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Experimental Study of Vortex Flow Control on Double-Delta
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An experimental investigation of vortex flow control through small geometry modifications (fillets) at
the strake/wing junction of a cropped, double-delta wing model with sharp leading edges was conducted
in a water tunnel at a model Reynolds number of 1.875 X 10°. The fillets increased the wing area of the
baseline model by 1%. The main focus of this study was to evaluate the effects of fillets on vortex core
trajectories, interactions, and breakdown (bursting) on the leeward surface at high angles of attack
(AOAS), using the dye-injection technique. Comparison of test results for different fillet shapes indicates
delay in both vortex interaction and breakdown at high AOAs, particularly for the diamond-fillet shape.
The vortex trajectory data for the diamond-fillet shape clearly imply lift augmentation, thus supporting
the concept of flow control using fillets. The vortex breakdown data indicate lift augmentation for both

the static and dynamic cases.

Nomenclature

C = wing centerline chord

da/dt = pitch rate, rad/s

k = reduced pitch rate of the wing, (da/d#)C/2U.

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

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

oo = dynamic viscosity of water

Pes = density of water

Introduction

HE design of future combat aircraft will have to incor-
porate features providing enhanced fighter maneuverabil-
ity. High angle-of-attack (AOA) flight is limited by the vortex
breakdown phenomenon and by the onset of vortex asymme-
try. As a result, large undesired forces and moments can occur
that may lead to departure 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 forebody of the fuselage, the strakes, and ca-
nards have a strong influence on vortex developments and on
lateral and directional stability.
A good understanding of the basic phenomenon of vortex-

dominated flows, the ability to predict such flows, and control

them through vortex manipulation are therefore crucial to en-
hance aircraft maneuverability. In the 1960s, SAAB of Sweden
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used canards to delay the separation on the upper surface of
the main wing of the Viggen Fighter.! In the 1970s, the use of
leading-edge extensions (LEXs) or strakes was developed and
successfully applied to F-16 and F/A-18 aircraft. Lamar® sug-
gested that a significant rolling moment could be obtained for
control purposes by reducing the vortex lift on one side of a
wing and maintaining the vortex lift on the other side. In fact,
as early as the 1950s, the use of asymmetric-edge shape effects
was suggested to achieve roll control of low-aspect ratio wings
at high AOAs (Ref. 3). Since the vortical flow dominates the
lift at high AOAs, there has been a resurgence of research
effort to control flow through vortex manipulation. 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
modifying the vortex at its point of origin near the shedding
point (such as at the junction of the strake and wing of a
double-delta wing).

Both pneumatic and mechanical devices are being inves-
tigated as candidates for vortex manipulation. Detailed re-
views of vortex flow control through geometry modification
appear in Refs. 1, 4, and S. A brief review of vortex control
concepts is given in Ref. 6. The recent numerical study by
Kern® on vortex flow control through small geometry modi-
fications (fillets) at the strake/wing junction of a double-delta
wing suggested that the use of 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
maneuvers or carrier landing approach. A symmetric deploy-
ment of the fillets would result in enhanced lift and longitu-
dinal control, whereas an asymmetric deployment would pro-
vide lateral—directional control. Thus, pending further studies
and experimental verification, the concept of flow control by
small deployable fillets at the junction of a double-delta wing
appears promising during nonmaneuver (static pitch) condi-
tions.

A double-delta wing is a strake/wing configuration that has
geometric characteristics similar to those of a delta wing ex-
cept for a discontinuity or kink in its leading edge. The flow
over a double-delta wing is similar to that over a delta wing,
but is more complex because of the additional phenomenon
of vortex interaction between the strake vortex and the wing
vortex. Wind-tunnel investigations of double-delta wings
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have been reported in Refs. 7-9, and water-tunnel investi-
gations in Refs. 10 and 11. Computed solutions®'>'® of the
Navier—Stokes equations for the flow about a 76-/40-deg
double-delta wing seem to predict the interaction and break-
down of the strake and wing vortices and surface pressure
levels reasonably well at low AOAs. There are some dis-
agreements in the interaction and bursting data between the
water-tunnel tests, wind-tunnel tests, and the numerical pre-
dictions. The water-tunnel data of Hebbar et al.'' indicate
that, with increasing AOA, the strake/wing interaction moves
upstream until the AOA is large enough to cause bursting of
the strake vortex even before the interaction with the wing
vortex. These observations are in general agreement with
those reported in water-tunnel/wind-tunnel studies.®~'® The
AOA range for coiling-up of the vortices is narrow (10-25
deg) and the vortex cores maintain their separate identity
without merging into a single vortex, even at higher AOAs.
This latter finding is in direct contrast to that reported in Refs.
7 and 10, and the numerical solutions®'? that show weak vor-
tex interactions at low AOAs leading to merging and subse-
quent bursting at higher AOAs. The solutions of Kern® also
reveal an unusual wing vortex structure midway down the
leading edge of the wing, suggesting the presence of a second
(torn) wing vortex. However, the available experimental ev-
idence is too limited to substantiate this computational pre-
diction.

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 both static and dynamic (maneuvering) conditions with
or without sideslip. To this end, an experimental program was
conducted in the Naval Postgraduate School (NPS) water tun-
nel to visualize vortical flows on sharp-edged double-delta
wing models with and without juncture fillets. The models in-
cluded a 76-/40-deg cropped double-delta wing baseline model
and its three derivatives with small geometry modifications
(fillets) at the junction of the strake and wing leading edges.
Extensive, dye-injection flow visualization methods were util-
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ized to track vortex trajectories and vortex bursting for a range
of model angles of attack, sideslip, and pitch rates. The flow
visualization results presented in this article pertain to the zero
sideslip case and should be of interest to researchers working
on similar configurations, especially in view of the clean sup-
port system used. Additional details of the investigation appear
in Refs. 14-17.

Experiment

Water-Tunnel Facility

The NPS water tunnel is a closed-circuit facility for studying
a wide range of aerodynamic and fluid dynamic phenomena
(Fig. 1). Its key design features are high flow quality, horizon-
tal 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 inject-
ing color dyes consists of six pressurized color dyes using
water soluble food coloring and is provided with individually
routed lines from the dye reservoir to the model support system
attached to the top of the tunnel (Fig. 2). 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 tumntable to
provide yaw variations up to *20 deg. The two servomotors
of the model attitude control system provide independent con-
trol of model pitch and yaw with two rates.

Double-Delta Wing Models

The baseline double-delta wing model and its three deriva-
tives used in the investigation are shown in Fig. 3. The models
were constructed of 6.3-mm-thick Plexiglas® with a 76-deg
sweep for the strake and a 40-deg sweep for the wing, both
with sharp, bevelled leading edges and flat top surfaces. Each
model has a C of 238 mm, a span of 241 mm, and an aspect
ratio of 2.34. The geometry modification (fillet) at the inter-
section (juncture or kink) of the strake and wing leading edges
on each derivative model increased the planform area of the

Fig. 1 NPS flow visualization water-tunnel facility.
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baseline model by 1%. The fillet 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 trajec-
tory 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 injec-
tion for vortex visualization purposes was achieved by posi-
tioning small brass tubes flat on the model bottom surface with
their tips very close to the vortex shedding points (viz., apex,
kink, fillet), and adjusting the injection rate properly.

Experimental Program and Test Conditions

The experimental program was carried out in two phases.
The first phase involved the visualization of vortex trajectory
and breakdown on the upper surface of the static models for
several AOAs at zero sideslip. The second phase involved the
visualization of vortex breakdown on the upper surface of the
pitching models at zero sideslip. During the static visualization
the « was varied from 0 to 50 deg. During the dynamic vi-
sualization a varied from O to 50 deg (simple pitch-up motion)
and 50 to O deg (simple pitch-down motion). The U. in the
tunnel was maintained at a nominal value of 7.6 cm/s, corre-
sponding to a nominal Re of 1.875 X 10* based on the cen-
terline chord. The dw/dt during the dynamic motion was
+3.85 deg/s, yielding a reduced pitch rate of k = £0.1. The
model pitch axis was located 133 mm aft of the apex (0.56C).
Both still-picture photography and videotape recording were
used for documentation of dye-flow visualization of the model
in both topview and sideview during static and dynamic con-
ditions.

Results and Discussion

During the flow visualization study, the trajectories of the
strake and wing vortices were easily recognized over the wing
upper surface (see photographs in Ref. 17) as the dye fluid
issuing out of the apex and kink locations exhibited features
characteristic of a vortex core trajectory (viz., circumferential
motion, bursting). Being a strong vortex, the identification of
the strake vortex core was easier and straightforward. Detailed
water flow visualization studies on 80-deg strake double-delta
wing models with variable wing sweep (80~40 deg) 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 in-
terpretation of the dye line originating at the kink as repre-
senting 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.

Data reduction essentially consisted of measuring the vortex
core locations in the X direction (along the model centerline
from the apex), the Y direction (outboard from the model cen-
terline), and the Z direction (perpendicular to and away from
the surface) and plotting Y vs X and Z vs X to obtain trajec-
tories at different AOAs. The aftmost point reported on the
trajectory usually represented the last clearly identifiable core
location before vortex breakdown. The vortex core locations
were visually selected from the videotape/photographs in a
careful, consistent manner and then nondimensionalized using
the centerline chord length. Nevertheless, there will be some
inaccuracies in the data because of the difficulty in assessing
core locations associated with unsteady vortex bursting, par-
ticularly at high AOAs. In fact, during the static segment of
the experiment (i.e., zero pitch rate) the breakdown location at
any AOA fluctuated up to =19 mm (about *+0.08C); therefore,
the reported values should be viewed as mean ones. It was
extremely difficult to assess core locations of wing and fillet
vortices when the AOA was higher than 30 deg, so there were
no data for the wing and fillet vortices above 30 deg. Both the
vortex trajectory data and the vortex breakdown location data
are tabulated in Ref. 15.

The following sections briefly describe the behavior of the
vortical flow and the effect of fillets, with emphasis on vortex
interaction, vortex core trajectories, and vortex bursting.

Vortex Interaction

The vortex interaction phenomenon can be studied with the
help of combined trajectory plots. Figures 4 and 5 show the
interaction for the baseline model in the spanwise direction as
a function of the streamwise location (X/C) at AOAs of 10
and 20 deg, respectively. At 10-deg AOA both the strake and
the wing vortex cores are already well developed over the
model and coiled up around each other (Fig. 4). The strake
vortex core is nearly conical over the strake portion of the
model (X/C = 0.52), but is drawn outboard by the wing vortex.
At the same time, the wing vortex is drawn away from the
wing leading edge by the strake vortex. The interaction or
coiling-up between the strake vortex core and the wing vortex
core starts at 64% of the centerline chord and 11% outboard
from the model centerline. The vortex cores do not merge into
a single vortex. The strake vortex bursts at X/C = 0.93 and the
wing vortex bursts close to the trailing edge. As the AOA is
increased further, the interaction occurs earlier and inboard and
the burst locations move forward. At 20-deg AOA (Fig. 5), no
vortex core intertwining (interaction) is possible as the strake
vortex core bursts at 0.66C just ahead of the wing vortex. At
30-deg AOA, the strake vortex core bursts at 0.37C way ahead
of the origin of the wing vortex."” Figure 6 is a combined
trajectory plot for the baseline model showing the interaction
in the normal direction at AOA = 10 deg. As the AOA is
increased further, the interaction of the two vortices moves
upward from the surface.'’

The combined trajectory plots for the filleted models exhibit
similar but more intense and complex interactions because of
the formation of additional vortices in the fillet region. Com-
pared to the baseline model the interaction is seen to persist
over a larger range of AOA. For example, at 20-deg AOA of
the diamond-fillet model, the strake vortex core interacts at
X/C = 0.525 and Y/C = 0.085 with the beginning-of-fillet vor-
tex core and at X/C = 0.65 and Y/C = 0.12 with the end-of-
fillet vortex core (Fig. 7). However, at 30-deg AOA there is
no interaction at all as the fillet vortices are already burst right
at their origin, and therefore, there is only the strake vortex
core present with its burst location ahead of the fillet location."”
The vortex interaction does not exhibit any tendency toward
vortex merging.

To summarize, the combined trajectory plots highlight the
mutual induction effect of strake and wing vortex cores on
each other. The strake vortex induces an upward and inboard
movement of the wing vortex, and conversely, the wing vortex
induces a downward and outboard movement of the strake
vortex. The interaction of the two vortex cores leads to their
intertwining (that is coiling around each other). With increas-
ing AOA, the interaction moves upstream until strake vortex
bursting occurs even before the interaction with the wing vor-
tex. These observations are in general agreement with those
reported in Refs. 8—11. Over the range of the present inves-
tigation it is seen that the AOA range for coiling-up of the
vortices is quite narrow (approximately 10—20 deg), and even
at higher AOAs the vortex cores maintain their separate iden-
tity without merging into a single vortex. This finding is in
qualitative agreement with that reported in Refs. 8, 9, and 11,
but disagrees with the earlier investigations of Verhaagen’ and
Thompson'® and the more recent wind-tunnel investigation of
Verhaagen et al.'"®

While comparing the data from different sources it is im-
portant to be aware of the several parameters that might influ-
ence the data. It is known that the vortex interaction on the
upper surface of double-delta wings depends on several param-
eters, including model geometry (leading-edge sweep angles,
edge shapes, kink location, wing cropping, etc.), AOA, and
flow Reynolds number. The flow conditions used here and in
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Ref. 11 were identical and the baseline models differed only
in the trailing-edge shape. While both the geometry and the
flow conditions of the baseline model used here did not exactly
match with those in Refs. 7-10, the model geometry closely
approximated that used in Refs. 6 and 18. The flow Reynolds
number of the present study was quite low, by about two orders
of magnitude compared to the values quoted in Refs. 6 and 18
(Re =1 X 10°%. The numerical solutions® predict weak vortex
interaction at low AOAs leading to merging and subsequent
bursting at higher AOAs. The wind-tunnel data'® for the base-
line model imply that the wing vortices burst earlier than the
strake vortices and there is no vortex interaction (intertwining
or coiling-up) and no merging. However, the present data for
the baseline model indicate vortex interaction over a narrow
AOA range, earlier bursting of the strake vortices and no merg-
ing at all, thus contradicting the findings of both Refs. 6 and
18 and raising the question whether this disagreement is
caused by the Reynolds number difference. At low Reynolds
numbers the shed wing vortices are weak and are therefore
greatly influenced by the stronger strake vortex. As shown by
Thompson,'® high Reynolds number water-tunnel data will bet-
ter reflect the wind-tunnel and full-scale data. In a recent laser-

Doppler and dye visualization study of the same configuration

the Reynolds number was varied from 1.5 X 10* to quadruple
this value. It was found that the strake and wing vortex be-
havior started to approach that reported by Verhaagen et al."®
as the Reynolds number was increased. The detailed findings
of this investigation are documented in Ref. 19.

Vortex Core Trajectories

Figures 8- 10 illustrate the effect of AOA on individual vor-
tex core trajectories for the baseline model. The nondimen-
sional X~Y and X-Z plots shown in Figs. 8 and 9 for the
strake vortex trajectory clearly indicate that, as expected, with
increasing AOA the strake vortex core burst point moves up-
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stream (see discussion on vortex bursting), the vortex core
moves inboard and away from the surface. The wing vortex
core burst point also moves upstream with increasing AOA,
as seen in Fig. 10, but the trajectory movements in the span-
wise and normal directions are clearly not monotonic because
of strong interaction, particularly at low AOAs. Similar trends
hlav::5 It;een observed in the trajectory plots for the filleted mod-
els.”™

Figures 11-14 show the effect of fillet shape on strake vor-
tex core trajectories. Figures 11 and 12 represent the strake
vortex core location in the Y direction for AOAs of 10 and 20
deg, respectively. At 10-deg AOA the strake vortex core of
the baseline model is closer to the model centerline than those
of the filleted models. As the AOA increases from 10 to 20
deg the vortex cores move inboard for all of the models. Sim-
ilar trends are also observed at 30-deg AOA (Ref. 17). Com-
pared to the baseline model, the filleted models indicate a
smaller inboard movement of the vortex core. Figures 13 and
14 represent the strake vortex core location in the Z direction
for AOAs of 10 and 20 deg, respectively. These plots highlight
that for all test AOAs, the vortex core trajectories of the base-
line model are among those farthest from the surface, whereas
the trajectories for the diamond-fillet model are among those
closest to the surface. It is also noticed from these trajectory
plots that at any given AOA, the strake vortex core of the
diamond-fillet model exhibits a more persistent vortex (i.e.,
largest X/C value). Thus, the strake vortex of the diamond-
fillet model has a longer core length that remains closer to the
surface, but farther out from the centerline chord. This quali-
tatively implies an improved flowfield over the wing surface,
and consequently, lift augmentation.

Vortex Core Breakdown (Bursting)

A detailed discussion of the strake vortex burst response
during both static and dynamic pitching conditions of the base-
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line and filleted models appears in Refs. 14 and 15. The vortex
burst response and the dynamic lag effects associated with the
pitching motion are very similar to the ones reported in various
experimental investigations on delta wings,”® double-delta
wings,*'! and aircraft models.*"** To see the effect of fillet
shapes on vortex core breakdown, composite burst location
plots were prepared by superposing individual burst location
plots for different models. Figure 15 compares the static burst
location plots showing the longitudinal location of the bursting
of the strake—vortex core X, as a function of AOA in the 10—
50-deg AOA range. It is important to consider the experimental
uncertainty associated with the measurements. While no defi-
nite trend in the vortex burst response of parabolic-fillet and
linear-fillet models relative to the baseline model is detectable
over the AOA range tested, the results indicate a clear trend
in the vortex burst delay for the diamond-fillet shape. Any
delay in burst location is likely to improve the flowfield over
the wing surface and therefore implies lift augmentation. Thus
the previous data correlate well with the numerical prediction
of Kern,® verifying the concept for fiow control by fillets for
the static case.

Figure 16 compares the dynamic burst location plots of dif-
ferent fillet shapes with that of the baseline model. A close
examination of the dynamic curves of the pitch-up case reveals
the same trend as discussed previously for the static case. In
particular, a clear trend in the vortex burst delay is indicated
for the diamond-fillet model. However, during the pitch-down
motion, all three fillet shapes indicate a vortex burst delay
compared to the baseline model. The data therefore imply pos-
sible lift augmentation with diamond fillet shape during pitch-
ing maneuvers, extending the concept of flow control by fillets
to dynamic maneuvering conditions.

Thus the flow visualization data have verified the concept
of flow control by fillets for both static and dynamic condi-
tions. Force balance data are certainly needed to completely
validate the concept on a quantitative basis and for direct com-
parison with the numerical predictions.®
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Fig. 16 Effect of fillet shape on strake vortex burst location dur-
ing dynamic (pitching) motion.
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Conclusions

A water-tunnel flow visualization study was conducted to
investigate the effect of juncture fillets on the vortical flow
over a cropped, double-delta wing model with sharp leading
edges. The study focused on vortex interaction, vortex core
trajectories, and vortex breakdown on the leeward surface at
high AOAs with zero sideslip. The following conclusions are
based on the results of the experimental investigation at Re =
1.875 X 10°

1) The mutual induction effect of strake and wing/fillet vor-
tex cores on each other leads to their intertwining (i.e., coiling
around each other). With increasing AOA, the interaction point
moves upstream, inboard, and upward, but only until the AOA
is large enough to cause the bursting of the strake vortex even
before the interaction could begin.

2) The vortex interaction is limited to low AOAs in the
range 10—20 deg (or a little higher for a filleted model) with
the strake vortex bursting earlier than the wing vortex; vortex
merging does not take place even at higher AOAs.

3) The presence of fillets causes delay in both vortex inter-
action and vortex breakdown at high AOAs.

4) Compared to other models, the static data for the strake
vortex trajectory of the diamond-fillet model indicate a clear
improvement in vortex burst delay and consequently longer
core length, with the core remaining closest to the surface and
farthest from the centerline at high AOAs. These features im-
ply lift augmentation and support the concept of flow control
using fillets.

5) The dynamic data also clearly indicate a vortex burst
delay for the diamond-fillet shape during both pitch-up and
pitch-down maneuvers, extending the concept of using fillets
for enhanced maneuverability of fighter aircraft.
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