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Effects of Freestream Turbulence
on Wing-Tip Vortex Formation and Near Field
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and

B. H. K. Lee‡

National Research Council of Canada, Ottawa, Ontario K1A 0R6, Canada

The formation and near-field development of a wing-tip vortex under the influence of freestream turbulence
were examined using flow visualization and hot-wire anemometry. A low turbulence freestream as well as two cases
of grid turbulence with different intensities and length scales were considered. In all cases, the tip vortex was found
to form from three smaller vortices, but the turbulence in its core was found to intensify with increasing freestream
turbulence. The vortex trajectory was found to be unaffected by freestream turbulence, but the wing wake that
was rolling up around the vortex was observed to have a curvature that decreased as freestream turbulence
increased. The mean axial velocity distribution in the low-turbulence case was neither jetlike nor wakelike but
had an annular shape. Time-averaged velocity profiles measured in the turbulent freestream cases were wakelike,
and it was inferred that the instantaneous profiles would be significantly affected by vortex meandering. Mean
circumferential velocity distributions in the vortex core displayed self-similar developments in all cases examined.
Finally, it was found that the apparent diffusion in the shear layer shed from the wing increased with increasing
freestream turbulence.

Nomenclature
b = wing semispan
c = wing chord
cL = section lift coefficient
M = turbulence grid mesh size
Rec = Reynolds number based on chord
r = radial distance from mean vortex axis
rθ max = radial distance of peak circumferential velocity
Ueff = effective cooling velocity as measured by

single-sensor probe
Up = peak excess or deficit of streamwise velocity with

respect to local freestream velocity
Ux = velocity component in x direction
Uy = velocity component in y direction
Uz = velocity component in z direction
Uθ = circumferential velocity component with origin

at mean vortex axis
Uθ max = peak value of circumferential velocity
U0 = local freestream velocity
U∞ = freestream velocity
u′

eff = standard deviation of effective cooling velocity
u′

x = standard deviation of velocity component in
x direction

x = streamwise distance from wing quarter-chord location
x ′ = streamwise distance from wing leading edge in

wing-aligned coordinates
y = spanwise distance from vortex center, positive

orientation from wing root to tip
yv = spanwise distance of mean vortex axis from wing tip
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y′ = spanwise distance from wing tip away from wing root
in wing-aligned coordinates

z = distance in vertical direction from vortex center,
positive orientation in direction of lift

zv = vertical distance of mean vortex axis from wing
quarter-chord location

z′ = distance in vertical direction in wing-aligned
coordinates

α = wing angle of attack
θ = angular coordinate measured from positive y to

positive z
σ = standard deviation of random number generator
− = time averaging

Introduction

V ORTICES generated at the tips of finite lifting surfaces, such
as aircraft fixed wings, propellers, and helicopter rotors, are

known to dominate the wake of the lifting surface. Airplane wing-
tip vortices, appearing in pairs, can pose a hazard for other oncom-
ing aircraft, especially in congested airport environments during
takeoff and landing. On helicopters, vortices shed from one rotor
blade can interfere with following blades, generating noise and vi-
brations. Although tip vortices are very persisting, their structure
and stability can be affected by external influences, in particular by
freestream turbulence, whether atmospheric or introduced by other
nearby surfaces.

The flowfield downstream of a finite wing is quite complex. Dif-
ferences in pressure along the span of a finite wing induce a spanwise
component of velocity over the surface of the wing. At the tip, fluid
from the pressure surface rolls up toward the suction surface, form-
ing a discrete vortex that is convected downstream. At the trailing
edge of the wing, the spanwise flow generates a spanwise shear
layer, which is also convected downstream. At the same time, the
boundary layers on the two surfaces merge into a wake, which has
streamwise momentum deficit and coexists with the shear layer.

The formation process of a wing-tip vortex depends largely on
the wing geometry. Planform shape affects the distribution of pres-
sure on the wing and, thus, the spanwise flow. Boundary layers on
the wing contain turbulence and vorticity, which are entrained in the
vortex during rollup.1 Depending on the shape of the wing tip, roll-
up of the main vortex may include the merging of multiple small
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vortices forming from local separated shear layers.2,3 Finally, ad-
ditional corotating vortices, generated by part-span flaps and other
discontinuities, could merge with the main vortex at some down-
stream distance from the tip.4

Downstream of the wing, the shear layer and the wing wake roll
up in a spiral around the vortex. This rollup process continues until
the shear layer vorticity has fully merged into the vortex vorticity
through turbulent and molecular diffusion. The fully developed vor-
tex has a core in which viscous effects dominate and the circumfer-
ential velocity increases linearly with radial distance from the vortex
axis, as in rigid-body rotation. Outside the core, the circumferential
velocity reaches a maximum at some radial distance and then gradu-
ally decreases.1 Axisymmetric, linear stability analyses indicate that
fluid rotation in the vortex core stabilizes the motion, obstructing the
generation of turbulence5,6 and causing boundary-layer turbulence
entrained in the vortex during rollup to decay rapidly.7

In the initial stages of vortex formation, the pressure in the vor-
tex core gradually decreases along the vortex axis, generating a
favourable axial pressure gradient that accelerates the core fluid in
the streamwise direction, possibly resulting in a jetlike core having
an axial velocity surplus.8 Farther downstream, viscous actions9,10

decelerate the flow, tending to convert the core to wakelike, having
a velocity deficit relative to the freestream. In either case, the ax-
ial velocity gradient introduces a possible mechanism of turbulence
production in the core.11 However, turbulence generated in this man-
ner tends to reduce the axial velocity gradient through turbulent dif-
fusion, thus weakening any additional production of turbulence.12

While this takes place, the stabilizing action of the fluid rotation
continually impedes radial motions, promoting turbulence decay. In
consideration of these competing mechanisms, it becomes uncertain
whether the vortex core will be laminar or turbulent.

Available experimental evidence regarding the existence of tur-
bulence within the core is inconclusive, mainly due to interfer-
ence caused by transverse motion of the vortex in the measure-
ment plane. This motion, referred to in the literature as either vortex
wandering8,13 or meandering,1,7 is described as long-wavelength,
low-frequency motion of the vortex that can occur even in relatively
low-turbulence intensity wind tunnels. Vortex wandering interferes
with the measurement of vortex characteristics by fixed probes, hav-
ing an effect similar to that of turbulent diffusion: Measured time-
averaged radial profiles of mean velocity components and turbulent
velocity moments tend to be smoother and spread over wider radial
distances, compared to corresponding actual profiles. Additionally,
lateral motion of the vortex past the measuring probe introduces
apparent velocity fluctuations, especially within the core where the
radial gradients of the velocity are large. These fluctuations may be
difficult to distinguish from local turbulence and may even make a
laminar vortex core appear as turbulent. In a detailed study in which
they corrected their measurements for vortex wandering, Devenport
et al.8 concluded that the core of a wing-tip vortex generated in a
low-turbulence wind tunnel was laminar.

Turbulence external to the vortex, such as turbulence in the
freestream or in the spiral wake/shear layer, can conceivably have
several effects on the vortex. First, freestream turbulence could pos-
sibly affect the formation and rollup of the vortex. Second, farther
downstream, freestream turbulent eddies would introduce meander-
ing of the vortex; when sufficiently strong and of sufficiently large
scale, this meandering could cause instability and breakdown of the
vortex. Finally, energetic external turbulent eddies could possibly
penetrate the vortex core, resulting in vortex decay. Despite the in-
terest in the interaction between a vortex and a turbulent freestream,
there have been surprisingly few quantitative experimental studies of
the effects of freestream turbulence on vortex formation and rollup.

Bandyopadhyay et al.14 observed a significant increase in vortex
meandering motion with increasing freestream turbulence and an
intermittent exchange of core fluid with turbulent freestream fluid,
suggesting that freestream eddies penetrate the vortex core. Three-
dimensional simulations12,15 identify the formation of secondary
vortical structures surrounding the vortex as a possible mechanism
causing vortex meandering and core penetration. These structures
form by the rolling of freestream eddies around the vortex, which

stretches them azimuthally and intensifies their vorticity. Adjacent
eddies with nearly aligned vorticity directions merge, creating sec-
ondary pairs of structures with opposing vorticity. The velocity field
induced by such a pair can strip vortical fluid from the core and in-
troduce vortex meandering through bending waves in the vortex.16

Holzäpfel et al.15 also found that, in the presence of a highly en-
ergetic freestream, the eddies might not form secondary structures
but instead tend to bend and distort the vortex, initiating large-scale
vortex instability and breakup.

The objective of the present study is to investigate experimen-
tally the effects of freestream turbulence on the vortex formation,
rollup, and development in the near field within 10 chord lengths of
the wing. Besides a low-turbulence case, used for comparisons, two
freestream turbulent conditions were generated using grids upstream
of the wing, and the resulting velocity fields were measured in six
transverse planes downstream of the wing. The present paper is an
account of time-averaged statistics, establishing a basis for future
experimental refinement and for the testing of numerical simula-
tions. Detailed studies of wandering effects on the apparent turbu-
lent stresses in the vortex core are currently in progress and will
hopefully be the topic of a future paper.

Experimental Facilities and Instrumentation
Experiments were conducted in an open-circuit, suction-type

wind tunnel, having a test section with dimensions 0.6 × 0.9 ×
3.7 m3 and equipped with an automated three-axis, streamlined
traversing system with a step resolution of 0.005 mm. The wing used
to generate the vortex was machined from a solid aluminium plate.
It had a NACA 0012 profile, a square tip and a rectangular planform
with a chord of c = 177.8 mm and a semispan of b = 520.7 mm, cor-
responding to an aspect ratio of 2.93. The wing was instrumented
with arrays of pressure taps at the five spanwise stations 0.68b,
0.83b, 0.93b, 0.95b, and 0.96b. Each array had one tap at the lead-
ing edge, nine taps on the suction surface, and eight taps on the
pressure surface. A boundary-layer trip wire of diameter 0.58 mm
was located at the 10% chord location on the suction surface to
reduce sensitivity to initial conditions for the different cases consid-
ered. The wing was placed vertically along the tunnel centerline at
a distance of 0.6 m from the end of the contraction. A circular end
plate was fitted near the root, 0.18c away from the tunnel wall to
minimize tunnel boundary-layer effects. The experimental setup is
shown in Fig. 1.

Freestream turbulence was generated by square-mesh perforated
plates (grids), inserted across the flow at the inlet of the test section.
Two grids were used, both with a solidity of 0.44; the large grid had
a mesh size of M = 50.8 mm, whereas the small grid had a mesh
size of 25.4 mm. The freestream streamwise turbulence intensity,
u′

x/Ūx , measured with the wing and the grids removed, was found to

Fig. 1 Experimental setup.
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be nearly uniform and less than 0.4% across the core of the tunnel.
At the same streamwise cross section as the wing leading edge, the
turbulence intensity was 5% for the large grid and 2.5% for the small
grid, decaying to about 2% and 1%, respectively, at the end of the
test section. The streamwise integral length scales of the freestream
turbulence were 25 mm (large grid) and 17 mm (small grid) at the
wing leading edge and 34 mm (large grid) and 23 mm (small grid)
at the end of the test section.

A custom-built, four-sensor, modified Kovasznay-type hot-wire
probe was used to measure the instantaneous, local velocity vec-
tor, both in magnitude and in direction. The sensors were made
of platinum–10% rhodium and had diameters of 2.5 μm and
lengths of 0.66 mm. The probe had a measurement volume of
0.68 × 0.68 × 0.46 mm,3 and was mounted on a sting so that its
tip was 0.38 m upstream of the automated traversing system to
minimize interference. Freestream velocity was measured by a sec-
ond hot-wire probe, having a single platinum–10% rhodium sensor,
5 μm in diameter and 2 mm long. This sensor was located 0.3 m
upstream of the wing and 0.1 m away from the wall. The hot-wire
probes were powered by constant temperature anemometer circuits
(A.A. Lab. Systems, Ltd., Model AN-1003) and were recorded by
a simultaneous sample-and-hold data acquisition system (United
Electronic Industries PowerDaq Model PD2-MFS-8-300/16). All
signals were low-pass filtered at a cutoff frequency of 8.2 kHz and
digitized at a rate of 20 kHz. Ensemble-averaged statistics were cal-
culated from samples with a length of 15 s, each segmented into 20
records of duration 0.5 s and separated from each other by intervals
of 0.25 s.

All sensors were calibrated vs the streamwise velocity measured
with a pitot tube/wall tap combination before and after each run.
Velocity was determined from measured voltages using the lookup
table data reduction technique described by Wittmer et al.,17 which
is capable of determining flow angles within an acceptance cone
of approximately 30 deg. For cases for which the flow angle was
found to be outside this cone, the velocity was determined using the
method of Döbbeling et al.18

In a preliminary stage of the wind-tunnel investigation, oil-
film flow visualization and single-wire hot-wire anemometry were
used to investigate qualitatively the vortex formation process at
α = 8 deg and a freestream velocity of U∞ = 20 m/s, corresponding
to Rec = U∞c/ν = 2.4 × 105. The flow visualization was performed
using a suspension of copier toner in light machining oil. The sen-
sor for the single-wire measurements was made of platinum-coated
tungsten and had a diameter of 5 μm and a length of 2 mm. Single-
sensor measurements were conducted at six transverse planes lo-
cated at x/c = 0.0, 0.25, 0.4, 0.55, 0.65, and 0.75, for two freestream
conditions corresponding to the unobstructed flow and a flow down-
stream of the large grid.

Measurements with the four-sensor probe were also performed at
Rec = 2.4 × 105; however, the wing angle of attack was reduced to
α = 5 deg to ensure that flow angles remained within the probe’s ac-
ceptance cone. The effective angle of attack, estimated using the gen-
eral downwash blockage correction of Rae and Pope,19 was 5.6 deg.
The origin of the coordinate system (Fig. 1) was fixed at the tip
of the wing, 0.25c from the leading edge, with its transverse lo-
cation adjusted for each measurement plane to coincide with the
center of the vortex. Measurements were conducted at six trans-
verse planes, located at x/c = 0.8, 1.75, 3.75, 5.75, 7.75, and 9.75,
for three freestream turbulence conditions, corresponding to the un-
obstructed flow, a flow downstream of the small grid, and a flow
downstream of the large grid. In general, results at x/c = 0.8 are not
included in this paper because the vortex core was not fully devel-
oped at this streamwise location and, also, flow angles approached
the edge of the probe’s acceptance cone.

Quantifying the uncertainty in curve fitting of calibration data
and in converting measured cooling velocities to Cartesian velocity
components is not a trivial task. Following Wittmer et al.,17 uncer-
tainties in the data reduction technique were estimated by compar-
ing the Cartesian velocity components measured by the probe to
those calculated from the calibration jet velocity and probe orienta-
tion as �Ūx/U∞ ≈ 0.2%, �Ūy/U∞ ≈ 0.5%, and �Ūz/U∞ ≈ 0.4%

a) b) c)

Fig. 2 Isocontours of standard deviation of streamwise velocity u′
x/U∞

at x/c = 9.75: a) with 0.68 ×× 0.68 ×× 0.463 four-wire probe, b) with
2.8 ×× 2.8 ×× 1.4 mm3, four-wire probe, and c) Devenport et al.8 results.

for flow angles less than 20 deg and as �Ux/U∞ ≈ 0.6%,
�Uy/U∞ ≈ 0.8%, and �Uz/U∞ ≈ 0.7% for a flow angle of 30 deg.
The streamwise position uncertainty was �x/c ≈ 3%. The un-
certainty in relative spatial position within a measurement plane
due to the finite size of the probe was �y/c ≈ �z/c ≈ 0.3%.
The uncertainty in absolute spatial position (referenced to the
wing), caused by reinsertions of the probe in the wind tunnel, was
�y′/c ≈ �z′/c ≈ �yv/c ≈ �zv/c ≈ 1%.

A concern when using hot-wire probes is the possibility of flow
distortion. Using flow visualization, Devenport et al.8 found that
a four-wire probe of nearly identical dimensions as those used in
this study did not cause measurable disturbances within the vortex
core. The presently measured intensity of the streamwise velocity
fluctuations in the vortex core (Fig. 2a) was much lower than that
in the Devenport et al. study at the same x/c and α but at dif-
ferent Rec and aspect ratio (Fig. 2c), implying that probe-induced
disturbances were negligible in the present case as well. The issue
of possible probe disturbances was addressed early in this study,
when measurements were taken with a larger four-wire probe, hav-
ing a measurement volume with dimensions 2.8 × 2.8 × 1.4 mm3.
Representative results with this probe, presented in Fig. 2b, show
significantly stronger velocity fluctuations than those measured with
the smaller probe. In Fig. 2, contour lines are spaced 0.004 apart.

In the present paper, no corrections for vortex wandering have
been applied to the measurements. Instead, estimates of the wan-
dering amplitude were made based on the correction method of
Devenport et al.8 This method uses a summation series to repre-
sent the measured profile and remove the effect of an estimated
amount of wandering from the profile. The wandering estimate is
then iteratively corrected until the estimated stresses at the vortex
center match the measured stresses. This correction technique for
point measurements was found to compare favorably with results
from particle image velocimetry (PIV) studies.20 When this pro-
cess was used, it was estimated that the wandering amplitude was
about 0.8 mm at the farthest downstream measuring plane for the
unobstructed flow case. For this case, it has been estimated that
wandering would have a negligible effect on mean circumferential
velocity measurements, albeit a measurable one on the turbulent
stresses in the core of the vortex. Application of this method did not
produce any reliable corrections for the two grid turbulence cases.

In addition to the wind-tunnel measurements, a series of flow
visualization experiments by dye injection was performed in
a closed-circuit water tunnel, with test section dimensions of
0.6 × 0.9 × 3.7 m. The water tunnel was equipped with two tur-
bulence grids with mesh sizes and solidities identical to those used
in the wind-tunnel studies. Dye was injected into the water tunnel
at isokinetic conditions through two 1-mm-diam injectors, which
could be moved throughout the test section to visualize different
flow regions. The wing used in these experiments had a chord
of c = 177.8 mm and a semispan of b = 228.6 mm, correspond-
ing to an aspect ratio of about 1.3. A boundary-layer trip was
also employed on this wing, which ensured that the flow over the
suction surface was attached. (This was verified by flow visual-
ization.) The water tunnel studies were conducted at a freestream
velocity of U∞ = 0.16 m/s, corresponding to a Reynolds number
of Rec = 2.9 × 104 and an angle of attack of α = 5 deg. In view
of differences in wing aspect ratio and Reynolds number from the
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wind-tunnel experiments, the water-tunnel results were used only
for qualitative purposes, to assist in the understanding of the vortex
formation process.

Results and Discussion
Vortex Formation

To characterize the vortex formation process and identify possible
effects of freestream turbulence, single-sensor hot-wire measure-
ments were performed at the wing tip and over the suction surface
at α = 8 deg and Rec = 2.4 × 105 for both the no-grid and large-grid
cases. Single-sensor hot wires with a sensor axis normal to the probe
axis measure an effective cooling velocity Ueff, defined as the equiv-
alent flow velocity parallel to the probe axis that would produce the
same sensor cooling as the actual flow velocity, and are unable to re-
solve the actual velocity magnitude and direction. Nevertheless, by
comparison of single-sensor measurements downstream of the wing
to four-wire measurements of the velocity vector, it has been found
that the shapes of isocontours of the rms effective cooling velocity
u′

eff matched fairly well the shapes of isocontours of the turbulent
kinetic energy. Isocontours of u′

eff/U∞ are presented in Figs. 3a and
3b, for the no-grid and large-grid cases, respectively. Both sets of
contours presented maxima of u′

eff/U∞ at approximately the same
locations. At x/c = 0.0, two local maxima (peaks) were evident,
one at the wing tip, A in Fig. 3, and another toward the suction sur-
face near the tip, B in Fig. 3. In downstream measurement planes,
the location of peak A moved toward the suction surface, rolling
over the tip’s edge somewhere between x/c = 0.4 and x/c = 0.55.
Peak B, remained close to the suction surface in downstream planes,
moving away from the tip until peak A rolled over to the suction
surface, at which point it started to move toward the tip again. Peak
A was wider than peak B in all planes and contained higher values
of u′

eff/U∞. At x/c = 0.75, the two peaks A and B appeared to have
merged together. A smaller peak, C in Fig. 3, was also evident, ap-
pearing in the farthest downstream planes near the very tip of the
wing.

The locations of the local peak values of u′
eff/U∞ are indicated

in Fig. 4 for both the no-grid and large-grid cases. In Fig. 4, the x ,
y, z coordinate system has been rotated by α to x ′, y′, z′ to align the
coordinate system with the wing chord line. As can be observed in
Fig. 4, the locations of peaks A, B, and C do not appear to be altered
by the introduction of freestream turbulence.

a)

b)

Fig. 3 Contours of u′
eff/U∞ measured at x/c = 0.0, 0.25, 0.4, 0.55, 0.65

and 0.75 for a) no-grid case and b) large-grid case.

Fig. 4 Peak u′
eff/U∞ locations for no-grid (solid symbols) and large-

grid (hollow symbols) cases in wing-aligned coordinates: � and �, peak
A; � and �, peak B; and �and �, peak C.

Fig. 5 Oil-film flow visualization with oil-free regions corresponding
to signatures of vortices B and C on wing surface and locations of
boundary-layer trip, pressure tap rows, and coordinate system origin.

Although the locations of the characteristic peaks were unaltered
by freestream turbulence, larger u′

eff/U∞ values were recorded for
the large-grid case and the contours of u′

eff/U∞ were wider, appear-
ing more diffuse. If the vortex position were steady, this observation
would indicate that freestream turbulence increased the turbulence
inside the vortex during formation. However, in view of the steep
local velocity gradients that could result in large measured values
of u′

eff/U∞ under even small-scale meandering, one needs addi-
tional evidence before making such a statement with any degree of
confidence.

Oil-film surface flow visualizations were performed on the suc-
tion surface of the wing near the tip at α = 8 deg and Rec = 2.4 × 105

for the no-grid and large-grid cases. A representative image for the
no-grid case is shown in Fig. 5, with virtually identical patterns ob-
served for the large-grid case. Two characteristic lines are evident
as oil-free regions in Fig. 5, indicating high local wall shear stress.
Comparison of the oil-film flow visualization and single-sensor mea-
surements indicate that the high local wall shear stress corresponds
to peaks B and C as indicated in Fig. 5.

To characterize the time-dependent aspects of the vortex forma-
tion process, flow visualization by dye injection was performed in
the water tunnel at Rec = 2.9 × 104 and α = 5 deg for the no-grid,
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Fig. 6 Formation of discrete vortices based on observations using dye
injection.

a)

b)

Fig. 7 Dye-injection images with vortices A and B for a) no-grid and
b) large-grid cases.

a)

b)

Fig. 8 Dye injection patterns with vortices B and C for a) no-grid and
b) small-grid cases.

small-grid, and large-grid cases. Despite differences in Reynolds
number, aspect ratio, and angle of attack between these experiments
and the wind-tunnel studies, comparisons between patterns observed
in the dye-injection images and those inferred from single-wire mea-
surements showed strong qualitative similarities. The dye-injection
flow visualization revealed that, in the initial formation phase, one
could identify three distinct corotating vortices, shown in Fig. 6, that
correspond to the characteristic peaks A, B and C in the contours
of u′

eff/U∞. Vortex A developed along the wing tip, as fluid from
the pressure surface flowed around the tip edge. Vortex B devel-
oped along the suction surface, as fluid from the tip surface rolled
up around the other edge of the tip. Finally, vortex C formed at the
very tip of the trailing edge, as slow-moving fluid on the pressure
surface rolled toward the suction surface near the tip of the trailing
edge. Other experimental studies using flow visualization, velocity,
and pressure measurements2,3,21 have also identified the formation
of multiple vortices, the number and arrangement of which varied
with wing-tip geometry.

Based on observations of the rotation rate of the injected dye,
vortices A and B appeared to be comparable in strength; however,
vortex A was initially more turbulent, as evident from an increased
rate of dye diffusion and increased fluctuation levels measured by the
single-sensor probe. At approximately x/c = 0.5, vortex A rolled
over to the suction surface and began to interact with vortex B.
The interaction of the two vortices was turbulent and could not be
observed in detail due to strong dye diffusion in both vortices.

All three vortices were noticeable in the three cases at differ-
ent freestream turbulence levels, as shown in representative dye-
injection images in Figs. 7 and 8. When the grids were placed up-
stream of the wing, dye injection showed that the formations and

Fig. 9 Variation of section lift coefficients calculated from surface
pressure measurements.

trajectories of both vortices A and B were unaffected. However,
vortex B appeared to be distorted by interactions with freestream
eddies. Moreover, freestream turbulence seemed to increase the tur-
bulence within both vortices, as implied by increased rates of dye
diffusion. The influence of freestream turbulence on vortex C can
be observed by comparing Fig. 8a for the no-grid case and Fig. 8b
for the small-grid case. In the presence of freestream turbulence,
vortex C was clearly more turbulent, as evidenced by more rapid
dye diffusion.

In summary, the flow visualization and single-sensor hot-wire
results demonstrate that freestream turbulence did not introduce any
apparent gross change in the vortex formation process, although it
affected the initial turbulence level in the vortex core and resulted in
increased distortion and meandering of the formation vortices. The
negligible effect of freestream turbulence on the loading of the wing
and the initial stages of vortex formation is also demonstrated by the
fact that the section lift coefficient cL , determined at α = 5 deg in
the wind-tunnel experiments by integrating the surface pressure at
five spanwise planes, showed a negligible variation with increasing
freestream turbulence level (Fig. 9).

Vortex Axis
Time-averaged vortex properties were measured in the wind tun-

nel by traversing the four-sensor hot-wire probe on several planes
normal to the freestream downstream of the wing. Because of wan-
dering, the instantaneous vortex axis was changing location with
time and could not be determined precisely with the available in-
strumentation. Instead, the average location of the intersection of the
vortex axis with each measuring plane was identified as the center of
a family of concentric circles fitted to isocontours of the magnitude
of the time-averaged velocity (Ū 2

y + Ū 2
z )1/2 on the measuring plane.

During this process, the orientation of the coordinate system used
to calculate the velocity components was adjusted to yield isotachs
that were as circular as possible, thus correcting for a possible slight
misalignment of the probe axis with respect to the vortex axis. Typi-
cally, this required coordinate axis rotations by less than 5 deg. This
locus, which may be called the average vortex axis or average vortex
trajectory, is shown in Fig. 10, where yv and zv are its spanwise and
vertical distances from the wing-tip quarter-chord location. It can
be seen that, for all three freestream turbulence levels examined, the
vortex moved inboard and upward from the tip of the wing. Also ap-
parent from Fig. 10 is that the vortex trajectory was not significantly
affected by the introduction of freestream turbulence.

Axial Velocity
The variations of the dimensionless mean streamwise velocity

over the measurement plane are presented as contours of Ūx/U0 for
each of the three freestream conditions in Fig. 11 for x/c = 1.75, in
Fig. 12 for x/c = 5.75, and in Fig. 13 for x/c = 9.75. The results
have been normalized by the local freestream velocity U0 on the
corresponding measuring plane, which was higher by up to 5%
than the undisturbed freestream velocity U∞ because of blockage
by the wing and its wake. Measurements at the three streamwise
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a)

b)

Fig. 10 Distances of vortex axis from streamwise line passing through
wing’s aerodynamic center: a) spanwise direction and b) direction of
lift.

a) b) c)

Fig. 11 Ūx/U0 contours at x/c = 1.75: a) no-grid, b) small-grid, and
c) large-grid cases.

a) b) c)

Fig. 12 Ūx/U0 contours at x/c = 5.75: a) no-grid, b) small-grid, and
c) large-grid cases.

a) b) c)

Fig. 13 Ūx/U0 contours at x/c = 9.75: a) no-grid, b) small-grid, and
c) large-grid cases.

stations x/c = 1.75, 5.75, and 9.75 are used to indicate the trend of
streamwise development for each of the three cases.

In Figs. 11–13, the wing wake can be identified as a thin region
having a velocity deficit. At x/c = 1.75, the isovelocity contours
within the wake contain long, relatively straight sections, but con-
tour curvature increases with increasing downstream distance, as the
wake spirals around the vortex due to the velocity field induced by
the latter. A nearly axisymmetric region of velocity deficit surround-
ing the vortex axis, is evident in Figs. 11–13. In Fig. 11, contour
lines are spaced 0.02 apart, whereas in Figs. 12 and 13 they are 0.01
apart. In Figs. 11–13, lower values are indicated by darker-gray.

Increasing freestream turbulence appeared to increase the rate
of diffusion of the streamwise momentum within the spiral wake.
This was expressed as both an increase in the wake width and a
corresponding decrease in velocity deficit. Moreover, increasing
freestream turbulence resulted in a decrease in the curvature of the
wake, which may be interpreted as a reduction in the strength of the
velocity field induced by the vortex. This reduction in wake curva-
ture is not an artifact of the measuring procedure because it cannot
be attributed to vortex meandering.

For a closer examination of the axial velocity variation near the
vortex axis, the radial variations of the dimensionless mean stream-
wise velocity Ūx/U0 for each of the three freestream conditions are
shown in Figs. 14–16. For clarity, measurements within the spiral
wake are indicated by solid squares, so that they can be distinguished
from measurements in the freestream.

An issue of interest is to determine whether, for the different
freestream conditions, the time-averaged streamwise velocity in the
vortex core is jetlike or wakelike, namely, whether the peak stream-
wise velocity Ūp in the core is greater or smaller than U0 (Refs.
7, 8, and 10). The measurements in the no-grid case at x/c = 1.75
(Fig. 14a) appear to conform with neither of these patterns. Instead,
the axial velocity profile has a local maximum at the vortex center,
roughly equal to the local freestream velocity, surrounded by an
annular region with a velocity deficit. As the vortex develops down-
stream, both the central maximum and the annular deficit decrease
and the axial velocity profile approaches a wakelike form. Consid-
ering that lateral vortex motion would generally tend to smoothen
the time-averaged velocity profile, one may not assert the degree, if
any, by which the observed changes in the mean profile are caused

a)

b)

c)

Fig. 14 Radial variation of measured normalized mean axial velocity
for no-grid case: a) x/c = 1.75, b) x/c = 5.75, and c) x/c = 9.75.
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a)

b)

c)

Fig. 15 Radial variation of mean streamwise velocity normalized
by local freestream velocity Ūx/U0, small-grid case: a) x/c = 1.75,
b) x/c = 5.75, and c) x/c = 9.75: �, data points in spiral wake.

a)

b)

c)

Fig. 16 Radial variation of mean streamwise velocity normalized
by local freestream velocity Ūx/U0, large-grid case: a) x/c = 1.75,
b) x/c = 5.75, and c) x/c = 9.75: �, data points in spiral wake.

by vortex wandering or whether they are the result of changes in the
instantaneous profiles.

To illuminate this issue, a simple model was created by introduc-
ing a random transverse motion of the velocity profile indicated by
a solid line in Fig. 14a, which is an approximation of the measured
mean profile. Two time series representing the instantaneous dis-
placements in the y and z directions of the vortex axis from the fixed
origin with zero means and standard deviations σy and σz , respec-

tively, were generated using a Gaussian random number generator.
A series of points along a radial line was chosen to represent loca-
tions of the fixed measuring probe, and a time series of the velocity
Ux at each point was formed by selecting appropriate values from
the velocity profile of the randomly moving vortex. Mean values Ūx
were calculated from the series for different values of σy = σz = σ ,
which correspond to the amplitudes of wandering motion. The re-
sults for σ = 0.005c (=1 mm) and σ = 0.017c (=3 mm) are pre-
sented in Figs. 14b and 14c respectively, as dashed lines. Despite its
crudeness, this model reproduces fairly well the profiles measured at
x/c = 5.75 and 9.75 for the no-grid case. In other words, the shapes
of the mean profiles measured downstream are approximately the
same as the mean profiles that would be observed by a fixed probe,
if a vortex with a fixed instantaneous profile equal to the mean pro-
file at x/c = 1.75 were set in Gaussian-type vortex wandering. Note
that the rms amplitudes of wandering estimated at each location
are actually conservative because they are based on the assumption
that the profile at x/c = 1.75 is not itself subjected to wandering.
However, these values are significantly larger than predicted using
the correction technique of Devenport et al.,8 which implies either
the correction is inaccurate or the streamwise development shown
in Fig. 14 is due to effects other than vortex wandering. Because
of the agreement of the experimental results of Heyes et al.20 with
the technique of Devenport et al.,8 it appears more likely that the
development is due to effects other than vortex wandering. For the
turbulent freestream cases, for which vortex wandering would be
much stronger than that in the no-grid case, one would anticipate
that instantaneous radial profiles of the streamwise velocity could
be even more different in shape from the mean profiles measured
by a fixed probe.

The measured profiles of Ūx/U0 are presented for the small-grid
case in Fig. 15 and the large-grid case in Fig. 16. In both cases, the
velocity distributions appear wakelike. Both profiles were clearly
asymmetric near the vortex axis at x/c = 1.75, but their asymmetry
decreased with increasing downstream distance. Whereas the pro-
files in the small-grid case show very little change in magnitude
and radial scale as the downstream distance increases, those in the
large-grid case show a decreasing deficit and an increasing radial
scale.

It is clear that vortex wandering caused by freestream turbulent
eddies with sufficiently large size and energy could possibly ob-
scure the measurement of an annular velocity profile by smoothing
velocity differences, reducing peak values, and spreading the pro-
file radially, in a process that could be termed as apparent radial
diffusion. Thus, differences in the observed profiles for different
freestream conditions could be due partly to differences in the in-
stantaneous profiles and partly to differences in wandering effects.
This issue remains under investigation and will be revisited in future
reports.

Circumferential Velocity
In the present study, the mean circumferential velocity is defined

as

Ūθ = Ūz cos θ − Ūy sin θ (1)

where the angle θ is the circumferential coordinate of the probe in a
Cartesian coordinate system having the local mean vortex center as
origin (Fig. 1). Distributions of Ūθ /U0 in the measurement planes
are presented as contours for each of the three freestream conditions
in Fig. 17 for x/c = 1.75, Fig. 18 for x/c = 5.75, and Fig. 19 for
x/c = 9.75. In Figs. 17–19, the locus of minimum Ūx/U0 in the
spiral wake has been indicated by a dashed line and contour lines
are spaced 0.02 apart, with the contour level 0.08–0.1 shown in gray.

Near the vortex axis, Ūθ /U0 appears to be nearly axisymmetric;
however, as r/c increases, the asymmetry in circumferential veloc-
ity becomes more pronounced. Near the wing, at x/c = 1.75, the
outer isotachs resemble a mirrored letter C in shape, whereas far-
ther downstream, the contours evolve to include an arm of increased
circumferential velocity in the spiral wake region. This asymmetry
is most likely caused by effects of the spanwise velocity induced



BAILEY, TAVOULARIS, AND LEE 1289

a) b) c)

Fig. 17 Ūθ /U∞ contours at x/c = 1.75: a) no-grid, b) small-grid, and
c) large-grid cases.

a) b) c)

Fig. 18 Ūθ /U∞ contours at x/c = 5.75: a) no-grid, b) small-grid, and
c) large-grid cases.

a) b) c)

Fig. 19 Ūθ /U∞ contours at x/c = 9.75: a) no-grid, b) small-grid, and
c) large-grid cases.

over the pressure and suction surfaces of the wing, the residual of
which is visible at x/c = 1.75. Downstream of the wing, this induced
velocity evolves through viscous effects into a shear layer, which
appears as the arm of increased Ūθ /U0 at x/c = 5.75 and 9.75. The
shear layer largely coincides with the spiral wake, and they follow
the same trajectory, as shown by the dashed lines in Figs. 17–19.

Within the shear layer, isotachs of circumferential velocity across
the spiral wake are oriented at an angle to the wake, indicating
that the wake is undergoing both stretching and shearing, in agree-
ment with discussion by Miranda and Devenport.22 For all three
freestream conditions, the angles between the velocity contours and
the wake trajectory are comparable, which indicates that the relative
strengths of stretching and skewing change in proportion with the
increase in freestream turbulence. Also apparent in Figs. 17–19 is a
decrease in the rates of both stretching and shearing in the wake as
freestream turbulence increases. Stretching in the direction of the
spiral tends to increase the azimuthal vorticity component, whereas
shearing tends to produce additional turbulence in the wake. Be-
cause these effects appear to weaken with increasing freestream
turbulence, one would expect that the influence of the wake on the
vortex would also weaken.

The most likely reason for the reduction in shearing and stretch-
ing is the lateral spreading of the shear layer caused by an in-
crease in turbulent diffusion. Such increases in diffusion occur both
with increasing streamwise distance and increasing freestream tur-
bulence. Phillips23 describes the process of shear-layer stretching
during rollup, while the innermost spirals merge together through
viscous diffusion to form the vortex core. This process, combined
with an increased rate of diffusion due to more intense freestream
turbulence, provides a mechanism for an increase in the vortex core

radius at distances far downstream of the wing, where the vortex
rollup is complete.

The axisymmetric region of Ūθ /U0 near the vortex axis is illus-
trated by the radial profiles of Ūθ /U0, shown in Figs. 20–22, respec-
tively, for each of the three freestream conditions. The increasing
scatter in Ūθ /U0 as r/c increases beyond about 0.75 is attributed to
the shear layer observed in Figs. 17–19. This scatter diminishes with
streamwise distance, which indicates a decrease in the mean shear,
as the shear layer becomes integrated into the vortex. To clarify

a)

b)

c)

Fig. 20 Mean circumferential velocity, no-grid case: a) x/c = 1.75,
b) x/c = 5.75, and c) x/c = 9.75.

a)

b)

c)

Fig. 21 Mean circumferential velocity, small-grid case: a) x/c = 1.75,
b) x/c = 5.75, and c) x/c = 9.75.
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a)

b)

c)

Fig. 22 Mean circumferential velocity, large-grid case: a) x/c = 1.75,
b) x/c = 5.75, and c) x/c = 9.75.

the contribution of measurements in the spiral wake to the overall
scatter, such measurements have been indicated by solid symbols in
Figs. 20–22. All profiles have a distinct peak with a value Ūθ max/U0,
located at a radial distance rθ max/c. Both the peak values and the peak
locations have been identified in Figs. 20–22. Other than a decreas-
ing amount of scatter in the data, the no-grid circumferential velocity
profile showed little change with streamwise distance (Fig. 20). In
contrast, the peak in the small-grid profile decreased measurably and
moved to clearly larger radial positions (Fig. 21). The same trends
were demonstrated in a much more dramatic way by the large-grid
profile (Fig. 22). For comparative purposes, we shall refer to the
region encircled within the radius of the peak in the mean circum-
ferential velocity as the apparent vortex core. Correspondingly, the
peak amplitude and radial position will be referred to as the apparent
core peak velocity and the apparent core radius, respectively.

The circumferential velocity profiles in the apparent cores of
wing-tip vortices in nonturbulent freestreams are known to develop
in a self-similar fashion, if Ūθ and r are normalized by the peak
value Ūθ max and the peak radius rθ max, respectively.23 Figure 23
shows that this applies not only to the present no-grid profile but
also to the profiles for both cases of grid turbulence. In all cases, col-
lapse of the data was fairly consistent within the range r/rθ max < 1.2,
but the scatter increased with increasing dimensionless radius out-
side that range. Moreover, the data within the apparent vortex core
were described fairly well by the curve fit proposed by Phillips,23

who also noted that, for r/rθ max � 1.2, the circumferential velocity
profile would not be self-similar, but its shape would depend on the
conditions occurring during vortex formation. Note that the mean
velocity profiles for the turbulent freestreams develop in self-similar
fashions, despite the fact that they are strongly influenced by vortex
meandering and could, therefore, be quite different from the cor-
responding instantaneous velocity profiles. It is not clear whether
this would be the case if the freestream had an arbitrary turbulence
structure because grid turbulence also develops self-similarly.

The changes of the apparent core parameters Ūθ max/U0 and
rθ max/c with streamwise distance for the three freestream condi-
tions are shown in Figs. 24a and 24b. In the no-grid case, these
parameters changed very slightly, if at all, which indicates that the
corresponding profiles were essentially free of wandering effects.
As mentioned earlier, freestream turbulence resulted in an apparent

Table 1 Power law coefficients

Case a m d n

Small grid 0.35 0.2 0.04 0.1
Large grid 0.32 0.5 0.04 0.4

Fig. 23 Radial profiles of the mean circumferential velocity in normal-
ized axes: ——, self-similar curve proposed by Phillips.23

a)

b)

Fig. 24 Streamwise development of a) Ūθ max/U0 and b) rθ max/c: ——,
fitted power law.

diffusion of these profiles, causing Ūθ max to decay and rθ max to grow,
with both effects intensified with increasing freestream turbulence.
The changes of both parameters with streamwise distance could be
well represented by fitted power laws as

Ūθ max/U0 = a(x/c)−m (2)

rθ max/c = d(x/c)n (3)

with the coefficients and exponents summarized in Table 1.
Like the radial profiles of the mean axial velocity, measured ra-

dial profiles of the mean circumferential velocity are subjected to the
effects of vortex wandering, which is expected to become stronger
with increasing freestream turbulence. This can be further illustrated
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by considering the change in the angular momentum of the fluid
contained in the apparent core. Away from the origin, there is no
source of external torque that would increase this angular momen-
tum, so one would expect that, if the measured value represented
well the corresponding value in the wandering vortex, it would have
to remain constant, or most likely decrease due to viscous actions.
The apparent core angular momentum, estimated using the fit of
Phillips,23 was found to be proportional to r 3

θ maxŪθ max. Thus, it
increased as (x/c)0.1 for the small-grid case and as (x/c)0.7 for
the large-grid case. These results clearly demonstrate an increas-
ing influence of vortex meandering on the circumferential velocity
profiles. At the same time, freestream turbulence may also alter
the actual structure of the vortex, diffusing its core faster and af-
fecting the instantaneous profiles. A recent experimental study by
Heyes et al.,20 using particle image velocimetry to determine instan-
taneous profiles under conditions comparable to those of the present
small-grid case, attributed the apparent diffusion of the vortex al-
most entirely to turbulence-induced lateral motion. Present results,
most notably those in the large-grid case in which freestream turbu-
lence was much stronger than that in the Heyes et al. experiments,
contradict this conclusion. The rapid rate of growth of the apparent
core and the reduced curvature of the spiral wake hint that at least
some of the apparent diffusion could be due to diffusion of the vortex
circulation.

Conclusions
An experimental investigation of the influence of freestream tur-

bulence on a wing-tip vortex was conducted for a rectangular-
planform, square-tip wing with a NACA 0012 profile. Three
turbulence levels were examined consisting of a low-turbulence
freestream and two grid turbulence cases. The wing-tip vortex was
found to form from three distinct corotating vortices whose posi-
tions were unaffected by freestream turbulence, although flow visu-
alization indicated an increase in turbulence within these vortices.
Freestream turbulence also did not seem to introduce any measur-
able change in the mean trajectory of the vortex; however, it reduced
the mean curvature of the wing wake axis, pointing to a possible re-
duction of vortex strength. The mean axial velocity profile had an
annular shape in the no-grid case close to the wing and developed
toward a wakelike shape with increasing streamwise distance. Both
grid cases had wakelike mean axial profiles, which were found to be
affected significantly by vortex meandering. The shear layer shed
from the wing was found to both stretch and shear the wing wake.
Increased freestream turbulence resulted in reduced stretching and
shearing, although the relative strengths of stretching and shearing
remained in proportion. Circumferential velocity profiles near the
mean vortex axis were also found to be strongly affected by vor-
tex meandering with increased freestream turbulence resulting in
increased meandering. For all cases, the circumferential velocity
profiles in the apparent cores were found to be self-similar, despite
meandering.
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