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without undue concern as long as the excursion is reasonable.
Other existing data should be compared with the correlations
to help determine the extent of applicability. If mixed com-
pression is involved, the throat Mach number and area should
be replaced by appropriate inlet-plane values. In any case,
the correlations should permit an increased level of confidence
in predicting cowl suction for this and other two-dimensional
inlets designed for both supersonie and subsonic operation.

Conclusions

1) The linear bow-shock-position theory in conjunction
with the plane supersonic inlet-flowfield Mach number has
been shown to overpredict the bow-shock position of a two-
dimensional inlet with swept side plates. 2) An empirical
modification of the linear theory has been made that predicts
the bow-shock position of the test model with reasonable con-
sistency. 3) Possible three-dimensional flow effects in the
external supersonic flowfield of a two-dimensional inlet must
be considered when selecting a reference Mach number for
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computing bow-shock position. 4) The error in predicting
the additive drag of a supersonic inlet due to inaceurate bow-
shock location at low supersonic Mach numbers can be sig-
nificant. 5) Cowl suction correlations not previously avail-
able have been produced from experimental data that should
be useful to the inlet designer and should increase the con-
fidence level in making this estimate for two-dimensional
inlets.
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A study of aireraft trailing vortex systems, involving actual flight testing as well as model
testing and analytical considerations, has resulted in a method for predicting the vortex
geometry and velocity field downstream of an aireraft. It is found that the vortex decay can
be described by geometric similarity considerations and not by any modification of the Navier-
Stokes equations. This conclusion is based on detailed velocity measurements made through
the vortex immediately behind a test aircraft up to distances of approximately 1000 chord
lengths downstream of the aireraft. This report includes a presentation of the data on which
the conclusions are based, as well as a description of test equipment and procedures.

Nomenclature
a = coreradius [radius where v(r) is a maximum]
ay = initial value of the core radius immediately behind the
wing
b = wing span
¢y = midspan chord
¢ = mean chord = S/b
E = Xkinetic energy of vortex system/unit length
n = exponent in vorticity distribution, Eq. (23)
r = radial distance from center of vortex; also coordinatecoin-

cident with vortex radius but arbitrary origin (Fig. 9)
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oo = pseudo-radius where I'(r) = I'»

S = wing planform area

¢ = time

t = dimensionless time, Eq. (8)

v(r) = tangential velocity at radius r

v = maximum value of v(r) = v(a)

vy = value of » immediately behind the wing
14 = aireraft velocity

w = half-radius = r at which ¢ = /2

wWo = value of wfort = 0

Y = distance along line through vortex center

A = distance downstream of wing trailing edge

v(2/n) = gamma function with argument (2/n)
r = circulation at any radius

Tew = total circulation (as r —®}) -

v = kinematic viscosity

Ve = effective kinematic viscosity

w = angular velocity of fluid

Wy = angular velocity of vanes

Is = vorticity at any radius

&o = center value of ¢(r = 0)

Sor = value of & immediately behind wing
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Introduction

HE vortex system shed from an aireraft wing, or from a
helicopter rotor, rolls up rapidly downstream of the air-
craft to form two, oppositely rotating vortices. These vor-
tices may persist for some time after their generation and can
pose a hazard to other aireraft that penetrate them. The
problem of vortex interaction will be an increasingly important
one as air-traffic density increases. Also the advent of the so-
called “jumbo-jets” will heighten the intensity of the problem.
The problem that this paper treats is that of predicting the
timewise variation of the velocity field associated with a trail-
ing vortex generated by an aircraft of given weight, gcometry,
and operating conditions. The paper summarizes the results of
a three-year study involving model and in-flight testing to-
gether with some limited analytical studies.

Analytical Considerations

The Navier-Stokes equation for two-dimensional axisym-
metric flow can be written in terms of the vorticity as

oL/t = v [0%/or* + (1/r)(df/0r)] 1
Assume that the solution to the preceding is of the form
¢ = 5@ {exp — [n/w(®)]* In2} 2)

Le., {o and w are functions of {. w will be referred to as the
“half-radius” and is the value of » for which { = /2.

The vorticity, tangential velocity v, and circulation T" are
related by

¢ = (/nd@nr)/drl = (1/2zr)(dl'/dr) (3)

Hence,
T'(R) = fo K omrdr )
W(R) = ';e fOR redr ®)

It follows then that

_ Su () In2
= Itz exp [: <w0> L+ t'] (6)
B wobor A 2 In2 -
0= 81 o= () 2]
2

_ 7T’l/()02§.01 e _ L 2 ]n
I =2 [1 °‘“" <w0> 1+z’” ®)

where ¢ = {[4v In2/we?]. The preceding equations represent
a solution of the Navier-Stokes equations for a vortex, which
at zero time has a vorticity distribution of the form (2) with
initial values of {o; and wo.

Of particular interest are the maximum valucs of v and the
core radius @, where the maximum v occurs. From (7) these
can be found to be

v = 0.384 woloy/ (1 + t")1/2 (9
a = 1.35w, (I 4 ¢/)1/2 (10)
Note that I'{a) is given by 2mwav,,y, or
T(a) = 3.25 we¥oy

From (8), the total vortex strength T, is obtained as r ap-
proaches o :

I‘w = 7I‘U)02§‘01/1112 (] l)
Ience,

T(a) = 0.716 ', (12)
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The preceding is a modification of Lamb’s solution’ in order
to account for a known vorticity distribution at time ¢ = 0.
Rouse and Hsu® object to Lamb’s solution since it requires an
infinite amount of energy to establish it, i.e., the kinetic
energy per unit length of vortex ¥ is infinite. ¥ is given by

Ezpfo“’rv?dr (13)

However, Ref. 9 and others have shown £ to be finite when
one considers a finite wing with two oppositely rotating trail-
ing vortices.

Rouse and Hsu derived a solution to (1) by allowing a
cylinder to rotate for a finite time, thereby gencrating the
rotational flow. The ensuing motion, following the stopping
of the cylinder, then describes the decay of the vortex. This
results, however, in a circulation function that reaches a maxi-
mum at some radius and then approaches zero asymptotically
with increasing radius. From the standpoint of Helmholz’s
laws of vortex continuity, this circulation function raises
some questions concerning the applicability of Rouse and
Hsu’s model to the present case since I',, should equal the
midspan value of the wing’s bound circulation.

From Eq. (9), one can write

/02 = (1/w?) + (4w, ¢ In2/v62w0?) (14)

In the preceding, » has been replaced by an effective kine-
matic viscosity v, in view of the presumed turbulent nature of
the flow.

If the time ¢ is replaced by the distance downstream of the
wing Z divided by the freestream velocity, Eq. (14) becomes

1/vt = (1/ve?) + (4w, In2/v52w0?V)Z (15)

Thus the preceding predicts that a plot of 1/v2 as a function of
the distance downstream of the aircraft should result in a
straight line, the slope of which is proportional to the effective
kinematic viscosity. w», can also be determined from the
variation of the core radius with distance. According to (10),

a® = a* + 5.05v,(Z/V) (16)

Hoffman and Joubert!? present an alternate approach to the
analysis of a vortex. This analysis suggests that, except for
a small eye at the center of the vortex and for very large
radii, the behavior of the rotational flow in the vortex core is
independent of viscosity. This leads to a predicted logarith-
mic variation of T" with ».  Also their analysis suggests that
turbulent vortices will exhibit geometrie similarity.

According to Ref. 12, we can write ' in the form

I'/T(a) = In(r/a) + 1 (17)

T'(a) is the value of the circulation at the radius for maximum
v.  Consider for the moment the derivative dT'/d(Inr). Since
I' = 2mre,

aT ar dv
PV Y D2 o
Ay = gy AT AT
At the radius a, dv/dr is equal to zero and 2rav = T'(a).
Hence,
[dT/d Inr], = T'(a) (18)

The preceding holds irrespective of the T distribution.
If a decaying vortex maintains geometric similarity we can
write

$/So = f (r/a) (19)

Therefore, from (4) and (5),
I'(r) = a*f(r/a) (20)
v(r) = agog(r/a) @D

f(r/a) and g(r/a) are unique functions of the dimensionless
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Fig.1 Vortex meter.

radius r/a. If (20) is assumed to have a limit asr — =, so
that I' — T, then it follows that

I'(a) = const X T, (22)

Since T',, is a constant, this leads to a2 and the product va
being constant, if the assumption of geometrical similarity is
true.

Description of Test Program

The test program was designed to provide data on the vor-
tex sheet shed initially from the wing’s trailing edge, on how
this sheet rolls up to form the two trailing vortices, and on
how these trailing vortices dissipate with distance down-
stream of the aircraft. Such data were obtained for wings of
different aspect ratios and taper ratios operating over a range
of lift coefficient and Reynolds numbers. Four pieces of
special instrumentation worthy of description were developed
for this study.

Vortex Meter

Described more completely in Ref. 1, this vorticity probe
is shown in Fig. 1. It consists of four, unpitched vanes
mounted on a hub attached to a shaft supported between two
jeweled-bearings. A small light is shone through a window
in the shaft onto a small photocell. In order to reduce
windage losses, the window was filled with a polished clear
plastic, and the clearance between the shaft and housing was
made as large as was feasible. For wind-tunnel model tests,
the diameter of the vanes was £ in. For flight tests, the
diameter was increased to § in. The rotational velocity of
the vanes is measured by counting electronically the voltage
pulses from the photocell. TIdeally, the vanes rotate with an
angular velocity equal to half of the fluid vorticity. In
practice, the angular velocity is slightly different from this
because of the finite size of the vanes and the friction in the
system. The calibration of the meter is discussed in Ref. 2.

The vortex meter performed well throughout both the model
and in-flight tests. The calibration was checked periodically
by installing a set of pitched vanes ahead of it to impart a
known rotation to the flow. Dryness of the bearings pro-
duced a noticeable change in its performance. By carefully
adjusting the pressure on the aft bearing and by periodic
lubrication, its calibration could be easily maintained. Ro-
tational speeds as high as 32,000 rpm were measured with
this probe.

Velocity Meter

The velocity meter is described in detail in Ref. 3. It con-
sists of a small, 5-holed, pitot-static tube supported on two,
orthogonal circular-arc tracks having their centers-of-curva-
ture at the total-head inlet. The arcs are driven by small d.c.
motors with their positions measured by a servotransmitter-
counter combination. For wind-tunnel tests, the velocity
meter, like the vortex meter, was supported on an z-y travers-
ing mechanism so that it could be precisely positioned in a
plane downstream of the wing. At each point in the flow, the
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angular position of the probe was adjusted so that the pitot
tube was aligned with the resultant velocity. In this way,
all velocity components associated with the vortex could be
determined.

Tuft Grid

In order to observe the vortex far downstream of an air-
craft, a large tuft grid was constructed. This 10- X 10-ft
grid with 2-in.-long wool tufts spaced 1 in. apart was mounted
on a trailer so that it could be easily positioned alongside of the
runway with the plane of the grid perpendicular to the run-
way. The center of the grid was 15 ft above the ground.
By flying the test aircraft to one side and slightly above the
grid, the trailing vortices would move downward and laterally
outward intersecting the grid. By flying progressively fur-
ther and further away from the grid, the trailing vortices could
be observed. The grid proved an effective means of visually
observing the vortices, and a movie was made of its action
which is available from the author on loan. A still photo of
the grid, showing a vortex, is presented in Fig. 2.

Vortimeter

For measuring the velocity distribution far downstream of
the test aircraft, an instrument labeled the vortimeter was
designed and constructed. This instrument, described in
more detail in Ref. 4, is pictured alongside of the tuft grid in
Fig. 3. It consists of a vertical array of 30, 1-ft-long, $-in.-
diam cylinders. Each cylinder is supported on strain-gaged
flexures so that the aerodynamic drag on each cylinder can be
measured. Hence the velocity distribution through the vor-
tex can be determined as the vortex moves through the array
by measuring the output from each cylinder on an oscillo-
graph. The apparatus is designed so that the vertical spac-
ing between cylinders can be varied.

Testing Procedure

Model testing was performed principally in the Pennsyl-
vania State University’s 3- X 3-ft subsonic wind tunnel at a
speed of 75 mph. For these tests, semiwing models were
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Fig. 2 Vortex shown by tuft grid.
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Table 1 Test aircraft specifications

0-1 Cherokee
Test weight, 1b 2200 1900
Wing area, ft? 174 160
Aspect ratio 7.45 5.62
Midspan chord, ft 5.33 5.25
dCr/da 4.77 4.18
Cu/CL 1.17 1.19

mounted vertically from the floor. Surveys in transverse
planes at varying distances downstream of the fest wing were
made using either the vortex meter or the velocity meter.
Considerably more data were obtained with the former,
since the use of the velocity meter was tedious and time
consuming. The velocity meter was used primarily in the
study of vortex breakdown reported in Ref. 3.

Flight testing was performed using a U.S. Army 0-1 air-
craft and a Piper Cherokee. Measurement of the trailing
vortices several thousands of feet downstream of each air-
craft was made using the vortimeter and the tuft grid. In
addition, the vortex meter was supported on the 0-1 and
vorticity surveys made in proximity of the trailing edge of its
wing. A photograph of this installation is shown in Fig. 4.
The vortex meter could be moved vertically in flight. For
lateral or longitudinal movement, ground adjustment was
necessary. Model testing included models of the 0-1 and
Cherokee wings as well as wings of varying aspect ratios and
taper ratios.’

' Experimental Results

Initial formation of vortex systems: Typical measure-
ments obtained with the vortex meter are presented in Fig. 5
for the {5 scale model of the 0-1 wing. Comparable measure-
ments at the same lift coefficient for the full-scale aircraft are
shown in Fig. 6. These data are taken from Ref. 6. The
geometry of the 0-1 and the Cherokee are given in Table 1.
It is interesting to note that at a distance of only 209 of the
midchord behind the trailing edge a well-defined tip vortex
already exists. From these figures, the roll-up of the vortex
sheet with distance aft into a progressively stronger tip vor-
tex can be clearly seen. At less than a chord length down-
stream, 909, of the measurable circulation of the vortex sys-
tem is contained in the tip vortices.

The magnitude of the vorticity in the vortex system for a
full-scale aircraft is seen to be approximately a third of that
for the model. Also, at corresponding downstream distances,
the vortex sheet behind the full-scale aireraft appears to be
more completely rolled up. However this may be the result
of the vorticity in the vortex sheet for the full-scale aircraft
falling below the threshold of the vortex-meter sensitivity.

Fig. 3 Vortimeter and tuft grid.
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Fig. 4 Vortex
meter installed
on 0-1 aircraft.

The vorticity contours for the full-scale aireraft are some-
what less certain than for the model because of difficulties in
maintaining the heading of the aircraft. From Fig. 6, the
extent of the rotational flow in the tip vortex is seen to be only
about 6 in. Therefore, at a distance of 6 ft behind the
trailing edge, a heading change of only 3° can move the probe
entirely through the vortex. Needless to say, all flight test-
ing was performed in stable air.

Tangler’s measurement of »y/V are presented in Fig. 7 for
Z /ey values of 0.6 to 1.1.  In addition to the full-scale values,
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Fig. 5 Vorticity contours for the % scale 0-1 aircraft

wing.
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Fig. 6 Vorticity contours for the full-scale 0-1 aireraft.

model results of Ref. 4 obtained with the vortimeter also are
included. As can be seen, Tangler’s and Sherrieb’s data are
consistent and only about 109, lower than Grow’s. In-
cidentally, an error in Cy, present in Ref. 6 has been corrected
in this figure.

Considerable model testing was performed in Ref. 5 for
wings with aspect ratios varying from 2.0 to 6.0 and taper
ratios from 0 to 1.0. Measurements were made of the vortex
geometry at approximately 4 chord-lengths downstream of
the trailing edge. At this location the vortex sheet is com-
pletely rolled up into discrete vortices. A typical variation
of the axisymmetric vorticity as measured along a radius
passing through the center of the vortex is shown in Fig. 8.

In view of Eq. (2), all of the vorticity data taken in proxim-
ity to the wing could be fitted by, and were analyzed on the
basis of, an exponential fit of the form

¢ = Soexp[ — (r/w)" In2] (23)

A fit, and subsequent numerical integration, of the vorticity
data was made using a high-speed digital computer to give
v(r).

Forr = «, Eq. (23) can be integrated immediately to give
the total vortex strength:

To = [2rfaw?/n(In2)**1y(2/n) 24

O REF.6(Measured directly behind 0-1 aircraft)

& REF. 4 (Extrapolating measurements
far downstream to Z=0)
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Fig.7 Initial tangential velocity ratio as a function of lift
coefficient.
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where v (2/n) = gamma function of argument (2/n). For
the particular case where n = 2, Eqs. (6-12) apply with
i = 0.

The test wings were untwisted with NACA 0012 airfoil
sections. The tips were formed by revolving the airfoil sec-
tion around the chord line. Taper ratios from 0 to 1 for a
fixed aspect ratio of 6 were investigated, as well as aspect ratios
from 2 to 6 for a fixed taper ratio of 1. All of the model data
were taken at a Reynolds number based on the midchord of
approximately 3.5 X 105. :

When reduced on the basis of the wing €, and the average
chord ¢, the data of Ref. 5 exhibit some interesting trends.
First is the fact that v/V, for aspeet ratios greater than 4, is
independent of aspect ratio and taper ratio and is given by

w/V = 0.625C; (R. = 3.5 X 109 (25)

Below an aspect ratio of 4, v/V tends to increase reaching a
value of 0.7C g at an aspect ratio of 2.

The ratio of the half-radius w to the mean chord & for all
aspect ratio-taper ratio combinations studied in Ref. 5 is fitted
by

wy/¢ = 0.02 + 0.035C, (R. = 3.5 X 108 (26)

The measured values of the exponent n did not exhibit any
trend with Cz, aspect ratio, or taper ratio. From a sample of
250 points, n had an average value of 2.19.

Decay of Vortex

Knowing the initial geometry and strength of the trailing
vortex, one is next faced with the question of its dissipation
or its persistence. To answer this question in detail, data
reported in Ref. 4 were obtained using the vortimeter. Veloe-
ity distributions through the trailing vortices shed by the 0-1
and Cherokee aircraft were measured several thousand feet
downstream of the aircraft. Typical experimental measure-
ments of the tangential velocity through the vortex at several
distances downstream of the 0-1 are shown in Fig. 9.

From such data, Figs. 10 and 11 were obtained on the
variation of core diameter and maximum tangential velocity.
Although there is some scatter in the data of Figs. 9-11, these
data are probably the most significant obtained to date con-
cerning vortex decay. Previous investigators®!! have at-
tempted similar measurements by flying one aireraft in-
strumented with a probe through the wake of another. How-
ever, the size of the vortex and the fact that it moves with the
random wind make it difficult with this experimental ap-
proach to define the vortex with any preeision. Figure 12 is
also taken from Ref. 4 and presents the radial distribution of
circulation through the trailing vortex as determined from the
measured velocity distribution.

r
600
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27 400l
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Fig. 8 Typical vorticity distribution through a vortex.
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Fig. 9 Tangential velocity profiles through the vortex of
the 0-1 aircraft at several downstream distances.

Analysis of Data

The data of Figs, 10 and 11 were first plotted on the basis of
Eqs. (15) and (16). Even though there is more scatter in the
data than one would like, the values of v, obtained from the
1/v% plot not only appear to vary with V (approximately
proportional to V%) but are completely incompatible with the
values obtained from the 1/a? plot.

Next, the data of Fig. 12 were replotted against Inr as shown
in Fig. 13. Observe that I' vs Inr for the three velocitics is
linear as predicted by Hoffman and Joubert. Also note that
the values of T'(a) obtained from the slope of the curves are
nearly a constant fraction of I'.. Next, consider Fig. 14 ob-
tained from Figs. 10 and 11. Although there is some scatter
in the results, it appears that T'(a) is not a function of Z but is
constant with a value of approximately 0.16 I'., which
checks the results from Fig. 13.

Now consider Fig. 15, which is typical of the model test
results. This figure, replotted from Fig. 20 of Ref. 2, again
exhibits a constant slope over a large radial extent. How-
ever, for this case I'(a)/I'. is approximately 0.77, which is
considerably higher than the fraction obtained from Sher-
rieb’s data and more nearly equal to the value of 0.716 pre-
dicted by Eq. (12).
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Fig. 10 Variation of core radius with downstream dis-
tance.
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Fig. 11 Variation of maximum tangential velocity with
downstream distance.

After considering these results and the comments of Ref.
12, it appears that the vortex that is initially gencrated be-
hind the wing can be described by Eqs. (6-12). However, at
some downstream distance, depending on the Reynolds num-
ber, it undergoes a transition to the form of Eq. (17). Al-
though one might liken this to a transition from a laminar to a
turbulent boundary layer, it is difficult to believe that the
flow in the vortex is initially laminar. Certainly, for the case
of Fig. 15, the boundary layer shed from the trailing edge is
turbulent, and it is this boundary layer that forms the vortex
sheet that ultimately rolls up into the core. Possibly, the
change from an exponential circulation to a logarithmic one is
associated with vortex breakdown. The results of Ref. 3 and
others indicate a drastic modification to the centerline vortic-
ity over a relatively short downstream distance. Such a be-
havior is shown in Fig. 16, taken from Ref. 3. These are
mode] results obtained with the vortex meter. Notice that,
after breakdown, negative rotations actually were measured
in the center of the vortex. This is certainly in the direction
of the logarithmic distribution, which predicts much lower ¢
values near the center than does the exponential distribution.
However, the T'(a) values before and after breakdown from
Fig. 13 are not significantly different; at least, not by com-
parison with Figs. 11 and 12.

Hoffman and Joubert’s hypotheses are apparently con-
firmed by the logarithmic T' distribution. Hence one might
hope that geometric similarity holds for the entire vortex
system. TFigures 7 and 11 were replotted in the form of Fig.
17, and indeed the three separate curves of Fig. 11 collapse
to a single curve. Figures 7 and 17 are very significant, as
they, together with the fact that I'(a) = 0.16 T, form the
basis for predicting the vortex geometry downstream of an
aircraft.

Whether or not ¢ is really the proper reference length to use
is open to question. A word of caution in this regard must
be added as a result of preliminary findings from Ref. 13.
Here, porous wing tips were added to the 0-1 aircraft in an at-
tempt to increase the size of the core radius. Indeed, a sig-
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Fig. 12 Radial distribution of circulation through the
vortex at several downstream distances.
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Fig. 13 Circulation vs Inr for full-scale.

nificant increase in g and decrease in vy were accomplished.
However, far downstream, v was reduced only slightly.
Hence, these results, plotted in the form of Fig. 17, fall above
the curve shown there. This suggests that possibly an initial
characteristic dimension of the vortex such as ap would be a
better choice as a reference length. Neither this question
nor the effect of Reynolds number on Figs. 7 and 17 and on
T'(a)/T. can be resolved by the present data. Here is an
area worthy of further investigation.

It would appear, in final retrospect, that the model data ob-
tained during the course of this study are of limited value,
since the distribution of the vortex changes from an ex-
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Fig. 14 Measured core circulation as a function of down-
stream distance.

ponential form at the model Reynolds number to the loga-
rithmic form for the full-scale Reynolds number. However,
the data do suggest that aspect-ratio and taper-ratio effects
on v/V are not severe.

It should be pointed out that a certain inconsistency exists
in the data. Equations (25) and (26), as well as Ref. 6, in-
dicate that both v, and ay increase linearly with Cz. Ob-
viously if T'(a) is to remain a constant fraction of I',, then the
product of ¢ and » must be directly proportional to Cr. In
answer to this possible criticism it can only be suggested that,
regardless of the details of the vortex formation, the vorticity
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Fig. 15 Circulation vs Inr for model scale,
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Fig. 16 Effect of vortex breakdown on vorticity.

tends to the logarithmic distribution such that I'(a) increases
linearly with Cy.

INlustrative Calculation

For illustrative purposes, consider a typical “‘jumbo-jet”’
having a wing loading of 120 psf, a wing area of 6000 {t2 and a
span of 220 ft. The average chord would be 27 ft. For a
taper ratio of 1, the midchord would be 36.4 ft. For an
operating lift coeflicient of 2.0, vo/V from Fig. 7 will be 1.05.
At standard sea-level conditions, the aircraft velocity will be
225 fps or 153 mph, so that v, will be 236 fps. T, is coer, V/2.
Assuming Cy,/Cy = 1.1, T = 9000 ft?/sec. Hence I'(a) =
0.16 T, = 1440 ft2/sec. The initial core radius will be
Ay = F((l)/Qﬂ'Uo = 0.97 ft.

Now consider what the vortex structure will look like 1
min after the passage of the aircraft. This corresponds to a
downstream distance of 13,500 ft, or Z/é = 500. From Fig.
17, v/vy = 0.48 so that v = 113 fps. The core radius varies
inversely with ». Hence ¢ = ,/0.48 = 2.02 ft.

T is then calculated from Eq. (17) as

T/1440 = In(r/2.02) + 1

The velocity distribution is next calculated from » = I'/27r.

The predictions of Fig. 18 were made for 1, 3, and 5 min.,
in the manner described earlier in this section. As can be
seen, even 5 min after passage, the velocity field is quite
severe. Were a typiecal light aircraft to penetrate this field
such that its axis were aligned with that of the vortex, the
upsetting rolling moment would be approximately twice the
maximum rolling moment available from the aileron control.
For comparison purposes, an estimate is also included on Fig.
18 for a typical current jet transport.
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Fig. 17 Decay of maximum velocity with downstream
distance.
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Fig. 18 DPrediction of velocity distribution through the
trailing vortex of large aircraft.

Conclusions

From the results of this study, it is concluded that the
maximum tangential velocity in the core of the vortex trailing
from an aircraft decreases with distance downstream of the
airceraft in accordance with Fig. 17. At large distances, this
decrease is approximately in inverse proportion to the square
root of the distance. The core size of the vortex increases
with distance so as to keep the product of the core radius and
maximum tangential velocity a constant. v and a, expressed
as a fraction of their initial values close behind the aircraft,
are found to be functions only of the downstream distance
independent of the aircraft velocity.

The circulation at the core was found to remain constant
with downstream distance and equal to 169, of the theoreti-
cal total strength of the vortex. Also the circulation distri-
bution through the vortex core was found to be logarithmic
with the radius. It is concluded, thercfore, that the vortex
decay is not dependent on viscosity but indeed exhibits the
geometric similarity just described. This statement holds
for large Reynold’s numbers based on the aircraft wing chord
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of at least 3 X 10° but may not hold for smaller Reynolds
numbers.  Model tests at a B, of approximately 3 X 10°
show the circulation distribution to vary exponentially with
radius in agreement with predictions based on the Navier-
Stokes equations.

References

t May, D. M., “The Development of a Vortex Meter,”” M.S.
thesis, 1964, Pennsylvania State Univ., University Park, Pa.

 Spencer, R. H., Sternfeld, H., and McCormick, B. W., “Tip
Vortex Core Thickening for Application to Helicopter Rotor
Noise Reduction,” TR 66-1, Sept. 1966, USAAVLABS.

¢ Logan, A. H., “A Solution to the Vortex Breakdown Phe-
nomenon in a Trailing Line Vortex,”” M.S. thesis, 1966, Pennsyl-
vania State Univ., University Park, Pa.

¢ Sherrieb, H. E., “Decay of Trailing Vortices,”” M.S. thesis,
1967, Pennsylvania State Univ., University Park, Pa.

5 Grow, T. L., “The Effect of Wing Geometry and Lower Sur-
face Boundary Layer on the Rolled-Up Vortex,”” M.S. thesis,
1967, Pennsylvania State Univ., University Park, Pa.

§ Tangler, J. L., “A Study of the Vortex Sheet Immediately
behind an Aircraft Wing,’ M.S. thesis, 1965, Pennsylvania
State Univ., University Park, Pa.

7 Lamb, H., Hydrodynamics, 6th ed., Dover, New York, 1945,
pp. 591-592.

# Rouse, H. and Hsu, H., “On the Growth and Decay of a
Vortex Filament,”” Proceedings of the 1st U.S. National Congress of
Applied Mechanics, American Society of Mechanical Engineers,
1950.

9 McCormick, B. W., “A Study of the Minimum Pressure in a
Trailing Vortex System,”” Ph.D. dissertation, 1954, Pennsylvania
State Univ., University Park, Pa.

10 Rose, IR. and Dee, F. W., ““Aircraft Vortex Wakes and Their
Kifects on Aircraft,”” CP 795, 1965, Aeronautical Research
Council.

11 Wetmore, J. W. and Reeder, J. P., “Aircraft Vortex Wakes in

Relating to Terminal Operations,” TN D-1777, April 1963,
NASA.

12 Hoffman, E. R. and Joubert, P. N., “Turbulent Line Vor-
tices,”” Journal of Fluid Mechanics, Vol. 16, Pt. 3, July 1963, pp.
395-411.

12 Smith, H. C., “Effects of a Porous Wingtip on an Aireraft
Trailing Vortex,”” M.S. thesis, 1967, Pennsylvania State Univ,,
University Park, Pa.



