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A subscale experiment has studied the trailing vortex shed from a tapered fin installed on a wind-tunnel wall to

represent missile configurations. Stereoscopic particle image velocimetry data have been acquired for several

locations downstream of the fin and at different fin angles of attack. The vortex’s tangential velocity decays with

downstream distance while its radius increases, but the vortex core circulation remains constant. Circulation and

tangential velocity rise greatly for increased fin angle of attack, whereas the radius remains approximately constant

or slightly decreasing. The vortex axial velocity is always a deficit, whose magnitude diminishes with downstream

distance and smaller angle of attack. No variation with Mach number can be discerned in the normalized velocity

data. Vortex roll up is largely complete by about four root chord lengths downstream of the fin trailing edge; before

this point, the vortex is asymmetric in the tangential velocity but the core radius stays nearly uniform. Vortical

rotation draws low-speed turbulent fluid from the wind-tunnel wall boundary layer and the fin wake toward the

vortex core, which appears to hasten vortex decay and produce a larger axial velocity deficit than expected. Self-

similarity of the vortex is established even while it is still rolling up.

Introduction

M ODERN precision-guided air-delivered weapons generally
combine the presence of fins with strakes or canards. Conse-

quently, the tip vortices shed from the upstream control surfaces
propagate downstream where they can interact with subsequent
control surfaces and dramatically alter the expected performance,
an interaction for which neither the knowledge base nor the predic-
tive modeling is adequately dependable. Such fin–wake interactions
often are addressed by conducting wind-tunnel tests on each speci-
fic flight configuration, then deriving aerodynamic models that can
be used by the guidance system. Clearly, this inefficient approach
can be improved by complementing it with reliable predictive tools
to reduce the testing requirements, but common engineering-level
methods are hampered by the challenge of accurately predicting the
vortices shed by control surfaces across a wide range of flow
conditions and geometric variations. Higher-fidelity computational
fluid dynamics analyses can provide superior results if they employ
underlying models that have been suitably developed and validated
against reliable experimental data for the regime in which they will
be applied. Although numerous wind-tunnel tests have been con-
ducted on finned missile configurations, such data typically contain
only integrated force measurements rather than flowfield measure-
ments of the vortices themselves, and furthermore may not be
available for public consumption.

A considerable body of flowfield data has been acquired of trailing
vortices generated by lifting surfaces and is readily available in the
open literature, but the preponderance of it concerns aircraft wings
rather than the low-aspect-ratio control surfaces common to muni-
tions. The subject has been studied for sufficiently long that a number

of reviews are available [1–4], but in none are trailing vortices from
fin geometries explicitly discussed. In [5,6] are well-known
examples of wind-tunnel studies of tip vortices produced by scale
models of actual aircraft, whereas [7–12] examined the tip vortices
from simple wings constructed from classical airfoil shapes. The
general goals of these works and others have been to identify the
structure of the trailing vortex as a function of the wing geometry and
flow parameters and additionally to establish similarity laws where
feasible, and much of the resulting knowledge is useful in under-
standing the analogous fin vortices. Few studies, however, have
addressed vortices generated by shapes more akin to missile fins.
Shekarriz et al. [13] and Bridges et al. [14] examined the stubby sail
found on a submarine body, Stinebring et al. [15] looked at a
hydrofoil with an interest toward cavitation, and both Chow et al.
[16] and Ramaprian and Zheng [17] investigated low-aspect-ratio
versions of classical airfoil shapes; in all these cases, the authors
noted an effect upon the trailing vortex by the proximity of the wall
upon which the lifting surface was mounted, in contrast to the
findings from aircraft wings. None of the aforementioned studies
concern compressible flows, which are of interest to designers of
bombs and missiles, and apparently the only modern comparable
studies are the supersonic double-wedge shapes of Smart et al. [18]
and Wang and Sforza [19], although Milanovic and Kalkhoran [20]
performed the related investigation of the trailing vortices from a
supersonic delta wing.

To provide data tailored towards the low-aspect-ratio control
surfaces integral to fin–wake interactions, an experimental program
in Sandia’s Trisonic Wind Tunnel (TWT) has been conducted to
study the vortex shed from a fin installed on a wall of the tunnel. The
wind-tunnel wall represents the surface of a hypothetical flight
vehicle rather than employing a traditional sting-mounted model of a
missile body, so that a reasonably sized flowfieldmay be produced in
a smaller facility. The present report discusses only the portion of the
data set gathered with a single fin placed into the wind tunnel and is,
therefore, focused upon the behavior of the trailing vortex. Concern-
ing the broader research program, it is assumed that the same vortex
shed from the upstream fin would impinge upon a second fin placed
downstream of the first, a proposition tested in Beresh et al. [21] and
found to be well supported. Data herein are acquired using stereo-
scopic particle image velocimetry (PIV) in the flowfield cross plane
to directly measure the trailing vortex and the wake of the fin. Such a
data set can be used to develop and validate computational models
within the flight regime of interest to Sandia for precision-guidance
flight hardware.
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Experimental Apparatus

Trisonic Wind Tunnel

Experiments were performed in the TWT, which is a blowdown-
to-atmosphere facility using air as the test gas through a 305 �
305 mm2 (12 � 12 in:2) rectangular test section enclosed within a
pressurized plenum. A solid-wall transonic test section was used for
the presentwork rather than the traditional ventilated version because
it offers reasonable optical access, a flat plate upon which models
may bemounted, and computationally tractable boundary conditions
for comparison of experimental data and numerical simulations. The
use of a solid-wall test section limits the Mach number range of the
flowfield, but this was considered an acceptable compromise.

Fin Hardware

The fin employed in the present study is drawn in Fig. 1, designed
as a generic representation of the various fin geometries that could be
found on real-world systems. Based upon a trapezoidal planform, the
leading edge sweep is 45 deg, the fin root chord 76.2 mm (3 in.), the
fin span 38.1mm (1.5 in.), and its thickness 3.18mm (0.125 in.). This
size allows a sufficient downstream extent of the fin wake to be
surveyed within the test section length. The sharp leading edge has a
taper that terminates at a length of 1=3 the chord, and the trailing edge
and fin tip are both square cut. The fin passes through the test section
wall using a hub-and-pin system and attaches to a rotary mount that
can be set to discrete angles of attack ranging from�5 to�10 deg in
1 deg increments, pinned in place to tightly toleranced positions to
promote repeatability. The center of rotation is themidpoint of thefin
root. A gap of 1.5 mm (0.06 in.) exists between the root of the fin and

thewind-tunnel wall. The axial position of the fin is adjustable within
a range of 457mm (18.0 in.) using a series of interchangeable sliding
mounting blocks within a rail cut into the test section wall. The fin
was fabricated from stainless steel to guard against aeroelastic
deformation and black oxide coated to reduce background light
scatter for the PIV measurements.

Particle Image Velocimetry System

The PIV laser sheet configuration for the fin vortex measurements
in the TWT is shown in Fig. 2, in which stereoscopic PIV is used to
obtain all three velocity components in the wind-tunnel cross plane.
The laser sheet was aligned normal to the wind-tunnel axis and
positioned to the midpoint of the test section side-wall window. The
coordinate system is selected such that the u component lies in the
streamwise direction and the v component is in the vertical direction,
positive away from the top wall; the w component is chosen for a
right-handed coordinate system. The origin is located at the trailing
edge of the fin root in its zero angle-of-attack position, regardless of
its position along the test section axis. A positive fin angle of attack
rotates the fin counterclockwise in the x-z plane.

The light source was a frequency-doubled dual-cavity Nd:YAG
laser (Spectra Physics PIV-400) that produced about 400 mJ per
beam. The beams were formed into coplanar sheets and directed into
the test section from beneath the wind tunnel. To limit the particle
dropout arising from the alignment of the freestream direction of the
wind tunnel with the out-of-plane motion through the laser sheet, a
relatively thick laser sheet of about 2 mm and brief time between
pulses of 1:40�s were employed.

The TWT is seeded by a thermal smoke generator (Corona Vi-
Count 5000) that produces a large quantity of particles typically
0:2–0:3 �m in diameter from a mineral oil base. Particles are deli-
vered to the TWT’s stagnation chamber upstream of the flow
conditioning section. A posteriori analysis of the data presented
subsequently derives a Stokes number on the order of 0.01, which
indicates the particles are sufficiently small that they rapidly attain
the local velocity and avoid particle lag biases even in the presence of
velocity gradients due to the fin tip vortex [22,23]. Particle ejection
from the vortex core was found not to be a problem.

Scattered laser light was collected by interline-transfer charge-
coupled device cameras (Redlake MegaPlus ES4.0/E) with a
resolution of 2048 � 2048 pixels digitized at 8 bits. The two cameras
were equipped with 200 mm lenses mounted on Scheimpflug
platforms to create an oblique focal plane alignedwith the laser sheet.
Both cameras looked through the same window, viewing the laser
sheet from opposite directions, each at an angle of 57 deg to the laser

Fig. 1 Sketch of the fin geometry. Dimensions in mm.

Fig. 2 Schematic of the PIV cross-plane configuration, looking downstream from below the test section. Flow from right to left. Dimensions in mm. Not

to scale.
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sheet normal. Limited optical access prevents meaningful movement
of the cross-plane location upstream or downstream; thus all data
have been acquired at a single position within the test section.
Different stationswith respect to thefinwere achieved bymoving the
fin’s location. Stereoscopic camera calibrations used the distorted
sheet procedure described by Soloff et al. [24].

Data were processed using LaVision’s DaVis v7.1 in two different
ways, one in which image pairs were interrogated for greater
precision at the expense of spatial resolution by using a64 � 64 pixel
window employing a two-pass adaptive correlation to account for the
local particle displacement. Alternatively, the 64 � 64 pixelwindow
was used as a first pass leading to two additional adaptive passeswith
a 32 � 32 pixel interrogation window, but these results are consi-
derably noisier andwere employed only for conditions inwhich large
quantities of data were acquired to average out the random
correlation noise. In either case, a 50% overlap in the interrogation
windows was used as well to oversample the velocity fields. The
spatial resolution varies across the image due to the oblique camera
view, yielding about 4 mm horizontally and 2 mm vertically when
measured at the wind-tunnel centerline for 64 � 64 pixel windows,
and half this for 32 � 32 pixel windows. The software incorporates
image deformation based upon local velocity gradients, using a
bilinear interpolation scheme to warp the images. The resulting
vectorfieldswere validated based upon signal-to-noise ratio, nearest-
neighbor comparisons, and allowable velocity range. The valid
vector rate exceeds 98% for 64 � 64 pixel windows and 85% for
32 � 32 pixel windows, falling insignificantly in the vortex core.

Experimental Conditions

Testing conditions have been selected to represent a portion of the
range flown by transonic vehicles that may incorporate precision-
guidance capabilities. The freestreamMach numbers areM1 � 0:5,
0.6, 0.7, and 0.8 with the wind-tunnel stagnation pressure P0 set to
yield a test section static pressure pw � 101 kPa (14.7 psia); this
yields unit Reynolds numbers of 11 � 106 m�1, 14 � 106 m�1,
16 � 106 m�1, and 19 � 106 m�1, respectively. The wind-tunnel air
supply is heated in the storage tanks but not temperature-controlled
subsequent to this; therefore, the freestream stagnation temperature
T0 is subject to minor variation from 316 to 328 K (108–130�F).

The wall pressure pw was measured from the mean of two static
pressure taps located on thewind-tunnel sidewalls 490mmupstream
of the laser sheet location, as seen in Fig. 2.M1 and the freestream
velocityU1 were calculated isentropically from the ratiopw=P0 and
the stagnation temperature T0. The freestream Mach number rises
with downstream distance due to boundary-layer growth on the
wind-tunnel walls in the constant-area cross section; hence, the
actual Mach number at the fin location or laser sheet position will be
greater than the nominal value established for the flow. To determine
the local value, a series of pressure tapswere installed in one sidewall
of the test section and recorded during every wind-tunnel run. The
greatest rise occurs at Mach 0.8, where an increase to Mach 0.834 is
observed at the laser sheet position.

The 99%-velocity boundary-layer thickness has beenmeasured as
15:4� 0:4 mm (0:61� 0:02 in:) from PIV data acquired in the
streamwise plane atM1 � 0:8 [25]. This measurement wasmade on
the wind-tunnel centerline at the same downstream position as the
cross-plane laser sheet. The ratio of boundary-layer thickness to fin
height is similar to those predicted for vehicles of interest to Sandia.

Results and Discussion

Velocity Fields

Mean velocity data are shown in Fig. 3 for M1 � 0:8 at four
angles of attack of the single fin, �� 2, 5, 7, and 10 deg. The fin was
mounted as far upstream in the wind tunnel as possible, thereby
placing the PIV measurement location at a distance of x=c� 4:18
from the trailing edge of the fin,where c is thefin root chord. In-plane
velocities are displayed as vectors superposed upon a contour plot of
the out-of-plane (streamwise) velocities, with the vectors sub-
sampled by a factor of two in each direction for visual clarity. The

axes have been normalized to the fin root chord c and velocities by
the freestream velocity as determined by the PIV data. All data are
plotted on a common scale. The data of Fig. 3 were calculated using
64 � 64 pixel interrogation windows and averaged from 1200
individual realizations acquired over eight wind-tunnel runs for each
case; superior spatial resolution is achieved using 32 � 32 pixel
interrogation windows but this level of detail cannot suitably be
displayed in plots such as these.

The uncertainty of the PIV measurements can be separated into
precision and bias components. Determining the precision error is
straightforward by analyzing repeated wind-tunnel runs for the
M1 � 0:8, �� 10 deg, x=c� 4:18 test conditions, from which the
precision uncertainty is found to be about �2 m=s in each velocity
component when using 64 � 64 pixel windows, including repeat-
ability of the tunnel conditions from one run to another. Estimating
the bias error due to the camera calibration (i.e., registration error) is
more challenging. The calibration bias was found by reinstating the
calibration target into the measurement location and traversing it a
known distance in two dimensions corresponding to the expected
particle motion in the time between laser pulses, then processing the
resulting images as if they were PIV data. Bias values were found
from the deviation of the measured translation with the actual
motion, yielding a bias of about 4 m=s, which is at the limit of
accuracy of positioning and translating the calibration target. The
total uncertainty for 64 � 64 pixelwindows, then, is about�5 m=s,
equating to�0:02U1, in each velocity component. However, when
data are normalized by U1, the bias error largely cancels itself and
the uncertainty in u=U1 diminishes to about�0:01.

Figure 3 (in particular Figs. 3c and 3d) shows that the fin tip vortex
is clearly visualized, both by the in-plane rotation and the out-of-
plane streamwise velocity deficit. As the angle of attack is increased,
the strength of the vortex increases markedly, seen in themagnitudes
of both the in-plane velocity vectors and the streamwise velocity
deficit. A close study of Fig. 3 shows that the vortex position moves
laterally farther from the centerline as � is increased, though it
remains at a height roughly corresponding to the position of the fin
tip. This lateral displacement exceeds the distance purely associated
with the location of the fin trailing edge due to the fin cant. The fin tip
vortex itself is analogous to thewell-known aircraft wing tip vortices.
The same characteristic structure is observed here, including the
presence of a primary vortex core with a thin vortex sheet continuing
to spiral around the core (in the present case, additionally lifting the
wall boundary layer) and the prominence of axial flow within the
vortex core.

TheMach number effect upon thefin trailing vortexwas examined
atM1 � 0:5, 0.6, 0.7, and 0.8. When appropriately normalized, no
difference can be discerned between the four Mach numbers tested,
and hence the figures are omitted.Measurement of derived quantities
such as the vortex circulation, position, and size (see the following)
quantitatively support this observation.

The downstream evolution of the vortex was studied by acquiring
PIV data at the same station within the tunnel, as discussed earlier,
but shifting the fin closer to the laser sheet. Figure 4 plots the velocity
data at �� 10 deg at positions x=c� 0:51, 1.18, and 2.18; the
corresponding data at x=c� 4:18 is that of Fig. 3d. Note that the
contour scale changeswith each plot.A gradual decrease is evident in
the magnitude of the in-plane velocities associated with the vortical
rotation as well as the streamwise velocity deficit with downstream
distance, accompanied by an apparent increase in vortex size.

Vortex Meander

It has been well established by past investigations that trailing
vortices exhibit a low-frequency meander (alternatively termed
“wander”) in wind tunnels, in which a random lateral drift of the
vortex core about a mean point is observed at frequencies much
lower than those associated with turbulent motion [10,13,26–34].
This phenomenon typically is attributed to wind-tunnel freestream
turbulence and therefore is considered an experimental artifact not
found in flight conditions [10,26,27,33]. Conversely, Rokhsaz et al.
[31] present data suggesting a cause other than freestream turbulence
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and Jacquin et al. [32] find that meander arises from turbulent
fluctuations originating not in the freestream but, rather, in the shear
layer as the vortex rolls up from thewing. Heyes et al. [28] are unable
to conclude whether freestream turbulence or shear layer turbulence
is responsible for vortexmeander, or possibly a combination thereof.

Regardless of the source, vortex meander has been found to influ-
ence the mean measured properties of the vortex [10,26–28,33,34].
Devenport et al. [10] note that meander creates a smoothing effect
that can make the vortex appear closer to the classically predicted
structure, causing the mean vortex core to have a larger diameter and
a reduced peak tangential velocity while creating apparent turbulent
stresses [10,27,28,34]. The same effectswere found byWestphal and
Mehta [35] when forcing a low-frequency oscillation on a vortex
generator.

In the present case, the typical vortex core meander distance at a
downstream position of x=c� 4:18 is about 0:015c as found from
the standard deviation of individual samples of the vorticity field
derived from the PIV data, with no discernible preferential direction
and a maximum meander distance of about 0:05c. Though reported
meander distances vary greatly, these results appear approximately
consistent with other investigations [10,28–30], excepting Corsiglia
et al. [26]who displaymotion nearly two orders ofmagnitude higher.
Some studies find no significant meander at all [16,36].

Although freestream turbulence probably is a source of vortex
meander in the present experiment, additional evidence suggests that
it does not operate alone. Contributions from turbulence within the
fin wake shear layer are possible, as Jacquin et al. [32] found, and the
sequence of vector plots in Fig. 4 shows that wake fluid does spiral

toward the vortex core. Additionally, the low-aspect-ratio fin places
the trailing vortex in proximity to the test section wall, where it
ingests turbulence from the wall boundary layer. It would be
consistent with the findings of Jacquin et al. [32] andHeyes et al. [28]
to suppose that this boundary-layer turbulence rolled up into the
vortex would contribute to meander, and in fact, this supposition is
confirmed by an experiment conducted in a boundary layer energized
by low-profile vortex generators in which the meander distance
increased by about 50% [37]. This result infers that vortex meander
may be a phenomenon present in flight for missile geometries, not
merely isolated to wind-tunnel studies, as the vortices produced by
missilefinswould entrain any turbulence found in the boundary layer
growing on the missile body itself, analogous to the test section wall
boundary layer in the present work. The influence of the nearby wall
on vortex meander is one manner in which the development of a fin
trailing vortex differs from that on an aircraft wing whose tip is much
further distant from a wall.

The subject of vortex meander may be plumbed in much greater
detail and is done so in a complementary paper [37]. As far as the
present study is concerned, it is sufficient to note that significant
meander is present, but the measured vortices are not corrected for
the effect as in some other studies [10,28,34] (these corrections are
found to be unnecessary in the present case, as discussed in [37]). In
the earlier study of fin interaction aerodynamics [21], the balance
measurements yield essentially time-averaged data, hence any
meander of the impinging vortex would inherently be part of the
force measurement. Given that the present investigation ought to be
compatible with the associated aerodynamic data, it is therefore

Fig. 3 Mean velocity fields at M1 � 0:8 at a distance of x=c� 4:18 from the trailing edge of the fin. a) �� 2deg, b) �� 5deg, c) �� 7deg, and
(d) �� 10deg. Vectors are subsampled by a factor of two in each dimension.
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desirable to retain any effects of vortex meander in the analysis to
follow.

Vortex Properties

Horizontal cuts of the tangential velocity v� through the center of
the vortices shown in Figs. 3 and 4 are given in Fig. 5, where Fig. 5a
provides curves for different fin angles at the downstream station
x=c� 4:18 and Fig. 5b shows data for a constant � at differing x=c.
These profiles are forM1 � 0:8; similar plots at fourMach numbers
are shown in Fig. 5c to establish that normalized results are Mach
number invariant. These data, aswell as subsequent plots, are derived
from 64 � 64 pixel interrogation window measurements, but
essentially the same results were found from 32 � 32 pixel vectors
only with greater noise. The velocity profiles represent the classical
vortex structure of a small core delineated by peak velocities and
further described by a linear velocity profile through the center of the
core and an asymptotic decay back to quiescent freestream
conditions [3]. Numerous experiments show the same structure (for
example [7,8,10,11,18,26,38]). Despite the growth of the velocity
magnitudes with increasing � (Fig. 5a) and the velocity decay with
x=c (Fig. 5b), the basic structure is maintained.

The vortex properties may be reduced to singular values by
defining the strength, size, and position of the vortex. The vortex
strength is found from the circulation over some specified perimeter,

then the vortex size and position readily follow from the area and
centroid of that contour. Calculation of the required vorticity field is
straightforward by finite differencing the velocity field, but several
options are available to demarcate the vortex boundary over which to
integrate the circulation. Definition of the vortex core has wide
agreement in the open literature, where the contour is given by the
point of maximum tangential velocity at each angular position, over
which integration yields the vortex core circulation �c; this
corresponds to the maxima and minima of the profiles in Fig. 5.
However, a quick examination of the velocity vectors in Figs. 3 and 4
demonstrates that this definition of the vortex core neglects a
substantial portion of the vorticity, therefore it is desirable to define a
second, larger vortex perimeter. The most common approach is that
of Hoffmann and Joubert [39], where, by analogy with the 99%-
velocity boundary-layer thickness, the contour is extended until the
integration provides a circulation equivalent to 99% of the total
circulation. In practice, however, this performs poorly in experi-
mental data because measurement noise interferes with the integra-
tion long before the 99% boundary is reached, a difficulty noted in
other experiments [13,26,39] and found to occur with the present
data despite having averaged over a large number of individual PIV
samples to obtain the clean appearance of Figs. 3 and 4. As such, the
vortex is most confidently represented by its core properties.

Many previous investigations have demonstrated that the trailing
vortex is asymmetric as it is shed from the fin or wing tip, and it does

Fig. 4 Mean velocity fields at M1 � 0:8 and �� 10deg at varied distances from the trailing edge of the fin. a) x=c� 0:51, b) x=c� 1:18, and
c) x=c� 2:18. Figure 3d provides the equivalent data for x=c� 4:18.
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not become symmetric until some distance downstream [9,11–
13,15,17,18,29,36,38]. The distance required to attain symmetry is
widely variable with no obvious pattern. Gerontakos and Lee [36]
find the vortex has become axisymmetric as rapidly as 0.625 chords
downstream of the wing tip trailing edge; conversely, El-Ramly and
Rainbird [9] and Zhang et al. [12] find symmetry has not been
reached as far downstream as five chord lengths, as distant as their
measurements extend. Themost common result seems tofind that the
vortex has become symmetric, at least to within the measurement
accuracy, at about 2 to 2.5 chord lengths downstream [15,17,29].

In the present case, the asymmetry of the vortex was examined by
extracting velocity profiles radiating from the vortex center at
different azimuthal angles, then finding the peak tangential velocity
v�;max and the distance at which it occurs (i.e., the local vortex core

radius rc). The results are shown in Fig. 6a for �� 10 deg and
M1 � 0:8 at the four different downstream stations. Angles are
referenced from the positive horizontal axis, such that �� 0 deg
extends in the �z direction, with angles increasing counterclock-
wise. When v�;max is considered, the vortex is distinctly asymmetric
at x=c� 0:51 but gradually becomes less so with downstream
distance until it is reasonably axisymmetric at x=c� 4:18. Conver-
sely, the radius rc shows no appreciable asymmetry within the noise
of the measurement (perhaps a little asymmetry may be observed at
x=c� 0:51). Given the broad range of past experiences concerning
the point at which the vortex attains symmetry, for both long airfoils
and low-aspect-ratio lifting surfaces, it is difficult to state whether the
proximity of the wall has any influence. Higuchi et al. [38]
specifically tested for this effect and detected no wall influence, and

Fig. 5 Velocity profiles through the centers of the vortices shown inFigs. 3 and4. a)Varying�at x=c� 4:18 andM1 � 0:8, b) varying x=c at�� 10deg
and M1 � 0:8, and c) varyingM1 at x=c� 4:18 and �� 10deg.

Fig. 6 Vortex asymmetry for a) �� 10deg andM1 � 0:8 and b) x=c� 4:18 andM1 � 0:8. Solid lines represent peak tangential velocity and broken

lines represent the vortex core radius. Radius is given in a but not b.
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similarly, Ramaprian and Zheng [17] showed no effect of the wall
upon the vortex symmetry although it did influence the vortex
trajectory (Chow et al. [16] also find a wall influence upon the
trajectory, but make no study of the symmetry of the mean velocity
field). Shekarriz et al. [13] note both an influence of the wall upon the
vortex structure and a strong tangential velocity asymmetry but do
not possess data that link the two observations.

The asymmetry observed in the peak tangential velocity but not
matched by asymmetry in the vortex core radius appears counter-
intuitive but can be understood by recalling that during the roll-up
process, vorticity is not conserved within the developing vortex core
[10,40]. A vorticity flux exists across the boundary marked by the
peak tangential velocity, with additional vorticity existing in the
wake spiral drawn into the vortex core in the early stages of develop-
ment. Evidently, this process does not occur symmetrically around
the core, allowing the core radius to remain essentially constant.

Figure 6b provides v�;max as a function of azimuthal angle for
different values of � at x=c� 4:18 (core radii are omitted for clarity
but are similar to those in Fig. 6a and show no significant asym-
metry). Greater asymmetry is observed for the vortex at �� 5 and
7 deg than at �� 2 or 10 deg, suggesting that the downstream
distance required for roll-up to complete is a complicated function of

the initial vortex strength. This would help explain the range of
distances reported in the literature, as might geometric differences.

The trajectory of a typical trailing vortex in flight is well known to
descend from the tip of the lifting surface that generates it and move
inboard as well [1–3]. However, wind-tunnel experiments have
shown that, when using half-wing models, confinement within a test
section appears to induce a rise to the trailing vortex once it leaves the
tip without altering the inboard motion [6,16,33,36,41]. Ramaprian
and Zheng [17] note that the vortex rise may actually be a lesser
downward motion; this seems to be the case in the data of Shekarriz
et al. [13] as well. In the present case, the vortex clearly moves
laterally (z axis) away from the trailing edge regardless of its
strength, as shown in Fig. 7 by tracking the position of the centroid of
the vortex core; this is a descending direction relative to the fin. The
vertical motion is not as definite, with data for �� 5 and 7 deg
displaying a clear inboard movement and data for �� 2 and 10 deg
first inboard, then outboard. The descent of the vortex does not
correspond to prior wind-tunnel studies of various airfoil geometries,
but the present data are insufficient to establishwhether the proximity
of the wall is responsible. It is conceivable that the relevant wall is
actually the opposite wind-tunnel wall, which is nearer to the lifting
surface in many prior experiments than it is here.

The key vortex parameters may be further examined for their
dependence on downstream distance and fin angle of attack. The
vortex core circulation �c is found as detailed earlier and the core
radius rc is determined from the vortex core area assuming the core is
circular, which Fig. 6 shows is reasonably accurate. The peak
tangential velocity v�;max cannot be assigned a single value because
of the asymmetry in this parameter, and so the average value around
the vortex core periphery is employed v�;max;avg. Figure 8 provides the
results for these three quantities as a function of the downstream
distance whereas Fig. 9 replots the same data as a function of the fin
angle of attack. As Fig. 8 demonstrates, v�;max;avg decays with down-
stream distance for all values of � whereas rc generally increases;
these trends roughly cancel each other when the circulation is
computed, leaving�c constant with downstream distance. A number
of prior experiments have determined the same behavior for a variety
of lifting surfaces [5–7,26] and others have found v�;max;avg to decay

Fig. 7 Vortex trajectory as determined by the centroid of the vortex

core.

Fig. 8 Vortex properties as a function of downstream distance. a) Maximum tangential velocity, b) vortex core radius, and c) vortex core circulation.

Fig. 9 Vortex properties as a function of fin angle of attack. a) Maximum tangential velocity, b) vortex core radius, and c) vortex core circulation.
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although rc and�c both remain constant [11,36]. Still others find that
a region of constant properties prevails for a large distance before
v�;max;avg begins to decay [8,17,42]. Brown’s analytical approach
[43] shows that for a vortex that exhibits self-similarity, v�;max;avg can
be expected to decay with downstream distance whereas rc grows.
Both [11,36] demonstrate self-similarity (as does the present work,
revealed later in this document), and so it is not clear if the subtle
growth of rc may have been lost within measurement precision,
explaining this aberrant behavior. Lezius [7] proposes that those
experiments detecting a plateau region before the initiation of vortex
decay are possible only in a low-turbulence environment such as tow
tanks, explaining the relative rarity of this finding. This suggests that
more rapid decay may be expected for vortices exposed to greater
turbulence, and in fact Bailey et al. [33] find such a result.

The variation of vortex properties with the fin angle of attack,
given in Fig. 9, shows that v�;max;avg and �c both increase consi-
derablywith�; rc appears to diminishwith� but thesemeasurements
are erratic enough to cloud such an observation. It is found in
[6,11,44] that v�;max;avg increases with � as in the present study, but
they detect a linear relationship whereas Fig. 9a appears to show
some curvature. Additionally, [6] determines that �c increases
linearly with �; Fig. 9c supports this finding only for x=c� 4:18.
Perhaps not coincidentally, a considerably greater quantity of data
was acquired at x=c� 4:18 than the other stations, suggesting
experimental uncertainty may account for the nonlinear curves. The
behavior of the vortex radius is even more confused; [6,26,36] show
that rc is approximately constant with �, but [7,11] find that rc
increases with �. Figure 9b supports neither, with a generally
decreasing trend observed, though this really is only clear for the
x=c� 4:18 data. Lezius [7] and Ciffone and Orloff [8] also indicate
that a greater� leads tomore rapid vortex decay, but this is not readily
evident in the growth of rc in Fig. 8b.

Axial Flow

The presence of axial flow in the vortex core is a crucial com-
ponent of vortex behavior and interrelatedwith its rotation. Batchelor
[45] demonstrated that changes in the rotational velocity of the
vortex create a pressure gradient that will induce axial flow, and the
nature of this flow is a direct predictor of the stability or decay of the
vortex [3,44,46,47]. It has been well established that axial flow may
occur in either direction within the vortex core (a velocity excess or a
deficit) and appears to be dependent upon a wide variety of factors
including the geometry of the lifting surface, its angle of attack, and
downstream distance of the measurement [3,6,43–45,48]. Some
studies have even noted a switch from a velocity excess to a deficit as
the same vortex propagates downstream [29,47,49].

The axial velocities in the present experiment are shown in Fig. 10,
complementary to the tangential velocities given in Fig. 5. In all
cases, the axial velocity is found to be a deficit, regardless of vortex
strength or downstream position, commonly denoted as wakelike
flow. Figure 10a shows that stronger vortices produce a larger
axial velocity deficit, whereas Fig. 10b shows the velocity deficit

diminishing with downstream distance. The location of the peak
deficit moves farther from the fin trailing edge in the z direction with
both downstream distance and increasing vortex strength, consistent
with the vortex trajectories plotted in Fig. 7. The small overshoot in
vx seen near the edge of the vortex core is not commonly found in the
literature, but is not without precedent either [36,49,50]. As with the
tangential velocity profiles in Fig. 5c, axial velocity profiles are
found not to vary with Mach number; the plot is omitted due to
triviality.

The axial velocity profiles in Fig. 10 all possess a second, minor
peak due to the motion of the vortex entraining the low-speed fin
wake shear layer as well as lifting the boundary-layer fluid from the
wall, which is readily evident in Figs. 3 and 4 and suggests that
turbulent fluidmay be introduced into the vortex core. Such an effect
is known to accelerate vortex decay [44,46] and potentially could
explain differences with past studies that show an unchanging vortex
for some distance downstream of the lifting surface without a nearby
wall [8,42]. Freestream turbulence [33] or boundary-layer turbulence
from the lifting surface itself [44] also can introduce turbulence into
the vortex core and hasten decay. Evidence exists showing that larger
values of � can be expected to create an axial velocity excess for
which magnitude increases as � does [6,7,44,49], but the present
measurements instead show a velocity deficit that grows with �.
An escalated movement of low-speed wall boundary-layer fluid
into the vortex core as the vortex strength rises may explain the
inconsistency.

The axial velocity at its maximum deficit vx;max and the radius of
the region of velocity deficit rx are provided in Figs. 11a and 11b
respectively, where rx is found from the full-width half-maximum
of axial velocity profiles such as those in Fig. 10 (vertical profiles
are used for this purpose rather than the horizontal profiles of
Fig. 10 to avoid the influence of the second peak). At small values
of �, the vortex often is ill defined and determination of both vx;max

and vx can be problematic; for this reason, �� 2 deg data are
omitted from Fig. 11. Figure 11a indicates that the axial velocity
deficit is greatest for larger fin angle of attack and diminishes with
downstream distance in all cases, which was evident from Fig. 10.
The width of the wake in Fig. 11b is more enlightening, showing
that it increases with downstream distance as rc was shown to do in
Fig. 8b, and it is greater for smaller �, as the finding in Fig. 9b for rc.
The broadening of rx with downstream distance is consistent with
[8,50], but no comparative data were found regarding its depen-
dence on �. Figure 11c presents the ratio of vx;max to v�;max and the
ratio of rx to rc, both of which show that the axial and tangential
properties differ near the fin trailing edge but come into closer
agreement with downstream distance. This can be interpreted as
requiring that vortex roll up be completed before axial and tan-
gential properties behave similarly.

Vortex Similarity

Previous studies have suggested that additional normalization
of the peak tangential velocity by the lift coefficient of the vortex

Fig. 10 Axial velocity profiles through the centers of the vortices shown in Figs. 3 and 4. a) Varying � at x=c� 4:18 and b) varying x=c at �� 10deg.
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generator will produce similarity [5,26]. This proposition is
examined in Fig. 12a, where values of the lift coefficient were
obtained from the aerodynamic balance data concerning the same fin
published in [21]. The plot shows that similarity is not particularly
successful; although it may hold reasonably well for the strongest
vortices, it performs poorly for �� 5 deg and clearly not at all for
�� 2 deg. Other studies have provided data indicating thatCL is not
a useful normalizer between different strength vortices [6,8], which
coupled with Fig. 12a, question this attempt at similarity. In fact,
Corsiglia et al. [26] suggest that this relationship is valid only for
rectangular wings. Normalizing the vortex circulation by CL is not
successful either (Fig. 12b),which is noteworthy given the number of
analyses that predict �c based upon a linear relationship with the CL
of the lifting surface [43,51,52]. Although universality between
vortex strengths cannot be shown, it already has been demonstrated
in Fig. 8c that the vortex core circulation remains constant even as the
vortex decays with downstream distance.

Although a convenient definition of the vortex boundary is given
by the vortex core, the structure of a trailing vortex can be divided
into multiple regions. Hoffmann and Joubert [39] predicted that the

circulation distribution through the vortex would follow a second-
order profile within the core and then transition to a logarithmic
function of distance from the center. Numerous experiments have
confirmed this behavior [5,11,17,26,37,40] and have added an outer
region where roll-up effects may still be observed [11,26,36]. The
analogywith the viscous sublayer and the log-law layer of a turbulent
wall boundary layer is readily apparent.

Figure 13 shows the circulation through the trailing vortices as a
function of the radial distance from the vortex center, normalized by
the vortex core radius rc and the core circulation�c for each case, and
plotted on semilogarithmic axes. Circulation values were computed
by integrating the vorticity field at a sequence of concentric radii,
symmetric about the vortex circumference. The data of Fig. 13a
maintain a constant x=c� 4:18 while varying �, whereas Fig. 13b
has constant �� 10 deg and varies x=c. Clearly, the circulation
profiles collapse excellently in the vortex core (r=rc < 1) and display
some minor deviation beyond this point. The data collapse
establishes that vortex self-similarity exists between different fin
angles of attack and at all four downstream stations despite the
incomplete roll up; the differences in the outer region are possibly

Fig. 11 Vortex axial properties as a function of downstream distance. a) Axial velocity at maximum deficit, b) vortex core radius, and (c) ratio of axial
properties to tangential properties. Solid lines represent vx;max=v�;max and broken lines represent rx=rc.

Fig. 12 Similarity of the vortex. a) Peak tangential velocity normalized by the fin lift coefficient and b) circulation normalized by the fin lift coefficient.

Fig. 13 Circulation profiles of the vortices shown in Figs. 3 and 4. a) Varying � at constant x=c� 4:18 and b) varying x=c at constant �� 10deg.
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attributable to roll up. The plots also include curves for the expected
second-order behavior within the core and the logarithmic behavior
in the vicinity of the core boundary, with constants found by curve
fitting and consistent with the range of values found in the literature
[11,17,36,39]. In all cases, the fin trailing vortex well matches these
second-order and logarithmic predictions, which, it should be noted,
are nonintersecting.

Conclusions

A subscale experiment has been conducted to study the trailing
vortex shed from a tapered fin installed on a wind-tunnel wall to
represent missile configurations. Measurements have been acquired
using stereoscopic particle image velocimetry in the cross plane to
understand the behavior of the vortex that would impinge upon
downstream control surfaces in a typical maneuvering missile
configuration and to develop and validate computational models for
simulating such interactions. Data were acquired at several different
downstream locations behind the trailing edge of the fin but still
within the near field of the flow, for multiple fin angles of attack and
Mach numbers in the subsonic compressible regime.

The data show that the vortex strength increases markedly with
upstream fin angle of attack, and data taken at progressively further
stations following the fin trailing edge show the decay in vortex
strength with downstream distance. No variation with Mach number
can be discerned in the normalized velocity data within the range of
Mach 0.5 to 0.8. The vortex core is defined by the locus of points
marking the maximum tangential velocity of its rotation, which can
be used to define the strength, size, and position of the vortex. This
maximum tangential velocity is found to decay with downstream
distance whereas the vortex radius increases, but these two effects
counteract such that the vortex core circulation remains constant.
Circulation and tangential velocity rise greatly as the fin angle of
attack is increased, but the vortex radius is approximately constant or
slightly decreasing. The vortex axial velocity is always a deficit, for
which magnitude diminishes with downstream distance and smaller
angle of attack.

Vortex roll up is observed to be largely complete by about four
root chord lengths downstream of the fin trailing edge. Before this
point, the vortex is strongly asymmetric in the maximum tangential
velocity, but the vortex core radius remains nearly constant. This
apparent inconsistency is attributed to a vorticity flux across the
vortex core boundary during the roll-up process. The fin angle of
attack is an additional parameter influencing the roll-up distance and
the symmetry of the vortex. The rotational motion of the vortex is
seen to draw low-speed turbulent fluid from the wind-tunnel wall
boundary layer and the fin wake shear layer toward the vortex core,
which appears to hasten the decay of the vortex and produce a larger
axial velocity deficit thanmight be expected. Similar behavior would
be anticipated on a missile configuration, with fin trailing vortices
drawing fluid from the boundary layer that develops on the vehicle
body and stands in contrast to a typical wingtip vortex.

The vortex exhibits self-similarity even within the roll-up region.
The circulation profiles collapse to a single curve for all fin angles of
attack and downstream stations when normalized by the local vortex
core properties. The circulation distribution through the vortex
follows a second-order profile within the core and then transitions to
a logarithmic function of distance from the center, in concordance
with the classical vortex structure. Attempts to normalize vortex
properties such as circulation and radius by the fin’s lift coefficient
proved unsuccessful.
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