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Vortex Flow Control Using Fillets on a Double-Delta Wing

Steven B. Kern*
Naval Air Warfare Center, Warminster, Pennsylvania 18974

This article presents results from a subsonic numerical investigation on the effects of geometry modifications
at the junction of the leading edge extension (LEX) and wing of a flat-plate cropped double-delta wing at
moderate to high angles of attack. The baseline planform of the double-delta wing configuration consisted of a
strake with a 76-deg leading-edge sweep and a wing with a 40-deg leading-edge sweep with sharp, beveled
leading edges. The geometry modifications included various fillet shapes with planform areas equal to 1% of
the baseline wing reference area. A hyperbolic grid generation method was developed and used in conjunction
with an existing interactive grid generation system to create high quality C-O type multiblock grids about the
configurations studied. The Euler and Reynolds averaged Navier-Stokes (RANS) equations were solved nu-
merically using two finite-volume production flow solvers. The baseline configuration numerical results correlated
well with existing published experimental data. Grid refinement using the RANS revealed vortex sheet tearing
on the wing. Fillets enhanced the lift by 14% at low angle of attack, and 18% at high angle of attack with a
slight imprevement in lift-to-drag ratio. The fillets may be good candidates for roll control devices.

Nomenclature
Cp = drag coefficient
C, = lift coefficient
C,o = lift coefficient at zero angle of attack
C, = pitching moment coefficient about the 73.27% root

chord location
Cuyo = pitching moment coefficient at zero angle of attack
¢ = root chord

L/D = lift-to-drag ratio

Re = Reynolds number based on root chord
X = streamwise coordinate

Y = spanwise coordinate

« = angle of attack, degrees

Introduction

ODERN fighter aircraft are designed to rely on the

enhanced lift generated by vortex flow to enable high
maneuverability during air-to-air combat. During carrier landing
approach, vortical flows are a part of the overall flow structure
of these aircraft. Current designs result in the shedding of
vortices from various locations on the aircraft including the
forebody, moderate to highly swept wing leading edges, strakes
and leading edge extensions, and the junction of aerodynamic
surfaces with each other and the fuselage. The shedding, in-
teraction, and breakdown of these vortices are highly sensitive
to both the aircraft’s geometry and the flow conditions. In
addition to producing the benefits of enhanced lift and ma-
neuverability, the vortical flow also causes serious departure
and structural fatigue problems.!? Indeed, the ability to con-
trol the trajectory, strength, and breakdown processes of the
vortices may not only alleviate the problems generated by this
flow phenomena but also enhance the existing controllability,
maneuverability, and agility of the aircraft.

Because of the complexity and high potential, intense re-
search is being conducted in this field to improve the under-
standing of the shedding, interaction, and breakdown pro-
cesses of vortex flow. This research has identified techniques
for controlling vortical flow which provide additional control
power, complementing conventional control surfaces. Through
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additional control, these techniques enhance the maneuver-
ability and broaden the envelope of aircraft operating con-
ditions. The goal, however, is to efficiently exploit the po-
tential benefits of vortex flow control. Even with the
developments in this field, the designer still faces trading-off
additional weight and aircraft observability for enhanced per-
formance when integrating vortex flow control concepts into
an aircraft configuration.

The objective of this research is to investigate the effects
of small geometry modifications (fillets) at the location of
vortex shedding to control the shedding, trajectory, and sub-
sequent breakdown of the vortex. It is believed that by af-
fecting the shedding process at the junction of the LEX and
wing, the trajectory, vortex-vortex interaction, and break-
down of the resulting vortex structure may be controlled,
resulting in enhanced lift and longitudinal control. Through
asymmetric deployment of the fillets, additional lateral-di-
rectional control may be created. The fillets are envisioned
as being deployable at the junction of the LEX and wing.
During “low observable” flight segments, the fillets would be
stowed away to minimize their impact on the aircraft’s ob-
servability. During air combat maneuvering or carrier landing
approach, when observability is less significant, these fillets
would be deployed to provide enhanced performance on de-
mand.

Background

Recent experimental testing by Cunningham and Boer®
confirm the vortical flow structure over a double-delta wing
as described in detail by Brennenstuhl and Hummel* and other
researchers. The planform of Cunningham’s double-delta wing
was identical to the double-delta wing investigated in the pre-
sent study. However, the leading-edge geometry of the model
in the present study was beveled to form sharp leading edges.
The strake of Cunningham’s double-delta wing had a leading-
edge sweep of 76 deg and the wing had a leading-edge sweep
of 40 deg. Cunningham’s strake had sharp leading edges with
a diamond-shaped lateral cross section, while the wing had
rounded leading edges with NACA 64A005 longitudinal cross
sections. Steady flow visualization tests at a Reynolds number
of 4.2 million revealed the primary vortices originating from
the strake leading edges at low angle of attack. At moderate
angles of attack, vortices with the same sense of rotation as
the strake vortices developed from the wing leading edges,
starting at the junction of the LEX and wing as shown in
Fig. 1. Also evident were secondary vortices on the upper
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Fig. 1 Typical vortical structure over a cropped double-delta wing.

surface resulting from the spanwise separation of the upper
surface boundary layer. At high angles of attack, the vortices
interacted by coiling around each other. As the angle of attack
was increased, vortex breakdown of the wing vortex occurred
over the wing surface first, followed by the breakdown of the
strake vortex.

On a double-delta wing at moderate to high angles of at-
tack, the strake vortices and wing vortices typically begin to
interact with each other as discussed in detail by Olsen and
Nelson.” Downstream of the wing junction point, the wing
and strake vortex cores coil around each other due to mutual
induction. The first indication of this interaction is the si-
multaneous movements of the wing vortices upward and in-
board, and the strake vortices downward and outboard. The
strake vortices are fed vorticity from the leading edge of the
strake, strengthening the vortex in the downstream direction.
At the junction, the vortex sheets tear, due to the disconti-
nuity in the slope of the sweep angle, resulting in the creation
of the wing vortices. After this chordwise location, no addi-
tional vorticity is fed into the strake vortices from the leading
edges of the wing. According to Kelvin’s theorem, for a baro-
tropic fluid influenced by conservative body forces, the vor-
ticity of the particles within this vortex should only diminish
by viscous dissipation. However, as suggested by Verhaagen,
shear layers may exist which connect the strake vortices to
the wing vortices downstream of the junction as shown in
Fig. 1.5 These shear layers would then allow vorticity to be
convected from the strake vortices into the wing vortices. At
higher angles of attack, either the wing or strake vortices
breakdown, depending on the wing geometry. The bursting
of a vortex in close proximity to an intact vortex may create
enough of a perturbation in pressure to trigger the breakdown
of the intact vortex.

The concept of flow control through vortex manipulation
is not new. In the 1950s, H. R. Lawrence from Cornell Aero-
nautical Laboratories suggested the use of asymmetric edge
shape effects to achieve roll control of low-aspect ratio wings
at high angle of attack.” In the 1960s, SAAB of Sweden used
closely coupled canards to delay the main wing upper surface
separation on the Viggen fighter.® Through the 1970s the use
of leading-edge extensions or strakes were developed and are
now flying on the F/A-18 and F-16 aircraft. These flow control
devices were primarily incorporated into the design of the
aircraft to enhance lift. However, along with the desirable
enhancements in lift comes undesirable stability and control
problems. In 1976 Lamar hypothesized that by reducing the
vortex lift on one side of a wing, and maintaining the vortex
lift on the other side, a significant rolling moment could be
produced.’® Since the vortical flow dominates the lift at high
angles of attack, the capability of this type of control scheme
increases with angle of attack, when conventional control sur-
faces such as ailerons and rudders become less effective. The
concept called “raked-tip” was demonstrated by changing the
sweep of the cropped portion of a cropped delta wing. Since
this suggestion, and because of the recent growing interest in
high angle-of-attack maneuvering, substantial research is being

conducted to control vortices to enhance modern aircraft ma-
neuverability. To date, most of these vortex control methods
fall into one of two categories: 1) vortex flow control through
geometry modifications, and 2) vortex flow control by the
transfer (suction or blowing) of secondary mass into or out
of the flowfield. One similarity among all of these control
concepts is that the most effective way to control vortices has
been to modify the vortex at its point of origin near the shed-
ding point at the body’s leading edge. The present research
involves manipulating the vortical flowfield by modifying the
geometry of the wing.

Thorough reviews of vortex flow control through geometry
modifications can be found in Lamar® and Rao.!*"" Several
methods of vortex flow management are discussed ranging
from devices for enhanced lift for maneuvering and landing
approach to devices for improved stability characteristics. The
strake itself was originally used as a vortex flow management
device, providing stable vortex systems for main wing flow
separation control and enhancing lift. This prompted the idea
of an articulated or hinged strake. The hinged strake is hinged
longitudinally at the fuselage, allowing it to change its an-
hedral angle. By setting the strakes symmetrically at equal
positive anhedral angles, the strake vortices are suppressed,
improving the lateral-directional instabilities. Also, by setting
the strakes asymmetrically, a strong rolling moment, doubling
that of ailerons at high angle of attack, is achieved. Similar
improvements and control can be obtained from pivotable
strakes, in which the angle of attack of each strake can be
modified independently.’> Another early device called the
leading-edge extension (LEE) was used on a moderately swept,
thick airfoil round edge glider.” By attaching a sharp edge out
of the leading edge radii of the glider’s wing, a vortex was
created and captured at the leading edge. This vortex created
suction on the leading edge, resulting in forward thrust to
reduce the drag at the higher lift conditions. A similar and
effective concept is vortex flaps. Leading-edge flaps or vortex
flaps were originally developed to reduce drag during tran-
sonic maneuvering. However, vortex flaps, and variations of
the concept, including apex flaps and fences, are capable of
providing enhancements in lift and longitudinal stability as
well. Several concepts have been used to effectively break up
the large primary vortex systems. These concepts fall under
the category of compartmented leading edges and are similar
to the concept of using fillets on a double-delta wing. The
methods of compartmenting the leading edges include fences,
slots, and pylon vortex generators. These devices cause the
primary vortex to break up into several vortices by tearing
the vortex sheet and creating counter-rotating vortices. They
result in a drag reduction and improved longitudinal stability.
A more detailed background on vortex flows may be found
in Ref. 13.

Approach

This study focused on the ability of geometry modifications
that may be potentially applied to existing or future high-
performance aircraft. For this reason, it was important that
the baseline configuration resembled a fighter such that any
promising concept could be extended to a realistic configu-
ration. However, due to the complexity and therefore, the
large computational requirements of modeling the forebody,
fuselage and tails of a full configuration, only the LEX and
wing was analyzed. Moreover, the simplified LEX-wing com-
bination analyzed isolates the basic vortex flow structure to
be controlled, without the additional complications of fore-
body vortex, fuselage, and tail interactions.

A comparison of LEX-wing planform shapes ranging from
research oriented studies to actual configurations is presented
in Fig. 2. Each of these configurations has a LEX which
extends about 50% of the chord whose leading-edge sweep
is within 76 and 80 deg. In contrast to the high sweep of typical
double-delta wings, the leading-edge sweep of the wings of
the F/A-18 and YF-23 are about 26 and 40 deg. Also shown
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Fig. 2 Planform comparison.
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Fig. 4 Fillet dimensions.

is the cropped double-delta wing recently tested by Cun-
ningham in an unsteady experimental study.? Because of its
resemblance to modern aircraft in planform and the extensive
experimental data base that exists, this configuration was cho-
sen as the baseline.

To simplify the fabrication of an experimental model, a
beveled leading-edge flat-plate version of Cunningham’s model
was chosen for the future experimental studies and was sub-
sequently employed for the current computational analysis.
The model geometry used in all simulations in the present
work is shown in Fig. 3.

To control the vortex flow, three fillet shapes were included
at the junction of the LEX and wing of the baseline config-
uration. The planform area of the fillets analyzed were 1%
of the wing reference area and are shown in Fig. 4. The basic
fillet shapes investigated were 1) linear fillets; 2) smooth par-
abolic fillets whose slope matched the LEX and wing slopes
at their intersection, respectively; and 3) diamond-shape fil-
lets. The upper surface of the fillets were flat and coplaner
with the wing upper surface. The lower surface of the fillets
were constructed by fairing the geometry of the leading edge
of each fillet to the beginning of the bevel on the lower surface
of the baseline wing. The parabolically shaped fillets removed
the discontinuity in slope at the junction, while the linear and
diamond-shaped fillets added additional discontinuities in this
region at which vortices were expected to originate.

The numerical approach was to use the Euler equations
extensively followed by correlation with RANS simulation.
During the course of investigations several grids having dif-
ferent numbers of grid points and grid point clustering were
used. Aerodynamic coefficients of the baseline configuration
were correlated with Cunningham’s steady-state results.

Grid Generation

A three-dimensional hyperbolic grid generation method was
developed for use in conjunction with an existing interactive
grid generation system to create high-quality spherical C-O
topology multiblock grids. Several requirements were met in
the generation of grids over the double-delta wing including
1) the use of a C-O topology; 2) field grid clustering in the
normal direction at the surface of the wing to resolve the
boundary layer flow in the viscous simulations; 3) surface grid
clustering at the apex, along the leading edges, and at the
trailing edge of the wing; 4) a high level of field grid orthog-
onality; 5) a multiblock grid approach to minimize computer
core memory requirements; and 6) sufficient field grid density
in the regions of rotational flow to resolve the vortices.

The surface geometry and surface grid were generated by
using the zonal interactive graphics for grid generation (ZI3G)
module of the graphically interactive McDonnell aircraft com-
putational grid system (MACGS). The coarse surface grid
had 66 points in the chordwise direction and 73 points in the
circumferential direction. The fine surface grid had 66 points
in the chordwise direction and 101 points in the circumfer-
ential direction. For the fine grid, 65 of the circumferential
points were clustered on the upper surface. The leading edges
of the strake and wing were made sharp to force separation
along one grid line. The geometry of the surface grid leading
edges was used for both inviscid and viscous analyses and is
shown in Fig. 5. The surface grid was clustered at the apex,
the leading edges, and the trailing edge by using hyperbolic
tangent distributions.

Several field grids were generated and are detailed in Table
1. For all field grids, the far-field boundary was within 2-2.5
chord lengths away from the body in all directions. The fine
grid was split into an inner rotational and an outer irrotational
zone. The inner zone extended away from the wing 0.6 chord
lengths. Based on previous single delta wing simulations, all
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Fig. 5 Surface grid.

Table 1 Grid dimensions

Grid Boundary Total
no. Dimensions Zone layer type points
1 81 x 73 x 53 Single Inviscid 313,389
2 81 x 55 x 71  "Upper Viscous 425,574
81 x 19 x 71 Lower
3 81 X 77 x 55 Upper inner Viscous 554,931
81 x 25 x 55 Lower inner
81 x 73 x 17 Outer
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of the rotational flow has been within 0.6 chord lengths of
the wing. The surface was used as the initial condition for the
hyperbolic grid generation method to create the field grids.
The field grid was generated by marching in the direction
normal to the wing. This method used two orthogonality con-
ditions and a geometric constraint, and was based on the
development by Steger and Rizk'* which was extended by
Chan and Steger.?® The resulting system of partial differential
equations were hyperbolic in nature, and methods similar to
those used in solving the Euler equations were used. The
hyperbolic system was solved by using an approximate-fac-
tored, noniterative, implicit, finite difference scheme with
adaptive dissipation to filter odd-even decoupling and en-
hance the robustness of the scheme at sharp corners. The
normal grid cell clustering was achieved by specifying the cell
volumes at each iteration in space. The spacing in the normal
direction was controlled such that for the viscous grids 17~
21 grid cells fell within the boundary layer. The process of
generating a high-quality, positive cell volume grids was it-
erative because of the sensitivity of the hyperbolic system to
the initial conditions (the surface). Several surface grids were
generated before acceptable field grids were obtained.

Computational Method

Two production flow solvers were used in this analysis. The
three-dimensional Euler/Navier-Stokes aerodynamic method
(TEAM) code was used to solve for the inviscid rotational
flow over the double-delta wings.!® The code applies a cell-
centered finite volume scheme to discretize the spatial terms
modified by second- and fourth-order adaptive numerical dis-
sipation. The scheme has an option for a second-order space
accurate, upwind, Roe flux-differencing method. The equa-
tions are integrated in time explicitly by using a multistage
Runge-Kutta algorithm which employs enthalpy damping, im-
plicit residual smoothing, and pseudotime marching to ac-
celerate convergence to steady state.

For viscous analyses, the Navier-Stokes time dependent
(NASTD) flow solver developed by McDonnell Aircraft Co.
was used.”” The code implements a finite volume domain
decomposition to maximize the robustness in regions having
skewed grids. The solver uses an implicit Beam and Warming-
type approximate-factored scheme.’® The code also has the
option of using an upwind formulation with additional terms
being added to implement total variation diminishing (TVD)
to increase the accuracy of the scheme to second order in
regions where the solution is smooth. The TVD formulation
used attempts to insure the physical modeling of disconti-
nuities in the flowfield such as shocks and contact disconti-
nuities which include shear layers. Both TEAM and
NASTD have been previously validated for subsonic vortical
ﬂows.16,19—21

Discussion of Results

The flow over the baseline wing without fillets was inves-
tigated first by employing the three grids using both TEAM
and NASTD. TEAM was run at Mach 0.3 using grid no. 1
at angles of attack of 0, 10, 16, 19,22.5, and 27.4 deg. NASTD
was run at Mach 0.2 at a Reynolds number of 1 million based
on root chord for all three grids at an angle of attack of 22.5
deg exclusively. All viscous simulations employed the Bald-
win-Lomax algebraic. turbulence model over the entire wing
surface. The viscous flow over grid no. 3 was solved at Rey-
nolds numbers of both 1 and 4 million.

The average residuals (L2 norm) of all inviscid simulations
using TEAM were reduced by four orders of magnitude, re-
quiring between 1000-2000 iterations for convergence. A cell-
based CFL number of 6 was used with implicit residual
smoothing and pseudotime marching to accelerate conver-
gence to steady state. Fourth-order adaptive dissipation was
used to filter the odd-even decoupling. Second-order dissi-
pation was kept at a minimum because no shocks were ex-
pected to form at the low speeds investigated.

When using NASTD for the viscous simulations, the TVD
option was invoked. The residuals in NASTD were reduced
by 2.5 orders of magnitude to reach steady-state convergence,
which required 1500-2000 iterations. A cell-based Courant-
Friedrichs-Lévy (CFL) number of 1.3 was used with pseu-
dotime marching and for the first 500 iterations grid sequenc-
ing was used to accelerate convergence to steady state.

Baseline Inviscid Analysis

At an angle of attack of 10 deg, two well defined vortices
developed from the leading edges of the LEX and wing, re-
spectively, as shown in Fig. 6a. The LEX and wing vortices
were convected downstream over the leeward surface of the
double-delta wing without any interaction. The LEX vortex
was nearly conical over the LEX portion of the wing. Both
vortices induced spanwise velocity on the wing surface, re-
sulting in a local increase in suction beneath each vortex core
(not shown). The suction beneath the wing vortex, especially
at the junction, was higher than the suction developed beneath
the LEX vortex. This indicates that the wing vortex was stronger
than the LEX vortex. According to Hemsch and Luckring,??
the strength of a vortex increases with decreasing sweep, which
is consistent with the present findings.

At an angle of attack of 16 deg, the LEX and wing vortices
interacted with each other as shown in Fig. 6b. With an in-
crease in angle of attack, the mutual influence of the vortices
increased. The LEX vortex induced an upward and inboard
movement of the wing vortex. Conversely, the wing vortex
induced a downward and outboard movement of the LEX
vortex. The interaction of the two vortices caused them to
intertwine upstream of the trailing edge of the double-delta
wing. As the angle of attack was increased to 19 deg, the
vortices strengthened. This amplified their mutual influence,
and caused them to intertwine slightly farther upstream of the
trailing edge of the double-delta wing than at 16 deg.

At an angle of attack of 22.5 deg, the vortices intertwined
farther upstream than at 19 deg and merged into one vortex
core. The individual cores of the LEX and wing vortices down-
stream of the point of interaction could no longer be distin-
guished due to the lack of grid resolution in the vicinity of
the cores. As the angle of attack was increased to 22.5 deg,
the flow in the cores of the vortices nearly stagnated before
the trailing edge, indicating the onset of vortex breakdown.
At an angle of attack of 27.5 deg (not shown) the code did
not converge. By observing the unconverged solutions at dif-
ferent pseudotime steps, the flow was found to be unsteady
due to fluctuations in the position of vortex breakdown. Since
pseudotime marching was employed in this TEAM simula-
tion, the unconverged results at 27.4 deg angle of attack were
meaningless, and are not presented.

Baseline Viscous Analysis

To obtain a comparison with the inviscid flow, grid no. 1
was initially run using NASTD. Particle traces beginning at
the leading edge at an angle of attack of 22.5 deg for the
inviscid and viscous analyses are shown in Fig. 7 for direct
comparison. This plot shows good correlation of the structure
and interaction of the primary LEX and wing vortices. By
investigating the flow near the surface, it was determined that
less than 10 grid points normal to the surface were included
in the boundary layers on the double-delta wing in the viscous
analysis. Because of the lack of clustering near the surface,
the viscous analysis did not resolve the spanwise boundary-
layer separation and the subsequent roll-up of secondary vor-
tices. Two additional grids were run to improve on this result.
In both grids nos. 2 and 3, 17-21 grid points were clustered
normal to the surface in the boundary layer. Particle traces
of these viscous simulations are shown in Figs. 7c and 7d.

The locations of the LEX and wing vortices correlated well
between all the grids, but the structure of the wing vortex for
grid no. 3 was unusual. Midway down the leading edge of the
wing on the viscous simulation of grid no. 3, a second wing
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a) @ = 10 deg b) @ = 16 deg

¢) @ = 19 deg d) & = 22.5 deg

Fig. 6 Effect of angle of attack on the baseline wing inviscid vortex flow particle traces.

a) Inviscid-grid no. 1

b) Viscous-grid no. 1

¢) Viscous-grid no. 2 d) Viscous-grid no. 3

Fig. 7 Effect of viscosity and grid resolution on the baseline vortex flow particle traces at @ = 22.5 deg.

vortex appeared. This phenomena called ‘““vortex tearing” has
usually not been produced in numerical investigations but has
been seen in experimental tests performed on double-delta
wings that have moderately swept wing leading edges.?*-2*
The tearing of the wing vortex is caused by the interaction of
the LEX and wing vortices. Since the wing vortex is drawn
away from the wing leading edge by the LEX vortex, the
distance the connecting shear layer must extend to reach the
core of the wing vortex increases. As this distance is increased,
it becomes increasingly more difficult for the shear layer to
remain smooth because of the inherent instability of free shear
layers. It is believed that the shear layer’s instability causes
the shear layer to roll-up upon itself and create the additional
torn wing vortex. An extension of Verhaagen’s connecting
sheet concept in Fig. 1 can be applied to this phenomena.® A
chordwise cross section of the proposed new vortex structure
with connecting shear layers is shown in Fig. 8.

Based on a survey of the literature, vortex tearing has not
been produced on experimental tests of 80/60-deg double-
delta wings. Therefore, it is believed that the particular com-
bination of parameters including the moderate LEX sweep,
the moderate wing sweep, and the flow conditions of this
investigation contributes to the formation of a torn primary

Wing Vortex 1qn Wing

Strake Vortex

Connecting Sheets’
Secondary Separation Vortex

Fig. 8 Proposed double-delta wing vortex shear layer cross section
with a torn wing vortex.

wing vortex. Since the sweep of the LEX of an 80/60-deg
double-delta wing is larger than the sweep of the present LEX,
the LEX vortex of the present wing is stronger than the LEX
vortex on an 80/60-deg double-delta wing. Since the LEX
vortex of the present wing is stronger, it easily draws the wing
vortex upward and inboard. The combination of the large
inboard movement of the wing vortex and the wing’s modest
sweep results in the tearing on the present configuration.
To investigate the effect of Reynolds number, NASTD was
used to solve for the viscous flow over grid no. 3 at a Reynolds
number of 4 million. This simulation showed little difference
in the structure of the primary leading-edge vortices, the lo-
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cation of vortex intertwining, or the generation of a torn wing
vortex when compared to the solution at a Reynolds number
of 1 million.

Correlation with Experiment

The aerodynamic coefficients of the baseline double-delta
wing from the numerical simulations were correlated with the
experimental steady-state data from Cunningham.? In order
to make a proper comparison, the lift curves for both the
experimental and the present study were shifted by the lift at
zero angle of attack. The resulting lift coefficients are shown
in Fig. 9. The drag polar was similarly shifted by the lift at
zero angle of attack and is shown in Fig. 9. The pitching
moment about the 73.27% chord point was shifted by the
pitching moment at zero angle of attack and is also shown in
Fig. 9.

The inviscid simulations showed good correlation with ex-
perimental lift, drag, and pitching moment for the range of
angles of attack investigated. The viscous simulations had
good correlation in lift and drag, and fair correlation in pitch-
ing moment at 22.5 deg angle of attack. The discrepancy in
pitching moment is attributed to the differences in edge shape
of the experimental and the present models.

Effect of Fillets

As shown in the previous section, the vortical flowfield that
exists over the baseline wing can be quite complex, containing
primary vortices from the LEX and wing and secondary vor-
tices due to boundary-layer separation, and even torn wing
leading-edge vortices. The focus of this research, however,
was to determine the effects on the primary vortex structure
and aerodynamics of adding fillets to the baseline wing at the
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junction. Since the Euler equations were capable of predicting
the primary vortical structure on the baseline wing, and the
aerodynamic coefficients correlated well with the experiment,
they were used to determine the effect of the fillets.

The surface geometry was modified to include the three
fillet shapes and used to generate corresponding field grids.
To minimize grid-dependent solutions, the number of grid
points and grid clustering for the fillet grids was kept identical
(except near the region of the fillets) to the baseline double-
delta wing grid no. 1. The new fillet grids were run using
TEAM exclusively at Mach 0.3 at angles of attack of 0, 10,
16, 19, 22.5, and 27.4 deg.

An angle of 10 deg is within the angle-of-attack range of
Naval fighters approaching a carrier for landing. The particle
traces of the new primary vortex cores along with the baseline
are shown in Fig. 10. By removing the sharp discontinuity at
the junction of the wing, the parabolic fillet combined the
LEX and wing vortex feeding sheets into one single feeding
sheet along the entire length of the leading edge from the
apex to the cropped portion. This single sheet rolled up into
one large vortical structure over the leeward side of the wing.
The position of this vortex was far outboard of the original
LEX primary vortex system. In fact, the trajectory of the
single vortex system came very close to the baseline primary
wing vortex towards the trailing edge of the wing.

The linear fillet caused the vortex feeding sheet to tear at
the junction of the fillet and the LEX. The resulting sheet
generated an additional vortex from the fillet which inter-
twined with the LEX vortex just downstream of the midchord
point, forming a single vortex core due to the lack of grid
resolution in the vicinity of the cores. The resulting joined
LEX/fillet vortex then intertwined with the wing vortex near
the trailing edge of the wing.

The diamond-shape fillet also caused the sheet to tear at
the junction of the fillet and LEX. The resulting sheet gen-
erated an additional vortex feeding sheet which rolled up into
a single fillet vortex. This vortex also intertwined with the
LEX vortex just downstream of the midchord point. The point
of interaction of the LEX-fillet vortex of the diamond fillet
was upstream of the point of interaction of the linear fillet
LEX-fillet vortex.

At this low angle of attack of 10 deg, all of the fillets moved
the entire primary vortex system outboard. The correspond-
ing suction on the surface of the wing due to the vortical flow
was shifted outboard as well. Further investigation is required
to determine the enhancements in rolling moment due to this
shift in moment arm caused by the fillets.

¢) Linear d) Diamond

Fig. 10 Effect of 1% area fillets on the inviscid vortex flow particle traces at & = 10 deg.
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a) Baseline b) Parabolic

¢) Linear d) Diamond

Fig. 11 Effect of 1% area fillets on the inviscid vortex flow particle traces at & = 22.5 deg.
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Fig. 12 Effect of 1% area fillets on the longitudinal aerodynamics of
the baseline cropped double-delta wing.

At an angle of attack of 22.5 deg, which is representative
of the angle of attack at which current Naval fighters maneu-
ver, the fillets created similar vortex structures to those at 10
deg as shown in the particle traces in Fig. 11. However, the
controlled primary vortices were not drawn as far outboard
than at the lower angle of attack. The parabolic fillet com-
bined the LEX and wing vortex feeding sheets. The vorticity
in the feeding sheet becomes stronger as the sweep of the
wing decreases through the region of the fillet and the wing.
Therefore, since all of the vorticity from the entire leading
edge of the LEX and wing entered the vortex, the vortex was
more apt to breakdown farther upstream. The linear fillet
generated a vortex that intertwined around the LEX vortex.
The major effect of the linear fillet was to separate the LEX
vortex from the wing vortex. By separating these vortices, a
favorable effect of interaction between the LEX and wing
vortices was created, which delayed vortex breakdown. Sim-
ilar effects were found with the diamond-shape vortex. How-
ever, the onset of vortex breakdown with the diamond fillet
was postponed farther downstream than the linear fillet.

The longitudinal aerodynamic characteristics of the fillets
compared with the baseline are plotted in Fig. 12. At a low
angle of attack of 10 deg, the parabolic, linear, and diamond-
shaped fillets enhanced the lift by 13, 13, and, 14%, respec-
tively. At a high angle of attack of 22.5 deg, the parabolic
fillet degraded the lift by 4.0% due to premature breakdown.
The linear fillet and diamond fillet enhanced the lift by 13
and 18%, respectively, by delaying the onset of breakdown
and providing additional suction near the junction of the dou-
ble-delta wing due to the increase vortex strength in that

region. There was a corresponding drag penalty for more lift,
but the L/D ratio was basically unaltered as a result of the
fillets as shown in Fig. 12. In fact, at the lower angle of attack
of 10 deg, the L/D ratio improved slightly. Along with the
increase in lift comes a pitch-up moment. This pitch-up is
believed to be associated with the additional lift generated
near the junction of the wing due to the presence of the fillets.

Conclusions

This investigation has shown that small deployable fillets
at the junction of a double-delta wing provide substantial
control over the downstream vortical trajectory and break-
down locations. By increasing the grid resolution, the nu-
merical simulations revealed the process of vortex sheet tear-
ing. This study suggests that the tearing is a result of the
interaction of the LEX and wing vortices, especially the in-
board displacement of the wing vortex. No apparent Reynolds
number effects on the tearing process were found. Further
grid resolution in inviscid simulations is required to determine
if the tearing process is dependent on the presence of viscosity.
At low angle of attack, all fillets shifted the vortex structure
outboard. This type of control may lead to enhanced roll
control or a method of alleviating tail buffet by deflecting the
vortex away from the empennage surfaces at certain angles
of attack. The shift in upper surface suction caused by the
fillets must be investigated further to determine its impact on
rolling moment. At the higher angle of attack, the fillets de-
layed vortex breakdown by providing a favorable vortex in-
teraction. The delay in breakdown provided up to 18% lift
enhancement with a slight improvement in L/D ratio.
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