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Near-Field Behavior of a Tip Vortex

A. Shekarriz,* T. C. Fu,t and J. KatzJ
Johns Hopkins University, Baltimore, Maryland 21218

and
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David Taylor Model Basin, CD/NSWC, Bethesda, Maryland 20084

The near-field behavior of a tip vortex trailing behind a low aspect ratio wing, attached to an axisymmetric
body, is investigated in this paper. This study was performed in a tow tank and involved the use of particle
displacement velocimetry. Evolution of the tip vortex was studied by mapping its instantaneous lateral velocity
at several consecutive axial locations. The axial velocity distribution was also measured. Experiments were
repeated at various Reynolds numbers and incidence angles. Repeatability was also examined at the same
conditions. The results indicate that roll-up is almost complete at the trailing edge and that less than 66% of the
root circulation is entrained into the vortex. At Rec = 2.2 x 10s, the results are steady, and the spatially averaged
tangential velocity agrees well with the existing models. At Rec<W5 the entire flow stucture, including the
overall circulation, fluctuates from one experiment to the next. The tangential velocity profiles seem to be
dominated by secondary vortices located primarily outside of the vortex core. Axial variations in the flow
structure along the parallel middlebody, during the same run, are limited to the location of these secondary
vortices. The vortex is observed to expand in the afterbody region, without a change in its total strength. For
all but one case (Rec = 2.2 x 10s and a = 10 deg), there is a substantial axial velocity deficit within the vortex core
near the trailing edge of the wing. At Rec <105, the axial velocity deficit increases with incidence angle and
decreasing Rec.

Nomenclature
A = area bounded within contour of integration, mm2

CL = lift coefficient, dimensionless
c = wing chord length, mm
/ = length along contour of integration, mm
Rec = Reynolds number based on wing chord length
r = radial distance from the tip vortex center, mm
/*! = core radius, mm
S =wing span, mm
/ = wing thickness, mm
£/oo = freestream velocity, m/s
u = axial velocity, m/s
V0 = tangential velocity (r = 0 is the vortex center), m/s
x - axial (streamwise) coordinate
y = span wise coordinate (y = 0 is at the wing root)
z = normal coordinate
a = angle of attack, deg
F = circulation, mVs
0 - azimuthal or tangential direction
— = averaged quantity
* = nondimensionalized parameter
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Introduction

T IP vortex studies date back to the pioneering work of
Betz.1 Through theoretical reasoning, based on conserva-

tion of circulation and vortical dispersion, he developed a
wake convolution model. This model demonstrated that the
circulation distribution on a lifting surface convolved into the
spirals of the tip vortex asymptotically as it evolved down-
stream of the wing. A comprehensive review of the underlying
theory is provided by Williams.2 The question of survivability
of aircraft vortices was raised over two decades ago as a flight
safety issue and was pursued by the aircraft industry. This
interest resulted in an avalanche of studies.3 Most of the
attention was directed toward finding the rate of change of the
tangential velocity and the strength of the trailing vortices,
while addressing the issues of vortex development, stability,
and breakdown. Some landmark studies in this area are the
flight experiments performed by McCormick et al.4 as well as
the theoretical work by Batchelor5 and Moore and Saffman.6

The latter recognized the significance of axial velocity on the
characteristics of a tip vortex. However, the dynamics of the
tip vortex during generation on a wing and in the near field
behind the trailing edge have not been studied sufficiently.
The near-field behavior of a tip vortex is significant in the flow
behind canard wings, helicopter blades, sails of submarines,
and propeller blades, where control of tip vortex cavitation is
of extreme importance.

Almost all of the velocity measurements within a tip vortex
have been performed by single-point techniques (hot wire,
LDV, etc.). As a result of vortex meandering, these measure-
ment techniques fail to detect the true maxima of the tangen-
tial and axial velocities in the core.7'8 For example, according
to the semi-empirical estimates presented in Ref. 7, the mea-
surement error in the peak tangential velocity can be as much
as 35%. This problem can be resolved by performing global
instantaneous velocity measurement, which is the method used
in the current study.

The time-averaged tangential velocity in the vicinity of its
maximum value is reported to have a logarithmic profile.9'11

This profile was first predicted by Hoffmann and Joubert,
who developed a model for turbulent line vortices that in-
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eluded diffusion of angular momentum.12 However, viscous
diffusion within the near field is insignificant because of the
associated long time scales. The effect of turbulent diffusion
would be limited to merging the discrete vortices located
within the vortex sheet.13 Thus, the tangential velocity distri-
bution in the near field is dominated by the spanwise distribu-
tion of circulation on the wing, the wing tip geometry includ-
ing surface roughness, and the velocity distribution within the
wake of the wing.

Most of the studies of axial velocity distribution within a tip
vortex report a deficit within its core.14"16 However, a few
cases of velocity excess at high incidence angles (above 9 deg),
have also been reported.17'18 Measurements have mostly been
performed in the far field (more than 50 chord lengths down-
stream of the wing), where diffusive processes have expanded
the vortex. Theoretical predictions of the axial velocity5'6 are
based on the assumption that the axial velocity perturbation
u—U^ and the tangential velocity ve, are much smaller than
C/oo, Although this approximation may be acceptable in the far
field, as shown by Ciffone and Orloff,14 it is not necessarily
true in the near field,18 as will be shown in this paper.

In the current study, particle displacement velocimetry
(PDV) is implemented to measure the global instantaneous
velocity distribution within a tip vortex. The objective is to
investigate the near-field characteristics of this vortex, includ-
ing its evolution with time and dependence on incidence angle
and Reynolds number.

Setup and Procedure
Figure la is a schematic description of the setup in the 140-ft

towing tank located at the David Taylor Model Basin. The
lifting surface producing the tip vortex was a low aspect ratio
(0.603) uncambered rectangular wing (sail), with the dimen-
sions and orientation as depicted in Fig. Ib. The wing is
attached to a 0.3-m diam axisymmetric submarine model
(DARPA SUBOFF body)19 that has a total length of 2.61 m
and includes the following sections: 0.60-m forebody, 1.34-m
parallel middlebody, and 0.67-m afterbody. The leading edge
of the sail is located 0.55 m from the nose of the model. The
angle of attack a was set by changing the yaw angle of the
model without changing the orientation of the wing relative to
the body. Data were collected for six different conditions:
a: = 5 and 10 deg, and #6?c = 3.6x 104, 7.2 xlO4, and 2.2 x
JO5 (corresponding to freestream velocities ranging from 0.15

Argon-ion Laser Iris Diaphragm

Fig. 2a Qualitative flow visualization image of the tip vortex at
x/c = 0.94, a = 5 deg, and Rec = 7.2 X 104.

Fig. 2b Double-exposed image at x/c = 1.97, « = 5 deg, and Rec
= 7.2 X 104.
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Fig. 1 Experimental setup; a) schematic description, b) wing geome-
try.

Fig. 2c Velocity vector map computed from the data enclosed within
the central square in Fig. 2b.

to 0.91 m/s). No trip wires were used on the model or on the
wing.

Details on the experimental setup and procedure, including
the data analysis procedures, may be found in Refs. 20 and 21.
Briefly, PDV enables measurement of the instantaneous veloc-
ity distribution within a planar section of the flow. It consists
of determining the displacement of a large number of micro-
scopic (-25 pm in diameter), neurally buoyant (specific grav-
ity varying between 0.95 and 1.05) tracer particles over a short
time interval. The particles contain imbedded fluorescent dye
(Rhodamine 6G and Dichloro-Fluorescein) and, as a result,
become clearly visible while being illuminated by a green laser
sheet. By pulsing this laser twice while recording a single
image, each particle leaves two traces on the same film. Sepa-
rate laser sheets, oriented alternately normal and parallel to
the freestream, are used for determining all three components
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of the velocity. The delay between pulses is on the order of
1 and 10 ms for the axial and lateral velocity measurements,
respectively. Most images are recorded by a submerged 35 mm
camera on Kodak TMAX-3200 film, primarily because it
meets the resolution requirements20'21 (-3500x2500 pixels
for a 35 mm negative).

The negatives are then digitized by either a video or a diode
array scanner. Two types of analysis procedures have been
developed.20'21 The first consists of matching traces of the
same particle and measuring the distance between them (parti-
cle tracking). The direction of flow is identified by making one
of the traces shorter. Calibration experiments20 have shown
that the uncertainty while using this method is below 10% (for
most of the data the error is about 5%). The second procedure
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Fig. 3 Location of the tip vortex centerline.
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Fig. 4 Contour maps of the instantaneous cross-plane velocity dur-
ing the same experiment at a = 5 deg and Rec = 7.2 x 104 (a-f) and
a = 10 deg and Rec = 2.2 x 105 (g-h).
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Fig. 5 Circumferential distribution of the instantaneous tangential
velocity at a = 5 deg and Rec = 7.2 x 104 (v $ =

consists of dividing the image into a large number of small
sections and determining the average displacement of all parti-
cles within each section by computing the autocorrela-
tion function of the intensity distribution (autocorrelation
method). The analysis can be performed either in the spatial
domain or in the frequency domain by computing the Fourier
transform of the original image, either numerically [by using
fast Fourier transform (FFT)] or optically (speckle velocime-
try method). Calibration experiments21 have shown that the
error level can be kept at about 1%, provided several condi-
tions, such as particle density and magnification, are satisfied.
The autocorrelation technique has a directional ambiguity
problem since it requires identical pulses. To resolve this prob-
lem the image of the second trace is shifted by towing the
camera at the same velocity as the model. Both analysis proce-
dures have been used in the present study. The velocity distri-
bution in the normal plane (lateral sheet) was determined by
using the particle tracking method, whereas images of the
axial sheet were analyzed by using the autocorrelation
method. Sample photographs of both a qualitative image con-
taining extended particle traces and a double exposure image
containing traces with different lengths, are presented in Figs.
2a and 2b, respectively. A typical vector map of the flow near
the vortex core, computed from part of Fig. 2b, is presented in
Fig. 2c.

Results and Discussion
Vortex Location

A series of images was recorded during each run at various
axial locations starting from the trailing edge of the wing
(x/c = 0) up to x/c = 6.7. Figure 3 displays the location of the
tip vortex center. The solid line represents data recorded dur-
ing a single run, and additional points are provided to demon-
strate variations between runs. Vortex meandering is observed
both at a given station (axial position) as well as from one
station to the next. Variations in span wise location y of the
center are substantially higher than those in the normal direc-
tion z. In the afterbody region (x/c >6), as the hull diameter
starts decreasing, the vortex center also migrates inward, de-
creasing y.

Instantaneous Velocity
Figures 4a-4f are the instantaneous contour maps of the

velocity in the crossplane at consecutive time steps; i.e., they
are computed from data recorded during the same experiment.
To interpret the information in these plots, note that Ve is the
dominating velocity in the vicinity of the vortex core (true for
all of the data presented in Figs. 4a-4h). Consequently, the
vorticity can be estimated by computing l/r[(d(rVd)/dr), and
as long Ve is not proportional to l/r (almost nowhere in the
present range), the vorticity is not zero. Within the enclosed
contours located in the annular area surrounding the core,
where Ve is almost constant, the vorticity is approximately
equal to Ve/r. Such a region exits, for example, to the right of
the center in Fig. 4b, and, in fact, the corresponding image
and vector map (Figs. 2b and 2c) indicate the presence of
secondary vortices at the same location. Traces of similar
secondary structures, all of them rotating in the same direction
as the tip vortex (counter clockwise), are evident in all of the
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Fig. 6 Distribution of dimensionless circulation at a) a = 5 deg and
Rec = 7.2 x 104; b) a = 10 deg, Rec = 2.2 X 10s, A * = ir(r/c)2 and

contour plots presented in Fig. 4a-4e. Qualitative examination
of the original photographs confirms their presence. Their
origin may be the result of tip separation22 or the vortex sheet
generated behind the wing.1"6

When the Reynolds number and incidence angle are in-
creased to 2.2 x 105 and 10 deg, respectively (Figs. 4g and 4h),
the flow structure around the core becomes considerably more
symmetric and the presence of secondary vortices is much less
evident. Increased shear stresses, resulting from the higher
velocity, may be the reason for their breakup. However, much
denser velocity maps, recorded at smaller time intervals, are
required to confirm this hypothesis (subject for future stud-
ies). Another fact, clearly evident in these figures, is the lack
of symmetry in the velocity field. This phenomenon is also
demonstrated in Fig. 5, where the angular distribution of the
instantaneous tangential velocity is plotted. It is evident that
the velocity is higher on the suction side, sometimes by as
much as 40%. These variations are substantially higher than
the maximum time-averaged velocity variation of 10%, mea-
sured by Higuchi et al.11

Circulation
The circulation of the vortex at different radial locations

was computed by using the equation

where v/ and A// are the velocity and length of each segment
along the contour, respectively. Concentric circular contours,
adjusted to the center of the vortex (within O.Olc), were used.
Linear interpolation was used in regions with missing vectors,
and the interpolation error was evaluated by comparing
known vectors with estimated values. The uncertainty in the
circulation ranged between 12-18%, including both the mea-
surement and interpolation errors. Figures 6a and 6b are pro-
files of circulation computed from the instantaneous velocity
distributions shown in Figs. 4a-4h. The slope of each line is a
measure of the local mean vorticity, since the abscissa is the
dimensionless area enclosed by the contour of integration,
A * = 7r(r/c)2. As expected, the vorticity is highest at the center
of the vortex, and it approaches zero outside of the core. Since
a vortex sheet is entrained from the pressure side, the vorticity
does not completely vanish with increasing A *. In computing
the circulation profile, integration was terminated when the
vorticity became less than 10% of that at the center. Note that
the circulation profiles for x/c <6 vary by about 25% at the
intermediate range of A* (0.005 <A*< 0.015 in Fig. 6a and
0.005 <A * < 0.03 in Fig. 6b). These variations can be linked to
the presence of the secondary vortices that surround the vortex
core as discussed earlier in conjunction with Fig. 4. The sud-
den change in circulation observed at x/c > 6, in both Figs. 6a

and 6b, results from narrowing of the body. Both axial and
lateral pressure gradients, produced by the model, expand the
tip vortex. Note that the overall circulation recovers to its
previous values at a larger radius in Fig. 6b.

According to the data obtained by Roddy,19 on the same
body-wing geometry and at Rec ~ 106, the lift coefficient (CL)
is 0.3 and 0.57 for incidence angles of 5 and 10 deg, respec-
tively. Thus, the resulting CL/a, where a is in radians, are
3.44 and 3.26, respectively—nearly half of the theoretical
value for a flat plate. The dimensionless mean circulations,
estimated from Y/(U«> c) = 0.5CL, are, in turn, 0.15 and 0.29.
Thus, the results presented in Fig. 6 show that only 66% of the
mean circulation is rolled-up into the tip vortex. Since the root
circulation is higher than F, the rolled-up portion of the root
circulation is even less than 66%. Results of previous experi-
mental studies range between a minimum of 45%4'n to a
maximum of 80%.9 Thus, the tip vortex circulation, deter-
mined from the instantaneous velocity distribution, is still
much lower than the wing circulation, as estimated from the
lift coefficient.

The convective_velocities of the vortex sheet, when esti-
mated from uc - T/2S23 suggest that roll-up should continue
up to x/c ~ 5 and — 2.5 for the cases described in Figs. 6a and
6b, respectively. It is obvious that the results presented in these
figures do not agree with these predictions, since at x/c = 0
the vortex has already reached 85% of its maximum measured
strength (Fig. 6b). Further downstream, the overall circulation
remains constant within the measurement error. These obser-
vations are consistent with previous studies reporting that
roll-up of the tip vortex begins at the leading edge of the
wing.22'24 Therefore, the classical models that consist only of
roll-up of the vortex sheet are incomplete and require modifi-
cations to incorporate generation of the tip vortex on the
wing.

Dependence on Reynolds number and angle of incidence
were examined at Rec = 3.6 x 104, 7.2 x 104, and 2.2 x 105 for
a = 5 and 10 deg. Results, containing averaged profiles com-
puted from at least three instantaneous velocity distributions,
are presented in Figs. 7a and 7b. Figure 7a shows that the
slope of the circulation curves increases with Reynolds number
within the core of the vortex (A * < 0.005). Outside of the core,
the increase is significantly slower and more uniform at
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Fig. 7 Mean circulation distribution at different Reynolds numbers
for a) a. - 5 deg, b) a - 10 deg, and c) several instantaneous distri-
butions used for computing the mean values presented in Figs. 7a
and 7h.
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ReC9 = 2.2 x 105. Higher levels of turbulence and mixing may
be an explanation for this trend. As noted before, at this Rec
the tip vortex also contains fewer secondary structures, proba-
bly due to higher levels of shear. When the incidence angle is
increased to 10 deg (Fig. 7b), the core vorticity does not show
the same trend with increasing Reynolds numbers. By examin-
ing all of the available data at x/c — 3, it was determined that
the apparent inconsistency was a result of fluctuations in the
circulation profile and overall strength of the vortex. These
fluctuations tend to increase with the incidence angle and, as
a result, are more significant at 10 than at 5 deg, and decrease
with the Reynolds number. As illustrated by the instantaneous
distribution presented in Fig. 7c, the results are fairly steady
at Rec = 2.2 x 105, whereas at Rec = 3.6 x 104 the vortex
strength fluctuates by as much as 50% at both incidence angles
(only data at 10 deg is shown). In an attempt to find an
explanation for this phenomenon, the cross-plane images of
the flow near the surface of the wing were examined qualita-
tively. They show that at Rec = 2.2 x 105 the boundary layer is
already turbulent (containing a large number of small, evenly
distributed vortices), whereas at the lower Reynolds numbers
the flow near the surface appears to be unsteady and transi-
tional (characterized by intermittent appearance of vortices).
Thus, the high level of fluctuations at Rec < 105 are believed to
be linked to boundary-layer transition on the surface of the
wing.

Tangential Velocity
Distributions of the normalized average tangential velocity,

v* = IY(27ir(/oo), computed from the instantaneous data
(Fig. 5), are presented in Figs. 8a and 8b. Because of a limited
number of available data points, the distribution at x/c - 0
(Fig. 8b) is not extended into the core. However, a few instan-
taneous vectors have peak values of about 45% of £/„ at
r/c — 0.04. As expected, the peak average tangential velocity
V0?max increases with the incidence angle from 22% at 5 deg to
34% at 10 deg. The ratio of these maximum velocities (1.55) is
smaller than the corresponding ratio of lift coefficients (1.9,
according to Ref. 19), unlike results presented in Ref. 4, where
it is concluded that the normalized velocity is proportional to
the lift coefficient. However, the overall strength of the tip
vortex at the same Rec is proportional to a. (see Fig. 7a). Note
also that the values of V0*max vary by as much as 20% from
section to section, primarily due to entrainment of and migra-
tion of secondary structures, as well as core expansion result-
ing from narrowing of the body at x/c>6.
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Fig. 8 Circumferentially averaged tangential velocity, v *, = IV
(27irtfoo), at a) a = 5 deg, Rec = 7.2 x 104; b) a = 10 deg, Rec =
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Fig. 9 Axial velocity: a) contour map of the dimensionless axial
velocity (u* = u/U<x>) within and in the vicinity of a tip vortex at
a = 10 deg and Rec = 7.4 x 104; and b) dependence of axial velocity
on z, a = 10 deg and Rec = 2.2 X 105.

The core size r\/c, defined as the radius at which v* is a
maximum, is 0.05 and 0.04 at 5- and 10-deg incidence, respec-
tively. According to Moore and Saffman,6 r\/c is equal to
2.92(x/c)()-5Rec-0-5 for an elliptically loaded wing. Although
the currently observed trend with Rec agrees with their conclu-
sions qualitatively, the 20% decrease in radius is much smaller
than the 58% decrease predicted by their equation (based on a
ratio of 3:1 in Rec). Furthermore, the axial changes in r^/c are
quite small and are definitely not proportional to (x/c)0-5. In
fact, the only noticeable change in core size occurs due to
narrowing of the body.

It is also interesting to compare the present results with the
vorticity diffusion model developed by Hoffmann and Jou-
bert.12 This task is quite difficult in a flow dominated by
secondary vortices (such as the present low Rec data), since it
requires an accurate measure of the core size. When the loca-
tion of V0*max can be determined reliably, as in Fig. 8b, then the
normalized tangential velocity distributions agree with Hoff-
mann and Joubert's results (Fig. 8c). This conclusion is also
consistent with the experimental results of Ref. 11.

Axial Velocity
The two primary mechanisms that affect the axial velocity

in the core of a tip vortex are5'6 1) momentum deficit caused by
the boundary layer on the wing and 2) axial variation of the
core tangential velocity. The latter gives rise to an axial pres-
sure gradient and in turn to a change in the axial velocity. For
example, radial diffusion of the tangential momentum results
in an increase in the core pressure and a reduction in the axial
velocity. This phenomenon is typically observed within a vor-
tex that is decaying,14'16 expanding,17 or subjected to break-
down.3 Conversely, during vortex roll-up,9 the tangential ve-
locity increases with x/c, creating a negative axial pressure
gradient and, consequently, an increase in the axial velocity.
Thus, the boundary layer on the wing and vortex roll-up have
opposite effects. Since the axial pressure gradient also depends
on r, one may find that in some portion of a tip vortex there
is axial momentum deficit, whereas in another a momentum
excess.17'18

In the present study, the axial velocity within the tip vortex
was measured within an x-y plane, located at z — 0, and ex-
tending from the trailing edge of the wing (x > 0). Figure 9a is
a typical contour map of t /* , the instantaneous axial velocity
scaled with £/„. Note that, at the inboard side of the vortex
(y/S <0.8), the visualized plane is located within the wake of
the wing, and as a result u* is only about 0.88. Within the
spanwise range Q.S2<y/S <0.98, namely in the vicinity of the
vortex core (determined from the lateral sheets), the velocity
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4) The circulation and tangential velocity profiles in the near
field are dominated by the presence of the secondary vortices.
As the Reynolds number is increased beyond 105, their impact
diminishes, and the velocity profile begins to resemble the
classical results of Hoffmann and Joubert.12

5) The velocity distribution and the overall circulation of the
tip vortex become increasingly unsteady as the Reynolds num-
ber is reduced and the incidence angle is increased. Boundary-
layer transition on the wing is suspected to be the primary
reason.

6) When averaged over several runs, the overall circulation
of the tip vortex scales with the Rec and the incidence angle.

7) For the present test conditions, the axial velocity in the
near field is dominated by the boundary layer on the wing.
Consequently, for all but one case (Rec = 2.2 x 105 and a =
10 deg), there is substantial velocity deficit within the tip
vortex core.

deficit is even larger («*<0.65). The size of this range is
almost the same as the diameter of the vortex core presented in
Fig. 8. Further outboard, the axial velocity quickly recovers to
the freestream conditions (u *—>!).

To investigate variations in the z-direction, the axial flow
was visualized in three planes, located at z/S = 0, 0.09, and
0.18. Typical span wise velocity distributions at the trailing
edge of the wing are presented in Fig. 9b. For convenience, the
plane crossing the vortex center is marked as C; the planes
located close to the pressure and suction sides of the wing are
marked as P and S, respectively. The vortex-induced velocity
deficits in all three planes are considerably smaller than the
results in Fig. 9a (note the Rec difference) and extend over a
smaller region (0.8<j/S<0.87). Consistent with its location
relative to the surface (boundary layer) of the wing, the axial
velocity in the P section is considerably lower for most of the
wing span. The velocity in the S section remains almost con-
stant and unaffected by the presence of the vortex.

Dependence of the axial velocity on Rec, and a. is demon-
strated in Fig. 10. These profiles, although instantaneous,
show typical behavior for each test condition. Besides one case
(Rec = 2.2 x 105 and a = 10 deg), the axial velocity in the
vicinity of the vortex core is considerably lower than £/«,. For
Rec < 105, the deficit in velocity appears to increase with in-
creasing a. and decreasing Rec. These results are consistent
with the observations in the lateral planes. Since the maximum
(average or instantaneous) tangential velocity and core radius
do not change significantly with x/c (Figs. 4a-4f and Fig. 8a),
the axial pressure gradients are small. Thus, the only mecha-
nism affecting the axial velocity is the momentum deficit
within the boundary layer. For a laminar flow, one would
expect a larger deficit when the boundary layer is thicker,
namely at a lower Rec or a higher incidence angle.

Conclusions
The near-field behavior of a tip vortex trailing behind a low

aspect ratio rectangular wing attached to an axisymmetric
body is investigated by implementing PDV. The results lead to
the following conclusions:

1) Roll-up of the tip vortex is complete almost immediately
downstream of the trailing edge of the wing (x/c < 1). The
overall circulation of this vortex remains nearly constant
throughout the range of x/c studied (0<x/c<6.7).

2) Less than 66% of the root circulation is rolled up into the
tip vortex, even when the circulation is computed from the
instantaneous velocity distribution.

3) Expansion of the tip vortex (an increase in the radius of
the core and a reduction in the tangential velocity) occurs as
a result of adverse axial pressure gradients caused by contrac-
tion of the body at x/c > 6.
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