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Investigation of Slender-Body Vortices

John E. Fidler,* Richard G. Schwind,} and Jack N. Nielsen}
Nielsen Engineering and Research, Inc., Mountain View, Calif.

The results of an investigation into the structure of slender missile body vortices are described. It was found
that existing potential flow vortex models do not always correctly reproduce the real flow. Particularly at the
base, the vorticity was found to be distributed rather than concentrated, as is usually assumed. Vortex strengths,
positions, and induced velocities were predicted with only fair accuracy by the various techniques used to
calculate them. It is concluded that considerable upgrading of existing models will be necessary before the
strengths, locations, and induced velocities of body vortices can be predicted with certainty at high angles of

attack.

Nomenclature

=general area enclosing a region of wake vorticity
= body radius

=body diameter

=vorticity flux

=body length

=distance around contour enclosing area 4

QSRR

=distance in crossflow plane measured from body
axis

U,V,W =velocity components parallel to, laterally normal

to, and vertically normal to body axis, respectively

Vs =circumferential velocity at edge of crossflow
boundary layer at separation
Ve =freestream velocity

X,Y,Z =distances parallel to, laterally normal to, and
vertically normal to body axis, respectively

o' =angle of attack

r =vortex stength

¢ =vorticity

Subscripts

B =related to body

0 =datum

Vv =related to vortex
Introduction

NE of the most effective means of calculating the

aerodynamic characteristics of missile configurations is
by rational modeling of the flow phenomena. In this process
the various features of the flowfield—uniform flows, shock
waves, boundary layers, and wake vortices—are modeled
mathematically and their effects on the missile calculated.
Clearly, the correctness of the models used to simulate these
phenomena is central to the success of the process. Con-
siderable interplay between experiment and theory is usually
necessary before satisfactory models are defined.

The present investigation was carried out to determine if the
existing models used for body vortices and their flowfields are
adequate. These models, which simulate the vortex strengths,
positions, and detailed flow structure, are based on a mixture
of analytical and semiempirical techniques. In order to attack
the simplest problem first, the investigation was confined to
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the vortex wake formed behind a slender body at moderate-to-
high angles of attack in an incompressible flow. The end
result of the work was to be a body of information from
which it could be determined if existing techniques were
adequate for calculating vortex strengths and positions as well
as the velocities induced by them in their own vicinity. All of
these quantities must be predicted accurately if vortex effects
are to be calculated adequately. :

Present models are based on flowfield data obtained with
physically intrusive probes, and some question of the possible
flow distortions induced by these devices has always existed.
In order to reduce to a minimum the influence of ex-
perimental equipment and technique, the flowfield surveys
were made using a laser doppler velocimeter (LDV).

Attention was concentrated on the crossflow plane vortex
flowfields since these exert the greatest influence on missile
behavior. The tests and data analysis have already been
reported in Refs. 1 and 2.

Tests and Equipment

The test was performed in the NASA/Ames Research
Center 7- by 10-ft wind tunnel No. 1. The main components
of the test apparatus are shown in Figs. 1 and 2. Located
inside the tunnel were the missile body and its mounting, and
a mirror which was mounted on the tunnel traversing
mechanism (see coordinate systems in Fig. 1). The laser
anemometer was located outside the tunnel, mounted on its
own traversing mechanism.

The missile body used for the test was the 15.24 cm (6 in.)
diam missile body of the Ames Aerodynamics Branch. It has a
3.5 length-to-diameter ratio ogive nose with a sharp point
(nose apex total angle of 32.9 deg) and the same length af-
terbody. The sting which held the missile via the balance was a
heavy-walled 5.7 cm (2% in.) diam tube.

The laser anemometer employed in this test was the two-
component, backscatter type with a 4-W argon laser,
borrowed from the Ames Large-Scale Aerodynamics Branch.
The entire LDV could be traversed in the tunnel axial -and
vertical directions. Also, the focus point could be scanned,
between 1 and 2.8 m (3.3 and 9.2 ft) from the tunnel window.

Knowledge of the flow pattern in the plane perpendicular to
the missile axis was required. This meant that the LDV beams
had to be turned 90 deg by a mirror in the tunnel behind the
missile. The mirror needed two angular degrees of freedom
for adjusting to different missile pitch angles and two trans-
lational degrees of freedom for traversing the LDV focus
point. Thus, a 10X 12.6 cm (4 X 5 in.) front-surfaced mirror
was clamped to a plate and bracket to allow angular ad-
justments, and this was, in turn, mounted to the 7 X 10-ft
wind-tunnel traversing mechanism (see Figs. 1 and 2). To
make best use of the available range of focal length of the
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Fig.2 Photograph of wind-tunnel setup.

LDV, the missile was placed off the wind-tunnel centerline to
0.885 m (2.90 ft), or 5.8 body diameters, from the side wall of
the tunnel closest to the LDV.

A smoke generator was used to create a fog in the tunnel.
This provided the particles for scattering the light of the laser
beams, creating a large flux of doppler-shifted signals. It was
found during testing, however, that near the vortex centers
few particles were available to give appropriate signals. The
particles had apparently been centrifuged out by the rotary
flow. This problem is well known in LDV work.

The output of the two laser anemometer photomultiplier
tubes were processed by two Hewlett Packard 141T-8443A
spectrum analyzers. The peak frequency was manually
selected and digitized. The three LDV and two mirror position
potentiometers and the six balance gages were processed by a
digital calculator to determine the LDV focus point in missile
coordinates, and also the velocity and force components.

All data were obtained at a nominal freestream velocity of
18.6 m/sec (61.0 fps), which corresponds to a Reynolds
number based on the missile diameter of 187,000. This
velocity was selected as a compromise between decreasing
LDV signal quality with increasing Reynolds number.

The LDV data were obtained at a pitch angle of 22.4 deg at
the 70% and 100% axial stations. The 22.4-deg pitch angle
was selected to represent one near the maximum pitch angle

for formation of a symmetric vortex pair. Limited in-.

vestigations at an angle of 37.5 deg were also carried out, but
these are not reported here.
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Analysis
Velocity Fields

The symmetric vortex flowfields are shown in Figs. 3 and 4.
It may be seen that at 22.4-deg angle of attack, both the 70%
and 100% stations show a strong pair of vortices. The blank
areas near the vortex cores at the 70% station are due to low
signal-to-noise ratio associated with lack of scattering par-
ticles, which have been centrifuged out of the rapidly rotating
core region.

It is interesting to note the slight asymmetries apparent in
the vortex positions. The classical notion of this pattern
usually envisages a perfectly symmetrical pair. However, the
positions are clearly not quite symmetrical, and it will be seen
later that the strengths are also slightly different. From a
practical point of view, there is no reason why the vortices
should be perfectly symmetrical. The asymmetries in the
model and the main flowfield may be the cause.

The next steps in the analysis were the determination of the
vortex strengths, positions, and associated flow velocities and
the comparison of these with the predictions of existing
methods. This work is described in the next section.

Symmetric Vortices

Approximately symmetric vortices were found at the 70%
and 100% stations. Once the flow velocities were determined,
they were then used to investigate various aspects of the flow
pattern.

The first question considered was the lateral extent of the
vorticity field. Two-dimensional flow photographs showed
that the vortices could extend outward significantly. Ac-
cordingly, circulation was calculated around rectangular
contours defined by lines extending vertically from the
cylinder crest (Z/d=0.5) to the upper limit of the data
(Z/d~1.4) and laterally to various vertical lines which were
moved systematically outward and the circulation calculated
numerically.

The results are shown in Fig. 5 for the station, X/L =1.0.
(This was the only station with a symmetric pair and enough



1738 FIDLER, SCHWIND, AND NIELSEN

s 08 e
3o Totaicirculation Fig. 5 Lateral variation of
E g circulation, right-hand vortex,
04 L ol L ) i =1, =22, .
& %5605 05 o o e /=10, a=22d4deg
Y/d
Stagnation point
s Ho_de
el 7% ! 2/d
Fl— TN | g8
92% |  93%
I lB I
A|~—— S Fig. 6 Circulations from
| contour integrations (per-
L 3 centage of total in cach con-
-0.59 059 tour), X/L=0.70, «=22.4
Y/d dcg_
T/27 oV,esin @
Left Right
total {otal
-0.386 0.408
Stagnation point
146 F — —F' 146
[_7% % | zZ/d
149 6f— — — —6' 1.20
| 36% 35% |
s m .
089 Hl— —915' — W 095
57% 9 - . .
T 612 * Fig. 7 Circulations from
o052 AL . EL — aose contour mlcgra_tmns (per-
-05 05 centage of total in each con-
Y/d tour), X/L =1.0, a=22.4 deg.

T/2maVesin @

Left Right
fotat fotal
-0.469 0.500

information to carry out the process.) It may be seen that I’
increases as the vertical side is taken farther outward, until
Y/d ~1.0is reached. After that station, no further increase in
T'is observed. This result indicates that flowfield surveys must
be taken out to at least Y/d=1.0if all of the circulation is to
be captured.

If the vortices corresponded to potential vortices in which
the circumferential velocity is proportional to the reciprocal
of the radius from the vortex center, then they would have the
property that the circulation around circuits which did not
enclose the vortex center would be zero. This model is the
usual basis of engineering prediction methods. In order to test
this, circulation was calculated for such circuits. Because of

_ limited data in the region of the cores, the integration con-
tours for the 70% case could not be as extensively subdivided
as for the 100% case. The results are shown in Figs. 6 and 7. It
may be seen that the circulation does not correspond to the
potential model. A considerable percentage of the total cir-
culation is found away from the vortex centers. It is con-
cluded that the vorticity is distributed rather than con-
centrated and that the single-point vortex model so widely
used in configuration analyses is not always correct. The same
result is indicated to a lesser degree by the lateral-extent in-
vestigations described earlier.

Having determined that the vorticity is distributed rather
than concentrated, the next step was to compare the ex-
perimental strengths and locations with those predicted by
various semiempirical and classical techniques. Locations
were calculated using the following methods: 1) Foéppl
theory,? which leads to the well-known Fdppl line, and 2) a
semiempirical prediction based on data correlations.*
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and strengths, X/L =1.0, a =22.4 deg.

Strengths were determined from the following: 1) Fdppl
theory,® 2) a semiempirical prediction based on data
correlations,* and 3) a semianalytical prediction based on a
vorticity conservation technique.® A brief description will be
given of each technique before comparing its prediction to the
data.

Fopp! Theory

It may be shown? that when two symmetric vortices are
positioned on the lee side of a two-dimensional cylinder their
centers will lie at various stationary points whose locus is a
curve known as the Fdppl line, the equation of which is

rY=r’—-a’ (r’=Y’+2%

Further, to each point on the line there corresponds a vortex
strength

r 4Y? ( a a3>
2ma(vel) a® \r 1’

where (vel) is the velocity normal to the cylinder axis, which in
two dimensions is equal to the freestream velocity and in three
dimensions is the crossflow velocity, V,sina. Thus, if the
position of a vortex on the Féppl line can be determined, an
estimate of its strength can be made (and vice versa).

Figures 8 and 9 show comparisons between the ex-
perimental vortex locations and the Foppl line for the cases
X/L=0.7 and 1.0, respectively. It will be seen that in the
former case the cores lie on the line, while in the latter they lie
somewhat below it. The discrepancy in the X/L =1.0 case
may be associated with the greater diffusion of vorticity in the
vortices.

The reasonably good agreement between the Féppl line and
the data is probably fortuitous to some extent. It has been
observed that when vortices first appear on a slender body
they are located near the crossflow boundary-layer separation
line, not at the lee-side meridian as predicted by Foppl.
Further, when the wake becomes asymmetric, the vortices
tend to move away from the body along straight vertical lines
in the crossflow plane, not along the curved Foppl line.
Hence, the theory/data matching should really only occur in
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the intermediate stages of vortex development, which is
apparently the case here.

Using the core position r (or the point on the Foppl line
nearest the core). as input to the strength equation given
earlier, vortex strengths were calculated. The values are given
on the figures. Comparing them with the experimental
strengths shows that Féppl theory tends to overpredict these.
This is unfortunate since if the strengths could have been
accurately predicted by a separate technique, this would have
automatically located the vortices on the FOppl line near their
true positions.

Semiempirical Techniques

The procedures of Ref. 4 provide means for calculating
vortex strengths and positions. The techniques are based upon
correlations of experimental data. Estimates are shown in
Figs. 8 and 9. It will be seen that core location is always
predicted too high, while the lateral location estimate may
over- or underpredict. Strength, too, is overpredicted. The
technique of Ref. 4 is probably the most useful available
engineering approach to calculating core locations. Some
modification of the methods to increase their accuracy would
be a worthwile extension of the technique.

The last technique used to predict strength is that of Ref. 5.
The method will be described in some detail because of the
physical insight it provides into vortex formation.

Each wake vortex is fed with vorticity from the shedding
body boundary layer. The crossflow boundary-layer vorticity
vectors are directed roughly parallel to the body axis.
Following separation, each vortex sheet rolls up into a
concentrated vortex in the wake. The vortex vorticity vectors
are mainly directed parallel to the core. The rolling-up process
occurs quickly, and the net vorticity shed in the boundary
layer is assumed conserved while the feeding sheet rolls up
into the wake vortex.

The net vorticity flux leaving the boundary layer per unit
time from station X, to station X on the separation line is>

X V§
Fg=A — dx
B Sxo 2

- where V; is the circumferential velocity at the boundary-layer
edge at separation, A is a factor (< 1) accounting for the
mutual annihilation of wind-side and lee-side vorticity after
separation, and X, is the farthest upstream point to which
boundary-layer separation extends. Experimental evidence
indicates’ that A has an approximate value of Y.

Following roll-up into a vortex whose cross section has area
A bounded by contour C, the vorticity { proceeds downstream
with the average velocity V, cos(a-2 deg). The 2-deg figure is
the approximate angle between the vortex cores and the body
axis in the present tests. Hence, the flux per unit time of
vorticity in a wake vortex is

F,=V_cos(a—2) SA §-dA=V_cos(ax—2) <§>C g-de

=V, Icos(e—2)

by Stokes’ theorem.
Assuming that vorticity is conserved and using the value /2
for A yields?

r= [S; V§dx] /[4Vmcos(oz —2)]

Using experimental evidence from Ref. 5 for the value of
V, and estimating X, to lie at the body nose from Ref. 4, this
equation may be solved for I'. Estimates of strength are
shown on Figs. 8 and 9. It will be seen that the experimental
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value is generally underpredicted, although the technique is
the most accurate of those used.

The next step was to determine how well the flow velocities
could be predicted. Classical two-dimensional theory was
used and was applied in the following two ways.

1) All of the circulation in a single vortex is lumped
together at the core, regardless of the diffuse nature of the
vorticity. This is termed the two-vortex model.

2) Only that fraction of the total circulation immediately
associated with the core is placed there. The remainder is
assumed concentrated into another vortex located above the
core at the center of the area around which contour in-
tegration has been performed. In Fig. 7 one such area is
HCDG. This arrangement is termed the four-vortex model. It
should be noted that the contours were arbitrarily chosen and
that almost any number could have been taken to define the
same number of vortices for a multivortex model. For present
purposes, however, four vortices were used. The 70% and
100% body stations will be discussed separately.

At the base (100%) the classical models were used to predict
velocities along horizontal lines at Z/d=0.5 and 1.0 and the
vertical line Y/d=0. The results are shown in Figs. 10-12.
Along the vertical axis, Fig. 10 shows that the experimental
data are not well predicted by the two-vortex model. Not only
the velocities, but also the stagnation point at Z/d =1.26 are
poorly predicted. The four-vortex model performs somewhat
better, although the results are only fair. It may be that by
proceeding to greater numbers of vortices even better mat-
ching could be obtained. However, such an investigation is
outside the scope of the present work.

Along the line Z/d =0.5, Fig. 11 shows that neither the two-
nor four-vortex models predict the data very well, although
the gross features of the flow are correctly calculated. The
major feature of the results shown here is the relative in-
sensitivity of the prediction to the numbers of vortices. This is
probably due to their relative strengths and distances from the
linen insuring that the lower, stronger vortices dominate.
Further, the large experimental change in W at about
Y/d =0.35 is probably indicative of a strong feeding sheet of
vorticity emanating from the boundary-layer separation
point. Comparison with the flow picture of Fig. 4 bears out
this conclusion. Finally, along the line Z/D=1.0, Fig. 12
shows that the two-vortex model again does not predict the
velocities accurately. On the other hand, the four-vortex
model shows good accuracy, predicting the magnitudes and
trends quite well. The relative success of this model as shown
in this figure and along the vertical centerline implies that it
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might well be worthwhile conducting further investigations
with circulation distributions to determine an optimum
multivortex model for use, at least near the bases of slender
bodies. The results also show that for missile applications,
where the tails are typically located on a horizontal plane
through the body axis, a two-vortex model might be adequate
for calculating the upwash due to vortices. On the other hand,
for aircraft work where T-tails are used, a four-or-more-
vortex model would probably be required for upwash
estimates. At the present time, however, it is not possible to
determine the relative strengths and locations of the vortices
in such models with certainty.

At the 70% stations only the classical two-vortex model was
used to predict velocities along the horizontal lines Z/d =0.5
and 0.88 and the vertical line Y/d=0. The strengths and
positions of the vortices in the two-vortex model were those
found experimentally and shown in Fig. 9. Attention is
confined to this model because of the difficulty of subdividing
the contours extensively and because of its relative success in
predicting the flow velocities. The first example of model
performance is shown. for the vertical Z axis in Fig. 13. Here it
may be seen that the stagnation point is well predicted as are
the flow velocities above that point. It is unlikely that any
further vertical distribution of vorticity could improve
significantly on this prediction. Below the stagnation point,
the velocity is less well predicted, indicating that perhaps a
lateral spread of the circulation could be advantageous in
improving performance here. The present work does not
consider such a step, but it might well be incorporated in
future investigations. Turning now to the velocities along the
line Z/d=0.88 (which passes through the stagnation point),
Fig. 14 shows that, with the exception of one or two points,
these are quite well predicted by the two-vortex model.
Finally, at Z/d=0.5, Fig. 15 shows that the data, although
sparse, are quite well predicted. Recalling the performance of
the four-vortex model at the 100% station for this same
horizontal line (Fig. 11), it is unlikely that such a model would
improve the prediction here either. '

The relative performances of the two-vortex model at the
70% and 100% stations and of the four-vortex model at 100%
stations are interesting. The success of the two-vortex model
at the 70% station indicates that the vortices here are more
concentrated than are those at the 100% station, where a four-
vortex model showed the better performance. This indicates
that between the two stations some mechanism comes into

AIAA JOURNAL

=]

L

1 I I 10 1 L i I J
-0 -08 -06 -04-02 [— 02 04 06 08 10

-Y/d -2k +Y/d
-04}4 a Data
——Theory
-06-

Fig. 14 Comparison of experimental and predicted vertical velocity,
Z/d=0.88, X/L=0.7, «a=22.4deg.

067 w
_D\ Voo
g 04
0.2

(o]

-0 -08 -06 -04 -02 102 04 06 08 1.0

-Y/d -0.2 +Yrd
-04r a Dato
o6l Theory

Fig. 15 Comparison of experimental and predicted vertical velocity,
Z/d=0.5,X/L=0.7, a=22.4 deg.

play which causes the vorticity to become more distributed as
it approaches the base. It is not clear what the basic cause is.
However, it may well be that upstream feeding of signals
from the base region plays a role in the phenomenon. It would
be instructive to retest this body under the same conditions
and to add further cylindrical segments aft of the base to see
what this does to the flowfield. It may be possible in this way
to track the development of vortex diffusion along the body.
In any case, much remains to be done before a completely
satisfactory model of slender-body symmetric vortices can be
defined.

Conclusions

The general conclusion drawn from this investigation is
that, while current concepts and models of slender-body
vortices approximate the real case, considerable improvement
is needed before the details of such flows and their effects on
missile configurations can be adequately determined at high
angles of attack. In particular:

1) The mechanism leading to distributed rather than
concentrated vorticity must be studied further before
satisfactory engineering models can be constructed. Whether
base influence is the major contributing factor can probably
be determined by testing the bodies with and without cylin-
drical extensions aft of the base region.

2) The vorticity distributions within diffuse vortices must
be determined analytically and experimentally. This
distribution should then be used to develop a multivortex
mode! having an adequate number of vortices, appropriately
distributed, to calculate the flowfield.

3) Techniques for calculating vortex strength and position
must be improved. Strength calculations might be made on
the basis of vorticity conservation techniques. Position
estimates might be made using further correlations of ex-
perimental data.

4) Since the total vorticity in the vortices at any axial
station is dependent upon the upstream feeding rate from the
separation line, further investigations should deal not only
with the vortical flow patterns but also with the characteristics
of the body boundary layer. In particular, the separation line
position should be determined as a function of axial location.
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MATERIALS SCIENCES IN SPACE WITH
APPLICATIONS TO SPACE PROCESSING—v. 52

Edited by Leo Steg

The newly acquired ability of man to project scientific instruments into space and to place himself on orbital and lunar
spacecraft to spend long periods in extraterrestrial space has brought a vastly enlarged scope to many fields of science and
technology. Revolutionary advances have been made as a direct result of our new space technology in astrophysics, ecology,
meteorclogy, communications, resource planning, etc. Another field that may well acquire new dimensions as a result of
space technology is that of materials science and materials processing. The environment of space is very much different from
that on Earth, a fact that raises the possibility of creating materials with novel properties and perhaps exceptionally valuable
uses.

We have had no means for performing trial experiments on Earth that would test the effects of zero gravity for extended
durations, of a hard vacuum perhaps one miflion times harder than the best practical working vacuum attainable on Earth, of
a vastly lower level of impurities characteristic of outer space, of sustained extra-atmospheric radiations, and of combinations
of these factors. Only now, with large laboratory-style spacecraft, can serious studies be started to explore the challenging
field of materials formed in space.

This book is a pioneer collection of papers describing the first efforts in this new and exciting field. They were brought
together from several different sources: several meetings held in 1975-76 under the auspices of the American Institute of
Aeronautics and Astronautics; an international symposium on space processing of materials held in 1976 by the Committee
on Space Resecarch of the International Council of Scientific Unions; and a number of private company reports and specially
invited papers. The book is recommended to materials scientists who wish to consider new ideas in a novel laboratory en-
vironment and to engineers concerned with advanced technologies of materials processing.
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