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Introduction

HE vortex system shed from an aircraft wing rolls up rapidly

downstream of the aircraft to form two counter-rotating vor-
tices. These vortices may persistfor some time after their generation
and can induce significant upsetting rolling or pitching motions and
thus pose a hazard to other aircraft that penetrate them. Moreover,
tip vortices shed from helicopterrotor blades and propellersinteract
with following blades causing rotor noise and vibration. Therefore,
to minimize the wait time of aircraft on the ground and in the air,
as well as to reduce the tip-vortex-generated noise and accompa-
nying potential hazards, the tip-vortex-wake characteristics must
be measured and predicted accurately and controlled to allow the
most efficient use of airport facilities and to ensure flight safety
as well.

Numerous experimental, theoretical, and computational investi-
gations have been conducted to improve the understanding of the
tip-vortex structure and its dissipation or persistence. However, un-
like the usual void of experimental data, a substantial effort has
been invested in developing theoretical and numerical models for
the rollup process of tip vortices. Excellent reviews of the underly-
ing theories are given by Williams' and Spalart.> The bulk of the
experimental efforthas been mainly directed toward finding the rate
of change of the tangential velocity and the strength of trailing vor-
tices in the intermediate- or far-field regions, while addressing the
issues of vortex development, stability, and breakdown. However,
the dynamics of the initial rollup of a tip vortex around the wing tip
and its subsequentdevelopmentin the near field behind the trailing
edge have not been studied sufficiently>~® The near-field behav-
ior of a tip vortex is significant in the flow behind canard wings,
helicopter blades (a major noise source), sails of submarines, and
propellerblades, where control of tip-vortex cavitation to reduce the
noise and wear is of extreme importance.

The objective of the present study was to characterize the for-
mation and growth of a tip vortex along the tip of a rectangular
high-lift wing and its subsequentdevelopmentin the near field (up
to 1.5 chords downstream of the trailing edge of the wing) by using
a miniature seven-hole pressure probe and particle image velocime-
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try at low Reynolds numbers. Special attention was focused on the
effects of airfoil incidence angle, and Reynolds number, and sweep
angle on the vortex strength, size, and tangential and axial velocity
distributions. It is anticipated that the present measurements will
add more information to the understanding of a tip vortex and its
prediction.

Experimental Apparatus and Methods

The experiment was carried out in a low-turbulence
0.9 x 1.2 x 2.7 m subsonic wind tunnel. A single-element rectan-
gular high-lift Bombardier Research and Development wing with a
chord ¢ of 50.8 cm and a span of 50.8 cm was used to generate the
tip vortices. The square-edgedairfoil was mounted vertically at the
center of the bottom wall of the wind-tunnel test section. The ori-
gin of the coordinates was located at the leading edge of the airfoil
with x, y, and z aligned with the streamwise, transverse, and span-
wise directions,respectively. A miniature seven-holepressure probe
(with an outside diameter of 2.8 mm) was used to measure the three
mean velocity components at x/c =0.5-2.5 with the angle of at-
tacka =6 and 10degand alsoatx/c = 1.5 with « =2-18 deg. The
probe was calibrated in sifu before the installationof the model. The
calibration procedure followed the proceduresdescribed by Wenger
and Devenport.? Eight pressure transducers(seven for the probe and
one for tunnel reference total) were used to maximize data rate of
the probe measurements system at each measurementlocation. The
pressure signals were sampled at 500 Hz and were recorded on a
586 personal computer through a 16-bit A/D converterboard. Probe
traversingwas achievedthrougha custom-builtcomputer-controlled
traversing system. Data planes taken along the tip and in the near
field of the wing model had 49 x 49 measuring grid points with
increments of Ay =Az=3.2 mm.

Double-exposureparticle image velocimetry (PIV) was also em-
ployed in a 50 cm x 50 cm x 1.8 m tow tank. Sodium chloride
(Fisher S127-3) was addedto the water to keep the 70-pum-diam Am-
berlite fluorescent particles neutrally buoyant. The particles were
illuminated with a laser light sheet with a thickness of 1.5 mm
and a width of 30 cm. The directional ambiguity was resolved by
employing a stepper-motor-driven rotating mirror image shifting
technique.!” The desired particle illuminations and duration were
obtained through an electronic shutter (Uniblitz Model LS6T2),
triggered by a predetermined time delay signal, in conjunction with
a time delay and pulse generator (Hewlett-Packard 8015A). The
output of the electronic shutter was also used to actuate the rotat-
ing mirror system. The particle images were recorded on Kodak T-
Max 3200 black and white film with standard wet processing. The
negatives were scanned and digitized by using a Nikon LS-1000
35-mm film scanner and were analyzed by using the AEA Tech-
nology VisiFlow PIV postprocessing software to obtain the instan-
taneous two dimensional velocity and vorticity distributions. Both
straightand swept (A =25 deg) airfoil models, Numerical-Control-
machined from aluminum, were tested in the PIV experiment at a
chord Reynolds number Re = 6.7 x 10°.

Results and Discussion

Figure 1 shows the typical mean velocity vectors and vortic-
ity contours of a tip vortex at x/c=0.5-2 and o =6 deg for
Re =3.25 x 10°. The numerical values shown in the vorticity con-
tours indicate the normalized vorticity levels. The presence of the
multiple secondary vortices (indicated by the small patches of vor-
ticity existing between the feeding vortex sheet and the main vortex)
at midchord (x/c =0.5) and its wrapping around the main vortex
as it progressed down the chord, as well as the subsequentdevelop-
ment with distance aft into a progressively stronger tip vortex, can
be clearly seen from the vorticity contours. At x /¢ = 1.05, the rollup
was complete and a well-defined tip vortex already existed. The re-
sults also indicate that at lower Reynolds number, Re =1.63 x 103
(not shown here), the flow structure around the vortex core became
considerably less symmetric and that the presence of secondary
vortices was much more evident. Further studies with modified tip
geometry are needed to quantify the role of the secondary vortices
on the tip vortex size and growth.



remained constant and was found to be within £5% variation of
the maximum vortex strength. Figure 2 also indicates that, as « in-
creased, the increase in the aerodynamic loadings and the spanwise

distribution of circulation on the wing also resulted in an increase
in the vortex strength in both the tip region and the near field. The

normalized vortex strength, however, was found to decrease with

of the trailing edge of the airfoil, the overall circulation basically
increasing Reynolds number in the present experiment.

its maximum strength measured at x /¢ = 1.05. Farther downstream
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The tip-vortex strength increased

Figure 2 shows the variation of the normalized tip-vortex strength
['/cU at x/c=0.5-2.5 for « =6 and 10 deg with Re =1.63 and
3.25 x 10°. The vortex strength was determined from the seven-
hole pressure probe velocity measurements. Also shownin Fig. 2 are

the PIV resultsat Re = 6.7 x 10°.
x/c=1.05, which implies that most of the vorticity was in the con-

centrated tip vortex immediately downstream of the trailing edge of
the wing. Atx/c =0.9, the vortex had already reached about 80% of

with the distance along the tip and reached a maximum value at
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Fig. 1 Typical tip vortex velocity vectors and vorticity contours at various x/c with o
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Fig. 1 Typical tip vortex velocity vectors and vorticity contours at various x/c with o = 6 deg (continued).
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Fig. 2 Variation of normalized tip vortex strength with x/c.

Figure 3 shows the representative effects of o (=2-16 deg) on
the tangential and axial velocity and vorticity distributions across
the center of the tip vortex at x /¢ = 1.5 and Re = 3.25 x 10°. These
distributions exhibited all of the qualitative features of the asymp-
totic viscous/turbulent vortices, such as the zero vy at the vortex
center, presence of a maximum in the distribution of v, within the
core (Fig. 3a), the wake- or jetlike core axial flows (Fig. 3b), and
the distributed ¢ and I' (Fig. 3c). The variations of the normal-
ized maximum v, and core axial velocities and ., as well as the
core radius r, with o, are summarized in Fig. 4. The magnitudes of
these quantities increased with airfoil incidence and reached peak
values at @ ~ 12 and 14 deg for Re = 1.63 and 3.25 x 10°, respec-
tively. A peak value of vpmax =0.65U was observed on the vis-
cousfinviscid boundary layer of the tip vortex for Re = 1.63 x 10°
(Fig. 4a). Figure 4b shows that, at « = 2 deg, the core had developed
a large wakelike axial velocity deficit (0.75U). For o > 6 deg, the
core axial velocity became jetlike. A peak jetlike velocity of 1.72U
and 1.4U was observed at « =12 and 14 deg for Re =1.63 x 10°
and 3.25 x 10°, respectively. Note that the jet velocity decreased
with increasing Reynolds number Re. The core radius, however,
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Fig. 3 Typical distributions across the vortex center at x/c = 1.5 and Re = 3.25 x 10°: a) tangential velocity, b) axial velocity, and c) vorticity.
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Fig. 4 Variation of a) maximum tangential velocity, core b) axial velocity, and c) vorticity, and d) core radius with v at x/c = 1.5.

was found to be a strong function of « but a weak one of Reynolds
number Re (Fig. 4d).

Figure5 is a summary of the variation of the normalized tip-vortex
strength with « at x/c =1.5. The vortex strength was obtained by
graphically integrating the areas within contours of constant vortic-
ity. The normalized vortex strength was found to increase with « but
decreased with Reynolds number Re. A peak I'/cU of 0.4013 was
observed at @ = 12 deg for Re = 1.63 x 10°, an approximately dou-

bled increase in the vortex strength compared to that of « =2 deg.
The observed increase in both the strength and size of the tip vortex
with increasing o was attributed to the increase in the vorticity shed
into the vortex sheet from the boundary layer during its rolling-up
intoa tip vortex along the tip of the wing model, a phenomenon simi-
lar to the boundary-layertripping and surfaceroughnesseffects. The
effects of the wing sweep angle (A =25 deg) on the vortex strength
at Re = 6.7 x 10* were also examined by using the PIV system. The
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vortex strength was found to increase for a swept wing compared to
that of a straight wing.

Conclusions

The formation and growth of a tip vortex in the tip and near-field
regions of a single-elementrectangularhigh-lift wing were investi-
gated for Re < 3.25 x 10°. The tip region was dominated by multiple
secondary vortex structures. The rollup was almost complete at the
trailing edge. The strength of the vortex remained nearly constant
up to 1.5 chords downstream of the trailing edge. The core radius
and strength and the maximum tangential and core axial velocities
of the tip vortex significantly increased with the angle of attack.
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Also, dependingon the angle of attack, the axial velocity in the core
could be directed either toward the wing or away from it, that is, of
wakelike or jetlike patterns.
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