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The interaction of thrust-vectoring jets with leading-edge vortices over stationary delta wings and its effects on the
wing aerodynamics were investigated experimentally. Two models with sweep angles of A =50 and 65 deg,
representing nonslender and slender wings, respectively, were tested with rectangular and circular nozzles. Force,
velocity measurements, and flow visualization were performed. It was found that undervortex blowing can
significantly affect the aerodynamic forces on both nonslender and slender wings. The maximum lift change occurred
near the stall angle, due to the earlier reattachment of shear layer and delay of vortex breakdown. Force
measurements revealed that the effect of nozzle geometry can be important, because the entrainment effect of the jet
depends on it. The jet-vortex interaction, distortion of jet vortices, and merging of wing and jet vortices are more
pronounced for the rectangular nozzle and have a larger influence on the delta wing aerodynamics. The effect of the
jet yaw angle is small for the nonslender wing, whereas the aerodynamics of the slender wing is very sensitive to the jet

yaw angle.
Nomenclature
Aje = cross-sectional area of the nozzle exit
b = wingspan
C, = lift coefficient
C, = jet momentum coefficient
c = chord length
q = freestream dynamic pressure
Re = Reynolds number
Sw = wing surface area
t = wing thickness
U = jetvelocity
U, = freestream velocity
u = velocity
X, = distance from the wing apex to the leading-edge vortex
breakdown location
Vjet = spanwise location of the jet
o = angle of attack
B = jet pitch angle
y = jet yaw angle
AC; = changein C;
AX, = changeinX,
A = leading-edge sweep angle
v = fluid kinematic viscosity
P = air density
W, = streamwise vorticity
I. Introduction

IGHLY swept wings, often referred to as delta wings, have
certain advantages and are used in various applications. For
example, at high angles of attack, delta wings can generate higher lift
than high-aspect ratio wings, with better aircraft stability and control

Received 21 February 2007; revision received 4 May 2007; accepted for
publication 4 May 2007. Copyright © 2007 by Ismet Gursul. Published by the
American Institute of Aeronautics and Astronautics, Inc., with permission.
Copies of this paper may be made for personal or internal use, on condition
that the copier pay the $10.00 per-copy fee to the Copyright Clearance Center,
Inc., 222 Rosewood Drive, Danvers, MA 01923; include the code 0021-8669/
07 $10.00 in correspondence with the CCC.

*Research Councils United Kingdom Academic Fellow, Department of
Mechanical Engineering.

fGraduate Student, Department of Mechanical Engineering.

*Professor, Department of Mechanical Engineering. Associate Fellow
ATAA.

1877

characteristics [1-3]. For this reason, delta wings are preferred for
highly maneuverable fighter aircraft configurations. Current and
future highly maneuverable unmanned combat air vehicle (UCAV)
concepts are often blended delta wing—body configurations [4,5] for
the same reason. It was, however, recognized recently that serious
stability and control issues exist for these configurations because of
the absence of conventional aerodynamic control surfaces (i.e., the
fin and tailplane [5]). Tailless designs provide a number of
performance and signature benefits, but to be successful, there is a
need to explore and understand alternative methods of providing
sufficient levels of stability and control.

One method widely anticipated for use on future UCAV
configurations with tailless design is the thrust-vectoring control, as
sketched in Fig. 1. With the requirement of high maneuverability
for future unmanned air vehicles, interaction of vortex flows with
thrust-vectoring jets becomes important. This aerodynamics—
propulsion interaction may affect the properties of the leading-edge
vortices and, consequently, aerodynamic forces and moments on
the wing [4,5]. Also, unsteady vortex flows over stationary and
maneuvering delta wings are likely to be affected by this vortex—jet
interaction [6].

At high angle of attack, the leading-edge vortices undergo a
sudden expansion known as vortex breakdown [7,8]. Vortex
breakdown has adverse effects on wing performance (i.e., a decrease
in lift for slender wings). Several investigators have examined the
effects of trailing-edge jets on the vortical flow and vortex
breakdown over delta wings [9—13]. These studies demonstrated that
the trailing-edge jet could delay the leading-edge vortex breakdown
significantly: up to 50% of the wing chord. These investigations also
demonstrated that strong asymmetric breakdown of the leading-edge
vortices can be induced by arranging the vectored trailing-edge jetin
an asymmetric configuration. The effects of intermittent trailing-
edge blowing on the leading-edge vortex breakdown on a
dynamically pitching wing have also been studied [11]. It was shown
that the blowing effect persists throughout the entire pitching cycle,
due to the phase lag of vortex breakdown relative to the pitching
motion of the wing.

These previous studies have greatly improved our understanding
of the effect of the trailing-edge jets on delta wing vortical flows.
However, many of the aerodynamic issues associated with the thrust
vectoring remain to be explored. For example, force measurements
that quantify the effect of thrust-vectoring jets on wing aerodynamics
are absent from the literature. One of the main objectives of this study
is to understand the effect of trailing-edge jets on aerodynamic
forces.
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Fig. 1 Schematic of thrust-vectoring jets and leading-edge vortices.

A second objective is to understand the effect of the wing sweep
angle. Important differences exist between the aerodynamics of
slender and nonslender wings with regard to the structure of vortical
flows, vortex breakdown, and reattachment [14]. One of the distinct
features of nonslender wings is the location of the primary
attachment zone outboard of the symmetry plane. Reattachment
location correlates with the wing stall process and increased
buffeting. The effect of trailing-edge jets for nonslender wings is
largely unexplored. The two exceptions are [15], which studied a
wing with A =50deg, and [16], which studied the wing near-
surface flow patterns for a wing with A = 35 deg.

Another aspect that remains to be studied is the effect of nozzle
geometry, which affects the entrainment process and the interaction
between the jet and the wing vortices [17]. As the jet exhausts into
crossflow, a counter-rotating vortex pair is generated (see, for
example, [18,19]). One of the objectives of this paper is to understand
the scale of these effects and how they affect the wing aerodynamic
performance.

This paper presents an experimental investigation of the
interaction of statically pitched trailing-edge jets with leading-edge
vortices over stationary delta wings and its effects on the wing
aerodynamics. Wind-tunnel and water-tunnel experiments were
performed to simulate thrust vectoring and quantify the aerodynamic
effects by means of force measurements, flow visualization, and
velocity measurements. The effects of the jet location, pitch angle,
yaw angle, nozzle geometry, and wing sweep angle on aerodynamic
forces and vortex—jet interaction were investigated.

II. Experimental Methods
A. Aerodynamic Force Measurements

Force measurements were conducted in the high-speed working
section, with a cross section of 2.13 x 1.52 m, of a closed-circuit
wind tunnel. Two models with sweep angles of A = 50 and 65 deg,
representing nonslender and slender delta wings, respectively, were
tested. Both models had a chord length of ¢ =310 mm and a
thickness-to-chord ratio of ¢/c = 4.1%. Both models had a 45-deg
bevel on the leading edges, thus producing a sharp leading edge and a
square trailing edge. Models were mounted on the high-incidence rig
through a six-component strain-gauged internal balance. The
balance has dimensions of 138 x 19 x 24 mm. Models were
mounted in the tunnel using a streamlined strut projecting from the
wing’s lower surface. The strut was attached on the high-incidence
rig through the internal force balance. With this arrangement, any
unwanted interference with the leading-edge vortices is minimized.
Furthermore, maximum blockage for the wind-tunnel models was
approximately 1.6% at « = 40 deg. No correction was made on the
force data due to the blockage effect.

The experimental arrangement is shown schematically in Fig. 2.
Only one jet is used, which simulates conditions when a rolling
moment is desired in flight. A statically pitched and yawed jet system
was fitted at the trailing edge of the wing models. To study the
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Fig. 2 Experimental arrangement.

blowing effect at different spanwise positions, nozzles were
designed to move parallel to the wing’s trailing edge. The jet fluid is
pumped in a pipe and then fed into the nozzle. This design allows
easy change of the jet pitch angle B by rotating the pipe-nozzle
assembly for both static and dynamic variations. The feed pipe has an
outer diameter of 12.7 mm, which is the same as the wing thickness.
The pipe was placed in line with the wing’s trailing edge; thus,
changing the jet pitch angle by rotating the pipe did not affect the flow
structure. During the experiments, there is no contact between the jet
system and the wing, thus ensuring that any changes in the force
measurements are solely from the blowing effects. The gap between
the pipe feeding the nozzle and the wing was 0.02¢. The effect of the
gap on the aerodynamic forces was investigated and it was found that
no noticeable effect existed for up to 0.08c. For all experiments
reported in this paper, the gap was fixed at 0.02¢. To study the effect
of the jet geometry, both rectangular (6 x 36 mm, with an aspect
ratio of 6) and circular (d = 10 mm) nozzles were tested. For both
rectangular and circular nozzles, the uppermost boundary is in line
with the wing’s trailing edge.

Experiments were conducted at a constant freestream velocity of
U, = 15 m/s, giving Reynolds numbers (Re = U,,c/v, where U,
is the freestream velocity and v is the fluid kinematic viscosity) of
Re = 3.1 x 10° for both wings. For the purpose of comparison,
experiments were carried out at the same jet momentum coefficient
(Cy = pUpAjer/ 5 PUS,, Where Ay and S, denote the cross-
sectional area of the nozzle exit and surface area of the wing) of 0.24
for both wings. The momentum coefficient has been previously used
in [9-13]. The values of the momentum coefficient used in the
experiments are realistic and also consistent with the range used by
previous investigators. Force measurements were carried out for
wing incidences of o = 3-40deg. A total of five values of the jet
pitch angle were tested (i.e., 8 = 0, 10, 20, 30, and 40 deg). The jet
yaw angle effects at y = —30 deg (outboard) and 30 deg (inboard)
were also investigated (see Fig. 2). For these values of yaw angles,
special nozzles that fit into the feeding pipe were designed.

Signals from the force balance were simultaneously digitized
using a 12-bit A/D board and a personal computer at a sampling
frequency of 1 kHz per channel. The duration of each record was
about 10 s. This was verified to be sufficiently long for the root mean
square (rms) value of the measured signals to reach a steady value
(variation of less than 1.0%). The measured forces were then
normalized by ¢S,, (moments by ¢S,.c), where g =1 pU% is the
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freestream dynamic pressure. The measurement uncertainty for the
lift coefficient is estimated to be 2%.

B. Flow Visualization

Flow visualization was conducted in a water tunnel. The tunnel is
an Eidetics Model 1520 free-surface tunnel with a 0.381 x 0.508 m
working section and can achieve speeds up to 0.45 m/s through a
closed-circuit continuous-flow system. The tunnel has four viewing
windows, three surrounding the test section and one downstream,
allowing axial viewing. The height of the test section above the floor
allows flow visualization from below as well as from the sides.

The water-tunnel experimental arrangement was scaled down
from that of the wind-tunnel tests (Sec. ILLA). Both wing models
(A =50 and 65 deg) had a chord length of ¢ =100 mm and a
thickness-to-chord ratio of /¢ = 4.1%. Both models had a 45-deg
bevel on the leading edges and a square trailing edge. The wings were
mounted upside down on a streamlined sting projecting from the rear
of the model. The changes of incidence « were achieved by swinging
the whole experimental system, including the wing and jet system,
backward or forward.

To visualize the leading-edge vortex trajectories, food-coloring
dye diluted 1:4 with water was released at the wing apex. A digital
video camera recorder was used to record the leading-edge vortex
trajectories at a rate of 25 frames per second and a resolution of
570,000 pixels. The captured images were interfaced to a desktop
computer via the commercial software package Pinnacle Studio DV,
enabling real-time viewing of the wing flow visualization and the
capture of camera images and video recordings. The flow
visualization tests were carried out at a freestream velocity of
U, = 0.3 m/s, giving Reynolds numbers of Re = 3.0 x 10*. Four
values of the jet momentum coefficient were tested: C,, = 0, 0.24,
0.43, and 1. The recording duration was typically 20 s. Experimental
uncertainty in locating the vortex breakdown position was estimated
to be approximately 2% of the chord length.

Flow visualization in crossflow planes (normal to the freestream
direction) above the wing models and in the near-wake was
performed using fluorescent dye, which was released from slots (of
0.5-mm thickness) near the leading edges, and therefore “marked”
the vorticity shed with separation. Different colors of fluorescent dye
were used to visualize the leading-edge vortex, jet, and their
interaction, although the pictures presented in this paper are in
grayscale. A 12-W argon-ion laser was used in these experiments.
Light is transmitted via a fiber optic cable to the optical head, and a
combination of various lenses is used to generate a light sheet.

C. PIV Measurements

To obtain quantitative information of the blowing effect on the
flowfield, particle image velocimetry (PIV) measurements were
carried out in the water tunnel. The tunnel and other experimental
conditions were the same as those used for flow visualization tests.
The model surface was painted black to minimize reflection noises.
The flow was seeded with commercially available hollow glass
particles with a mean diameter of 4 um. The PIV camera was placed
near the downstream viewing window to measure the velocity field in
a crossflow plane. In additional experiments, the camera was placed
underneath the tunnel’s working section and the light sheet was
placed parallel and close to the wing surface (1 mm) to reveal the
near-surface flow pattern.

[lumination was provided by the laser sheets (with a thickness of
2 mm) generated by a combination of cylindrical and spherical lenses
from a pair of pulsed mini Nd: Y AG lasers with a maximum energy of
120 mJ per pulse. The digital particle images from the PIV
measurements were taken using an 8-bit CCD camera with a
resolution of 4.2 million pixels. The commercial software package
Insight 6.0 and a Hart cross-correlation algorithm were used to
analyze the images. In image processing, an interrogation window
size of 32 x 32 pixels was used, thus producing velocity vectors for
further processing. The effective grid size was varied from 2.4 mm in
crossflow planes to 3.0 mm in a plane near the wing surface. The
estimated uncertainty for velocity measurements is 2%. For each

case, sequences of 100 instantaneous frames were taken at a frame
rate of 3.75 Hz and the time-averaged velocity and vorticity fields
were calculated.

III. Results
A. Nonslender Wing

When there was no trailing-edge blowing (C, =0), the
measurement of lift coefficient (not shown here) demonstrated that
the maximum C; was about 1.1 for the nonslender wing
(A = 50deg), which occurred near the stall angle of o = 20deg.
These results are in agreement with those reported in the literature
[1,20]. Figure 3 presents the changes in C; for the nonslender wing
(A = 50deg) under the effect of trailing-edge blowing of C,, = 0.24
with a rectangular nozzle, where AC, = (Cp)ieton — (Cp)jet ot
Because there is no contact between the jet system and the wing, the
measured AC; is due to the jet/vortex interaction only. Two
observations can be made from Fig. 3. First, the blowing effecton C;,
depends on the jet spanwise position yj./ % b, where yj, is the
distance between the nozzle and the model centerline, and b is the
wingspan (see Fig. 2). When the jet was located at the center of the
wing (Yje/ % b = 0), the blowing effect on C; was relatively small. It
is noted that AC; appears to decrease slightly, which is more evident
near the stall angle of o« =20deg. In contrast, when the jet was
located at yj,/ %b = 0.6, which is the approximate position of the
leading-edge vortex axis, the blowing resulted in much greater
changes in C;. The AC; appears to increase with increasing wing
incidence «. The AC; reaches its maximum values (i.e.,
ACy max ~ 0.15) near the wing stall angle of @ = 20deg. Second,
for undervortex blowing (yie./ %b = 0.6), the variations of AC,
associated with the jet pitch angle (8 = 0 and 30 deg) are similar to
each other. This observation suggests that the effect of the jet pitch
angle on delta wing aerodynamics was relatively small in this case.
Variation of pitching moment (not shown here) is very similar to that
of the lift coefficient and will not be discussed here.

These force measurements can be interpreted in relation to the
crossflow visualization pictures shown in Fig. 4. (The wing is
mounted upside down in the water tunnel. In this figure, the picture is
flipped to represent it right side up.) The jetis located at y;, /(b/2) =
—0.6 (left-hand side in the picture) and the light sheet is located at
x/c = 0.8.1tis seen that for incidences & = 10 and 15 deg, the effect
of the trailing-edge blowing is small, although the reattachment
location is more outboard for the left vortex. (The vertical dashed line
shows the wing centerline.) For the stall angle of @ = 20 deg, the left
vortex appears somewhat smaller and reattaches much earlier. Note
that the right vortex reattaches just near the wing centerline. For the
largest angle of attack (o = 25 deg, poststall region), separated flows
on both sides appear to merge. The vertical extent of the left vortex is
smaller, due to the jet blowing.
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Fig. 3 Changes in lift coefficient for the nonslender wing (A = 50deg)
with trailing-edge blowing with a rectangular nozzle.
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Fig. 4 Laser-fluorescence flow visualization pictures in a crossflow
plane for a nonslender wing (A = 50 deg) with 8 =30deg, C, = 0.43,
and yj.(/(b/2) = —0.6; a laser sheet was placed atx/c = 0.8.
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Fig. 5 Food-coloring-dye flow visualization for a nonslender wing
(A =50deg) withy;./(b/2) =—0.6 and g = 0.

For a different value of pitch angle B, food-coloring-dye
visualization pictures are shown in Fig. 5. Itis seen that in the prestall
region (o = 15deg), the change in the breakdown location with
blowing is small. For « = 20deg (stall angle), when there is no
blowing (C,, = 0), vortex breakdown occurred at the wing apex.
With the trailing-edge blowing on the left side and under the vortex
[/ (b/2) = —0.6], however, breakdown of the leading-edge
vortex on the jet side is delayed. This observation is consistent with
the observed lift enhancement with undervortex blowing (see Fig. 3).
Even for o = 25 deg in the poststall region, the flow appears to be
more organized with blowing. This is again consistent with the
increased lift shown in Fig. 3 in the poststall region.
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Fig. 6 Variation of the delay of the vortex breakdown location as a
function of the spanwise location of the jet with 8 =20deg and a
rectangular nozzle.

Figure 6 presents the variation of changes in vortex breakdown
location over the nonslender wing (A = 50 deg) as a function of the
jet location under the effect of rectangular jet blowing for various
incidences; AX,/c = (X},/C)jeton — (Xp/C)jerotr» Where X, iden-
tified from flow visualization images, is the distance from the wing
apex to the vortex breakdown location (see Fig. 2). Several
observations can be made based on Fig. 6. First, for all incidences
tested, the maximum AX,,/c occurs at or near yi/ % b =0.6 (the
approximate position of the leading-edge vortex in the spanwise
direction [20]), thus suggesting a much larger effect of undervortex
blowing on the vortex characteristics over the wings. Second, for
undervortex blowing, the blowing effect appears to increase with
increasing wing incidence . The maximum AX, /¢ is about 0.02 at
a = 10deg (Fig. 6a). This value increases to AX,/c ~ 0.05 at
a = 15deg (Fig. 6b) and increases further to AX,/c = 0.13 for
o = 20 deg (Fig. 6¢), which corresponds to the stall angle. Third, the
blowing effect at or near the wing centerline is relatively small,
especially for small wing incidences. The blowing has no obvious
effect on the vortex breakdown location until the jet spanwise
positions y;../(3b) > 0.5,0.4, and 0.3, corresponding to a = 10, 15,
and 20 deg, respectively. Fourth, no significant differences in the
variations of AX,/c were observed for C, =0.24 and 0.43,
suggesting that there is a saturation effect with respect to the
momentum coefficient.
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y/s

Fig. 7 Time-averaged crossflow vorticity field at x/c = 0.8 for the
nonslender wing with A =50deg, o =20deg, B =30deg,
Yjet/ (b/2) = —0.6, and a rectangular nozzle.

The effects of undervortex blowing on vortex characteristics were
further studied with PIV measurements. Figure 7 presents the time-
averaged vorticity field measured in a crossflow plane at x/c = 0.8
for the nonslender wing at o = 20 deg with a rectangular nozzle at
Vie/(b/2) = —0.6 and B =30deg. When there is no blowing
(C,, = 0), the leading-edge vortex pair is fairly symmetric about the
wing centerline. Furthermore, the magnitude of w,s/U,, values is
also symmetrically distributed (i.e., with a maximum w,s/U,, of
about +6.0 for both the left and right sides). When there is
undervortex blowing [yje/ (% b) = —0.6] of C,, = 1, the maximum
magnitude of w,s/ U, (*12) on the jet side is higher than that on the
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other side and also higher than those associated with C, =0,
apparently due to the delay of vortex breakdown. In addition, the
separation distance between the leading-edge vortex pair increased.
This observation suggests an earlier reattachment of the leading-edge
vortex on the jet side.

The effects of trailing-edge jets on wing flow characteristics were
further clarified by PIV measurements near the wing surface.
Figure 8 shows the magnitude of time-averaged velocity u/U,, and
streamline pattern near the wing surface at « = 20deg. At C, =0
(Fig. 8a), the flow pattern is fairly symmetric about the wing
centerline. Furthermore, closed spiraling streamline patterns
corresponding to two nodes can be observed on both sides near the
wing apex. Note that the leading-edge vortex breakdown occurred
near the wing apex in this case (see Fig. 5). When there is undervortex
jet blowing of C, =0.24, however, it can be seen that the
reattachment occurs earlier on the jet (left) side. As a result, the
closed spiraling streamline pattern near the wing apex persists only at
the right side (Fig. 8b), though its scale is much smaller than that
associated with C,, = 0 (Fig. 8a). These observations are consistent
with the flow visualization results (Figs. 4 and 5). In addition, the
flowfield appears asymmetric about y = 0 for C,, = 0.24 (Fig. 8b).
The maximum u/U,, region appears to be shifting away from the
wing centerline toward the jet (left) side, which is more evident for
higher-momentum coefficients [i.e., C,, = 0.43 (Fig. 8c) and C,, =
1.0 (Fig. 8d)]. Itis seen in Fig. § that the flow pattern near the stall for
C,, = Oexhibits a single reattachment near the wing symmetry plane,
whereas two separate reattachment lines can be identified for jet
blowing.

B. Slender Wing

Figure 9 presents the changes in C; under the effect of trailing-
edge blowing with the rectangular nozzle for the slender wing
(A = 65deg). Note that the stall angle shifts to @ = 32 deg and the
maximum C; is about 1.5 (not shown here) for no blowing. These
results are in agreement with those reported in the literature [2,3]. Itis
observed that the centerline blowing causes C; to decrease up to
about 0.07 for C,, = 0.43, whereas the undervortex blowing tends to
increase C; , which persists even after the slender-wing stall angle of

U
r u/Uw
-0.2F 14
B 12
N 1
o 04— 08
= N 06
r 04
-0.6—
- 02
L 0
08F ~
- S
I T I A N A A
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
y/c
b)
U
r w/U
©
-0.2F 14
r 12
L 1
-0.41—
o N 08
] r 06
o 04
-0.6—
- 02
L \ 0
F \ \
Cov oo ooy by be o b b b by gl
- -0.4 -0.2 0.2 0.4 0.6 0.
y/c
d)

Fig. 8 Magnitude of time-averaged velocity and streamline pattern near the wing surface with A = 50deg,x = 20deg, 8 = 30deg,y;../(b/2) = —0.6,

and a rectangular nozzle.
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Fig. 9 Changes in C; under the effect of blowing with a rectangular
nozzle for a slender wing.

Fig. 10 Laser-fluorescence flow visualization pictures for a slender
wing (A = 65deg) with 8 =30deg and C, = 0.43; a laser sheet was
placed atx/c = 0.8.

o = 32 deg. Comparison with the case of the nonslender wing (see
Fig. 3) indicates that the effect of centerline blowing near the stall
angle is relatively larger for the slender wing. This is reasonable,
because the relative span of the slender wing is smaller.

The force measurements shown in Fig. 9 can be interpreted in
relation to the crossflow visualization pictures shown in Fig. 10. The

jetis located at y;.,/(b/2) = —0.6 (left-hand side in the picture) and
the light sheet is located at x/c = 0.8. It is seen that for the smallest
incidence (o = 10 deg), the effect of blowing is small. In this picture,
the dark region in the vortex core suggests the absence of vortex
breakdown. For o = 20 deg, the blowing delays vortex breakdown
on the jet side (with the dark region in the core), whereas the other
side exhibits a broken down vortex at that station. Again, the largest
effects appear at « = 30 deg, which is near the stall angle. The vortex
on the jet side appears to be smaller in size for large angles of attack.

The overall effect of blowing is best illustrated in Fig. 11 as a
function of incidence. Largest changes in the location of breakdown
occur on the jet side near the stall angle of « = 32 deg, and even at the
poststall incidences such as « = 40 deg. The other side shows a small
movement of breakdown upstream, because the vortex on the jet side
is delayed as a result of blowing. Figure 12 shows the variation of the
delay of the vortex breakdown location as a function of the jet pitch
angle for y; /(b/2) = —0.6 at various angles of attack. Itis seen that
the effect of the jet pitch angle is generally small. With increasing
incidence, the delay of breakdown increases up to « = 35 deg (which
is slightly larger than the stall angle) and then decreases for
o =40deg. The largest delays achieved for this slender wing
(A = 65deg) are slightly larger than those for the nonslender wing
(A =50deg).

Itis interesting to examine the effectiveness of a trailing-edge jet as
a function of the wing sweep angle, because blowing at the trailing-
edge modifies the external pressure gradient and delays vortex
breakdown. Figure 13 shows the optimum effectiveness values
[defined as (AX,,/c)/C,], collected from various studies reported in
[9-13,15] and from the present study, as a function of the wing sweep
angle. It appears that it becomes more difficult to delay vortex
breakdown with decreasing sweep angle. This is likely to be due to
the fact that the external pressure gradient is more adverse for
nonslender wings than for slender wings; as aresult, the effectiveness
of breakdown control is much lower. Even though the delay of
breakdown is more difficult for nonslender wings, the effect of
trailing-edge jets on the reattachment of flow is substantial, as shown
near the stall angle (see Figs. 5 and 8).

C. Effect of Nozzle Geometry

In this section, the effects of nozzle geometry on lift force and jet/
vortex interaction details are discussed. Figure 14 presents the
changes in C; for the nonslender wing with trailing-edge jet blowing
(C,, = 0.24) and circular nozzle. It is seen that the AC; exhibits
similar trends to those of jet blowing with the rectangular nozzle (see
Fig. 3). The effect of centerline blowing is small, and there is lift
enhancement, which reaches its maximum values near the wing stall
angle, for undervortex blowing. However, the magnitude of C;
changes is smaller for the circular nozzle. With undervortex blowing
at yje/(b/2) = —0.6, the maximum AC, associated with the
circular nozzle is about 0.075, considerably smaller than that of the
rectangular nozzle (ACy ., ~ 0.15; see Fig. 3).

To understand the differences between the effects of circular and
rectangular nozzles on AC;, PIV measurements of the time-
averaged vorticity field in a crossflow plane in the near wake (at 25%
chord from the nozzle exit) for the nonslender wing were carried out.
In addition, to better understand the effect of vortex, similar
measurements were performed without the wing (and vortex) and
compared with the wing (and vortex) case. Figure 15 compares the
results for the circular nozzle (left column) and rectangular nozzle
(right column), as well as without the wing (Figs. 15a and 15b) and
with the wing (Figs. 15¢ and 15d). Itis seen that both nozzles produce
a pair of counter-rotating vortices as the jets exhaust into the
crossflow when there is no vortex (Figs. 15a and 15b), and the
distance between the pair of vortices is larger for the rectangular
nozzle, as expected. Figure 15¢ shows that when there is vortical flow
due to the wing at o =20deg, the jet vortex with the
counterclockwise vorticity is distorted under the effect of the
induced velocity of the wing vortical flow (the wing vortex is not
very concentrated at the stall incidence and exhibits weak vorticity).
The interaction and distortion appear to be stronger for the
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a=20°

a=30°

a=40°

Fig. 11 Food-coloring-dye flow visualization for a slender wing
(A =65deg) with y;./(b/2) = —0.5and B = O deg.

rectangular nozzle (Fig. 15d). The jet vortex with the counter-
clockwise vorticity seems to be split into two, and a small secondary
vortex is visible. The jet vortex with clockwise vorticity appears to be
much weaker as a result of this vortex—jet interaction. It is interesting
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Fig. 12 Variation of the delay of the vortex breakdown location as a
function of the jet pitch angle with A =65deg, C, =0.43,
Yjet/ (0/2) = —0.6, and a rectangular nozzle.
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Fig. 13 Optimum effectiveness of a trailing-edge jet as a function of the
wing sweep angle from various studies.
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Fig. 14 Changes in lift coefficient for a nonslender wing with trailing-
edge blowing with a circular nozzle.
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Fig. 15 Vorticity in a crossflow plane at Ax/c = 0.25 for a circular nozzle (left column) and rectangular nozzle (right column) with « = 20deg and

B = 0deg: a-b) jet only with no wing and c-d) with a nonslender wing.

to note that for highly yawed jets in crossflow, similar observations
[18] were made. Only one sign of vorticity becomes dominant for the
highly yawed jets, and the magnitude of the maximum vorticity is
much larger than that of the vortices for the case of zero yaw. Even
the two regions of concentrated vorticity (with the same sign) were
observed in [18]. All of these features are similar to our observations.

Figure 16 shows a similar comparison for a larger angle of attack
of o = 24 deg in the poststall region. In this case, the wing vortical
flow is even more disorganized and appears as weak vorticity patches
above the nozzle. Nevertheless, the results are similar to those for
a = 20deg. Distortion of the jet vortices is visible for the circular
nozzle, with the counterclockwise jet vortex becoming elongated.
The shape of the deformed jet vortex is entirely different for the
rectangular nozzle. Although the counterclockwise vortex is not split
into two as in the previous case (¢ = 20deg), there is strong
similarity between the two cases. Again, the clockwise jet vortex is
weak and there might be merging with the wing vortical flow,
although this is not clear.

Figure 17 shows the effect of increasing momentum coefficient for
the rectangular nozzle for @ = 20 deg. It is seen that vortex merging
takes place for the larger momentum coefficient. The wing vortex

(even though it is weak at the stall angle) merges with the clockwise
jet vortex. We found evidence of the vortex merging for the slender
wing as well. In this case, the wing vortex is expected to be more
concentrated (compare Figs. 4 and 10). Figure 18 shows flow
visualization pictures in a crossflow plane in the near wake
(Ax/c =0.25) for A = 65deg and « = 10deg. The left column
shows images when only the jet is marked, and the right column
shows corresponding images when both the jet and vortex are
marked with different color dyes. Flow visualization images are
shown as a function of increasing jet pitch angle §. In all cases, the
wing vortex appears to merge with the jet fluid on the left side (where
the clockwise jet vortex is expected to be). As the jet pitch angle
increases, the distortion of the jet and generation of the jet vortices are
clear. Also, with increasing jet pitch angle, the jet vortices move
away from the trailing edge and downward and, at the same time, the
wing vortex becomes stretched.

Returning to the discussion of vorticity fields in Figs. 15 and 16,
the jet—vortex interaction is much stronger for the rectangular nozzle.
This is partly due to the larger separation distance of the vortex pair
for the rectangular nozzle. Correspondingly, vortex-induced velocity
over a larger distance generates a larger mass entrainment and even
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Fig. 16 Vorticity in a crossflow plane at Ax/c = 0.25 with « =24 deg
and 8 = 0deg: a) circular nozzle and b) rectangular nozzle.

pulls the leading-edge vortex downward. Wang et al. [21] showed
that wing vortices may be drawn toward the jet center by the induced
velocity created by the jet vortices. As a result, the rectangular nozzle
has a larger influence on the delta wing aerodynamics, as evidenced
by the force measurements shown in Fig. 14.

D. Effect of Jet Yaw Angle

Figure 19 presents the effect of the jet yaw angle y on changes in
C, for the nonslender wing (A = 50deg) and the slender wing
(A = 65 deg) for y;/(b/2) = —0.6, B = 0, and C,, = 0.24. For the
nonslender wing, as the jet yaw direction changed from outboard
(y = —30deg) to inboard (y = 30deg), the increment in the lift
coefficient AC; displayed similar trends, which is also similar to that
of the no-yaw case (y =0deg), in particular, for the prestall
incidences. In the poststall region, there are some differences, but the
overall trend is similar. For all values of y, AC; increases with « and
reaches its maximum values near the wing stall angle of o = 20 deg.

In contrast with this observation, jet yaw angle has an entirely
different effect on the aerodynamics associated with the slender
wing. Figure 19b demonstrates that the outboard and inboard

z/s

a)

z/s

b)

Fig. 17 Vorticity in a crossflow plane at Ax/c = 0.25 for a rectangular
nozzle with « = 20deg and 8 = 0 deg.

blowing produce different trends of lift increment. For outboard yaw
(y = —30deg), AC; appears to increase gradually with increasing o,
which persists even after the stall angle of @ = 32 deg. When the jetis
yawed inboard (y = 30 deg), however, the changes in C; are quite
different from those associated with y = —30 and O deg. The
maximum AC; (x0.18) can be observed at a small wing incidence,
that is, o = 3 deg (Fig. 19b). As the wing incidence increases, AC;
keeps decreasing and reaches about zero near the stall angle. The
substantial effect of yaw angle is a result of a relatively smaller span.
Also, the relative contribution of vortical flows for the slender wing is
larger. Unlike for nonslender wings, vortex lift makes up a large
proportion of the total lift for slender wings.

To better understand why the slender wing is so sensitive to jet
yaw angle, both small incidences and near-stall incidences were
examined in detail. Flow visualization pictures for y = —30, 0, and
30deg are shown in Fig. 20 for the stall angle of « = 32 deg. Itis seen
that vortex breakdown is delayed most for y = —30, followed by
y =0 and 30 deg. This is the same order as for the observed lift
increment, shown in Fig. 19b.

For the case of small incidences, we conducted flow visualization
and PIV measurements for o = 10deg, and the force increments
were very different for y =0 and 30 deg. Flow visualization (not
shown here) revealed that there is no breakdown at this incidence
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Fig. 18 Laser-fluorescence flow visualization in a crossflow plane at
Ax/c =0.25 with A =65deg, o =10deg, y;(/(b/2) =—0.6, and a
rectangular nozzle.
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Fig. 19 Effect of the jet yaw angle on changes in C; with y./(b/2) =
—0.6 and a rectangular nozzle: a) nonslender wing and b) slender wing.

regardless of the jet yaw angle. PIV measurements of the time-
averaged vorticity in a crossflow plane at x/c = 1.0 are shown in
Fig. 21 for these two values of yaw angle. Both the location of the
leading-edge vortex and its structure are almost the same. The
strength of the vortex was found as I'/U,c = 0.147 and 0.152 for
y = 0 and 30 deg, respectively. Velocity profiles (not shown here)
also appeared very similar. It is concluded that the observed
differences in the lift coefficient for the two jet yaw angles cannot be
explained with any changes in the vortical flow properties. Because
this implies that observed changes in the lift force are not related to
the vortex lift, we suggest that the potential lift contribution might be
responsible. Further studies are needed to understand the yaw
sensitivity of slender wings at small incidences.

IV. Conclusions

The interaction of statically pitched trailing-edge jets with leading-
edge vortices over stationary delta wings and its effects on the wing
aerodynamics were investigated. For the nonslender wing
(A = 50deg), the effect of the jet strongly depends on the spanwise
location of the nozzle. For centerline blowing [y;/(b/2) = 0], the
effect is small, whereas for undervortex blowing, the maximum lift
enhancement reaches AC; ...~ 0.15 near the stall angle of
o =20deg. The effect of the jet pitch angle S is relatively small.
Flow visualization confirmed that the largest effect of blowing is
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Fig. 20 Flow visualization for three different values of the jet yaw angle
with @ = 32deg, A = 65deg, and C, = 0.24.

observed near the stall incidence and poststall region, in which earlier
reattachment of the shear layer occurs and vortex breakdown is
delayed. PIV measurements at the stall angle of o = 20deg also
confirmed the earlier reattachment and delay of vortex breakdown.

For the slender wing, the effect of trailing-edge blowing on the lift
force is generally similar, with the lift force increasing substantially
with the undervortex blowing near the stall angle and in the poststall
region. However, the effect of the centerline blowing is relatively
larger, due to the relatively shorter span of the wing. Flow
visualization confirmed that the effect of blowing on the
reattachment and breakdown location is small at low incidences
and largest effects appear near the stall and in the poststall region.
The jet pitch angle § has a relatively small effect on vortex
breakdown, which is consistent with the force measurements. Delay
of vortex breakdown with blowing is somewhat larger for the slender
wing (A = 65deg), and there is evidence that the effectiveness of
trailing-edge blowing increases with the wing sweep angle.

Force measurements revealed that the effect of nozzle geometry
can be important, because the entrainment effect of the jet depends on
it. PIV measurements showed that wing vortical flow interacts with
the jet-induced vortices in the near wake. Large distortion of the jet

C=0.24 Ve

Cp=0.24 o,c/U,

y/s

b)
Fig. 21 Time-averaged crossflow vorticity field at the trailing edge
(x/c =1.0) with A = 65deg,ax = 10deg, 8 =0deg,y;./(b/2) = —0.6,
and a rectangular nozzle: a) y =0deg and b) y =30deg (inboard
blowing).

vortices and formation of multiple vortices in some cases are
revealed from these measurements. The merging of wing vortices
with jet vortices is also observed. Overall, the jet—vortex interaction
is much stronger for the rectangular nozzle and has a larger influence
on the delta wing aerodynamics.

The effect of the jet yaw angle is small for the nonslender wing
(A =50deg), whereas the aerodynamics of the slender wing
(A = 65deg) is very sensitive to the jet yaw angle. Near the stall
angle, this sensitivity is due to the effect on vortex breakdown and
vortex lift, which makes up a large proportion of the total lift for
slender wings. On the other hand, at small incidences, no noticeable
effect was found on the vortical flow and the observed changes in the
forces might be due to the potential lift contribution.

Ongoing work includes unsteady aspects of dynamic thrust
vectoring and jet/vortex interaction. Hysteresis and large phase lags
associated with the wing vortical flows are expected to be important
for dynamically pitching/yawing jets and maneuvering wings.
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