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Introduction

OR the past several decades aspects of flows over delta wings,

especially phenomena associated with leading-edge vortices,
have been studied extensively! =7 At moderate angles of attack,
the delta-wing flowfield is dominated by the presence of a pair of
well-organizedleading-edge vortices, commonly known as the pri-
mary vortices. Underneath the primary vortex the outboard-moving
boundary layer separates as it approachesthe leading edge to form a
counter-rotatingsecondary vortex. Based on the averaged flow mea-
surements, the secondary vortex is relatively small in size and peak
magnitude as compared to the primary vortex. Additionally,its close
proximity to the surface and the leading-edge shear layer makes
it hard to be measured or computed accurately. These factors fre-
quently lead to the conclusion that the secondary vortex only plays a
secondaryrole and can be neglected in the delta-wing analysis. This
characterization, however, has been challenged recently because it
has been shown both experimentally®® and numerically'®!! that the
interaction between the primary and the secondary vortices can be
important in considerationof the overall flow behavior. The present
experimental study examines in detail this interactionand its contri-
bution to the unsteady characteristicsof the entire flowfield. In this
work we carried out experiments using particle image velocimetry
(PIV) to study the leading-edge vortex flow over a delta wing. Our
main objectiveis to explore the role played by the secondary vortex
including its interaction with the primary vortex and its influence
on the global vortex dynamics of the flowfield.

Experimental Setup

The experiments were carried out in a water towing tank facil-
ity. The delta wing has a leading-edge sweep angle of 60 deg and
a root chord length of 13.0 cm. The experimental Reynolds num-
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ber, based on the root chord length and the towing velocity, was
9.8 x 10°. Both sides of the leading edge are sharp and beveled
45 deg leeward. The delta wing was set at an angle of attack of
12.5 deg. Detailed description of the experiment can be found in a
previous paper® The focus of the current study was on the detailed
characterization of the unsteady motions of the leading-edge vor-
tex flowfield using PIV technique. An 18-W argon-ion laser beam
was expanded into pulsed laser sheets using a 24-faceted rotating
mirror for image illumination. Tracer particles used were 10-pum
silver-coated hollow glass beads with a specific gravity of 1.3. The
PIV images were digitized by an optical scanner from 35-mm film
images. The maximum error of the PIV technique in acquiring the
instantaneous velocity and vorticity data was estimated to be 1 and
5%, respectively. More detailed discussions of the PIV technique
can be found in the literature.'>!?

Results and Discussion

To gain quantitativeunderstandingof the behaviorof the leading-
edge vortex system, PIV measurements are taken along several
crossflow planes thatare normal to the freestream. Located on these
planes,the y and z coordinatesare defined, respectively,as the cross-
stream and the span-wise directions, with their origin fixed at the
left-side leading edge (as viewed from the trailing edge). In the dis-
cussions that follow, solid lines in the vorticity contour plots denote
positive (clockwise) vorticity, whereas dashed lines denote nega-
tive (counterclockwise) vorticity. A time-averaged vorticity plot at
arepresentativecrossflow plane (50% chord,x /C =0.5)is shownin
Fig. 1. It can be seen that the primary vortex (solid lines) is well de-
fined with a coherent vortex core. Located close to the leading edge
and directly underneath the primary vortex, there exists the counter-
rotating secondary vortex (dashed lines), which has a smaller am-
plitude as compared with the primary vortex. A strong shear layer
emerges further outboard at the leading edge; high-amplitude vor-
tical eddies can be observed to appear along the shear layer.

Figure 2 shows a representative sequence of the instantaneous
primary/secondary vortex interactionat x /C = 0.5. The first frame
is taken to be the reference time t* =1U,,/C =0.0 (Fig. 2a) when
the elongated primary vortex is tightly connected to the separating
shear layer, allowing a continuous feeding of the shear layer vortic-
ity into the primary vortex. During the next two instants (Figs. 2b
and 2c), several individualized vortical eddies inside the primary
vortex appear to roll up and coalesce into a highly concentrated vor-
tical structure. Moreover, the secondary vortex is lifted upward to
penetrateinto the separating shearlayer to sever the linkage between
the primary vortex and the shear layer. In Fig. 2d, t+ =0.384, the
shear layer appears to reconnect back to the primary vortex, and its
primary vortical structure bears a close resemblance to the vortical
structure in Fig. 2a, indicating the completion of a full interaction
cycle. Through the analysis of a sequence of instantaneous PIV vor-
ticity fields, it is observedthat the interaction process indeed repeats
itself in a quasi-periodic manner. Careful investigation of the inter-
action sequence reveals that each cycle consists of the following
four repetitive stages: primary vortex induction/secondary vortex
ejection, effect of the ejection process on the primary vortex, weak-
ening of both the primary and secondary vortices, and reconnection
of the primary vortex and the shear layer.
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Fig. 1 Time-averaged cross-stream vorticity field measured at 50%
chord.
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Fig. 2 Instantaneous cross-stream vorticity fields measured at 50%
chord.

Primary Vortex Induction/Secondary Vortex Ejection

Based on the instantaneous vorticity fields, it appears that the
inductionimposed by the primary vortex on the secondary vortex is
responsible for the ejection of the secondary vortex (Fig. 2a). This
process can be examined by correlating the uplifting motion of the
secondary vortex to the vertical induction velocity imposed on it by
the primary vortex. To quantify the ejection process of the secondary
vortex, a control volume (box A, as shown in Fig. 1) is selected to
enclose a region directly above the time-averaged position of the
secondary vortex. It is expected that the secondary vortex will move
in and out of this control volume at different stages of the vorticity
ejection process, that is, it will penetrate into this volume when
ejected upwards, and exiting when the ejection subsides. Thus, the
fluctuationof the total negative circulationinside the control volume
can be used as a good indicator to characterize the ejection process.
On the other hand, the upward-lifting velocity of the secondary
vortex induced by the primary vortex can be estimated by using the
Biot-Savart (B-S) rule. According to the B-S rule, the induction
velocity caused by a simple line vortex is |uy,q| =I"/27r, where I’
is the total circulation of the vortex and r is the distance between the
pointof interestand the line vortex. First, we assume that the primary
vortex can be representedby a collection of discrete vortical eddies,
each with a concentrated vorticity w; ; that is located at (x;, y;).
Second, the induction produced by the primary vortex is assumed
to be acting only on the centroid of the averaged secondary vortex
located at (xq, ysc), which is determined experimentally. Finally,
based on the preceding assumptions and the B-S rule, the induction
velocity can be simplified as
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Fig. 3 Correlation between the vertical induction velocity caused by
the primary vortex and the circulation of the secondary vorticity mea-
sured inside box A.

@ shear layer vorticity flux, measured at cut B in Fig. 3(a)
o circulation of the primary vortex

o4y 102
I3
] L
g :
fd {01 &
T 0af ot &
E s
5 {00 &
> <
= B=|
5 0.0 =
=
z 1-01 8
5}

02 1-0.2

0.0 0.5 1.0 1.5 2.0
t+

Fig. 4 Correlation between the shear-layer vorticity flux measured
along cut B and the circulation of the primary vortex.

where |r; ;| = /[(x; — X)* + (¥; — ¥so)*]. That is, the total induc-
tion on the secondary vortex is the sum of contributions from each
discrete vortical eddy within the primary vortex. Figure 3 shows the
time history of the induction velocity caused by the primary vortex
and the circulation of the secondary vortex within the control vol-
ume (box A in Fig. 1). It is clear that there is a strong correlation
between these two events, supporting our earlier assumption that
the ejection of the secondary vortex is a result of the induction of
the primary vortex.

Effect of the Ejection Process on the Primary Vortex

One direct consequence of the secondary vortex ejection is that
the linkagebetweentherolling-upshearlayerand the primary vortex
is cutoff (Fig. 2b). As aresult, the feeding of vorticity from the shear
layer to the primary vortex is interrupted. The strengthof the primary
vortex is determined by a balance between the constant feeding of
vorticity from the shear layer and the continuousdownstream trans-
portationof vorticity throughits vortex core. A disruptionof the vor-
ticity feeding will resultin the subsequentweakening of the primary
vortex. To obtainareasonableestimate of the vorticity transportation
fromthe shearlayerinto the primary vortex, we evaluatethe vorticity
flux fua) dy at a junction between the primary vortex and the shear
layer. The junction is selected as the line that separates the shear
layer from the primary vortex (cut B in Fig. 1). The selection of the
line is subjective; however, the vorticity flux calculated is relatively
insensitive to the choice of the line. The time variation of the feed-
ing rate of the shear layer vorticity flux as defined is then compared
with the total circulation of the primary vortex in Fig. 4. Both values
show a quasi-periodicvariation,and there is an excellent correlation
between them. This clearly indicates that there is a direct influence
of the vorticity feeding from the shear layer on the strength of the
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primary vortex. As expected,increase/decrease of the feedingrate of
the shear-layer vorticity leads directly to the enhancingiveakening
of the primary vortex, respectively. Vorticity from the secondary
vortex can be carriedinto the primary vortex as indicatedby the pres-
ence of low-level counterclockwise vorticity in the primary vortex
in the original PIV data. However, the entrained counterclockwise
vorticity is relatively weak compared to the primary vorticity so it
has not shown up in the interpolated vorticity data. Nevertheless, it
can still play a role in weakening the primary vortex as suggested
by Gordnier and Visbal'* in their computational work.

Weakening of Both the Primary and the Secondary Vortices

The secondary vortex is significantly weakened after part of
its vorticity is ejected from the surface. On the other hand, the
weakening of the primary vortex results in the weakening of
outboard-moving boundary-layer flow and this consequently hin-
ders therecovery of the secondary vortex. In other words, one would
expect that the feeding of vorticity into the secondary vortex would
be related to the instantaneous variation of the total circulation of
the primary vortex. Time variations of the circulationof the primary
vortex and the vorticity flux of the secondary vortex are found to be
strongly correlated (not shown here).

Reconnection of the Primary Vortex and the Shear Layer

The weakening of the primary vortex implies a smaller induction
force on the secondary vortex. As a result, the secondary vortex
settles back to the surface. In addition, the secondary vortex reduces
in size and strength because of its ejection. The reduced influence
of the secondary vortex allows the reconnection of the shear layer
with the primary vortex, which in turn resumes the feeding of the
shear-layer vorticity into the primary vortex. This event reenergizes
the primary vortex, and a new cycle of the primary/secondary vortex
interaction repeats.

It is clear from the preceding discussions that the primary/
secondary vortex interaction process assumes a self-sustained man-
ner. Once it is initiated, this interaction process no longer requires
external perturbations to sustain it. At present, the exact triggering
source for our experiments is not clear, although we suspect that
inherent disturbances from the experimental setup (the vibration
of the water towing tank facility) might be responsible, as another
study'’ has suggested. Hubner and Komerath'® have studied the
quasi-periodic velocity fluctuations over a delta wing and showed
the existence of fluctuating energy within a narrow frequency band-
width. They further showed that the quasi-periodicity originated in
the outboard region along the leading edge of the wing. This is con-
sistent with the current observation that the interaction between the
primary vortex and the secondary vortex occurs outboard near the
leading edge.

Even in the absence of any inherentdisturbances from the experi-
mental setup, such ejection phenomenonhas been observed in a nu-
merical study.’ Because the interactionis essentially self-sustained,
itdoes notrequire any external excitationsonce it is initiated. There-
fore, the interaction process can be considered as inherent and can
be activated by many potential sources, such as the vibrations of the
experimental setup, the interaction between the two primary vor-
tices, the freestream and/or shear-layer disturbances, and the onset
of vortex breakdown and wake instabilities.

Summary

The emphasis of our study is on understanding the vorticity dy-
namics and the unsteady characteristics of the delta-wing leading-
edge vortices. Measurements taken on the crossflow planes reveal a
self-sustained, quasi-periodic oscillation of the vortex system. De-
tailed analysis shows that the process is a direct result of a strong
interaction between the primary vortex and the secondary vortex.
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Introduction

MONG the aircraft noise sources, the fan is a dominant one

in the high-bypassengine, especially during takeoff and land-

ing. The fan noise can be classified into three types: blade passage
frequency (BPF) tonal noise, multiple pure tonal (MPT) noise, and
broadband noise. MPT noise levels can exceed the BPF tonal noise
during takeoff and landing because shock waves are generated at
the rotor tip in the today’s high-bypassengine when the revolutions
per minute of the engine shaft is increased to get maximum thrust.
Hawkings' analyzed the shock wave coalescence by using one-
dimensional saw-toothed shock models. His analysis describes how
an initial nonuniform wave train evolves to become increasingly
irregular with distance. However, this type of analysis cannot be di-
rectlyrelated to the irregularitiesin the fan geometry. The drawback
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