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Three-dimensional laser velocimeter measurements have been made of the wake vortices of a slender tangent-
ogive body which had nose and body fineness ratios of 3.5 and 12, respectively. Data were obtained at an angle
of attack of 36 deg, a freestream Mach number of 0.6, and a Reynolds number based upon body diameter of
170,000. Details of the mean flowfield are presented, and features of the turbulent and unsteady nature of the
vortex flowfield are discussed. Problems associated with obtaining meaningful vortex measurements in high-

speed flows are addressed.

Introduction

SYMMETRIC vortex flows are known to produce large
A side forces and yawing moments on bodies of revolution,
although the mechanisms through which these occur are not
well understood. Unfortunately, the documentation of
asymmetric forebody flowfields is difficult, since the degree
or even the direction of the asymmetry can be influenced by
extremely small changes in nose shape or body roll.1? Flow
turbulence may also effect the overall steadiness of the
flowfield. Lamont and Hunt? have shown that freestream
turbulence can cause switching of the vortex flow patterns.
Such time-dependent flowfield behavior is difficult to
document unless conditional sampling techniques are used
(see Ref. 4). Despite these experimental difficulties detailed
information has been obtained primarily using pitot probes. !
However, since wake flows can be sensitive to local geometry
and probe interference and since streamline curvature and
associated static pressure variations could compromise pitot
or hot-wire measurements, it is desirable to pursue nonin-
trusive measurement techniques. Direct comparison between
laser vapor screen and pitot measurements of vortex core
location® have shown that flowfield probes can cause vortex
displacement. Problems associated with turbulent structure
measurements are even more acute since linearized hot-wire
data interpretations are not accurate in highly turbulent wake
flows. The laser velocimeter with its nonintrusive applicability
to highly turbulent flows appears to be a more appropriate
instrument for the documentation of vortex flowfields. Since
the documentation of asymmetric vortex flows can present
additional and unwanted experimental complications, steady
symmetric vortex flows provide a logical first step in assessing
the capabilities of the laser velocimeter for three-dimensional
vortex measurements. Although limited measurements have
been obtained at low speeds,®’ no turbulence data or high-
speed measurements are available. It was with these short-
comings in mind that the present study was undertaken.
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Experimental Details

Tests were conducted in the Ames 2- by 2-ft Transonic
Wind Tunnel at a freestream Mach number of 0.6 and unit
Reynolds number of 2 million/ft. Wake vortex measurements
were obtained for a l-in. cylindrical afterbody tangent ogive
which had a nose fineness ratio of 3.5 and a total or body
fineness ratio of 12:1. Flowfield measurements were obtained
at two axial stations (Fig. 1) at an angle of attack of 36 deg.

The model was instrumented with constant temperature
surface hot film gages of the type used in Ref. 8. Their
dynamic response (> 60 kHz with negligible phase distortion)
was sufficient to determine dynamic characteristics of the
vortex shedding. The velocity field in the wake was measured
with a two-color forward scatter frequency offset laser
velocimeter. This system enabled two velocity components,
perpendicular to the optical axis, to be measured simulta-
neously. However, since the problem is three-dimensional,
two sets of measurements are requiréd. During the first set,
the laser beams were normal to the tunnel axis so that the
axial u and vertical w velocity components in tunnel coor-
dinates were measured. These two components were.used to
determine the vertical velocity in the crossflow plane shown in
Fig. 1. For the second set, the transmitting optics were rotated
30 deg about the z axis and measurements retaken. In this
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Fig. 2 Errors in the measured mean and rms velocity due to direc-
tional ambiguity.
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Fig. 3 Mean axial velocity profiles (x/d=4) in wind-tunnel coor-
dinates.

latter case, one component measured was again the vertical
velocity whereas the second was a combination of the axial
velocity # and the lateral vleocity v in wind-tunnel coor-
dinates. Since the axial velocity had already been directly
measured, the lateral velocity could be calculated. Thus the
lateral velocity in the crossflow plane is obtained, since it is
the same as that in wind-tunnel coordinates.

Bragg cells, which produced zero-velocity frequency offsets
in both color systems, were incorporated to remove direc-
tional ambiguity from the measurements. Lack of this
capability leads to data interpretation errors in highly tur-
bulent and/or unsteady flows. This problem is illustrated in
the insert of Fig. 2, where Gaussian probability density
distributions of the instantaneous velocities corresponding to
local turbulent intensities of 30 and 70% are presented. With
directional ambiguity, negative velocities are assigned their
equivalent positive values, which leads to errors in the
calculated mean value and standard deviation. The resultant
errors are seen to rise sharply for local turbulence intensities
above 40%. Thus, it is evident that previous vortex
measurements obtained without zero-velocity frequency
offset could be subject to significant errors.
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Fig. 4 Mean vertical velocity in crossflow plane (x/d=4).
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Fig. 5 Mean lateral velocity in crossflow plane (x/d=4).

Maximum optical-system sensitivity is also essential for
meaningful vortex measurements since there is always the
possibility that only the velocities of larger particles, which
have been centrifuged from the vortex, will be observed. This
could result in errors in the vorticity measurements and
difficulty in obtaining data in the vortex cores. Preliminary
laboratory measurements using simultaneous forward- and
back-scatter arrangements were carried out on particles of the
size distribution used in the symmetric vortex studies.

These measurements stressed the value of a forward-scatter
optical system since data rates at least an order of magnitude
higher than those in the back-scatter mode were achieved.
Previous vortex measurements at low speeds®’ both utilized
back-scatter systems which, with normal laser power, would
probably not be adequate at transonic speeds where problems
due to particle lag require the use of smaller particles and
hence decreased scattered light intensity. Thus, rather than
relying on natural wind-tunnel aerosols for the light scat-
tering, an artificial aerosol of Dioctylphalate of known size
distribution was injected into the wind-tunnel stagnation
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Fig. 7 Velocity vectors (x/d=6).

chamber. This aerosol with a count mean diameter of 0.7 pm,
less than one half that of the aerosol used in Ref. 7, provided
adequate tracking of the vortex flowfield. To confirm this,
axial and vertical measurements were obtained at variable
threshold settings on the processing electronics. At high
settings, only a few of the larger particles which passed
through the center of the probe volume were considered,
whereas at low threshold settings velocities of the submicron
particles dominated. On the wake centerline at y/d=0.7, the
mean flow angle varied less than 3 deg even with threshold
setting changes which reduced the velocity data rate from
16,000/s to 1000/s. At y/d=1.0, a change from 36,000/s to
300/s produced no significant change in the local mean flow
angle.

Discussion
Mean Flowfield Measurements

As mentioned previously, the laser velocimeter measure-
ments were made in a system of wind-tunnel coordinates.
These components were then transformed into the model
coordinate system to obtain the vertical and transverse
velocities in the crossflow plane. Some of the measurements
of the leeward flowfield, 4 diam from the nose, are shown in
Figs. 3-5. Figure 3, in which some axial velocity distributions
are presented, shows significant overshoots close to the body
(u/uy, =1.2), high mean gradients which occur across the
feeding sheets, and a large deficit in the wake. These wake
deficits and mean gradients measured close to the body are
both much larger than those measured previously at low
speeds.®’” However, both these features decay quite rapidly,
an indication of energetic turbulent motions in the wake.

The maximum vertical velocities (w) in the crossflow plane
shown in Fig. 4 approach the freestream tunnel velocity and
have the form expected of two symmetric-free vortices, except
near the wake centerline where vortex interaction appears to
dominate. These data are similar to those obtained at low
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Fig. 9 Mean and rms axial velocity profiles (x/d=4, z/d=0.9).

speeds, although the free vortex form is much more
pronounced than in the data of Ref. 6. Lateral crossflow
velocities ¢ obtained from measurements normal and 30 deg
to the tunnel axis are shown in Fig. 5. These data taken above
and below the vortex centers show that again the mean flow
gradients are extremely high except in the regions near the
vortex cores and that crossflow velocities approaching
freestream values are present in the wake. These data, and
others obtained throughout the wake at x/d = 4 and 6 stations,
have been used to construct the crossflow velocity vector
fields which are presented in Figs. 6 and 7.

The circulations of the vortices were found by integrating
the crossflow velocity around rectangular contours containing
each vortex core. The area of each rectangle was increased in a
systematic manner until the contour integral ceased to in-
crease, indicating that all the vorticity had been contained
within the contours. It can be seen that, at the x/d =4 station
(Fig. 8), the area that encloses most of the vorticity is ap-
proximately equal to the body cross-sectional area. Thus it is
apparent that considerable vorticity diffusion had occurred.
Similar results were obtained for the x/d = 6 station, although
the average vortex strength was higher (=3.1) as expected.
These vortex strengths are in good agreement with the
correlation of Ref. 1.
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Turbulence Measurements

Some insight into the turbulent and unsteady nature of the
vortex flowfield has also been obtained from the laser
velocimeter and surface hot-film gage measurements.
Consider first the mean and rms velocity profiles across the
wake at x/d=6. These data (Figs. 9 and 10), obtained at
z/d=0.9, clearly show double peaks in the rms velocity, one
on each side of the wake centerline close to the regions of
maximum mean velocity gradient. However, there are also
significant rms fluctuation levels in regions of small and zero
mean velocity gradient, indicating that larger scale turbulent
or unsteady motions are present. These large-scale motions
are readily apparent in the surface gage cross-correlation
measurements presented in Fig. 11. Toward the stagnation
point (Fig. 11a), a clearly defined frequency is evident with an
optimum correlation displaced from zero corresponding to
vortex convection around the body. In addition, there is little
decay in the correlation over many cycles, indicating that both
gages are seeing the same disturbances. However, on the
leeside of the body the optimum correlation is greatly reduced
and decays at a much faster rate, indicating that the two gages
are not always responding to the same vortex. Since their
circumferential spacing is only 30 deg, this indicates that there
may be substantial vortex motions. Such motions give rise to
large rms velocity fluctuations, particularly in the vertical
velocity component (see Fig. 10). Indeed, in the regions
of the time-averaged velocity zeros (y/d= %0.4), bimodal
velocity probability density distributions were observed, as
can be seen for example, in Fig. 12. Such distributions
show that a bistable velocity field exists in parts of the flow-
field and that vortex movement may be present. These results
at a nondimensional, impulsively started cylinder time
parameter t=x/r tana=8.7 show a preferred state which is
disturbed on occasions and is in substantial agreement with
the observations of Ref. 3. At f=8.1, an analysis of the
pressure difference traces presented in Ref. 3 would show
similar bimodal probability density distributions. These
observations suggest that there could be a region of incipient
asymmetric vortex shedding, i.e., unsteady vortex motions
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induced by vortex interaction. This mechanism has been
observed to precede the establishment of relatively steady
vortex asymmetry.

As would be expected from the cross-correlation
measurements, surface hot-film spectra in the windward
flowfield also show a clear energy peak at a frequency of 1250
Hz. If this frequency is introduced into the calculation of a
crossflow Strouhal number (S=nd/U,, sina=0.2), excellent
agreement is found with Morkovin’s® two-dimensional
cylinder correlation. Since the thin film gage oscillations are
related to vortex movement in the wake,* these results
suggest that incipient asymmetric vortex interactions may be
locked to a Strouhal shedding frequency.
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Flowfield Modeling

In lieu of a reliable Navier-Stokes predictive scheme at
transonic speeds, the flowfield data have been compared with
classical two-dimensional theory. Following Nielsen,'® we
consider two vortices in the presence of a circular cylinder in
which the vorticity generated in the viscous layer ahead of
separation moves along the feeding sheets into the two cores.
Since the measured vertical and axial velocity profiles were so
symmetric at each station, we have assumed identical
positions and absolute vortex strengths. The values used were
straightforward arithmetic averages of the two vortex
properties at each station. With these assumptions, we may
calculate the resulting crossflow velocities by

U+iw=—iU, sina(l+d?/4£%)

N

—1/20 Y3 T 11/ (E~¢) — 1/§— (d? /4E))

i=1 .

where £=y+iz and subscript refers to jth vortex. Again,
following Nielsen, !® all the vorticity was concentrated at the
vortex cores. At x/d =4, average vortex strengths of 2.33 with
locations at z/d=0.95 and y/d= +0.35 were used. At
x/d =6, vortex strengths of 3.1 were used with z/d=1.15 and
y/d=x0.35.

Comparisons of the two vortex models with measured
crossflow vertical velocity profiles at the x/d=4 and 6
stations are shown in Figs. 13 and 14. In general, the
agreement is extremely good. However, since we know from
Fig. 8 that the vorticity is diffuse in the leeside flowfield, we
would expect the theory to overpredict the measurements near
the vortex cores and to underpredict in the far field. Ac-
cordingly, there is then excellent agreement at both stations
along the wake axis. At x/d =6, the z/d=0.7 and 1.3 profiles
agree, while z/d=1.0 overestimates and z/d=1.6 un-
derestimates. At x/d =4, the z/d=0.7 and 1.1 profiles agree,
while z/d=0.9 overestimates and z/d=1.3 underestimates.
Even so, a simple viscous damping would greatly improve the
agreement near the vortex cores. But we must also bear in
mind that although we have in principle neglected the vortex
feeding sheets, in practice we have accounted for some
measure of them by contour integration around such large
areas of the flowfield. It is possible, therefore, that any
contribution we have missed is small compared to the value
we have ascribed to the cores.

Conclusions

It has been shown that, if potential problems associated
with directional ambiguity and particle lag are addressed,
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meaningful laser velocimeter measurements of high-speed
vortex flowfields can be obtained. The present mean flowfield
measurements have shown that the vorticity is distributed
over large areas of the crossflow plane rather than con-
centrated near the vortex cores. However, for symmetric
vortex flow, satisfactory agreement can still be obtained
between the measurements and classical two-dimensional
vortex theory, provided the circulation used in the predictions
is calculated around contours which account for most of the
vorticity in the feeding sheets. Dynamic measurements at the
model surface and rms velocity and probability density
measurements have shown that vortex unsteadiness may be
present in the wake.
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