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Near-Field Interaction of a Jet with Leading-Edge Vortices
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Pasquale M. Sforza§

University of Florida, Shalimar, Florida 32579

Results of the interaction between the vortex-wake of a 75-deg leading-edge sweep delta wing and a circular jet
issuing from a tube parallel to the centerline of the wing are presented. Laser lightsheet � ow visualizations and
total pressure measurements were used to characterize the � ow� eld. In addition, a vortex-� lament model used to
supplement the examinationof the streamwise evolutionof jet exhaust in the presence of trailingvortices was shown
to provide a reasonable qualitative description of the observed � ow behavior. Visualization and total-pressure data
revealed that introduction of large-scale persistent streamwise vortices substantially augments the jet spreading.
Moreover, such an occurrence can be achieved within a short distance downstream.

Nomenclature
c = chord
d = jet ori� ce diameter
P0 = total pressure
q 1 = freestream dynamic pressure
r = jet ori� ce radius
t = time
V1 = freestream velocity
W = downwash velocity
x = spanwise coordinate
y = normal coordinate
z = streamwise coordinate
a = angle of attack
C j = circulation of vortices from jets
C w = circulation of vortices from wing planforms
e = wing apex half-angle

Introduction

T HE interactionof vortices from aerodynamicplanforms with a
jet plume represents a subject of academic and practical inter-

est as it spans many technological areas. In the context of develop-
ing a large second-generationsupersonic transport � eet, it becomes
important to determine whether ozone-depletingproducts from en-
gineexhaustentrainedin thevortex-wakeexperienceconditionsthat
are substantially different from what would otherwise have been
envisioned, thereby affecting the initial dispersion and the photo-
chemical processing of various specices.1 ¡ 5 The exhaust ef� uent
entrained in the vortex wake can have a very different residence
time than what is usually expected, as the normal vertical transport
of pollutants out of the stratosphere is quite slow.6 A similar envi-
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ronmental concern exists for the present subsonic transport � eets,
as the initial dispersion and entrainment characteristics of engine
exhaust in� uence the formation of those products that may be con-
sidered pollutants.7 ¡ 11 Therefore, depending on the geometry and
scale of the vortex-wake/plume interactionin the near � eld, different
initial distributionand disposition of the contaminants could occur,
possibly generating a signi� cant impact on the ultimate design and
operationof future commercialaircraft.This interactioncan also al-
ter the wake signatureof military aircraft, thereby in� uencing target
acquisition effectivenessof optically based sensors.12 Furthermore,
vortex-plume interaction modi� es the acoustic and mixing charac-
teristics of high-speed jets, which is of signi� cant importance.13 ¡ 15

In recognition of the increasing importance of this subject and the
scarcityof publishedexperimentalinformationon this interactionin
any speed range, the present authors initiated an exploratory study
to examine the fundamental aspects of the interactionat low speed,
and the results to date16,17 are summarized in this paper. An ex-
perimental investigationwas launched consistingof lightsheet � ow
visualization at three planform angles-of-attackand at three down-
stream stations.For the median angle-of-attackcase, the interaction
was also characterized by total-pressure measurements along the
jet centerline. The utility of a simple engineering model to pro-
vide additional insights on the experimental data and determine the
downstream location at which signi� cant mixing interaction should
begin was also illustrated.

Experimental Setup
Although the development of an aircraft vortex wake can be di-

vided into distinct phases such as roll up and viscous decay with
possible breakup because of Crow instability, the present investiga-
tion focuses on the initial development of the jet in the near-� eld
region. Motivatedby achieving interaction rapidly within the wind-
tunnel test-section length available, a sharp-edged delta wing that
generates strong vortices was chosen as the planform. A delta wing
also represents a planform of practical interest as it has been in-
corporated in many aircraft designs. The model was a sharp-edged
75-degsweepbackdeltawing supportedby a streamlinedstrut5 mm
in thickness. The span at the trailing edge of the delta wing was
76 mm. An unheated air jet was introduced via a 4 mm i.d. circu-
lar tube mounted under the wing and along the centerline with the
exit at the trailing edge. The mass � ow of the jet was monitored
by a rotameter, from which the mean velocity of the jet at its exit
was inferred. The freestream conditions were measured with a wa-
ter manometer. The ratio of bulk velocity of the jet to freestream
was � xed at 2 and 2.4 in the � ow visualizationsand pressure mea-
surements, respectively, in the results presented here. This range of
jet-to-freestreamratio was chosen as representativeof the value for
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Fig. 1 Schematic side view of the wing-jet combination under consid-
eration.

aircraft at cruise.18 A schematic illustration of the wing-jet combi-
nation is shown in Fig. 1. The experiments were carried out in the
VKI-L2A low-speed facility. It is an open circuit tunnel operating
in the suction mode, with an axisymmetric 8:1 contraction faired to
an octagonal test section 0.28 m in width and 1.30 m in length in
which the maximum velocity is 45 m/s.

For the � ow-visualization study the tunnel was operated at
10.0 § 0.05 m/s, thereby yielding a jet Reynolds number of
5.5 £ 103 based on ori� ce diameter. Two systems of seeding parti-
cles were used for the freestream and the jet. Freestream � ow was
seeded using particles on the order of 1 l diameter obtained by va-
porizing fog oil droplets and introducing them through the inlet of
the tunnel.The jet � ow was seededby enclosingburningincense in a
pressurizedvessel fed with an air supply line, which then forced the
smoke through the simulated jet exhaust. The choice of this smoke
generation method was based on its simplicity, its low suscepti-
bility to condensation in a small tube, and its typically submicron
range particulate diameter. A 7-W Ar-Ion laser with a cylindrical
lens was used to produce a simple, uncollimated lightsheet at vari-
ous distancesdownstream.Visualizationwas limited to a maximum
distance of three chord lengths downstream because of space con-
straints around the tunnel area. Lightsheet visualizationswith either
the freestream or the jet seeded were made for an angle-of-attack
range of 5 deg · a ·25 deg in 5-deg increments.The value of a at
which vortex breakdownwould occur for a 75-deg sweepback delta
wing is approximately 33–35 deg, which was con� rmed during the
course of the experiments. The upper bound a = 25 deg thus does
not venture into a region where additional complexity is introduced
by vortex breakdown.

For pressure probe measurements a 0.3-mm i.d. pitot probe con-
nected to a 35-mm H2O range ValidyneTM pressure transducer was
used. To increase the sensitivity of the transducer during measure-
ments, a higher, 32.0 § 0.45 m/s, bulk velocity for the jet was used,
makingthe Reynoldsnumberof the jet 8.8 £ 103 basedon theori� ce
diameter. The total pressure investigationwas limited to the center
plane of the jet and one angle of attack, i.e., 15 deg.

Flow-Visualization Results
With only the freestream� ow seeded and without introducingthe

jet plume, the visualized vortex wake of the delta wing exhibited
the classicalpattern for all angles examined.Of the various features
present the most distinguishingwere the two large black holes, rep-
resenting the cores of the primary vortices, which are formed as a
consequenceof the seeding particles being centrifuged away. With
the simulated jet exhaust activated, no discernible difference was
visualized in the resulting vortex wake, concurringwith the � nding
of Ref. 18. However, for the case where only the jet was seeded, a
very remarkable spreading of the jet was observed for all angles of
attack tested. The visualizationphotographs for the cases of a = 5,
15, and 25 deg are shown in Fig. 2. In all cases the photographs
were recorded from a vantage point behind the planform and look-
ing upstream obliquely. A 35-mm camera � tted with a 50-mm lens
and loaded with KodakTM TMAX ASA-3200 � lm was used. The
exposure times used for these photographswere in the range of 1

4
– 1

2
of a second. This range of exposure time was selected to obtain the

Fig. 2 ® = 5,15, and25-deg � ow visualizationwith the jet aloneseeded.

Fig. 3 ® = 5 deg visualization performed at the jet plume exit. A
counter-rotating vortex pair is developed, and the overall pattern re-
sembles that of the cross� ow over an inclined slender body.

time-averaged shape of the turbulent jet.
Overall, well-organized streamwise vortices of the planform can

increase the jet spread rate considerably. Moreover, very large
spanwise spreading can be achieved at moderate angles of attack
and within a short distance of three root chords downstream. At
a = 25 deg and three chords away � ow visualization revealed the
onset of jet ef� uent being ingested into the wing vortices.Therefore
for the current wing-jet combination the horizontal spreadingof the
jet would be restrictedby the spacingbetween the wing vorticesand
achievable within three wing chords downstream. In addition, the
developmentof streamwise vortices as the result of the jet exhaust-
ing into the planform vortex wake was evident. Using a = 5 deg as
an example, this particular point is illustrated in Fig. 3, where vi-
sualization was performed at the jet plume exit. A counter-rotating
vortex pair is developed, and the overall pattern is that of the cross-
� ow over an inclined slender body. The streamwise vortices devel-
oped around the jet stem from a resultant transverse � ow relative to
the jet exit. More speci� cally, the simulated jet, being aligned with
the wing chord, would experience a cross� ow resulting from the
downwash of the planform as well as from being at an inclinationto
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the freestream � ow. The a = 5 deg � ow visualization revealed that
shape of the jet resembled a w up to two chords downstream and
then evolvedto the u shape at three chords away. At higheranglesof
attack,only the u shape was observedat the three stations examined.
With the assistanceof a simple analyticalmodel whose detailsare to
be presentedlater, these experimentalobservationscan be explained
in terms of vortex dynamics. In short, the w cross-sectional shape
of the jet at a =5 deg is believed to have been caused by vortices
generatedby the jet being in close proximity to the jet centerline.As
such, the vorticesproducedby the jet induce a velocity� eld near the
jet and locally create the pronounced indentations near the center
of the jet. A jet shape resembling a w is thus produced. As the jet
vortices move further away from the centerline of the jet—a con-
sequence of being under the induction in� uence from the stronger
wing vortices, the jet cross section then merely evolved to resemble
a u shape. Although the photographsshown in Fig. 2 are those rep-
resentingintegratedviews over time, they are very similar to images
of the jet taken at a camera shutter speed of 1

500 of a second. For

Fig. 4 Examples of the same ® = 5 deg visualization with short expo-
sure time.

Fig. 5 Flow visualization along the jet centerline.

example, these shorter exposure photographs for the two and three
chords downstream stations at a =5 deg are shown in Fig. 4, in
which their respective w and u shapes are distinctly seen.

The cross� ow plane lightsheet visualizationalso revealeda com-
pression of the jet shape in the normal direction with increasing
angleof attack. This phenomenonis again depicted in the lightsheet
visualizationtaken along the centerlineof the jet, as shown in Fig. 5
for the two extreme angles of attack cases.

Total-Pressure Survey Results
Total-pressuremeasurements were performed for the intermedi-

ate case of a =15 deg. These surveys were made at downstream
distances of z / d = 3.58, 13.25, 22.7, and 33.13. The last survey lo-
cation represents a downstreamdistance slightly less than one wing
chord away. To account for any misalignment that may have existed
in the experimental setup, surveys were � rst made vertically and
horizontally to locate the maximum total pressure reading in the jet
at each z / d location.After the maximumtotal-pressurelocationwas
found, vertical traverses were then made, in increments of 0.5 mm,
for both jet-on and jet-off conditions. The difference between the
total pressure at the surveyed location and that of the freestream
is normalized with freestream dynamic pressure. The results of the
total-pressure surveys are shown in Fig. 6, whose associated max-
imum uncertainty is 4.3% in the jet region. In each of the surveys
performed with the jet activated, the registered total pressure in the
vicinityof the upper jet boundaryhas a localizedde� cit whose mag-
nitudegraduallydiminishesas the jet travelsdownstream.The wake
� ow from the trailing edge of the planform is believed to be respon-
sible for this artifact. Likewise, some in� uence from the wake of
model support is seen in the lower portion of the jet.

The velocity pro� les may be inferred if the assumption is made
that the static pressure is constant through the mixing region. Upon
making this approximation, the nondimensional maximum excess
velocity as a functionof downstreamdistance is presented in Fig. 7.
In constructing Fig. 7 from existing data, it was necessary to as-
sume a velocity pro� le at the jet ori� ce. Two limiting cases were
considered so as to cover a range of likely maximum velocity at the
exit: a 1

7 th power law pro� le and a top-hat pro� le. First, a reduction
in the potential core length is observed compared to its coaxial jet
counterpart.19 In addition, as vortex-augmented jet spreading oc-
curs, an accompanying decrease in the maximum velocity of the
jet would take place to conserve the momentum of the jet. The jet
then decays at a faster rate for distancesbeyond10 diameters down-
stream compared to a co� owing jet at the same jet-to-freestream
velocity ratio. Also con� rming the � ow-visualization results, these
measurements illustrate the descending trajectory of the jet.

Modeling of Jet/Vortex-Wake Interaction
To facilitate additional interpretations of the experimental � nd-

ings and provide insightson the sensitivityof variousparameterson
aspectsof the interaction, it is desirable to have a simple model. The
development of such a model, its utility, and the interplay with the
experimental artifacts are discussed in the following paragraphs.

The � rst componentof the modeling is that of the vortex wake. In
the absence of vortex breakdown, the evolution of the vortex wake
in the near � eld can be described with inviscid vortex methods.20,21

Suitable modeling of the jet can likewise be accounted for using
vortex dynamics, and the rationales are as follows. As already stip-
ulated, the jet exhausting into the vortex wake of the planform is
immersed in a weak cross� ow. The magnitude of the cross� ow can
be approximated by the expression

V1 sin( a ) ¡ W cos( a )

where W is the downwash generated by the planform.
As was illustrated by the visualization experiments, among the

distinguishing characteristics of subsonic jets in subsonic cross-
� ows is their development into a counter-rotating vortex pair that
convects downstreamwith the co� ow. Fearn and Weston22 reported
that these vortices are more persistent than other characteristicsand
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Fig. 6 Centerline total-pressure surveys of the jet for ® = 15 deg.

Fig. 7 Velocity decay of the jet exhausting into the ® = 15 deg vortex
wake vs that of a co� owing jet at the same freestream-to-jet-velocity
ratio.

they dominate the � ow� eld for distances greater than about 10 di-
ameters downstream of the jet ori� ce. The important parameter for
such � ows is the ratio of the jet velocity to the cross� ow velocity.
For small cross� ows, as would be in the present case, the vortex de-
velopment is strong. In light of the vortex-dominatingfeatures, de-
velopment of the interactingwake � ow at low speed could likewise
be assessed with vortex-� lament analysis, as was done by Sforza23

for the case of supersonic interaction. The problem then reduces
to the interaction between vortices generated by the planform and
those of the jet. The interaction between the pairs of wing and jet

vortices can then be investigated by following the spatial evolu-
tion of the vortices themselves and the induced � ow� eld around
them by means of classical vortex-� lament analysis. The necessary
initial conditions to be prescribed would be the locations and the
strengths of the wing and jet vortices. In this investigation location
of the wing vortices at the trailing edge of the planform were taken
from the experimental data of Kimball,24 which were collected in
the same wind tunnel. For the prescription of leading-edge vortex
circulations, the following semi-empirical relation of Hemsch and
Luckring25 and Traub26 is used:

C w / V1 c = 4.63 ¢ tan0.8( e ) ¢ tan1.2( a ) ¢ cos( a ) (1)

The lack of coherent information on the trajectory and circula-
tion of vorticesdevelopedfrom jets in cross� ows as encounteredby
Sforza23 in modeling the supersonic interaction is also experienced
in the present subsonic case. In the interest of making the model-
ing as consistent and self-contained as possible, the basic premise
outlined in Sforza23 is used; that is, consideration of the initial jet
as a solid slender cylindrical body at incidence. Vortices are then
developed from the resultant velocity component normal to this
imaginary solid body. The associated circulations were prescribed
so that their inducedcenterlinevelocitybalancesthe resultantcross-
� ow acting on the jet exit. For a jet positioned at the center of the
trailing edge and aligned along the centerlinechord, a con� guration
used in the � ow-visualizationexperiment (Fig. 1), the circulationof
the jet vortices in the present framework becomes

C j = p (d /2)[V1 sin( a ) ¡ W cos( a )] (2)
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Fig. 8 Initial conditions for the vortex � lament calculations.All vortex
circulations are positive as shown.

The initial locations of the jet vortices in this particular formulation
have been placed horizontallyat one jet diameter apart with respect
to the jet center. For the present calculations the origin is located on
the trailing edge at the midspan of the delta wing, and therefore the
circulation of the jet-induced vortices can be written as

C j = p
d

2
V1 sin( a ) 1 ¡

x C w

p [x2 + (y + d /2)2]
(3)

where positivex and y are directionstoward the wing starboardside
and upward normal to the freestream, respectively.The initial con-
ditions of the vortex � lament calculations are illustrated in Fig. 8.
All vortexcirculationsare positiveas shown. The sign of the jet vor-
tices, once indicated by the direction of the cross� ow component,
is then � xed and allowed to trail downstream. The proposed repre-
sentation of the jet excludes the momentum effect of the exhaust.
Additional considerationssuch as the entrainmentcharacteristicsof
the jet and that of the leading-edge vortices, as well as the effect
of buoyancy, are not considered at this time. As both wing and jet
vortex systems roll up rapidly, modeling of the rolling-up process
are also neglected.

The interaction between the pairs of wing and jet vortices in the
near � eld is then investigated using the semi-in� nite form of the
Biot–Savart Law27:

dx

dt
(x , y) = ¡

1

4p

N

k = 1

C k(y ¡ yk)

(x ¡ xk )2 + (y ¡ yk )2
(4a)

dy

dt
(x , y) =

1
4 p

N

k = 1

C k (x ¡ xk )
(x ¡ xk )2 + (y ¡ yk )2

(4b)

where dx /dt and dy /dt are the vortex-induced velocities of each
location in a Lagrangian space and the subscript k denotes the indi-
vidualvortices.The spatialevolutionof the � ow� eld is thenobtained
by integratingEq. (4) using the Adams–Bashford scheme, which is
recommended for vortex methods28:

x j (t + D t) = x j (t ) + D t 3
2
u(x j , t) ¡ 1

2
u(x j , t ¡ D t ) (5)

To initiate the Adams–Bashford scheme, the � rst-order Euler
method was used during the � rst time step to provide the necessary
condition. The singular behavior of the vortex point method can be
avoided by prescribing a vorticity distribution to represent the vor-
tex cores. This, however, is not incorporated in the present study.
The decay of the vortices, usually treated by introducing variable
cores and circulations, is likewise neglected in the present paper.

Results of Calculations and Discussion
As dictatedby the tunnel restrictionson the experiments,calcula-

tionswere terminatedat a time step correspondingto the samemaxi-
mum distance of three chords downstream.Calculationswere made
in the angle-of-attack range of 2.5–30 deg. A particular dilemma
faced in carrying out calculations was the characterization of the
jet boundary in the computed results. It is proposed here that the

Fig. 9 Spreading characteristic of the jet vortices with angle of attack.

trajectory of the jet vortices be used as a global description for
jet development, even though it is recognized that the boundary of
the jet would actually occupy a spatial extent larger than that sug-
gested by the horizontal separation distance of the two jet vortices.
To quantify the extent by which the jet has been in� uenced by the
wing vortices, a parameter X , de� ned as the ratio of the horizontal
distance between the jet vortex centers with and without the pres-
ence of the wing vortices, is introduced. This parameter provides
an indication of the additional rate of strain on the jet induced by
the mutual interaction of the various vortices. Figure 9 illustrates
the variation of X with angle of attack and demonstrates the extent
to which the introductionof organized and persistent wing vortices
can increasethe spreadingof the jet. For example, at a short distance
of only three chords away, a nearly 900% increase in jet spread is
achieved for the planformat a =15 deg. The jet spreadingbehavior
is even more pronouncedat higher angles of attack. As the angle of
attack increases, the strengths of the wing and jet vortices increase
nonlinearly,and at the same time their initial distances with respect
to each other increase. The calculations also revealed that, for the
cases considered,wing vorticeswere only slightlydrawn toward the
jet center by the induced velocity � eld created by the jet vortices.

To further facilitate the interpretationof these calculations,a ring
of tracer particles, modeled as vortices of zero circulation, was re-
leased from the perimeter of the jet, and its downstream evolu-
tion was followed. These results are presented in Fig. 10. Overall,
comparisonsbetween the � ow-visualizationphotographswith their
computed tracer particle patterns of Fig. 10 show good qualita-
tive agreement. The a =5 deg results suggest that if the jet itself
were seeded and a lightsheet visualization performed one would
observe a jet that starts out as a circle, widens, and deforms to a
shape resembling very much a w at one to two chords downstream
and then continues to spread while deforming into a u-like shape
three chordsaway. Similarly, the calculated a =15 and 25-degcases
reveal the distorted jet only has the u shape and increasingly elon-
gates in the horizontal direction. These � ndings are consistentwith
the � ow-visualization results presented earlier. Unfortunately, no
provision was made to correct for the perspective distortion in the
� ow-visualization photographs so that the spread of the jet could
have been comparedquantitatively.Nevertheless,useful insightson
the experimental observations have been obtained. Inferring from
the calculated results, the cross-sectionalshape of the jet observed
experimentallyin the a =5 deg case appears becauseof the vortices
from the jet being in close proximity to the central part of the jet,
creating the localized dents on the jet, which ultimately shaped the
jet to resemble that of a w . When the jet vortices are drawn far away
from the jet centerlinebecauseof the in� uence of the stronger wing
vortices, the jet would only develop into the u shape seen in � ow vi-
sualizations.For a = 25 deg at three chords away, the jet vortices in
the calculationsare shown to be in the vicinity of the wing vortices
but still not suf� ciently close to be entrained by them. On the other
hand, � ow visualizationshowed the onset of jet ef� uent entrainment
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® = 5 deg

® = 15 deg

® = 25 deg

Fig. 10 Calculated jet development at three angles of attack and at
three downstream locations.

into wing vortices in the case of a =25 deg and three chords away
(Fig. 2). Instead, the calculation suggests the ingestion of the jet
into wing vortices, indicated by the trajectories of wing and jet
vortices intercepting each other, occurs later at approximately � ve
chords downstream.The aforementionedphenomenon is illustrated
in Fig. 11. Several reasons can contribute to this overprediction of
the distanceat which the ef� uent of the jet starts to be entrained into
the wing vortices. Unlike vortices produced by lifting planforms,
those generated by a jet in a cross� ow are more diffuse and would
have a comparatively rapid decay. Prescribing a constant strength
for the jet vorticesmanifests itself in their travelinga longerdistance
downstream before being entrained by the wing vortices. In addi-

Fig. 11 Trajectories of jet and wing vortices for ® = 25 deg and � ve
chords downstream.

Fig. 12 Centerline trajectory of the jet at ® = 15 deg.

tion, the formulation does not account for the natural spreading of
the jet, which againmakes the presentpredictionmore conservative.
However, if the calculationswere modi� ed to perform a supersonic
freestreamcase (i.e., by prescribinga different circulation informa-
tion for the wing vortices), the results would be expected to be less
conservative as the natural spreading of a supersonic jet is small.29

The descendingcharacterof the jet observedin � ow visualization
is assessed with the aid of the modeling. For the particular case of
a = 15 deg where the descent of the jet is quanti� ed, Fig. 12 shows
the upper and lower jet boundariesas discernedby the total-pressure
surveys superimposed on the calculated jet centerline trajectory.
The jet boundary as disclosed by total pressure has a mild concave-
down curvature within the � rst chord distance surveyed. Except for
the few ori� ce diameters initially, satisfactory agreement is found
between the trajectory suggested by the vortex-� lament model and
that of experiments. It suggests that the initial jet momentum is
suf� cient not to have been dominated by the descending vortex
wake in the � rst few jet diameters, thereby manifesting itself in
a trajectory trend different from that of the vortex wake and thus
the development of the jet vortices. As enhanced lateral spreading
of the jet occurs, axial velocity of the jet rapidly declines so that
the subsequent evolution of the jet ef� uent would subsequently be
determined by the persistent vortex-wake � ow of the planform as
per the suggestion of the experiments.

Conclusions
An experimental investigation of the near-� eld vortex-wake/

jet interaction at low speed has been presented. The study used
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� ow-visualization, total-pressuremeasurements, and interpretation
of the results was aided by a vortex-� lament model. For the partic-
ular experimental con� guration examined the data showed that the
wing vortices were only mildly affected in terms of their trajectory
by the jet, but the jet was signi� cantly in� uenced by the presenceof
the wing vortices. Except for the � rst few ori� ce diameters down-
stream, the jet was dominated by the induced velocity � eld in the
planform’s vortex wake, and its subsequent development followed
that of the convectingvortex wake of the planform.The existenceof
vortices developed from the jet being immersed in the vortex wake
was veri� ed through � ow visualization. As the jet/vortex-wake in-
teraction proceeded downstream, the cross-sectional shape of the
jet in the current case can either be in the form of a w or a u, de-
pending on the location of these jet vortices relative to the plane
of symmetry. For a low angle-of-attack situation typical of aircraft
at cruise, the jet vortices can remain longer in close vicinity of the
symmetryplaneand thereforecan make a more signi� cant contribu-
tion to the overall mixing and dispersion characteristicsof exhaust
products during the life span of the vortex wake. For moderate and
high angles-of-attackcases, the jet vortices were quickly moved far
from the plane of symmetry under the induced action of the strong
wing vortices. In all cases the jet was compressed vertically but
substantiallyelongated laterally. The horizontalspreadingof the jet
progressednonlinearlywith angles of attack. The merit of introduc-
ing well-organized and persistent streamwise vortices to increase
the spread of a jet is therefore illustrated.Moreover, large spreading
of the jet can be achieved at moderate angles of attack and within a
short distance of three root chords downstream. The total pressure
data revealed that the jet in a downwash � eld has a reducedpotential
core length and an accelerated maximum velocity decay compared
to the parallel co� owing jet counterpart.

A vortex-� lament model for examining aspects of the interaction
between jets and planform vortices has been presented.The utiliza-
tion of the model has been illustrated for a delta-wing/circular-jet
con� gurationat lowspeed,and themanner in which resultscanbe in-
terpreted has been proposed. Comparisons with � ow-visualization
results indicated that the downstream distance for which the jet
would start to be at least partially ingested by the wing vortices,
as predicted on the basis of the model, would likely be conserva-
tive. The simplicity of the modeling approach and the reasonable
qualitative results obtained make it attractive as a tool for planning
additional experiments of this type in the future. For example, use-
ful insights can be obtained regarding the sensitivities of various
parameters for either promoting or delaying vortex ingestion of jet
plumes, as well as devising strategies for augmented jet spreading
in various technologicalareas. For instance, the model suggests that
if additional strong and persistent vortices can be generated around
the jet (e.g., by using tabs or � ns), jet spreadingbeyond the span of
the wing planform is attainable.
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