically over the upper surface of the model as
the AOA is increased from 0 deg. At 10-deg AOA, the strake
vortex core is already well developed and is seen to burst just

a)

b)

Fig. 3 Strake vortex core trajectories for the baseline model at
AOA =20 deg and AOS = 0 deg (flow from right to left): a) plan
view and b) side view.

Fig. 4 Strake vortex core trajectories for the baseline model at
AOA =20 deg and AOS = 5 deg (flow from right to left): a) plan
view and b) side view.

around the trailing edge."® With a further increase in AOA, the
vortex core lengths shorten, the burst locations move upstream
(see Fig. 3), and finally approach the apex. In the presence of
sideslip, the vortical flowfield becomes asymmetric over the
upper surface of the model, leading to asymmetric vortex burst
locations. Figure 4 highlights the large effect of a small side-
slip angle (B = 5 deg) on the burst locations at AOA = 20 deg,
namely, the forward movement of the burst location on the
windward side and the rearward movement on the leeward
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Fig. 5 Strake vortex burst point data for the baseline model
(windward side).
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Fig. 6 Strake vortex burst point data for the baseline model (lee-
ward side).

side. Note the relatively greater sideslip effect on the leeward
side.

Effect of AOA on Vortex Core Breakdown at Zero Sideslip

The strake vortex core burst location for the baseline model
as a function of AOA at different sideslip angles is shown for
the windward and leeward sides in Figs. 5 and 6, respectively.
Note that for the zero sideslip case, there is no difference be-
tween the windward and leeward sides, and the plots corre-
sponding to 3 = 0 deg in these figures are identical. The plots
show that the longitudinal location of vortex breakdown at 10-
deg AOA for the symmetric condition (B = 0 deg) occurs at
0.92C from the apex. The strake vortex burst point moves
upstream as AOA increases, and moves to 0.12C at 50-deg
AOA. The slope of the curve is steep in the 15 deg < AOA <
30 deg range, implying faster upstream movement of the burst
in this range. These findings are in good agreement with those

I:p= 0
—L—1:B= 5°

0.8 + 1:p=10°

——1:p=15°

OI:B= 0°
—A— T p= 5°
0.6 -~
—e—T1: p=10°

—O—Ti: = 15°

0.4 T I.BASELINEMODEL

1I : DIAMOND-FILLET MODEL

Strake vortex burst point Xb / C

0.2 +

AOA (Deg)

Fig. 7 Comparison of strake vortex burst point data for two
models (windward side).
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Fig. 8 Comparison of strake vortex burst point data for two
models (leeward side).

of earlier investigations.”"" Similar trends are noticed in the
case of wing vortex burst location plots, but the slopes imply
small upstream movements of burst locations.'®

The strake—vortex and fillet—vortex burst location plots for
the diamond-fillet model exhibit AOA-dependent burst move-
ment features that are qualitatively similar to those for the
baseline model described earlier. A comparison of the strake
vortex burst location data for the baseline and diamond-fillet
models on the windward and leeward sides is shown in Figs.
7 and 8, respectively. For the zero sideslip case (3 = 0 deg),
the slopes of the curves are pretty much the same, but the burst
locations for the diamond-fillet model lag those for the base-
line model throughout the AOA range tested by about 8%.
These plots therefore imply a burst delay for the diamond-fillet
model.



510 HEBBAR, PLATZER, AND CHANG

Effect of AOS on Vortex Core Breakdown

Figures 5 and 6 highlight the effect of sideslip on strake
vortex core burst locations. These plots clearly demonstrate the
differential effect of small sideslip angles on the burst location
at any given AOA; namely, the forward (upstream) movement
of the burst location on the windward side and the rearward
(downstream) movement on the leeward side. Large burst
movements are observed in the 20 deg < AOA < 35 deg range
on both sides; the leeward side showing relatively greater side-
slip effect. Maximum sideslip effect on the burst movement is
seen around AOA = 30 deg on both sides. Furthermore, the
effect is pronounced at small sideslip angles (B < 10 deg), but
is diminished at higher sideslip angles (3 > 10 deg). Note that
the influence of sideslip angle on burst location can be ex-
plained in terms of the effective sweep angle for the windward
and leeward sides.""” With sideslip present, the effective sweep
angle increases on the leeward side, resulting in a more stable
vortex with delayed bursting, but decreases on the windward
side, leading to a less stable vortex with early bursting. Similar
qualitative trends are also noticed in the case of wing vortex
burst location plots.'® Of particular interest on the leeward side
is that for the 3 = 15 deg case, the burst locations move down-
stream of the wing trailing edge with an increase of AOA.

The sideslip effects observed on the burst location of the
strake and fillet vortices on the windward and leeward sides
of the diamond-fillet model are qualitatively similar to those
observed on the baseline model described earlier. Figures 7
and 8 compare these effects on the baseline and diamond-fillet
models for the windward and leeward sides, respectively. It is
clear from the plots, that over the AOA range tested, the major
effect of sideslip is to delay the vortex bursting on the leeward
side and advance it on the windward side. With few excep-
tions, the difference in burst point because of changes in AOA
between the two models at zero sideslip (B = 0 deg) is pre-
served for both the leeward and windward sides with increas-
ing sideslip. Note that in comparison to the baseline model,
the sideslip effect on the diamond-fillet model is more pro-
nounced on the leeward side, but less pronounced on the wind-
ward side. In other words, the presence of the fillet is seen to
enhance the sideslip effect on the burst location on the leeward
side, but reduce it on the windward side.

Effect of AOA on Vortex Core Trajectory at Zero Sideslip

Typical nondimensional X—Y plots of the strake vortex core
trajectories for the windward and leeward sides of the baseline

0.6 —

B=0°

Y/C

X/cC

Fig. 9 Strake vortex core trajectory for the baseline model at
AOA =10 deg.

model at different sideslip angles are shown in Figs. 9—-11 for
AOAs of 10, 20, and 30 deg, respectively. For the zero sideslip
case, there is practically no difference between the windward
and leeward sides, and the plots corresponding to 3 = 0 deg
in these figures are essentially symmetrical with respect to the
centerline chord. They clearly indicate that, as the AOA in-
creases at zero sideslip, the strake vortex core length decreases
(the burst location moves upstream), and the vortex core
moves inboard toward the centerline chord. Similar trends are
observed in the case of wing vortex trajectories at zero sideslip
angle. These observations are in general agreement with the
earlier wind- and water-tunnel investigations,””"" and the re-
cent investigations of Verhaagen et al.”® and Hebbar et al.°
The nondimensional X-Y plots of the strake—vortex core
and fillet—vortex core trajectories for the diamond-fillet model
at zero sideslip angle exhibit trends that are essentially similar
to those for the baseline model described earlier, namely, a
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Fig. 10 Strake vortex core trajectory for the baseline model at
AOA = 20 deg.
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Fig. 11 Strake vortex core trajectory for the baseline model at
AOA = 30 deg.
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Fig. 12 Comparison of strake vortex core trajectories for two
models at AOA = 10 deg.
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Fig. 13 Comparison of strake vortex core trajectories for two
models at AOA = 20 deg.

reduction in core length and inboard movement of the vortex
core with an increase of AOA. Figures 12—-14 compare the
strake vortex trajectory data for the baseline and the diamond-
fillet models at different sideslip angles, for AOAs of 10, 20,
and 30 deg, respectively. An examination of the plots for the
zero sideslip case (B = 0 deg) indicates that the strake vortex
trajectory of the baseline model is closer to the centerline
chord at low AOA, but moves outboard with increasing AOA.
Moreover, because of the delay in strake vortex breakdown
associated with the diamond-fillet model, this core will have a
longer length in these figures.’

Effect of AOS on the Vortex Core Trajectory

Figures 9—-11 highlight the sideslip effect on the strake vor-
tex core trajectories. These plots clearly demonstrate that with
increasing sideslip input, at any given AOA, the windward/
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Fig. 14 Comparison of strake vortex core trajectories for two
models at AOA = 30 deg.

leeward vortex core length decreases/increases and the trajec-
tory moves inboard/outboard. Note that the core length is a
strong, decreasing function of angle of attack, and the degree
of asymmetry at any given angle of attack increases with side-
slip. Similar qualitative trends are also noticed in the case of
wing vortex core trajectories.'®

The sideslip effects observed on the strake- and fillet-vortex
core trajectories on the windward and leeward sides of the
diamond-fillet model are qualitatively similar to those ob-
served on the baseline model described earlier. Figures 12—14
compare these effects on the baseline and diamond-fillet mod-
els at AOAs of 10, 20, and 30 deg, respectively. These plots
show that the vortex core lengths on both the windward and
leeward sides of the diamond-fillet model are usually longer
than their counterparts for the baseline model. Also, the vortex
trajectories on the diamond-fillet model tend to remain further
outboard/inboard on the windward side/leeward side. This im-
plies that the fillet is in effect counteracting (delaying) the
sideslip effect on vortex trajectory.

The combined sideslip effect of the vortex core asymmetry
and vortex breakdown asymmetry may, under certain condi-
tions, cause unstable rolling and yawing moment increments,
leading to severe lateral—directional control problems.' As the
fillets tend to counteract the sideslip effects, they can be used
as vortex manipulators to improve the directional stability
characteristics at high AOA.

It should be noted here that both the vortex trajectory and
the breakdown characteristics are influenced by the phenom-
enon of vortex interaction, which depends on several param-
eters, including flow Reynolds number.® The results of a recent
*22 have shown that the flow Reynolds number will in-
fluence the vortical flowfield generated by a double-delta wing,
and that the data from water-tunnel studies will reflect more
closely the wind-tunnel data as the flow Reynolds number is
increased. For the following discussion, it will suffice to note
that the results of the current (low Reynolds number) investi-
gation'®'” suggest that the vortex interaction points on the
windward/leeward side move upstream and inboard/down-
stream and outboard with sideslip.

Comparison of Operational Envelope

The flow visualization data of each model discussed earlier
clearly indicate that the burst location is a function of both
AOA and AOS. With increasing AOA, the burst location
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Fig. 15 Comparison of high AOA operational envelope for two
models.

moves upstream, implying loss of lift. However, the rate of
burst movement is not uniform, being maximum in the 15 deg
< AOA < 30 deg range. With sideslip input at any AOA, both
the strake vortex core burst location and the vortex interaction
point move upstream and inboard on the windward side, but
downstream and outboard on the leeward side. These move-
ments yield a vortex trajectory with a shorter core that is closer
to the centerline chord on the windward side, but they yield a
vortex trajectory with a longer core that is farther from the
centerline chord on the leeward side. Assuming these move-
ments have an adverse effect on lift generation, loss of lift
increases with sideslip. Further asserting this assumption, at a
15-deg sideslip angle, the lift-loss increases considerably for
AOA > 30 deg. Thus, based on the lift-loss consideration, the
regime of high AOA with large sideslip angles may not be a
favored choice.

However, maneuvers at high AOA and appreciable sideslip
angles provide more agility and are therefore desirable. It
is advantageous to have vortex flow control in this regime. It
is illuminating to see how the diamond-fillet model compares
with the baseline model in the maneuver range. To see quali-
tative trends, the flow visualization data have been utilized
to construct for each model an operational envelope for ma-
neuvering.'® The operational envelopes for the baseline model
and the diamond-fillet model are compared in Fig. 15. These
are constructed based on the assumption that AOS is limited
to 15 deg (for lack of test data at higher angles), minimum
operating AOA to 20 deg, and the burst point moves no closer
than 0.4C from the apex (this assumes that there is still
sufficient lift developed to carry out the maneuver and also to
avoid uncontrolled pitch-up). It is clearly demonstrated in Fig.
15 that the diamond-fillet model has a better operational en-
velope.

Thus, the flow visualization data have substantiated quali-
tatively the concept of flow control by fillets for maneuver-
ing conditions involving sideslip. Force-balance data are
certainly needed to completely validate the concept on a quan-
titative basis and for direct comparison with the numerical pre-
diction.

Conclusions

A flow visualizations study of the vortical flow over a base-
line double-delta wing model and a diamond-fillet double-delta
wing model, both with sharp leading edges, was conducted in
the NPS water tunnel. The main focus of this study was to
evaluate the effect of the diamond fillet on the vortex core
trajectory and burst location over the wing surface at high
AOA with sideslip. The following conclusions are based on
thezt results of the experimental investigation at Re = 1.875 X
10"

1) At zero sideslip, the vortex trajectories and burst locations
are symmetric over the AOA range tested. With an increase in

the AOA, the vortex burst point moves upstream and the vor-
tex core length decreases.

2) Both the vortex core trajectory and the burst location are
functions of sideslip angle. At a constant AOA, as the angle
of sideslip increases, the windward side strake—vortex trajec-
tory moves inboard with its burst point moving upstream,
whereas the leeward-side strake—vortex trajectory moves out-
board with its burst point moving downstream.

3) Comparison of the test results between the baseline model
and the diamond-fillet model in the high-AOA range tested
shows that the delay in strake—vortex trajectory and break-
down associated with the diamond-fillet model is preserved
with sideslip. Therefore, the diamond fillets can be viewed as
flow controllers and lift augmenters during sideslip motion.
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