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Abstract

In this paper a new interaction mechanism
between spanwise jet and leading-edge vortex is
suggested based on the analysis of the experimen-
tal results obtained in 0.36- by 0.6-m low speed
wind tunnel of Nanjing University of Aeronau-
tics and Astronautics using a 60° delta wing with
sharp leading edge at an angle of attack of 24°.
The smoke technique was used to visualize the vor-
tex core, and two-component Laser Doppler Ve-
locimeter was used to examine the influence of the
jet on the leading-edge vortex structure.The three
velocity components were measured in two suc-
cessive test runs. Velocity survey in the leading-
edge vortex region showed that the spanwise jet
alone produces a pair of additional leading-edge
vortices over the delta wing with high swept and
sharp leading edge of the delta wing. Together
with incoming flow the entrainment of jet could
be considered as introducing an velocity to the
freestream, consequently, we have an increase in
axial velocity but also the vorticity of the leading-
edge vortex. It is concluded that the effect of SWB
on the leading-edge vortex is primarily caused by
the jet entrainment, rather than by the mixing.
On the base of this mechanism the optimum jet
position should be kept at a distance from the
wing apex and leading-edge.
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Cr  wing root chord

C,  jet momentum coefficient

G jet weight flow rate

h distance of LDV sample volume
above wing surface

Re  Reynolds number

Us freestream velocity

U velocity component parallel to
freestream velocity in the
vortex core(also referred as
axial velocity)

A% velocity component normal to
freestream velocity in the
vortex core

W spanwise velocity component
in the vortex core

X freestream direction

Y derection normal to the
freestream

Z spanwise direction

@ angle of attack

Introduction

At moderate to high angles of attack, the
flow over wings with highly swept, sharp lead-
ing deges is dominated by large vortex structures,
formed from the flow separation at the leading
edge. The high vortex lift increments and vortex
breakdown phenomenon depending on the partic-
ular angles of attack and geometrical configuration
have been studied for many years(~3l.,

Recently, the designers of modern and next
generation advanced fighters have exhibited an un-
precedented level of interest in maneuverability,
supersonic cruise, short take-off and landing per-
formances, specially in supermaneuverability or
post stall maneuverability, which demands signifi-
cant improvements in aerodynamis characteristics
at high angles of attack . In other words, the



high perforamance aircrafts are expected to op-
erate routinely at angles of attack at which vor-
tex breakdown over the present wings naually oc-
curs,moreover an asymmetry in the flow separa-
tion over the forebody is observed. Breakdown of
the vorticies over wings causes great deterioration
in aerodynamic performance. So many attempts
of vortex control and vortex breakdown delay have
been made by aerodymics researchers(6—8.

The spanwise blowing (SWB) concept has
been studied for almost three decades, and nu-
merous results were obtained,which showed that it
is an effective aerodynamics measure for enhanc-
ing the strength of the wing leading-edge vortex
and delaying the vorex breakdown to higher an-
gles of attack.Subsequently, the exira vortex lift
and high lift drag ratio could be obtained. How-
ever the mechanism of interaction between SWB
and leading-edge vortex requires further clarifica-
tion.

The idea of some researchers focused on
blowing as nearer the center of the core as possible
to increase the axial velocity!®!, but other investi-
gation has shown that it was not optimal arrange-
ment. Campbell!? discovered that the greatest
benefit obtained from spanwise jet occurs in the
region near the origin of the vortex flow rather
than in the vortex core. T.T.Ng, et.all!l revealed
that the optimal jet nozzle position is not at the
vortex core and suggested its location should not
be too far downstream, since then there was no
sufficient time for mixing. They suggested that a
small distance of nozzle downstream from the apex
is needed, where the mixing and entrainment are
more effective. However, due to the lack of data of
the vorticity flow field the machanism is still not
well explained. Qin and Shen!!?! found that the
optimal position of nozzle should be at the con-
junction with fuselage,and at a distance from the
wing apex,such as 30 % - 50 % Cr,to keep the jet
not to across the core of vortex.

In order to find the optimal nozzle position,
it is neccessary to explore the mechanism of effect
of SWB on the vortex structure. An experimental
investigation has been conducted for a 60° delta
wing with sharp leading-edge using smoke flow vi-
sualization and LDV technique.

Experimantal Technique

All the experimental results presented in
the paper were obtained in 0.36- by 0.6m low
speed wind tunnel of NUAA (Nanjing University
of Aeronautics and Astronautics) on a delta wing
at angle of attack of 24°, coresponding to Reynolds
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number of 6.6 x 10*. The nozzle was placed at 0.30
Cr and aligned perellel to the leading edge, and
the jet momentum coefficient C,, was kept con-
stant during the tests.

Three types of flow field round the wing,
including incoming flow alone, spanwise blowing
alone, and incoming flow with spanwise blowing
were visualized and measured respectively.

The vortex core was visualized with a dense
white smoke and recorded by a still photography.

The two component LDV sample volume
is moved throughout the flow field by a manual-
controlled, three-axis traversing system.A fre-
quency shifting system was used, hence the veloc-
ity in opposite directions can be distinguished. A
nonuniform survey grid (Fig.1)was used for mea-
sured planes. One plane was taken near the jet
exit, the other one near the vortex breakdown re-
gion without blowing, the third along the vortex
core axis approximately. Three components of ve-
locity were obtained in separated two test runs, of
which one was measured with the model installed
normally in the wind tunnel, the other with the
model turned 90 degree around the wind axis (
see Fig.2 ).

Results and Discussion

Structure and Breakdown of
Leading-Edge Vortex

In view of the previous researches the
leading-edge vortex over a wing would be stable
if the flow separate from leading-edge to roll up
forming a free vorticity and spanwise component
of freestream velocity reaches a certain value. On
the high swept and thin wing with sharp leading-
edge the flow meets these two requirements and a
pair of stable vortex over the wing exists at certain
angles of attack.

It is found that the natural characteristics,
primarily the axial velocity in the vortex core
plays a critical role on stability of leading-edge
vortex. When the axial velocity in the core is in-
creased at the same circumferential velocity value
the vortex breakdown point will be delayed, i.e.
the vortex stability is enhanced.Fig.3(a) and (b)
present axial velocity distribution at two trans-
verse sections respectively. It is seen that the dis-
tribution of axial velocity at section 1 shows a dis-
tinct peak near leading-edge and close to the wing
surface, while at section 2 the peak of velocity dis-
tribution collapses showing vortex burst occured.
It is also noted that the region of minimum ve-
locity is farther from leading-edge than that of



velocity at section 1, which indicates the lead-
ing edge vortex core track moves inboard and up-
ward over the wing when the vortex grows down-
stream. To understand streamwise variation of
vortex core structure more clearly, the axial ve-
locity distribution in the longitudinal plane was
measured at some special positions and ploted in
Fig.4 as a normalized average of axial velocity
based on the freestream velocity versus a distance
from the wing surface. It can be seen at the apex
of wing the normalized velocity equals one ap-
proximately, showing the leading-edge vortex has
not formed yet. Along the vortex axis the axial
velocity increases rapidly downstream up to 1.6
times of freestream velocity at 10%Cr, and then
increases slowly up to its maximum value, 2.3U
at 31%Cr. And after that the axial velocity be-
gins to decrease, but its profile still is of jet-like
(see the results at x/Cr=0.4. As seen above, in the
fully developed region of leading-edge vortex, the
pattern of axial velocity distribution is of jet- like
which is an inherence property of stable leading-
edge vortex. Further downstream the axial veloc-
ity decreases rapidly and its distribution changes
from jet-like to wake-like at 0.44 Cr, and finally
decreases down to zero marked the vortex break-
down at 0.466 Cr , where the same phenomenon
could also be seen in flow visualization. Further
downstream the avarage axial velocity tends to re-
cover to positive level.lt is believed that the turbu-
lent flow exists in the breakdown region instead of
the concerntrated vortex flow. From some ampli-
tude probability density functions it can be seen
that the transient reverse flow in the core always
exists and most of flow particles with reverse ve-
locity occur near the center of vortex core rather
than at the edge of vortex core.

As the measurement position comes closer
to the breakdown region,the larger the instanta-
neous reverse velocity is and more frequently it
appears. It suggests that the flow particles in the
vortex core center are spiralling outward , con-
sequently, the flow particles of downstream move
towards upstream under the adverse pressure gra-
dient, forming the transient reverse flow. As a
result, the average axial velocity of vortex is de-
creased gradually till zero, and vortex breakdown
accompanies with it finally.

In the case mentioned above, the inner core
in the stable vortex rotates like a solid body and
the radial distribution of circumferential velocity
is almost linear at transverse section ( see Fig.5 ),
but in the outer core the radial gradient of velocity
is decreased, and the velocity distribution is just
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like a potential flow type.

The normal and spanwise velocity compo-
nent data at two sections have been used to calcu-
late axial vorticity distribution, which are plot-
ted in contour form in Fig.6 at flow condition
without jet. In Fig.6(a) , the vorticity is high-
est within the vortex core region at section 1,
meaning there is a fully developed vortex being
consistent with the results of axial velocity dis-
tribution there. The negative vorticity near the
wing leading-edge shows the existence of the sec-
ondary vortex. When Bursting of the vortex oc-
curs abruptly the higher vorticity value in the core
disapears, and the vorticity spreads throughout
the entire vortex region (see Fig.6(b)).

Spanwise Jet over the Wing

It is well known that the flow field induced
by a free circular jet is axisymmetrical and a jet
over a infinite wall, referred as the wall jet, in-
duces a flow field with higher axial velocity near
the walll’3l, while the spanwise jet over a wing
induces a flow field quite different from that in-
duced by either the free jet or the wall jet due to
the leading-edge of wing, in which it not only in-
duces a velocity along the jet axis over the wing,
but also a flow around the leading-edge and if the
leading-edge is sharp the induced flow would sep-
arate from the leading-edge. Consequently, the
spanwise blowing over a wing provides two con-
ditions for forming a stable concentrated vortex.
The present investigation verify the concept put
forward by authors, and the related test results
are discussed below.

The photoes in the Fig.7 give the flow pic-
ture around the delta wing with spanwise jet alone
using smoke technique. It can be seen that a small
vortex with its origin at the apex of wing is formed
near the leading edge, which can be considered as
the result of the entrainment effects of the jet. The
characteristics of the jet induced-vortex are sim-
ilar to the natural leading-edge vortex over wing
with high sweptback,sharp leading-edge at some
angles of attack with incoming flow. It can also
be seen that the jet induced-vortex is kept some
distance from the spanwise jet initially without
mixing between them, and then encounters with
the jet downstream and vanishes finally.

It is concerned where is the optimal chord-
wise position of jet such that it induces a stronger
leading-edge vortex with the same jet momentum.
Fig. 8 illustrates the variation of flow pattern over
the wing with jet at different chordwise position.
It is obvious that the jet which is near the apex



of wing, induces a vortex within a small region.
This is because the vortex encounters the strong
jet and is destroyed immediately by the jet , while
the jet at downstream induces a weaker vortex due
to the weaker inducing effects on the flow around
the leading-edge near apex of wing. Accordingly,
an optimal chordwise position of jet could be ex-
pected.

Fig. 9(a) and (b) indicate the axial velocity
distribution with jet alone at two transverse sec-
tions respectively. At section 1, the axial velocity
distribution could be divided into two regions with
distinct boundary, the high speed region near the
root chord having the character of jet, and the rest
part of low speed region which is induced by jet.
No obvious high axial velocity peak could be found
near the leading-edge. But it is seen in Fig.10 that
the existence of vortex could be verified by the ve-
locity vector, which is consistent with the photo
in Fig.7. At section 2 the boundary of jet becomes
vague which means the jet has already expanded
and covered the wing leading-edge, and no trace
of vortex could be detected.

So, it seems certain that if the jet is located
too close to the leading-edge, the jet with strong
velocity during its expansion process would result
a detrimental condition to separated flow to roll
up around the leading-edge.

The Effects of SWB on the Leading
-Edge Vortex and Its Mechanism

The axial velocity distribution of vortex at
both of two sections obtained in the case of incom-
ing flow with spanwise jet are shown in Fig.11(a)
and (b), respectively. It is obvious that at section
1 the velocity peak, in comparison with the re-
sults without spanwise blowing, has higher value
and is of great fullness, in which the flow can over-
come larger adverse pressure gradient and there-
fore the vortex breakdown would take place at
farther downstream position. It can also be seen
that the velocity peak position moves closer to the
wing surface and leading-edge. At section 2 the
sink-like velocity distribution with incomeing flow
alone shown in Fig.3(b) vanishes due to spanwise
jet, instead a high velocity region spreads over a
large area appears. Obviously, in the case of in-
coming flow with spanwise blowing the axial ve-
locity is not only the sum of velocity induced by
incoming flow and spanwise jet, but also contains
the favourable interference between them , includ-
ing the mixing effects to some extent.

Fig.12 indicates the axial velocity distribu-
tion at different positions along the vortex core
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with spanwise jet. It is seen that at all the posi-
tions, except the apex, the velocity distributions
are all of jet-like and the magnitude is increased
obviously, furthermore the maximum velocity is
up to 2.70 Uy, much larger then one without
blowing, which means the leading-edge vortex is
more stable,the breakdown point is moved farther
downstream.

It can be seen in Fig.13(a) and (b) that the
vorticity is increased obviously by the spanwise
jet compared with the case of without blowing at
both sections, especially at section 1.And it also
can be seen that the jet changes the initial flow
field around the wing and forms a pair of much
stronger leading-edge vortex.

It is importent here that the increment of
vorticity is not well matched with the increment
of axial velocity at section 2. These results ver-
ify again that strength of vortex is marked by the
vorticity rather than the axial velocity. So, the
criteria for the determination of the optimal jet
position is to provide possible maximum axial ve-
locity in the vortex core and at the same time the
maximum possible concentrated vorticity over the
wing surface.

Conclusion

The flow visualization and LDV technique
were used to reveal the mechanism of using SWB
to increase the strength of leading-edge vortex and
delay the vortex breakdown point to farther down-
stream at given angle of attack. The spanwise jet
could act on the global field around the wing by its
entrainment effect rather than the direct mixing
effect, changing the initial conditions of the for-
mation of leading edge vortex, hence larger axial
component of velocity and vorticity may be ob-
tained. Accordingly, the nozzle should be located
at a distance away from the apex or leading-edge
of the wing to avoid early strong concentrated jet
encounter with the leading-edge vortex ,thus hin-
dering the vortex sheet to roll up.

Based on the present investigations we
might draw the following conclusion: the optimal
blowing position appears to correspond to where
the entrainment of the jet is most efficient to the
flowfield around the wing.

References

[1} Parker, A. G.,“Aerodynamics Characteris-
tics of Slender Wings with Sharp Leading
Edges—A Review ”,J. Aircraft Vol. 13, No.3,
March 1976



measured planes

o A
R
\\\\\\

Fig.1 Schematic of LDV measured planes (b) X/ Cr=0.45

Fig.3 Axial velocity distribution at transverse
sections

wind tunnel

pe+rtoOOORS
[=]
S

Fig.4 velocity distribution along vortex core axis
Fig.2 Model installation in wind tunnel

2031



v/Us jet induced ;
“Lsoe h=4mm : g
h=6mm vortcx\ 4
Loos h=8mm s
- e i -
- mm
e h=14mm
e
—4.508
-Laoe
-1
—asee
—4.808 TTTTIrrTT 1
0.0 0.8 10

Fig.5 Normal velocity distribution at

transverse sections (b)
Z(mm)
12345487 . 10 11 ||!I‘|l.\7|l|l”l|n”1'ﬂ“77_

|

jet induced vortex

RN \

s ! ‘ O

<l : Q - \_/ nozzle

-UE °§' Q' 60\ : [

—3. :ig/\f—‘:::‘? s h/—P \ !:r’ ‘
jet L;’gion

Y(mm) (a) X/Cr=0.31, ;

'Z(mm)

. 23458789101 12131415 18 17 18 19 20 21 22 23 24 75 26 27
7

.7
10/

Y (mm) (b) X/Cr=0.45

Fig.6 Vorticity contours at transverse sections

1
|
]
|

leading edge

smoke lines |

.
]Ct region

Fig.8 Effect of nozzle position on leading-edge

Fig.7 Jet alone induced leading-edge vortex _
vortex forming

2032



X-axis

leading edge

- X-axis

(a) X/Cr=0.31

1eading edge

-

{14 J -a-.i:‘p-—-(_‘:-.._
U ] I e
K -

leading edge

hm
(b) X/Cr=0.45 -t M
. =
Fig.9 Axial velocity distribution at transverse ;?:
sections
KKK
A N A S S L
/// ] 4 e .
// / / / s e .
R R x|
7 /// —p - ~Gus 1Y -..",-"‘:
/HOZZIE ///// s // ////,.—\\ XIS -
F o (b) X/Cr=0.45
— Fig.11 Axial velocity distribution at transverse
U sections

(a) X/Cr=0.31

« x/Cr=0
« x/Cr=0.1
v/ / / / / / s ”: . x Crio‘z
1175 : ya
/noz/ilejjf / //Z/ ’/4'; 7//7/?6_5\\:: : ;2:%::%%4
—Jo}t i

(b) X/Cr=0.45

rrrrerrrTrrhiet T T T Ty

Fig.10 Velocity vector at transverse sections
Fig.12 Velocity distribution along vortex core axis

2033



[2] Joseph, R. C.,“High-Angle-of-attack Aerody-
namics : Lessons Learned ”,ATAA Paper
No.86-1774-cp

[3] Rao, D. M.,“Leading-Edge ‘Vortex Flaps ’ for
Enhanced Subsonic of Aerodynamics of Slen-
der Wings ", ICAS-80-13.5

[4] Vakili, A. D.,“Review of Vortical Flow Uti-
lization ”, ATAA Paper 90-1429

[6] Faler, J. H.,& Leibovich, S.,“An Experimen-
tal Map of the Internal Structure of a Vortex
Breakdown ” J.F.M. Vol.86, Part 2, 1978

[6] CornishTE J. J. “High Lift Applications of
Spanwise Blowing ” ICAS Paper No. 70-09

[7] Rao, D. M. & Campbell, J. F.,“Vortical
Flow Management Techniques ”, Progress in
Aerospace Science ( ISSN 0376-0421 )Vol.24,
No.3, 1987

[8] Zhuang, Fenggan,“Vortex Control Technol-
ogy 7, ICAS-92-0.1, 1992

[9] Su, Wenhan, et. al., “An Experimental Inves-
tigation of Leading-Edge Spanwise Blowing ”,
ICAS 82-6.6.2, 1982

(10] Campbll, J. F.,“ Augmentation of Vortex lift
by Spanwise Blowing ”, ATAA 75-993, 1975

[11] Ng, T. T., “On Leading Edge Vortex and Its
Control ”, ATAA Paper 89-3346-cp, 1989

[12] Qin, Yanhua & Shen, Limin, “ An Investiga-
tion of Improving High Angle of Attack Per-
formance and Flap Effectiveness of a Configu-
ration with Delta Wing by Spanwise Blowing
”, ATAA 86-1777-cp, 1986

[13] Dixon, C. J., Theisen, J. G. & Scruggs, R.
M.,“ Theoretical and Experimental Investiga-
ton of Vortex-Lift Control by Spanwise Blow-
ing ”, AD-771290, 1977

2034



123 4867 8 5 101112131415181718 Z(mm
a3 Lt \\ 19 20 21 22 23 24 25 28 27 2(INM)
: )

L UN-~ Do muaw
T Ty

leading edge

-

1 (a) X/Cr=0.31
Y(mm)

2 3 4 38 7 38 91011 12131415181718102021221324252!27Z(mm)

U N 2O mNa

leading edge

U

(b) X/Cr=0.45

Y(mm)
Fig.13 Vorticity contours at transverse sections

2035



