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Double-Delta-Wing Aerodynamics for Pitching Motions With
and Without Sideslip

Deborah S. Grismer*
U.S. Air Force Wright Laboratory, Wright-Patterson Air Force Base, Ohio 45433-7531

and
Robert C. Nelsont

University of Notre Dame, Noire Dame, Indiana 46556-5684

Subsonic aerodynamic experiments, both with and without sideslip, were performed on a strake/wing planform
for both static and dynamic conditions. The strake sweep, wing sweep, and strake-to-wing fineness ratio for
the model was 80 deg/60 deg/0.6. Flow visualization information was obtained by marking the strake and wing
vortices with smoke in order to determine the state of the vortices (i.e., existence, pre- or postbreakdown). Five-
component force and moment data was also taken. Both the flow visualization and the force and moment
information were obtained for the model at static angles of attack, as well as for the model undergoing sinusoidal
pitching motions. The minimum and maximum angles of attack of the motions were varied. Also varied were
the reduced frequencies of the motions. The combined information obtained from the flow visualization and
force experiments was used to explain some of the dynamic effects observed for the double delta wing.

Nomenclature
b = maximum wingspan
C = test section cross-sectional area
CN — normal force coefficient, NF/^S
C, = rolling moment coefficient, RM/q^Sb
c = root (centerline) chord length
/ = frequency of the sinusoidal motion
k — reduced frequency, 27r/c/K^
kr = fitness ratio, xjc
NF = normal force
qy, = dynamic pressure
Re = Reynolds number, p^V^c/p^
RF = rolling force
S = planform area
Sf- = projected frontal area, S sin(a)
s = local semispan
V.,_ = freestream velocity
x = axial wing coordinate from apex of model
y = spanwise wing coordinate from centerline of model

(positive on the starboard side)
z = vertical wing coordinate above surface of model
a = angle of attack, tan"1 (tan o:y/cos /3)
jS = angle of sideslip
A = leading-edge sweep angle
A, = effective leading-edge sweep angle, A ± p
fjLy_ = absolute viscosity of air
p.,. = density of air

Subscripts
s = strake section
w — wing section aft of strake
Y = the yoke
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Introduction

A DOUBLE delta wing is a planform that incorporates
two distinct leading-edge sweep angles. The first part of

a double delta wing model, the strake, has a significantly
higher sweep angle than the aft portion of the model, the
main wing. The double delta planform is similar to the plan-
form used for several military fighter aircraft, supersonic
transport aircraft, as well as the planform proposed for the
National Aerospace Plane. The double delta wing has been
shown to have better aerodynamic performance than a simple
delta wing having the same sweep as the main wing of the
double delta and a comparable area. The improved aerody-
namic performance, especially at the higher angles of attack,
is due to the interaction of the vortices created by the strake
and main wing. The strake vortices tend to stabilize the main
wing vortices and delay vortex breakdown to a higher angle
of attack than would be possible for a simple delta wing of
the same sweep as the main wing. The interaction of the strake
and wing vortices also produces an increase in the nonlinear
vortex lift for the double delta wing.

There have been a number of research efforts to examine
the performance of double delta wings.1"6 There have been
much fewer studies that examined the performance of delta
and double delta wings in sideslip.7"10 In sideslip, each side
of the wing experiences an effective change in sweep angle.
The side leading into the flow will see an effective decrease
in sweep angle, whereas the side trailing will see an effective
increase in sweep angle. On a double delta wing this can result
in some very complex interactions. The decrease in effective
sweep will cause stronger vortices, but it will also increase
the likelihood of vortex breakdown occurring over the wing.
The side that experiences an increase in effective sweep will
have weaker vortices, but a greater possibility of strong in-
teraction between the strake and wing vortex. Several obser-
vations and conclusions about double delta wings in static
positions of sideslip were discussed in previous papers.n-12

In the past several years there has been an interest in what
has been termed "supermaneuverability." This involves dy-
namic flight maneuvers in which an aircraft moves into the
high angle-of-attack range. These types of flight maneuvers
usually occur at relatively low speeds. The interest in unsteady
aerodynamics, in general, has increased in recent years. Due
to the flow unsteadiness during dynamic maneuvers, the aero-
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dynamic behavior of a wing is significantly more complicated
than for the static condition. The effects from these dynamic
maneuvers may be either beneficial or detrimental.

A few studies have examined the performance of delta
wings undergoing dynamic pitching motions.13"21 There have
been very few studies, however, that looked into the aero-
dynamic effects of double delta wings undergoing dynamic
pitching maneuvers.22 24 These dynamic studies have noted
that for these wings there are flowfield differences between
the upstroke and downstroke of a particular motion. The
vortex breakdown position has been seen to lag the static
position. These differences between the upstroke and the
downstroke are the cause of the hysteresis loops that have
been observed in the forces and moments. The size of these
hysteresis loops depends not only on the model geometry,
but also upon the precise motion of the maneuver. There is,
therefore, a need for more aerodynamic and flow visualization
data on double delta wings undergoing dynamic maneuvers,
especially at nonzero sideslip, to aid in the understanding of
the complicated flowfield that results under these conditions.

This study presents flow visualization and force information
for an 80 deg/60 deg/0.6 double delta model at fixed angles
of attack and for the model undergoing sinusoidal pitching
motions. These tests were performed for the model mounted
to the pitching apparatus at zero and nonzero sideslip angles.
Static measurements were made and discussed in the previ-
ously mentioned work and so they will not be the focus of
this article. Data obtained from the model being driven dy-
namically, through sinusoidal pitching motions, will be the
primary focus. Some static data is presented, but it is primarily
meant to serve as a basis for comparison with the dynamic
results.

Experimental Apparatus
The experiments described in this article were conducted

in an indraft low-speed wind tunnel. The results discussed in
this article are for an 80 deg/60 deg/0.6 double delta wing.
The same model was used for all of the tests. A planview
drawing of this model is shown in Fig. 1. The strake sweep
angle Av and the wing sweep angle Aw are 80 and 60 deg,
respectively. The ratio of the strake chord to total chord is
0.6. The model was a 1.27-cm- (0.5-in.-) thick flat plate with
sharp upper-surface leading edges resulting from a 45-deg
underside bevel. There was no bevel on the trailing edge.

Sideslip and the model coordinate system are also defined
in Fig. 1. For a negative sideslip angle, the leading edge of
the port side of the model experiences a reduction in the
effective sweep angle and the leading edge on the starboard
side sees an effective increase in sweep angle. With the wing
oriented at a negative sideslip angle, as shown in Fig. 1, the
port side of the model will be referred to as the windward
side and the starboard side will be referred to as the leeward
side. These are the terms that will be used in discussions

TunneljAxis

pitch

pertaining to the effects of variations in sideslip angle. These
terms are not to be confused with windward, referring to the
underside of the wing, and leeward, referring to the region
above the wing, for positive angles of attack.

At a fixed sideslip angle, the double delta wing was pitched
through various sine wave motions. The minimum and max-
imum angles of attack of the motions were varied. The model
was driven through ranges of motion from a minimum of a
= 30-40 deg through a maximum of a = 0-60 deg. At a
fixed angle of attack range, a = 0-40 deg, the model was
also pitched at different rates, thereby varying the reduced
frequency. Tests were performed for values of k from 0 (static)
through 0.08, in incremental values of 0.02. Flow visualization
experiments were performed for most of these motions with
the model at sideslip angles of /3 = 0 and -6 deg. Force and
moment measurements were taken for these motions with
/3 = 0, -3, and -6 deg.

A pitching apparatus was constructed to vary the angle of
attack of the model, either statically or dynamically, at fixed
sideslip angles. All experimentation was performed with this
apparatus. A sketch of the apparatus comprising this pitching
system is shown in Fig. 2. This new system employed a motion
control system previously developed at the University of Notre
Dame by Arena.25 The model is mounted via a rear sting
attached to a yoke-type of pitching apparatus similar to that
used by Jarrah.26 To mount the model at different sideslip
angles, a different back horizontal bar was used. The rear
sting was offset from the horizontal centerline of the bar for
nonzero sideslip angles. This ensured that the pivot point of
the model remained at the horizontal centerline of the test
section. The model was pitched about a pivot line that inter-
sected the axial location of the strake/wing juncture at the
model's centerline. For ft = 0 deg, the pitch axis is shown in
Fig. 1. For nonzero sideslip angles, the angle of attack of the
yoke does not equal the angle of attack of the model. Knowing
the angle of attack of the yoke and the sideslip angle, the
angle of attack of the model can be computed according to
the equation listed in the Nomenclature.

Flow visualization was undertaken, both with the model at
static positions and with the model in motion, in order to
better understand the role of the leading-edge vortices and
their effect on the model performance. The leading-edge vor-
tices were made visible with smoke particles and visual images
were recorded on videotape. The smoke production involved
vaporizing titanium tetrachloride (TiCl4) in a stream of nitro-
gen gas. The resulting TiCl4/nitrogen mixture came into con-
tact with airborne water vapor immediately upon leaving the
model ports that were located near the strake apex and the
strake/wing juncture. The reaction proceeded quickly enough

Capabilities:
1) Pitch range from

a = -40° to+120°
2) Can mount model with

any fixed roll angle
3) Same set-up for both

static and dynamic tests
4) Motor can be driven

through a desired motion
5) Modular design

(i.e. Mount with p* * 0°)

_____
-12 in. (305 mm)-

Fig. 1 Coordinate system and geometry for the 80 deg/60 deg/0.6
double delta wing.

Solid Steel
Cylinders
—— Horizontal Bar

Glass Front Wall

.Sting is Offset
for Sideslip

(Glass Top Wall Also)
!

Pivot-Line

Fig. 2 Schematic of the pitching apparatus.
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that the products were immediately visible, yielding an effect
much like that of dye injection in water. A detailed discussion
of this flow visualization technique is presented by Visser
et al.27

The five-component force and moment data was acquired
from an internal five-component force balance. The signals
from the force balance were passed through external ampli-
fiers, then through low-pass filters, with a cutoff frequency
of 4.8 kHz, to reduce the hf noise components generated by
the motor amplifier. Each channel of data was acquired si-
multaneously. Static force data was acquired at a sampling
rate of 500 samples/s for 5 s. Therefore, the static force data
at a given model position was an average of 2500 samples.
The force data acquired during dynamic motions was sampled
at a rate of 100 samples/s. Since the fastest rate through which
the model was pitched was 0.727 Hz, this sampling rate was
adequate. It still captured the small oscillations, or vibrations,
the model underwent throughout the large pitching motions.
The dynamic data that will be discussed in this article, shown
for one cycle of motion, is an ensemble average of at least
60 cycles.

Flow visualization tests were conducted at a Reynolds num-
ber based on the model centerline chord of 1 x 105. Flow
visualization of vortical structures has shown the basic flow
characteristics to exist over a wide range of Reynolds num-
bers. Thompson28 has shown small displacements in the vortex
trajectories with changes in Reynolds number for Reynolds
numbers under 1 x 105. However O'Neil et al.29 studied delta
wings and found the location of vortex breakdown as well as
surface pressure and force results to be virtually independent
of Reynolds number for higher Reynolds numbers. They found
that for flat plate wings the leading-edge geometry played a
much more significant role in determining the location of
vortex breakdown. Because this model had sharp leading edges,
separation was fixed at the leading edge. Based on the leading-
edge geometry and the O'Neil et al. study, which focused on
Reynolds numbers over 1 x 105, it was decided that the force
tests could be performed at a higher Reynolds number and
the results of these tests could be compared with the flow
visualization results. Therefore, the force and moment data
were obtained at a Reynolds number of 7.25 x 105.

The test section used for these experiments had a 61 x 61
cm (2 x 2 ft) cross section. The total model planform area
was 484 cm2 (75.1 in.2). The maximum span-to-tunnel-width
ratio was 0.5. At a = 90 deg this model would produce a
blockage ratio SfIC of 13.0%. However, at a = 60 deg Sf/C
reduces to 11.3% and at a = 40 deg it drops to 8.4%. The
effects of wake blockage for this model were investigated.
The method of Pass,30 an empirical alteration of the Maskell31-32

approach, applied to a series of delta and trapezoidal wings,
was attempted for the double delta wing of this study. These
blockage effects on the force coefficients were discussed in a
previous paper by Grismer et al.11 This wake blockage cor-
rection increases the dynamic pressure, thereby reducing the
absolute value of the nondimensionalized force and moment
coefficients. Applying this technique, these coefficients were
reduced by 11.3% at a = 40 deg and by 8.1% at a = 30 deg.

The Pass technique does not account for blockage from the
U-shaped yoke, the model pitching structure, and sting. At
a = 90 deg the yoke by itself would produce a blockage ratio
Sfy/C of 6.7%. At a = 60 deg Sfy/C reduces to 6.2% and at
a = 40 deg it drops to 5.3%. Therefore, accounting for not
only the model, but also the yoke, the total blockage ratios
at a = 90, 60, and 40 deg were 19.7, 17.5, and 13.7%, re-
spectively. The largest angle of attack through which the model
was pitched was a = 60 deg, but for all of the other motions,
the maximum angle of attack achieved was a = 40 deg.

Because neither this correction technique nor other ex-
amined techniques took the yoke or sideslip into account
along with the dynamic behavior of the flow, and because
they were not developed specifically for double delta wings

and did not appear to apply well to the double delta wing, it
was decided that it would be better to present the experi-
mental data without any attempt at applying a blockage tech-
nique in this article. The absolute magnitude of data that will
be presented is expected to be reduced slightly by accounting
for the blockage, but the overall trends that will be discussed
in this article for motion variations remain the same.

Discussion of Results
Effect of the Pitching System Support

Using a yoke-type pitching mechanism, the concern arose
over whether the back horizontal bar, shown in Fig. 2, would
cause interference with the double-delta-wing flowfield. A
lightweight, symmetric fairing was constructed to fit over the
bar so that it was free to move as the model was pitched,
thereby keeping a horizontal orientation relative to the tunnel
floor during testing. This fairing served to streamline the flow
over the bar, thereby keeping the wake from the bar with the
fairing confined to a small region in hopes of not interfering
with the double-delta-wing flowfield. Flow visualization as
well as both static and dynamic force tests were performed
with and without the fairing over the bar, and the results from
the two configurations were compared.

First, flow visualization was performed for the two config-
urations using kerosene smoke to provide a qualitative ex-
amination of the two flowfields. A comparison of the flow-
fields revealed no obvious interference from the bar for either
configuration. Second, force measurements were made for
the two configurations to get a quantitative measurement of
possible differences. A static pitch-up and pitch-down force
test was performed, as well as a dynamic test of the model
undergoing a sinusoidal pitching motion. Figures 3a and 3b
show the normal force coefficient for both the static and dy-
namic conditions, respectively, each with the fairing and with-
out it. Overall, both the static and dynamic tests were rela-
tively consistent between the two configurations. Note that
for the static case, shown in Fig. 3a, a small static hysteresis
was observed for the bar alone, but such a hysteresis was not
observed for the fairing configuration. A plot of the normal
force coefficient for the dynamic case, shown in Fig. 3b, has
arrows to indicate the pitching direction. The dynamic case
yields a clockwise hysteresis in the normal force coefficient.
During a portion of the upstroke, the normal force coefficient
yields a value larger than the static case, and during a portion
of the downstroke the normal force coefficient yields a value
smaller than the static case. This behavior has been found
to be typical for delta wings undergoing pitching

For both the static and dynamic case the agreement is good
between the two through a = 35 deg, but at higher angle of
attack the bar-alone CN is 3% lower than the fairing-on data.
For the dynamic case the difference is almost within the small
oscillations in the data. These oscillations are caused by vi-
brations of the model. Such oscillations were more noticeable
at the higher angles of attack. The oscillations were observed
for both the static and dynamic cases, but for static cases the
data was acquired over a period of time and averaged to yield
a single value. Therefore, from a qualitative analysis of the
flow visualization, and from a quantitative analysis of the force
data, it appeared that the back horizontal bar was not causing
any significant interference with the double-delta-wing flow-
field.

Effect of Sideslip on the Static Data
The normal force and rolling moment coefficients at static

angles of attack are shown for three sideslip angles in Figs. 4
and 5, respectively. Clockwise static hysteresis loops are seen
for both the normal force and rolling moment coefficients at
each sideslip angle. For the normal force coefficient, shown
in Fig. 4, with an increase in the magnitude of sideslip these



1306 GRISMER AND NELSON

D Bar: Increasing AoA

O Bar: Decreasing AoA

A Fairing: Increasing AoA

Fairing: Decreasing AoA

Fig. 3 a) Static normal force coefficient comparison for the horizontal
bar alone and the fairing on the bar at ft = 0 deg and b) dynamic
(k = 0.04) normal force coefficient comparison with and without the
fairing at /S = 0 deg.

hysteresis loops occur at lower values of CN and at lower
angles of attack. For zero sideslip angle the peak hysteresis
occurs at a. = 30 deg; at /3 = -3 deg the peak hysteresis
occurs at a = 26 deg; and at /3 = -6 deg it occurs at a =
18 deg. Manor and Wentz,33 who obtained static force and
moment data for an 80 deg/65 deg/0.55 double delta wing,
examined the aerodynamic effects of sideslip for angle-of-
attack variations. They observed sideslip to cause a decrease
in astal, and an enhanced poststall lift recovery. For this plan-
form, at each sideslip angle the normal force coefficient in-
creases with angle of attack to the hysteresis region. At zero
sideslip the CN curve exhibits the most significant drop in value
after the hysteresis occurs. For /3 = —3 deg, after the hys-
teresis region the normal force coefficient continues to in-
crease with increasing angle of attack through approximately
a = 37 deg, where a drop in CN is seen. For /3 = -6 deg,
after the hysteresis region the normal force coefficient con-
tinues to increase with increasing angle of attack through
a = 40 deg. At a = 30 deg, the largest value of CN is observed
for j8 = 0 deg and it decreases as the magnitude of sideslip
is increased. This decrease in normal force with sideslip was
also observed previously by Grismer et al.11

For the same angles of attack at which the static hysteresis
loops occurred for the normal force coefficient, static hyster-

Fig. 4 Static normal force coefficient for three sideslip angles.

0.05

Fig. 5 Static rolling moment coefficient for three sideslip angles.

esis loops in the rolling moment were found. These hysteresis
loops also have a clockwise orientation, as shown in Fig. 5.
These curves show that for this range of sideslip angles, -6
deg < /3 < 0 deg, the model exhibits static roll stability for
angles of attack up through a = 20 deg. For higher angles
of attack the model exhibits regions of static roll instability.
At a = 30 deg C, is negative for each negative sideslip angle
shown. These results support a previous study by Grismer et
al.,11 which examined the same double delta wing at fixed
angles of attack with varying sideslip angle. The largest neg-
ative rolling moment is observed for the zero sideslip case.
This case will be discussed later.

Effect of Varying the Reduced Frequency
Figures 6a and 6b show some flow visualization images

taken at a = 36 deg, /3 = 0 deg, and k = 0.08, during a
sinusoidal oscillation from a = 0-40 deg. Figure 6a was taken
during the upstroke of the motion and Fig. 6b was taken
during the downstroke. It is very apparent from these two
images that the location of breakdown for the strake vortices
was much farther from the apex for the upstroke than for the
downstroke. Both Figs. 6a and 6b show asymmetric strake
vortex breakdown. The implications of this asymmetry will
be discussed later.

Figure 7 gives a graphical representation of how the location
of vortex breakdown varies not only between the upstroke
and the downstroke of a given motion, but also how it varies
from one reduced frequency to another. In Fig. 7 the location
of breakdown for the port strake vortex is shown for the static
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a) b)

Fig. 6 Flow visualization of the a) upstroke and b) downstroke (a
= 36 deg) of a sinusoidal motion from a = 0-40 deg with k = 0.08
and /3 = 0 deg.

Fig. 7 Effect of varying the reduced frequency on the port strake
vortex breakdown location for /3 = 0 deg.

15-

10

• Windward Strake Vortex: 6 = 0°

O Windward Strake Vortex: B = -6°

A Leeward Strake Vortex: 8 = -6°

0.2 0.4 0.6
x/c

0.8 1.2

Fig. 8 Sideslip effect on the breakdown locations of the strake vortices
during a pitching motion with k = 0.08.

case and two dynamic cases with a = 0-40 deg. This figure
illustrates that during the upstroke of the dynamic motion the
location of breakdown lags the static position, and that after
a sufficient time the location of breakdown lags the static
location on the downstroke of the motion. This figure also
reveals that for a given a, the axial difference in breakdown
location between the upstroke and downstroke grows with
increasing reduced frequency. This is also consistent with the
findings of studies on delta wings. Similar observations about
the lag in vortex breakdown location have been made by
several researchers, such as Thompson et al.19 as well as
Brandon21 for a 70-deg delta wing.

Figure 8 is another graphical presentation of breakdown
location of the strake vortices for the model undergoing a
dynamic maneuver. This figure shows the effect of sideslip
on the dynamic movement of breakdown with angle of attack.
All three of these curves show similar differences between
the upstroke and downstroke as was just discussed. This figure
also shows the overall movement in breakdown position to-

ward the apex for the windward strake vortex, and farther
from the apex for the leeward strake vortex for nonzero side-
slip. This similar axial movement in the location of breakdown
with sideslip was observed for the steady cases as well.

Dynamic force and moment experiments were performed
for different reduced frequencies at /3 = 0, — 3, and — 6 deg.
Figures 9a-9c show the effects of varying the reduced fre-
quency on the normal force coefficient at each sideslip angle.
For each sideslip angle the large hysteresis loops have a clock-
wise sense. There is an overshoot in the normal force coef-
ficient on the upstroke and an undershoot on the downstroke.
These hysteresis loops occur at the angles of attack where

Fig. 9 Effect of varying the reduced frequency on the normal force
coefficient at /S = a) 0, b) — 3, and c) - 6 deg.
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breakdown is present in the vicinity of the wing. Referring
back to Figs. 6a and 6b, for k = 0.08 and a = 36 deg,
breakdown occurred aft of the strake/wing juncture during
the upstroke and forward of the strake/wing juncture during
the downstroke. Therefore, it would be expected that greater
suction would be produced on the upstroke, and hence, a
larger normal force, as compared to the downstroke. This
behavior is shown in Figs. 9a-9c at each sideslip angle. At a
fixed sideslip angle, as the reduced frequency is increased,
the size of the hysteresis loop is increased. This trend has
been observed in dynamic studies of delta wings. Cunningham
and Bushlow24 have also observed hysteresis loops in the nor-
mal force, which increased in size with increasing reduced
frequency, for a 76 deg/40 deg/0.53 double delta wing. These
figures also reveal that as the magnitude of the sideslip angle
is increased, the size of these hysteresis loops, or the area
they encircle, decreases. Bragg and Soltani13 obtained force
and moment data for sinusoidal pitching oscillations of a 70-
deg delta wing at fixed sideslip angles. They observed hys-
teresis loops in the aerodynamic coefficients, and they found
the size of these loops to decrease as the sideslip angle was
increased.

Fig. 10 Static flow visualization images with
and b) 30 deg.

= 0 deg: a = a) 25

Fig. 11 Dynamic flow visualization images with k = 0.04 at a = 35
deg and ft = 0 deg: a) upstroke and b) downstroke.

Fig. 12 Dynamic flow visualization images with k = 0.04 at a = 24
deg and /3 = 0 deg: a) upstroke and b) downstroke.

Some significant rolling moment characteristics were ob-
served for the three sideslip angles studied. Figures lOa and
lOb, lla and lib, and 12a and 12b are planview images from
the visualization of the vortex flowfield above the double delta
wing at /3 = 0 deg. These images are shown to help explain
both the static and dynamic rolling moment behavior observed
for the double delta wing. These six figures are referenced in
Fig. 13a. Figures 13a and 13b demonstrate the rolling moment
behavior both statically, with k = 0, and dynamically, with
k = 0.04 and a = 0-40 deg, for the double delta planform
at ft = 0 and -3 deg, respectively.

At ft = 0 deg a large negative rolling moment was observed
for the static case in the approximate region 28 deg < a <
36 deg. Figure lOa displays the vortex flowfield above the
double delta wing at p = 0 deg and a = 25 deg for static
conditions. This image shows that at a = 25 deg neither the
strake nor wing vortices break down in the vicinity of the
wing. However, at a = 30 deg, Fig. lOb reveals a highly
asymmetric flowfield. From this figure it is difficult to deter-
mine the breakdown location of the wing vortices, but it ap-
pears that the starboard wing vortex exists without breakdown
occurring over at least most of the main wing. The port wing
vortex appears to be breaking down nearer to the strake/wing
juncture. The breakdown location of the strake vortices is
marked well by the smoke. On the port side of the wing
breakdown of the strake vortex is occurring just aft of the
strake/wing juncture. On the starboard side of the wing the
strake vortex does not experience breakdown above the wing
surface. Therefore, a large asymmetry in the location of vortex
breakdown is observed at a = 30 deg.

In a previous study11 of this wing, under static conditions,
the heights of the strake vortex cores above the surface of
the wing were found to be symmetric between the port and
starboard sides at /3 = 0. Given this symmetry at /3 = 0, since
breakdown does not occur above the wing for the starboard
strake vortex, and it occurs near the strake/wing juncture for
the port strake vortex, the starboard side of the wing would
experience a larger suction than the port side. This would
yield a strong negative rolling moment as shown in Fig. 13a.

Figure 13a also shows the rolling moment behavior for the
wing undergoing a pitching motion. Compared to the static
case, a negative rolling moment is observed during the up-
stroke of the motion at a higher angle of attack, for 33 deg
< a < 40 deg. Figures lla and lib show the flowfield above
the double delta wing during the upstroke and downstroke of
the same pitching motion at a = 35 deg. During the upstroke,
Fig. lla displays a sizable asymmetry in the breakdown lo-
cation of the strake vortices. The port strake vortex break-
down location is just aft of the strake/wing juncture, and the
location of breakdown for the starboard strake vortex is just
upstream of the trailing edge. This asymmetry would also
produce an imbalance in suction between the port and star-
board sides of the wing yielding a negative rolling moment.
The axial difference in the location of strake vortex break-
down between the port and starboard sides, and therefore,
the magnitude of the negative rolling moment observed over
this region during the upstroke, is not as large as that observed
for the static case at a = 30 deg. During the downstroke,
Fig. lib shows that breakdown for the strake vortices is highly
symmetric and occurs near the strake/wing junctures. This
symmetry does not generate a significant rolling moment as
shown in Fig. 13a.

Figures 12a and 12b illustrate the vortex flowfield above
the double delta wing during the upstroke and downstroke at
a = 24 deg. During the upstroke, breakdown is not observed
on either side of the wing, as shown in Fig. 12a; and no
significant rolling moment is generated, as shown in Fig. 13a.
However, the double delta wing experiences a small region
of negative rolling moment during the downstroke for lower
angles of attack, 23 deg < a < 27 deg, than for the static
case. Figure 12b reveals a smaller asymmetry in breakdown
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0.05

a)

Fig. 13 Comparison of the static and dynamic rolling moment coef-
ficient at /S = a) 0 and b) - 3 deg.

location at a = 24 deg, and therefore, a smaller negative
rolling moment for the downstroke than what was observed
during the upstroke at a = 35 deg.

The lag in the position of vortex breakdown, which was
discussed earlier, is demonstrated again in the flow visuali-
zation images. Figure 13a illustrates the lag in the flowfield
response for a dynamic case over the static case. During the
upstroke, the region of negative rolling moment, although not
as large in magnitude with the static case, is delayed to higher
angles of attack. During the downstroke, the region of neg-
ative rolling moment, again not as large in magnitude, is
delayed to lower angles of attack. Although not illustrated in
Fig. 13a, as the reduced frequency was increased from 0.0
through 0.08, the lag increased, both on the upstroke and the
downstroke. This trend is consistent with previous findings
for delta wings.

Figure 13b shows the rolling moment coefficient for k = 0
and 0.04 at ft = -3 deg. The rolling moment for the static
case was discussed previously. This figure illustrates that when
the double delta wing is driven dynamically, the size of the
clockwise dynamic rolling moment hysteresis loop is larger
than the size of the static hysteresis loop, which can be ex-
plained by the lag in the vortex breakdown response for the
dynamic case over the static case. Although not shown, the
size of both the static and dynamic rolling moment hysteresis
loops decreased from )3 = — 3 deg to /3 = -6 deg.

Effect of Varying the Angle-of-Attack Range
For k = 0.04 the angle-of-attack range of the motions was

varied. Figure 14, showing CN at /3 = 0 deg, illustrates that
for the same reduced frequency the largest hysteresis loops

Fig. 14 Effect of varying the angle-of-attack range on the normal
force coefficient with k = 0.04 at ft = 0 deg.

are created by the largest angle-of-attack ranges. For the same
reduced frequency, a larger a range means that the model
must be driven at higher angular velocities to cover the larger
a range in the same time period as for the smaller a range.
For a fixed a range, higher angular velocities would translate
into higher pitching frequencies, and therefore, higher re-
duced frequencies. As just discussed in the previous section,
higher reduced frequencies increase the size of the aerody-
namic hysteresis loops. Therefore, it might be expected that
a larger a range would create a larger hysteresis for the same
reduced frequency. These figures also show that the values
of CN are nearly the same at the lower angles of attack. Also,
the values for CN near a = 40 deg are very similar for motions
with that as the maximum angle of attack. The largest dif-
ferences between the upstroke and the downstroke are ob-
served around astall.

Figure 15 shows the rolling moment coefficient for three
angle-of-attack ranges at /3 = 0 deg. Note that only the data
for the range in angle of attack from 30 deg < a < 40 deg is
shown. Over this angle-of-attack range, the hysteresis loops
are seen to decrease in size with increasing pitching range.
As was discussed for the normal force behavior with increasing
angle-of-attack range at a fixed reduced frequency, the an-
gular velocity through which the model is driven must in-
crease. The previous discussion of the rolling moment be-
havior pointed out that with increasing reduced frequency,
the magnitude of the negative rolling moment found during
the upstroke, over this angle-of-attack range, decreased. Sim-
ilarly, increasing the angle-of-attack range for a fixed reduced
frequency decreased the magnitude of the roll moment during
the upstroke at the higher angles of attack. Figure 15 also
reveals small oscillations in the roll moment with a frequency
of 21 Hz. This frequency, when put in nondimensional form
and compared to the reduced wing-rock frequency of 0.06
found by Arena25 for an 80-deg delta, yielded a value of 0.35.
Therefore, these oscillations do not appear to be due to a
tendency to wing rock, but more testing, such as free-to-roll
experiments, would be needed to determine if this planform
could produce a wing-rock motion under the appropriate con-
ditions. The natural frequency of the balance in torsion was
determined to be 21 Hz, which accounts for the 21-Hz fre-
quency component found in the roll moment data. It should
be noted that since the roll moment data was an ensemble
average of data obtained over 60 cycles of motion, these os-
cillations were repeatable. Varying the number of cycles used
in the ensemble averaging, from 30 to 60, yielded no dis-
cernible difference in the magnitude of these oscillations.
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0.05

-0.05

Fig. 15 Effect of varying the angle-of-attack range on the rolling
moment coefficient with k = 0.04 at /3 = 0 deg. (Note only 30 deg <
a ^ 40 deg is shown.)

Therefore, the aerodynamics must be locking the roll moment
behavior into this repeatable mode.

Conclusions
The following are some general observations that were made,

from flow visualization and force, and moment experiments,
about the static and dynamic aerodynamics of an 80 deg/60
deg/0.6 double delta wing for angle-of-attack variations with
and without sideslip.

1) The back horizontal bar of the yoke-type pitching mech-
anism was not found to cause any significant static or dynamic
interference effects with the double-delta-wing flowfield.

2) A clockwise static hysteresis was observed in both the
normal force and rolling moment coefficients at sideslip angles
of /3 = 0, — 3 , and — 6 deg. An increase in the magnitude of
sideslip was found to lower the angle of attack at which the
hysteresis occurred. For these relatively small sideslip angles,
the model exhibited static roll stability for lower angles of
attack, but for higher angles of attack significant negative roll
moments were generated at each sideslip angle. The largest
roll moment magnitude was generated at ft = 0 deg.

3) The model was driven through sinusoidal pitching mo-
tions of varying reduced frequency over the same angle-of-
attack range. The location of breakdown for the strake vor-
tices during an upstroke was found to be farther from the
apex than during the downstroke of the same motion. This
disparity in the distance between the upstroke and downstroke
breakdown location was seen to increase with increasing re-
duced frequency. This increase in the breakdown location
disparity caused an increase in the size of the hysteresis loops
observed for the normal force and rolling moment. For zero
sideslip, an increase in the reduced frequency also decreased
the magnitude of the roll moment.

4) The model was also driven through sinusoidal pitching
motions of varying angle-of-attack range with a fixed reduced
frequency. Larger angle-of-attack ranges resulted in higher
angular pitch rates, which yielded larger hysteresis loops in
the normal force coefficient. The size of these hysteresis loops
decreased not only with decreasing angle-of-attack range, but
also with increasing magnitudes of the sideslip angle. For the
roll moment, an increase in the angle-of-attack range de-
creased the magnitude of the roll moment at the higher angles
of attack.
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