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Control of Leading-Edge Vortex Breakdown
by Trailing Edge Injection
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The goal of this research is the control of the vortex breakdown locations over sharp-edged, slender, delta
wings at high angles of attack. Water tunnel tests of a 75-deg delta wing examined symmetric and asymmetric
trailing-edge jet injection as a method to control and delay the leading-edge vortex breakdown locations. These
tests were accomplished at angles of attack between 20 and 40 deg at freestream velocities of 10 and 20 cm/s. Flow
visualization data provide a description of the leading-edge vortices and of the vortex breakdown locations. The
results demonstrate the ability of symmetric and asymmetric trailing-edge jet injection to control the leading-edge
vortex breakdown locations. However, elevated trailing-edge injection mass � ow rates create dramatic negative
in� uences and accelerate vortex breakdown, especially for asymmetric � ow control cases.

Nomenclature
A j = nozzle exit surface area
C¹ = momentum coef� cient, Qm V j=q1 S
c = root chord length
Qm = injection mass � ow rate, ½ A j V j

Rec = Reynolds number with respect to root chord
S = wing planform area
s¤ = local semispan
U1 = freestream velocity
V j = nozzle exit velocity
VR = velocity ratio, V j=U1
X; Y; Z = Cartesian coordinates with origin at the apex
Xb=c = nondimensionalvortex breakdown location from

wing apex
® = angle of attack
3 = sweep angle

Introduction

T HE development of extremely maneuverable � ghter aircraft
and missiles has pushed � ight regimes to higher angles of at-

tack and has increased interest in the study of three-dimensional
separated � ows. The delta wing design has become the prominent
con� guration used by combat aircraft manufacturers worldwide.
A distinguishing feature of the delta wing � ow� eld, at moderate
to high angles of attack, is the formation of several vortical struc-
tures over the suction surface.1 The most prominent of these vor-
tical structures, called leading-edgevortices, form along the sharp,
leading edges of delta wings. The axial velocity component in the
leading-edgevortex core can attain values as high as three times the
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freestream velocity.2 At high angles of attack, these leading-edge
vortices produce 30–60% of the total lift of a delta wing.3 There-
fore, delta wings have a signi� cant advantage in total lift forces at
high angles of attack, when comparedwith other wing designs.The
vortex dynamics are in� uenced by several delta wing parameters
including leading-edgegeometry,wing thickness,and sweep angle,
as well as freestream conditions and angle of attack.4

Well-organizedleading-edgevorticesexistuntil a suddendisorga-
nizationof the vorticalstructure(vortexbreakdown) occurs.Several
theoriesgoverningvortex breakdown have been proposed,although
none is universally accepted.5¡9 In general, the vortex breakdown
phenomena can be characterizedby a rapid decelerationof both the
axial and swirl components of velocity and a dramatic expansion
of the vortex core.9 During the breakdown process, the axial veloc-
ity component rapidly decreases until it reaches a stagnation point
and/or becomes negative on the vortex axis. This stagnation point,
known as the breakdown location, is unsteady and oscillates about
some mean position.8;10¡12 As angle of attack is increased, the vor-
tex breakdown location continually moves upstream over the delta
wing (from downstream of the trailing edge toward the apex).

During the past 40 years, numerous theoretical,experimentaland
computational studies have been published, at ONERA and around
the world, concerningthe physics of vortical � ow and vortex break-
down. However, there is limited information on trailing-edge in-
jection as a method for control of the leading-edge vortices of a
delta wing. Trailing-edge� ow control techniquestake advantageof
existingpropulsionsystemsto providebothenergized� owand addi-
tionalmass � ow rates to manipulatethevortexbreakdownlocations.
Although many studies have demonstrated the effectivenessand ef-
� ciency of � ow control techniques situated near the apex or leading
edges of delta wings, implementation of trailing-edge techniques
could prove to be more commercially viable for real applications.
Therefore, this present effort began with an examination of four
previous trailing-edge� ow control studies.

Helin4 studied a 60-deg delta wing with a chord of 152.4 mm, a
thicknessof 6.35 mm, and a wingspanat the trailingedgeof 176mm.
The tests were performedat angles of attackof 0, 10, 20, and 30 deg.
Each of the two trailing-edge nozzles had an area of 80.645 mm2

and an aspect ratio of 8. The nozzles were oriented parallel to the
wing, and velocity ratios VR were varied from 0 to 8. At angles of
attack of 20 and 30 deg with a velocity ratio of 8, the breakdown
location was delayed 17–18% of the chord beyond the no-blowing
case.

Nawrocki13 extended this study to include symmetric and dif-
ferential injection as well as horizontally vectored trailing-edge
nozzles. At the same angles of attack and velocity ratios exam-
ined by Helin,4 Nawrocki observed a downstream displacement of
the breakdown location due to symmetric trailing-edge injection of
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Fig. 1 Schematic of the water tunnels at ONERA Châtillon; TH2 is the center tunnel.

12–14% of the chord.13 Differential injection results were not pre-
sented;however,with both nozzles vectored45 deg to the starboard,
the starboard breakdown location was delayed 45% of the chord
beyond the no-blowing case. The portside breakdown location, ap-
parently, remained unchanged.These results demonstrated the sen-
sitivity of the breakdownlocation to the nozzle angle and the ability
to individually control one of the vortex breakdown locations.

Shih and Ding14 pursued this concept of vectored trailing-edge
injection using a model that was signi� cantly thicker than the pre-
vious models. They accomplished both static and pitching studies
on a 60-deg delta wing model with a 130-mm chord, a wingspan of
151 mm, and a thickness of 25.4 mm. Their trailing-edge nozzles
were much larger than those in previous tests, each with an area of
249.4mm2 andan aspectratio of 9.6.These testswere accomplished
at angles of attack from 10 to 35 deg. The nozzleswere initially ori-
ented parallel to the wing, and velocity ratios VR were varied from
0 to 7.3. The largest delay in the breakdown location occurred at a
velocity ratio of 7.3, which displaced the breakdown location ap-
proximately 10% of the chord downstream of the no-blowing case
throughout the full range of angles of attack.

The velocity ratio was then � xed at 7.3, and the in� uence of
various blowing angles was observed with the nozzles vectored
from C30 to ¡45 deg (positive being upward). The largest de-
lays were observed with the nozzles vectored 45 deg downward.
At ® D 15 deg, the breakdown location was delayed 50% of the
chord beyond the no-blowing case. At ® D 25 deg, the breakdown
location was delayed 37.5% of the chord. The study also included
an asymmetric trailing-edge nozzle setup in which the portside
nozzle was de� ected ¡30 deg and the starboard nozzle was de-
� ected C30 deg. The downward de� ected jet delayed the vortex
breakdown location approximately 22% of the chord, whereas the
upward injecting jet showed little favorable effect and caused no
appreciable delay. These results also demonstrate that asymmetric
trailing-edge � ow control can provoke robust asymmetric vortex
breakdown.

Vorobieff and Rockwell15;16 examined multiple actuator control
methods using leading-edge � aps and trailing-edge injection. This
experimentwas conductedon a pitchingsemispandelta wing model
with a 75-deg sweep, a root chord of 243 mm, a thickness of
12.7 mm, and a semispan width of 65.11 mm. The blowing sys-
tem consisted of 37, 0.8-mm-diam ori� ces along the trailing edge
oriented 30 deg below the wing surface. The total area of the noz-
zles was 18.3 mm2, and the con� guration is signi� cantly different
from the three previous studies. Continuous injection was used at a
velocity ratio of 4, although it was only implemented for a portion
of the pitchingcycle of the wing. The results indicated the ability to
displace the vortex breakdown location downstream approximately
16% of the root chord.

This study examines the ability of various trailing-edgeinjection
mass � ow rates to manipulate the vortex breakdown locations.The

current water tunnel tests validate the results obtained by Helin,4

Nawrocki,13 and Shih and Ding.14 The results also extend the anal-
ysis to higher trailing-edge injection velocity ratios in both asym-
metric and symmetric blowing con� gurations.

Water Tunnels
The verticalwater tunnel TH2 was utilized during these tests and

has a square test section with cross section dimensionsof 45 cm per
side and a length of 1.2 m (1.9 m if the test section is extended to
the ground level at lower freestream velocities). A water reservoir
of 6600 liter, with its top lip situated 4.62 m above the � oor, rests
on top of a columnar structure containing the test section (Fig. 1).
A convergingnozzle with a high contractionratio assures a uniform
velocity in the test section. A honeycomb � lter exists at the start
of the converging section upstream of the test section to eliminate
turbulent � ow, which can develop in the reservoir. At ground level,
a control valve is adjusted to control the � ow of the water. As the
valve is opened, velocity is created in the test section due to the
gravitational acceleration of the water from the elevated reservoir.
When the 150-mm-diam valve is utilized, the maximum attainable
velocity in the test section is 25 cm/s (Rec D 105/. If the 400-mm-
diamvalveis regulated,themaximumattainablevelocityis 150cm/s
(Rec D 6 £ 105/. During these tests, the smaller valve was used,
resultingin run timesvaryingfrom100s at 25cm/s to approximately
4 min at 5 m/s. During each run, however, the mass � ow in the test
sectioncandecrease20%betweenthe start and the endof the rundue
to a reduction in the total head of water as the reservoir is emptied.
Neither pressure measurements nor � uctuations of the mass � ow
rate were measured in the test section.

To minimize the changes in mass � ow during each test run, the
duration of each test is limited. After each run, the reservoir is
re� lled to the same level and the water stabilized to eliminate air
bubbles and surface waves, which are generated during the re� lling
of the basin. Flow is established in the test section, and then each
test begins as the water level passes a speci� ed point. Similarly,
the end of each run occurs as the water level passes an indicated
minimum level. These precautions are accomplished to maintain a
more constantfreestreamvelocityin the test sectionduringeachrun.
Even after implementing these precautions, there is approximately
a 9% change in the mass � ow rate in the test section between the
start of each test run and its conclusion.

Isolated systems for injection and suction are available for use
with each of the water tunnels. Two separate circuits are available
for � uid injection,each using three rotameters to providemass � ow
rates from1 to 2100cm3/s. A third circuit,which includesa pump, is
availableto providesuctionat mass � ow rates from 1 to 3200 cm3/s.

Models can be mounted in the test section by stings attached to
the sidewall of the test section or by stings mounted from down-
stream of the test section. Special stings exist to permit rotational
and oscillatorymovement of the models. In these tests, the pressure
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side of the delta wing model was attached to a sting mounted to the
rear wall of the test section (Fig. 2).

Model
The 75-deg delta wing model has a chord of 400 mm and a thick-

ness of 5 mm. The wingspan at the trailing edge is 216 mm. The
leading edges and the trailing edge are beveled at 15 deg (Fig. 3).
The model has 10 small ports near the apex on the suction surface
for the injection of colored dyes to visualize the � ow around the
delta wing. There are � ve dye nozzles along each leading edge: one
near the apex, the others at 30, 50, 90, and 130 mm from the apex,
respectively.

For this study of trailing-edge injection, a settling chamber and
two rectangular nozzles are af� xed to the pressure surface of the

Fig. 2 Schematic of the experimental con� guration as installed in
TH2: 1, mechanism for adjusting the angle of attack of the model;
2, delta wing model at ® = 15 deg; 3, delta wing model at ® = 65 deg; 4,
aerodynamic sting, and 5 apex of the delta wing model.

Fig. 3 Diagram of the model.

delta wing model. Both nozzles are mounted � ush with the trailing
edge of the wing and are oriented parallel to the suction surface of
the model, that is, no thrust vectoring. Individualnozzle exit surface
areas A j are 1.209 cm2 and have aspect ratios of 8.47 ( Fig. 3).
Each of the nozzles is attached to an independent � uid injection
circuit, which allows for symmetric and asymmetric � ow control
con� gurations.

Data Acquisition and Uncertainty
Reservoirs of silicon-basedcolored dyes, with densities equal to

that of water to eliminate buoyancy effects, are situated near the
top of each water tunnel. The dyes are transported,by gravitational
force, to a panel of valves that regulates the mass � ow emitted from
the ports on the surfaceof the delta wing near the apex and along the
leading edges. The ensuing streaklinesof dye are illuminated from
both sides of the test section with theater spotlights. The resulting
� ow visualizationsprovide a qualitative description of the leading-
edge vortices and enable the identi� cation of the vortex breakdown
locations. The various tests are recorded with a Sony digital video
camera at a rate of 25 frames/s with the camera positioned perpen-
dicular to the front of the test section and at the same height as
the model. Every effort is made to minimize the amount of colored
dye injectedat each port along the model while providingsuf� cient
color to visualize the phenomena.This is not a quantitativeprocess,
and repeatabilityis the goal throughouta series of tests; thus, once a
satisfactory setting is determined for a given � ow speed, the setting
is � xed.

In spite of these precautions, some drift in the time-dependent
vortex breakdown location was observed, especially for angles of
attackbelow32 deg. This downstreamdrift of the vortexbreakdown
locations is partially due to the in� uence of the colored dyes being
injected into the � ow near the apex and along the model’s leading
edges and partially due to the proximity of the vortex breakdown to
the trailingedgeof the deltawing. During the course of a test, the to-
tal head of the colored dye does not change signi� cantly. As the dye
is injected around the model, the height of the dye in the reservoir
changesonly approximately0.5 cm during a run. On the other hand,
the total head of the water used to create the freestream velocity in
the test section does change signi� cantly. The height of the water
in the reservoir above the test section decreases 1.5 m during a test;
therefore, the ratio of the momentum of the colored dye injected
around the model into the freestreamvelocity increasesas the water
level of the tunnel decreases.As the momentum of the colored dye
injectedinto the � ow increases,it has stronger leading-edgeblowing
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in� uences, a � ow control technique known to displace the vortex
breakdownlocationdownstream.Consequently,the in� uence of the
injection of colored dyes in this manner was observed as a down-
stream drift in the breakdown location throughoutall of the tests up
to an angle of attack of 32 deg.

At incidences larger than 32 deg, the breakdown location stabi-
lized and no longer drifted as a function of time. Previous studies
have shown that the vortex breakdown location is more sensitive
to irregularities in the � ow and exhibits greater oscillations at loca-
tions near the trailing edge than farther upstream. This is frequently
attributed to the vortex strength and the in� uence of adverse pres-
sure gradient at the trailing edge. Therefore, as the angle of attack
increases, the breakdown location moves farther upstream and is
less sensitive to the in� uence of the trailing edge. Both the adverse
pressure gradient at the trailing edge and the vortex strength are
higher and overcome the weak jetlike in� uence of the colored dye
being emitted from the leading edges near the wing apex.

Measurements of the streamwise distance of the breakdown lo-
cations (port and starboard) from the apex of the delta wing, Xb ,
were obtained directly from the frame-by-framerecordedvideo im-
ages. These values were then divided by the respective observed
root chord c at each angle of attack, also measured directly from the
video images, resultingin a nondimensionallength Xb=c. The angle
between the video camera and the model is neglected because all of
the lengths measured are obtained from the same video frame. The
angle between the suction surface of the delta wing model and the
axis of each leading-edgevortex remains constant at approximately
6 deg throughout the incidence range examined during these tests.
Because this angle is small, its in� uence on the breakdown location
is neglected, and measurements are obtained from reference marks
on the suction surface of the delta wing. Measurement uncertainty
for the identi� cation of the vortex breakdown locations is on the
order of 0.02c.

All of the data presented in this paper are raw data that have not
been corrected or adjusted for tunnel wall effects. The delta wing
model at various angles of attack in the water tunnel does have rela-
tively large percentagesof tunnel blockage. At ® D 27 deg, a block-
age of 9.68% was calculated, whereas at ® D 35 deg, the blockage
was 12.24%. Therefore, the tunnel walls will have an in� uence on
the � ow� eld and the vortex breakdownlocation,changing the effec-
tive angle of attack of the model. In addition to the blockagedirectly
due to the delta wing model, the sting and model support can also
in� uence the � ow� eld and the vortex breakdown location. During
these tests, neither � ow visualization nor measurements were ac-
complished around the support system to examine the interference
and blockage effects.

Additionally, the high-injectionmass � ow rates from the trailing-
edge jets will have an in� uence on the tunnel walls and the � ow
downstreamof the model. The model was mounted along the tunnel
centerline, and the jets were mounted � ush on the pressure surface
of the delta wing model. Therefore, the injected � ow merges with
the freestream � ow at the incidence angle of the model. The jets
were mounted � ush with the trailing edge of the wing, and thus,
the interaction of the jets with the tunnel walls was downstream of
the model. It is likely that the jets disturbed the � ow and the tunnel
boundaries. The in� uence of the jets on the tunnel boundaries was
not analyzed, except for the comparisons between the blowing and
no-blowing con� gurations.

Results
The results of the in� uence of trailing-edge injection reported

here were obtained while the model was � xed at an angle of attack
of 35 deg. The tests were accomplished at a freestream velocity
of 10 cm/s .Rec D 4 £ 105/. Trailing-edge injection for each of the
nozzles was implemented at velocity ratios VR of 0, 5, 10, and 15.
At U1 D 10 cm/s, the correspondinginjectionmass � ow rates asso-
ciated with these velocity ratios are 60.45, 120.9, and 181.35 cm3/s.

In previousstudies,thedeltawingmodelsand correspondingnoz-
zle areas are all different, thus complicating direct comparisons of
velocity ratios and their in� uence on the breakdown locations.Dif-
ferent authors have used various de� nitions of the nondimensional

momentum coef� cients, making direct comparison of the results
dif� cult. Momentum coef� cients have been recalculatedfor each of
these tests using the de� nitionof C¹ presentedin the Nomenclature.
The maximum momentum coef� cients are 1.537 (Refs. 4 and 13),
5.256 (Ref. 14), and 0.2643 (Refs. 15 and 16). A maximum velocity
ratio equal to 8 was examined, which is well below those examined
in the current experiments, although Shih and Ding14 examined a
maximum momentum coef� cient larger than the current maximum
value of 2.539. In this study, the corresponding momentum coef-
� cients C¹, with only one nozzle active (asymmetric cases), are
C¹ D 0.141, 0.564, and 1.269 for VR D 5, 10, and 15, respectively.
When both nozzles are active (symmetric case), C¹ D 0.282, 1.128,
and 2.539 for VR D 5, 10, and 15, respectively.

Water was injected in an open-loop system before the � ow in the
water tunnel was initiated. Therefore, the injection was well estab-
lished before data were recordedand time lags and unsteady effects
were eliminated. Each of the two trailing-edge jets was individu-
ally controlled to permit symmetric and asymmetric � ow control.
Initially, symmetric jet injection was examined using both of the
nozzles with identical jet velocity ratios. The asymmetric con� gu-
rations were accomplishedby stopping the jet injection on one side
of the wing or the other and then examining the resulting effects on
both vortex breakdown locations.

No Flow Control

The uncontrolled vortex breakdown locations were � rst exam-
ined to quantify the observationsof the breakdown locations in the
water tunnel. Results demonstrate asymmetry between the port and
starboard vortex breakdown locations.This could be due to a slight
yaw angle of the wing with respect to the freestream velocity in
the test section, which favors the portside breakdown. Frame by
frame analysis of the vortex breakdown locations (port and star-
board) revealed an oscillation around a mean breakdown location
with amplitudeof approximately5% of the root chord.These results
con� rm previously published observations in both wind and water
tunnels.10;17

The time-averagedvalues of the breakdownlocations NXb=c with-
out � ow control are plotted in Fig. 4, for a number of different
angles of attack. Error bars represent the amplitude of the oscillat-
ing time-dependentbreakdown locations. Each plotted mean value
is obtained from more than 1500 time-dependent data points (ap-
proximately60 s of data at 25 frames/s). The nondimensionalbreak-
down location Xb=c data are de� ned such that, when Xb=c D 1, the
breakdown location is at the trailing edge of the delta wing. A mea-
surement of Xb=c D 0 indicates a breakdown locationat the apex or
leading edge of the delta wing.

One observesthe forward shift of the meanbreakdownlocationas
the incidenceangle is increasedfrom 27 to 40 deg. Additionally, the
data at identical angles of attack and different freestream velocities
con� rm previous studies of delta wings with sharp leading edges.
The sharp leading edges of the delta wing � x the primary separation
line, and the Reynolds number effects are negligible.

Fig. 4 Mean vortex breakdown locations ÅXb/c at various test condi-
tions, no � ow control.
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Asymmetric Flow Control

The uncontrolled mean vortex breakdown locations obtained at
® D 35 deg and U1 D 10 cm/s (Fig. 4) will be compared to the
results presented at the same test conditions for both asymmet-
ric and symmetric trailing-edgeinjection con� gurations.The mean
vortex breakdownlocation data are plotted in Figs. 5a, 5b, and 6 for
three trailing-edge injection velocity ratios: portside blowing only
(Fig. 5a), starboard blowing only (Fig. 5b), and symmetric blowing

a) Portside blowing only

b) Starboard blowing only

Fig. 5 Mean vortex breakdown locations ÅXb /c for asymmetric trailing-
edge injection.

Fig. 6 Mean vortex breakdown locations ÅXb/c for symmetric trailing-
edge injection.

from both nozzles (Fig. 6). In each of these curves, the points in-
dicated by an £ and connected with a thick solid line, represent the
mean no-blowing case from Fig. 4.

Figure 5a demonstrates the in� uence of asymmetric trailing-edge
injection from the portside nozzle for three different velocity ra-
tios. When VR D 5, the mean portside vortex breakdown location,
NXb=c D 0.71, shifts 8% of the chord downstream from its uncon-

trolled mean location.Equally interestingis the unexpectedadverse
in� uence of the asymmetric portside injection on the starboard vor-
tex breakdownlocation.In this case, the mean starboardbreakdown
location, NXb=c D 0.40, shifts 15% of the chord upstream from its
uncontrolled mean location. When the velocity ratio is increased
to 10, the mean portside vortex breakdown location, NXb=c D 0.61,
shifts 2% of the chord upstream of its uncontrolled mean location.
The mean starboard breakdown location, NXb=c D 0.51, is displaced
4% of the chordupstreamof its uncontrolledmean location.Finally,
when the velocity ratio is increased to 15, the mean portside vor-
tex breakdown location, NXb=c D 0.66, is moved 3% of the chord
downstreamof the uncontrolledmean breakdownlocation.The un-
controlledmeanstarboardbreakdownlocation, NXb=c D 0.29,shifted
25% of the chord upstream.

All threeasymmetricportsideinjectioncaseshavenegativeslopes
between the mean portside and starboard breakdown locations.The
controlled,mean, portside breakdown locations are always situated
fartherdownstreamthan thecorrespondinguncontrolled,mean, star-
board locations. This indicates the desired downstream displace-
ment of the controlled vortex breakdown due to trailing-edge in-
jection and an adverse in� uence on the uncontrolled breakdown
location. At the velocity ratio of 10, the mean portside breakdown
location does not conform to the trends observed in the other data;
however,it is only2% upstreamof the referencelocation,well within
the error bars of the data depicting the amplitude of the oscillating
time-dependentbreakdown locations.This small differenceensures
continuityin the general trendsof the displacementof the controlled
and uncontrolledbreakdown locations.

Figure 5bpresentssimilar trendsto thoseobservedin Fig. 5a, only
now the asymmetric trailing-edge injection is applied on the star-
board side of the wing while the portside vortex is not controlled.
For all three velocity ratios, the slope of the line connecting the
mean portsideand starboard breakdown locations is positive; there-
fore, the starboard mean breakdown locations are always situated
farther downstream than the corresponding uncontrolled, portside
locations. This demonstrates the desired downstream displacement
of the controlled vortex breakdown due to trailing-edge injection
and an adverse in� uence on the uncontrolled breakdown location.
At VR D 5, the mean starboard breakdown location, NXb=c D 0.70,
is shift downstream by 15% of the chord from its uncontrolled
mean location. The uncontrolled mean portside breakdown loca-
tion, NXb=c D 0.53, was adversely moved closer to the wing apex
by 10% of the chord. With asymmetric trailing-edge injection at
VR D 10, the mean starboard breakdown location, NXb=c D 0.63, is
9% of the chord downstream from its uncontrolled mean location.
The uncontrolled portside breakdown location, NXb=c D 0.37, has
shifted closer to the wing apex by 26% of the chord. Finally, at a
VR D 15, the mean starboard breakdown location, NXb=c D 0.63, has
been delayed downstream 9% of the chord from its uncontrolled
mean location. The portside breakdown location, NXb=c D 0.32, has
shifted upstream 31% of the chord from its uncontrolled mean
location.

The current results (Figs. 5a and 5b) demonstrate that the ef-
fect of asymmetric injection is consistent in delaying the vortex
breakdown location of the controlled vortex for all velocity ratios
considered.However,asymmetric injectionadverselyinitiatedearly
vortex breakdown of the uncontrolledvortex for all velocity ratios.
These resultscon� rm Shih andDing’s results14 that asymmetricvor-
tex breakdown producedby the trailing edge jet is robust. Addition-
ally, the asymmetric trailing-edgeinjectiondemonstratedthe ability
of this � ow control technique to in� uence the uncontrolled vortex
breakdownlocation throughmanipulationof the trailing-edgepres-
sure gradient.It is hypothesizedthat the asymmetricblowing blocks
the � ow on the sidewhere it is applied,andas a result, the � ow works
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its way to the other side. Therefore, the local velocity increases, re-
sulting in the upstream movement of the vortex breakdown on the
uncontrolled side of the wing. This left and right asymmetry could
be similar to the in� uenceof yaw on the breakdownlocation.Veloc-
ity and pressure measurements were not obtained during these tests
and, therefore, cannot provide suf� cient proof of this observation-
based hypothesis.

Symmetric Flow Control

One must examine the in� uence of symmetric trailing-edge in-
jection. Figure 6 shows the observed results of symmetric trailing-
edge injection through both nozzles for the three velocity ratios.
At VR D 5, both the port and starboard vortex breakdown locations
have been slightly delayed when compared to the no-blowing case.
The mean portside breakdown location is 0.66, and the mean star-
board breakdown location is 0.57. Therefore, the mean breakdown
locationshave both been delayeddownstream3% of the chord from
their uncontrolled mean location. This con� rms previously pub-
lished data.4;13;14

Current results, at VR D 5, con� rm that the vortex breakdown lo-
cation can be displaced downstream between 5 and 10% of the root
chord for the controlled asymmetric injection or symmetric injec-
tion cases without nozzle vectoring.This correspondsto the control
effectiveness observed in the previous tests involving nonvectored
trailing-edge injection. Note that previous papers did not discuss
the in� uence of the � ow control method on each of the leading-
edge vortex breakdown locations, but instead relied on an average
displacementof the vortex breakdown observed.The results of vec-
tored trailing-edge injection were shown to in� uence each of the
leading-edgevorticesseparatelyand to improve the effectivenessof
the given velocity ratios. Vectored trailing-edgeblowing cases were
not studied in the current experiments.

However,when VR D 10,both theport andstarboardvortexbreak-
down locations have been adversely shifted closer to the wing apex
than in the no-blowingcase.The mean portsideand starboardbreak-
down locations are equal to 0.45 and 0.52, respectively.Therefore,
the mean breakdown locations have been shifted upstream 18 and
3% of the chord from their uncontrolled mean location. Finally,
the results of symmetric trailing-edge injection through both noz-
zles at VR D 15 demonstrate that both the port and starboard vortex
breakdownlocationsare even farther upstream than their respective
no-blowing locations. The respective mean portside and starboard
breakdown locations are 0.40 and 0.51. Therefore, the mean break-
down locations have shifted upstream 23 and 4% of the chord from
their uncontrolledmean location.

Previouslypublishedresults suggest that, as the injectionvelocity
ratio increases, the vortex breakdown location is displaced farther
downstream. Data from this study demonstrate that increasing the
mass � ow rate of symmetric trailing-edgeinjectioncontinues to de-
lay the vortex breakdown location up to a velocity ratio between 5
and 10. When the velocity ratio is above this range, the symmet-
ric trailing-edge injection induces an adverse effect on the vortex
breakdown locations causing premature vortex breakdown. As the
injection velocity ratio is increased, the subduing in� uence on the
adversepressuregradientat the trailingedge is reversed,and the vor-
texbreakdownis promoted.These resultsobtainedat highervelocity
ratios contradict the assumption that increasing trailing-edgeinjec-
tion mass � ow rates will induce larger downstreamdisplacementof
the vortex breakdown locations.

In the asymmetric blowing cases, the � ow on the controlled side
is blocked by stronger adverse pressure gradients as the injection
velocities are increased. The � ow works its way to the other side
to lessen the impact of the larger adverse pressure gradient. How-
ever, with the application of symmetrical blowing, the � ow cannot
move from one side of the wing to the other, but is completely
blocked and causes the � ow to spill over more toward the suc-
tion surface. The highest trailing edge injection velocity creates
the strongest adverse pressure gradient along the entire the trailing
edge and results in the upstreammovement of the vortexbreakdown
location.

Conclusions
Control of the leading-edge vortex breakdown location over a

delta wing was accomplished utilizing both symmetric and asym-
metric trailing-edge injection. Trailing-edge injection manipulated
the vortexbreakdownlocationsover a deltawing, althoughits effec-
tiveness is highly dependent on the velocity ratios applied, as well
as the con� guration and orientation of the jets.

The mean vortex breakdown locations under the in� uence of
asymmetric trailing-edgeinjection remain stable throughoutthe ex-
periment and are consistent for all angles of attack tested. Asym-
metric trailing-edge injection was consistent in delaying the vortex
breakdown location of the controlled vortex for all velocity ratios
considered.However, it adversely initiated early vortex breakdown
of the uncontrolled vortex for all velocity ratios. Not only did this
indicate adverse control effects, but also demonstrated the ability
of asymmetric trailing-edge injection to in� uence the uncontrolled
vortex breakdown location.

Symmetric trailing-edge injection results at high-velocity ratios
demonstrate that augmenting the velocity ratio will not continue
to displace the vortex breakdown location favorably. There is an
upper limit on the effective velocity ratio that can provide positive
vortexbreakdowncontrol.After this limit is attained, the symmetric
trailing-edgeinjectionhasan adverseeffecton thevortexbreakdown
location and causes premature breakdown.
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