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Trailing Vortex Wind-Tunnel Diagnostics with a
Laser Velocimeter

Kenneth L. Orloff*
NASA Ames Research Center, Moffett Field, Calif.

A two-dimensional laser velocimeter whose focal volume can be rapidly traversed through a flow-
field has been used to overcome the problem introduced by excursions of the central vortex filament
within a wind-tunnel test section. The operation of the instrument is reviewed and data are pre-
sented which accurately define the trailing vortex from a square-tipped rectangular wing. Mea-
sured axial and tangential velocity distributions are given, both with and without a vortex dissipa-
tor panel installed. From the experimental data, circulation and vorticity distributions are obtained
and the effect of turbulence injection into the vortex structure is discussed.

Nomenclature

wing span
wing chord
lift coefficient
radial coordinate from vortex center
wind-tunnel mainstream velocity
axial velocity component
tangential velocity component
maximum tangential velocity
stream wise ordinate, aft from trailing edge
normal ordinate, above upper wing surface from trailing

edge
normal location of vortex center
angle of attack, deg
slope of velocity distribution in core region
vorticity

I. Introduction

WITH an increasing number of large, heavy transport air-
craft utilizing the nation's airways and air traffic control
system, the probability of hazardous trailing vortex en-
counters by following aircraft has become alarmingly high.
This hazard has been the impetus for both theoretical and
experimental research. Experimentally, an accurate quan-
titative definition of the trailing vortex is important if we
are to detail the fluid dynamics of this poorly understood
flow. The ultimate goal is to accurately measure the vor-
tex structure and thus be able to theoretically predict the
subsequent flow as a function of these measured initial
and boundary conditions. Sonte progress has been made in
the measurement of vortex flows by Chigier and Corsig-
lia1'2 with hot wire anemometry, and by Mason and
Marchman3 and Logan4 with pressure probes. Predictions
of vortex decay from these initial conditions have been
made by Nielsen et al.5>6 and also by Baldwin et al.7 and
Donaldson and Sullivan.8

To alleviate this danger to following aircraft, means
have been sought to diffuse the vorticity away from the
vortex core so that the rotational velocities will be signifi-
cantly reduced over the span of the aircraft penetrating
the vortex. Such methods as dissipator panels,9 axial in-
jection,3'10'11 trailing objects,12 and various tip modifica-
tions13 have been proposed. Some quantitative velocity
measurements are available from which their relative ef-
fectiveness as alleviation devices can be assessed, but flow
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visualization is still heavily relied on. In addition, an eval-
uation scheme has been applied that employs a trailing
model set up in a wind tunnel (downstream of a generat-
ing wing) to measure induced rolling moment.12 While
this may be a reasonable means of assessing the hazard of
a longitudinal encounter, it is only a static determination
and does not define the encounter over a wide range of
parameters. In short, to specify the interaction dynamics
accurately, one must evaluate dissipation techniques
through a precise knowledge of the axial and tangential
velocity profiles.

The problem of accurately measuring velocity in trail-
ing vortices must be approached with caution. It is well-
known that when objects are inserted into swirling vortex-
type flows, upstream influence may alter the flow struc-
ture significantly if the flow parameters are in the subcri-
tical regime14; the objects may even induce vortex
"breakdown" and hence catastrophic decay, which is cer-
tainly acceptable as the end, but not the means. How-
ever, agreement between recent hot-wire data15 and laser
velocimeter data indicates that the problem of probe in-
terference is not significant for trailing vortices measured
to date (see Fig. 2). A more important problem that hin-
ders wind-tunnel vortex measurements has been termed
"vortex meander," the lateral (near random) motion of
the vortex filament within the wind tunnel itself. This
problem of vortex meander has been studied in some de-
tail by Reed.16 He has determined from photographic data
that the scale wavelength of the wind-tunnel turbulence
for the NASA-Ames 7- by 10-Foot Wind Tunnel, operat-
ing under the conditions reported in the present paper, is
between 6 m and 15 m. If one assumes that the turbulence
is convected at the mainstream velocity of 25 m/sec, then
the characteristic meander period is 0.40 sec for a scale
wavelength of 10 m. It is felt that this phenomenon is only
physically important insofar as it may simulate the effect
of atmospheric turbulence. Nevertheless, this meander re-
quires that the accuracy and reliability of the vortex mea-
surements made with a stationary probe (relative to the
wind tunnel) be related to the steadiness and smoothness
of the wind-tunnel facility. For a fixed probe, the motion
of the vortex requires that time averages be taken, result-
ing in the loss of detailed structure (particularly near the
vortex core). Recent measurements15 using a high-speed
rotating hot wire have demonstrated that this is indeed
the case when compared to the earlier time-averaged data
of Chigier and Corsiglia.1'2

The laser velocimeter (LV) is particularly well suited to
making vortex measurements since it does not disturb the
flow. Furthermore, the LV processed signal is linearly re-
lated to the velocity component sensed and requires no
calibration. The importance of these properties of the
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Fig. 1 Schematic diagram of two-color laser velocimeter.

laser velocimeter is reflected by simplified testing of dif-
ferent vortex alleviation schemes and the possibility of
rapid and complete on-line presentation of the velocity
profiles. In addition, such an LV system should be able to
measure at least two velocity components simultaneously:
a) the axial profile provides information related to the
drag increase associated with a particular method of alle-
viation and b) the tangential velocity profile allows one to
evaluate the effectiveness of an alleviation technique. The
focal volume of the velocimeter must be able to rapidly
traverse the vortex flowfield when acquiring the profile so
as to minimize the problem of time averaging due to vor-
tex meander. An LV that meets these criteria has been de-
veloped17 and is briefly described in Sec. II. Its capability
of accurately defining the trailing vortex is presented in
Sec. Ill, and its application to the problem of vortex alle-
viation is reported in Sec. IV.

II. Two-Dimensional Scanning Laser Velocimeter for
Vortex Measurements

A two-dimensional laser-velocimeter system has been
designed and constructed utilizing the popular dual-scat-
ter, backscatter optical configuration17 (Fig. 1). Using a
two-color technique, simultaneous measurements can be
acquired of both the axial and tangential velocities during
the time a vortex is being spatially traversed (when an on-
diameter penetration is made).

Rapid spatial scanning -of the trailing vortex flow is ac-
complished by the LV system using a simple "zoom-type"
lens combination (LN and LP) wherein a small change in
the position of the small lens (LN) scans the test point
over a much larger distance. The location of this test
point within the wind tunnel can be obtained from a volt-
age representing the linear position of the small lens.

The limits of the spatial scan (for these experiments,
between 0.6 and 1.5 m) can be set to encompass the re-
gion of interest and it can traverse continuously at speeds
up to 1.6 m/sec with automatic reversal at these preset
end limits. Since the system operates in a "confocal"
mode (same optics used for both transmission and recep-
tion), this maximum scan rate is limited only by mechan-
ical constraints and the method of signal processing.

Signal processing was accomplished with two identical
HP 8552/8553 spectrum analyzer systems operating at a
processing rate of 20 sweeps/sec. For each sweep, the ver-
tical (frequency content display) and horizontal (ramp
corresponding to sweep position) outputs of each analyzer
were recorded on an oscillograph. The voltage from the
linear potentiometer, which is driven by the scanning lens
carriage, was also recorded. This voltage (representing the

Fig. 2 Tangential velocity profiles for NACA 0015 airfoil at
x/c = 2.0, HO, = 24 m/sec, for angles of attack of a) 4°, b) 6°, c)

8°, d) 10°, and e) 12°.

tunnel location of the test point) and the frequency infor-
mation from the spectrum analyzers are simply reduced to
give velocity and location relative to the wing trailing
edge (or any other convenient reference). This is the for-
mat in which the velocity profiles of the following sections
are presented.

Particulate scattering material was introduced into the
diffuser section of the wind tunnel by means of a mineral
oil smoke generator. Recirculating the air provided a light
concentration of the oil vapor throughout the wind tunnel,
and LV data could then be gathered throughout the test
section except very near the core of the vortex where all
but the small, light particles were centrifuged out. How-
ever, this centrifugal action distinguishes the core as a
much dimmer illumination of the outgoing laser light and
allows one to specify when an "on-diameter" traversal has
been accomplished. Such a traversal is only considered
valid if, during the traversal, the vertical location of the
vortex core remains aligned with the two outgoing laser
beams which define the horizontal plane. A small amount
of core motion is acceptable when the probe volume of the
velocimeter is well outside the central region where the
tangential velocity gradient is low. The vortex must, how-
ever, remain nearly stationary as the probe volume tra-
verses the core region for the traversal to be considered
acceptable.

III. Vortex Definition

To demonstrate the utility of the laser velocimeter in
precisely defining the axial and tangential velocity pro-
files, detailed measurements of velocity distributions have
been made in the vortices generated by a square-tipped,
0.457-m chord (c), 1.218-m semispan (6/2) wing mounted
in the NASA Ames 7- by 10-Foot Wind Tunnel. The air-
foil section is NACA 0015 and the planform is rectangular
with no twist. The vortex generated by this wing at 12°
angle of attack has previously been studied by Chigier and
Corsiglia1'2 and a comparison with LV results is given in
Ref. 18.

For definition purposes, a detailed survey was made of
this vortex two chord lengths behind the wing (x/c = 2.0).
The capability of the LV system to accurately measure
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Fig. 3 Dimensionless maximum tangential velocity, v0 ( m ax>/
Wo, vs angle of attack, a, for NACA 0015 airfoil.

these profiles is demonstrated in Fig. 2. These data repre-
sent "slow" scanning of the vortex at an average spatial
speed of about 15 cm/sec which was necessary in order to
obtain sufficient detail within the core region for the fixed
processing rate (20/sec) of the spectrum analyzer. There is
obvious scatter in the data due to the movement of the
vortex during a traversal. Core detail is obtained, how-
ever, since the traversal time across the core (approxi-
mately 0.3 sec) is less than the characteristic meander pe-
riod of 0.4 seconds. The profile measured for an angle of
attack of 8° is seen to be in agreement with that reported
by Consiglia et al.15 for a full span model which is geomet-
rically identical.

This model generated a vortex whose core diameter is
observed (Fig. 2) to be about 3% of the span, or about 7.3
cm. Since the length of the LV probe volume is approxi-
mately 0.2 cm, it is clear that spatial resolution of the ve-
locity distribution is satisfactory. It is only in the very
center of the vortex (region of rigid rotation) that some
question may exist as to the effect of a velocity gradient
across the probe volume. This question is difficult to re-
solve since too few scattering particles were present in the
vortex core to produce an adequate signal.

The maximum tangential velocity for a given angle of
attack is said to be the average maximum of the two
peaks of Fig. 2. If this maximum, U0 ( m a x ) /Uoo, is plotted
against the angle of attack, then, for this simple wing, one
might expect such a graph to be linear. This is indeed the
case, as shown in Fig. 3. Note that the data extrapolate
well to the origin, as they should. Moreover, it is signifi-
cant that the additional points plotted for various fre-
tream velocities also fall on this line, for it implies that
over the range of tunnel speed indicated in Fig. 3, there
appears to be no dependence on Reynolds number. This
greatly simplifies the task of data acquisition, as one need
not be concerned with the exact tunnel speed at which a
traversal is made. The most significant parameters are
configuration and angle of attack.

Axial velocity profiles measured simultaneously are
given in Fig. 4 for angles of attack of 8°, 10°, and 12°. At
8°, there is a very small axial velocity defect in the core
region. At 10°, the defect has disappeared or has, at best,
become only a small excess. At 12°, the axial velocity ex-
cess is pronounced. This phenomenon has also been ob-
served by Chigier and Corsiglia,1'2 and a reasonable ex-
planation concerning the relationships between total head
loss, induced drag, parasite drag, etc., has been given by
Batchelor.19

This type of velocity definition is meaningful in that the
tangential profile can now be used to calculate rolling mo-
ments and other dynamic interactions; the axial profile is
related to the model drag and total head loss. Using both

Fig. 4 Axial velocity profiles for NACA 0015 airfoil at x/c=
2.0. a) a = 8° taken simultaneously with Fig. 2 c; b). OL - 10°

taken with Fig. 2 d; and c) a = 12° taken with Fig. 2 e.

profiles for initial conditions, it should also be possible to
make some assertions as to the subsequent development
of the vortex.5'6 Equally important, this kind of accurate
velocity definition now provides for a comparative evalua-
tion of suggested vortex alleviation schemes.

IV. Vortex Alleviation

The use of vortex dissipator panels was investigated by
Corsiglia, Jacobsen, and Chigier9 as a possible means of
vortex alleviation. With the laser velocimeter, a number
of these panels has been tested on the wing described in
Sec. III. Studies have been made for angles of attack of 8°,
10°, and 12° for each panel, but only the results for a sin-
gle panel at 12° are presented here to shorten the discus-
sion.

A square panel that is 4% of the semispan (11% of the
wing chord) was installed at the wing tip at the 1/4-chord
position (Fig. 5). The resulting axial and tangential veloc-
ity distributions are presented in Fig. 6. The axial velocity
excess (Fig. 4) has been removed and a large defect is
present. This defect is intimately related to the added
drag on the wing (as discussed by Batchelor19). Examina-
tion of the tangential profile reveals a decrease in
V8(max)/Um of about 20% from that of the clean configura-
tion (Fig. 2e). However, from the data of Corsiglia et al.,9
a reduction of about 4% is expected in CL merely because
of the decrease in lift with the panel attached. Hence,

Fig. 5 Dissipator panel mounted at tip of airfoil at 1/4 chord
position.
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Fig. 6 Velocity distributions with dissipator panel at wing
tip. x/c = 2.0, a = 12°, um = 22.4 m/sec; a) axial and b)

tangential.

1.6

^L
Ueol.2

.8
Q)

Fig. 8 Velocity distributions with dissipator installed at
wing tip. x/c = 7.0, a = 11.1°, um = 24.3 m/sec; a) axial and b)

tangential.

there should be a similar 4% decrease in L>0(max)/^°° from
this effect alone. Therefore, it can be concluded that there
is only about a 16% reduction in V0(max)/um which is not
associated with a loss of lift.

These results do not agree with the 50% reductions re-
ported by Corsiglia et al.9 at a downstream distance of x/c
= 10. It was therefore necessary to obtain LV data at a
station further downstream. Unfortunately, at x/c = 7.0,
data were obtained for an angle of attack of 11.1° rather
than 12°, but many conclusions can still be made regard-
ing vortex development from x/c = 2.0 to x/c — 7.0.

Z / b

Fig. 7 Velocity distributions for clean configuration (no
dissipator). x/c = 7.0, a - 11.1°, MOO = 24.6 m/sec; a) axial and

b) tangential.

Figure 7 shows the resulting profiles for the clean con-
figuration (no dissipator) at x/c = 7.0 and a = 11.1°;
^0(max)/^°°> observed to be about 0.56, compares favorably
with a value of 0.53 (at a = 11.1°) taken from Fig. 3 at
x/c = 2.0. Therefore, it appears that within five chord
lengths no dissipation has occurred. In addition, the axial
excess is in agreement with the trend established in Fig.
4.

The distributions at x/c = 7.0 with the dissipator panel
installed are shown in Fig. 8. The axial defect profile is
nearly identical to that at x/c = 2.0. Now, however, the
tangential profile shows a pronounced reduction in
u0(max)/^°° by about 26% (after a 4% correction for CL).

Figure 9 is a summary of these results, which are com-
pared with results obtained from tests of a geometrically
similar configuration in the Ames 40 X 80-Foot Wind
Tunnel where values of x/c = 55 were obtained.15 From
these results, the mechanism that alleviates the vortex
appears to develop with increasing downstream distance,
with very little effect (except drag in the axial profile)
near the wing. It is hypothesized that the presence of
these panels introduces, as the vortex forms, large
amounts of turbulence into the core area in the form of

a - 12°
o LDV - 7'x lO' TUNNEL
O HOT WIRE - 40'x 80' TUNNEL (ref. 15)

7 10
STREAMWISE LOCATION, X/C

Fig. 9 Streamwise development of dissipator alleviation
technique.
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Fig. 10 Velocity distributions from high-speed traverses-
clean configuration, x/c = 7.0, a = 11.1°, u = 22.8 m/sec; a)

axial and b) tangential.
Fig. 11 Velocity distributions from high-speed traverses—
dissipator installed, x/c = 7.0, a = 11.1°, u^ = 22.2 m/sec; a)

axial and b) tangential.

large eddies (on the order of the size of the panel). The
cascading of these eddies to the microscale transfers mo-
mentum, resulting in dissipation. These ideas are not new
and other investigators10'11'13'20 have suggested that in-
troducing turbulence into the vortex by virtually any
means is a dominant factor in reducing the tangential ve-
locity.

For a more meaningful discussion of this turbulence in-
jection technique, one must know how the vorticity is dis-
tributed throughout the vortex (i.e., circulation as a func-
tion of radius). To obtain data for use in determining the
circulation curve, a high spatial scan rate is necessary to
traverse the vortex core in a time short compared to the
characteristic meander time, to insure that the region of
high velocity gradient near the center of the vortex re-
mains stationary during a traversal. With a spectrum ana-
lyzer processing rate of 20 sweeps/sec, detail over short
distances (through the core area) is lost. However, if sev-
eral high-speed traversals are made, then a good mean
curve may be drawn which is not a spatial average.

The velocity distributions obtained from the clean con-
figuration are shown in Fig. 10. Mean curves are drawn as
the average of the four traverses. Nearly the entire vortex
is traversed in less than 1.0 sec. The central region of high
velocity gradient is crossed in a time less than the charac-
teristic meander time of 0.40 sec. The curve in Fig. lOb,
includes a correction for the influencet of an image vortex
that results from the proximity of the wall through which
the laser measurements are taken. The errors introduced
into the circulation distribution by neglecting this correc-
tion can become pronounced at large radii due to an in-
creasing contribution of the image below the wing (which
is nearest the wall). For example, from Fig. 10, the image
correction is nearly 20% of the measured velocity at z/b =
—0.1, which would, in turn, affect the circulation by 20%.
Similarly, the velocity profiles with the dissipator in-
stalled are shown in Fig. 11. Note that the axial profiles of
Figs. lOa and lla are identical to those of Figs. 7a and 8a,
respectively. There also appears to be a slight velocity

defect in Figs. 8a and lla below the wing which is not
understood.

Figures lOb and lib both suggest an asymmetry of the
profile for distances, r/b, greater than 0.05. This same
phenomenon has been observed by Chigier21 and Lezius,22

with a consistent pattern of higher circumferential veloci-
ties (for a given r/b) below the wing than are encountered
above the wing (even after the image correction has been
made). It is assumed that, to a first approximation, the
circulation is the average value of the two sides. The vor-
tex center is determined from the data nearest the core by
requiring that r+u+ = r _ u _ , so that for a given v, say v +
= v, = 0.40, the center is at z0/b = l/2[(z + + z - ) / b ] =
1/2 (0.036 - 0.004) = 0.016 (for a clean configuration).

The resulting circulation distribution is presented in
Fig. 12. The theoretical value of the circulation is deter-

O DISSIPATOR, CORRECTED
FOR IMAGE

A CLEAN, CORRECTED
FOR IMAGE

D CLEAN, UNCORRECTED
FOR IMAGE

.01 .02 .03 .04 .05 .06 .07 .08 .09 .10

fThis influence is not a "real" effect, as opposed to the image
vortex which represents the opposite wing tip.

Fig. 12 Radial distribution of circulation showing effect of
dissipator.
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Fig. 13 Radial distribution of vorticity.

mined using the known lift coefficient, CL = 0.666 for a =
11.1°. Some data points have also been included for the
uncorrected (for the image) vortex at large radii from Fig.
lOb. Clearly, one must correct for this image if conver-
gence to the theoretical value is to be obtained. Further-
more, the data can be extrapolated a short distance at
lower radii into the core region. For the rigid core, the cir-
culation is given by K = rue = 12r2, where 12 is the slope of
the velocity distribution in this region. Hence, since the
parabolic curve that contains the end point of the extrap-
olation is unique (Fig. 12), 12 is determined. The vorticity
can be computed from f = (l/r)(drve/dr) and is given in
Fig. 13. In the core region, it is merely equal to 212. It ap-
pears that the dissipator panel has moved some vorticity
radially outward so as to conserve angular momentum,
and the regions affected by this redistribution due to the
effects of turbulence injection can be accurately specified.

V. Conclusion

The use of a unique laser velocimeter with high-speed
spatial scanning capability has been described and its di-
rect application to trailing vortex wake turbulence re-
search has been presented. The scanning feature of this
instrument minimizes the difficulties in velocity measure-
ment due to what has been termed "vortex meander." Ac-
curate vortex definition is achieved and the data are re-
peatable and consistent with other experimental results.15

The results presented are not intended necessarily to
advocate the use of dissipator panels for vortex allevia-
tion, but only to demonstrate the utility of the laser velo-
cimeter in quantitatively assessing the relative effective-
ness of any particular alleviation device. Furthermore, the
LV system has been used to suggest the manner in which
turbulence generated by the dissipator is incorporated
into the vortex structure.

References
1Chigier, N. A. and Corsiglia, V. R., "Tip Vortices—Velocity

Distributions," TM X-62,087,1971, NASA.
2Chigier, N. A. and Corsiglia, V. R., "Wind-Tunnel Studies of

Wing Wake Turbulence," Journal of Aircraft, Vol. 9, No. 12, Dec.
1972, pp. 820-825.

3Mason, W. H. and Marchman, J. F., Ill, "Farfield Structure
of an Aircraft Trailing Vortex, Including Effects of Mass Injec-
tion," CR-62078,1972, NASA.

4Logan, A. H., "Vortex Velocity Distributions at Large Down-
stream Distances," Journal of Aircraft, Vol. 8, No. 11, Nov. 1971
p. 930.

5Nielsen, J. N. and Kuhn, G. D., "Analytical Studies of Air-
craft Trailing Vortices," AIAA Paper 72-42, San Diego, Calif.,
1972.

6Nielsen, J. N. and Schwind, R. G., "Decay of a Vortex Pair
Behind an Aircraft," in Aircraft Wake Turbulence and Its Detec-
tion, 1st ed., Plenum Press, New York, 1971, pp. 413-454.

7Baldwin, B. S., Chigier, N. A., and Sheaffer, Y. S., "Predic-
tion of the Far Flowfield in Trailing Vortices," AIAA Journal,
Vol. 11, No. 12, Dec. 1973, pp. 1601-1602.

8Donaldson, C. DuP. and Sullivan, R. D., "Decay of an Isolat-
ed Vortex," Aircraft Wake Turbulence and Its Detection, 1st ed.,
Plenum Press, New York, 1971, pp. 389-411.

9Corsiglia, V. R., Jacobsen, R. A., and Chigier, N. A., "An Ex-
perimental Investigation of Trailing Vortices Behind a Wing with
a Vortex Dissipator," Aircraft Wake Turbulence and Its Detec-
tion, 1st ed., Plenum Press, New York, 1971, pp. 229-242.

10Mason, H. W. and Marchman, J. F., Ill, "The Farfield Struc-
ture of Aircraft Wake Turbulence," AIAA Paper 72-40, San Diego,
Calif., 1972.

1:LPoppleton, E. D., "Effect of Air Injection into the Core of a
Trailing Vortex," Journal of Aircraft, Vol. 8, No. 8, Aug. 1971, p.
672.

12Patterson, J. C., Lift Induced Wing-Tip Vortex Attenuation,"
Journal of Aircraft, to be published.

13Marchman, J. F., Ill and Uzel, J. N., "Effect of Several Wing
Tip Modifications on a Trailing Vortex," Journal of Aircraft, Vol.
9, No. 9, Sept. 1972, p. 682.

140rloff, K. L., "Experimental Investigation of Upstream Influ-
ence in a Rotating Flowfield," Ph.D. thesis, June 1971, Dept. of
Mechanical Engineering. University of California at Santa Barbara.

15Corsiglia, V. R., Schwind, R. G., and Chigier, N. A., "Rapid
Scanning, Three-dimensional Hot Wire Anemometer Surveys of
Wing Tip Vortices," Journal of Aircraft, Vol. 10, No. 12, Dec.
1973, p. 752.

16Reed, R. E., "Properties of the Lateral Random Oscillations
of Trailing Vortices Observed in Wind-Tunnel Tests," TR 47,
1973, Nielsen Engineering and Research, Inc., Mountain View,
Calif.

17Grant, G. R. and Orloff, K. L., "A Two-Color Dual-Beam
Backscatter Laser Doppler Velocimeter," Applied Optics, Vol. 12,
Dec. 1973, p. 2913.

18Orloff, K. L. and Grant, G. R., "The Application of Laser
Doppler Velocimetry to Trailing Vortex Definition and Allevia-
tion," TM X-62,243, 1973, NASA.

19Batchelor, G. K., "Axial Flow in Trailing Line Vortices,"
Journal of Fluid Mechanics, Vol. 20, 1964, pp. 645-658.

20Kantha, H. L., Lewellen, W. S., and Durgin, F. H., "Re-
sponse of a Trailing Vortex to Axial Injection into the Core,"
Journal of Aircraft, Vol. 9, No. 3, March 1972, p. 254.

21Chigier, N. A., "Experimental Studies of Aircraft Wake Tur-
bulence," 14th Israel Annual Conference on Aviation and Astro-
nautics, 1972.

22Lezius, D. K., "Water Tank Study of the Decay of Trailing
Vortices," AIAA Journal, Vol. 12, No. 8, Aug. 1974, pp. 1065-1071.


