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from laboratory studies to full scale
flight even though both flows are fully
turbulent and away from solid boundaries.
Full scale vortices decay more slowly than
laboratoryvexperiments would predict. In

Egiels g decreases by a factor of 10

M.
when the Reynolds number changes from

2 x 103 to 107. owenll- (1970) attempted
to explain this with a relatively complex
model of a turbulent vortex having a two-
dimensional mean field and the three
annular regions, an inner forced vortex re-
gion, a middle region of constant angular
velocity, and an outer irrotational region.
Turbulence is produced in the middle region
where there is both a rate of strain and a
background level of turbulence: the  turbu-
lence is then diffused into the core of
solid body rotation. Owen retains the
viscous terms in the equation describing
conservation of mean angular momentum and
this makes the final solution viscous

dependent. Specifically the maximum circum-
ferential velocity is given by
nAsd /4 2
vi = o— a7 /e
. - A 2 -2
Squire's constant o is given by A (T /v) y

where A is found to be nearly the same in
laboratory and flight experiments and to
have a value of about 1.

Saffmanl2- (1973) has also tried to
explain the Reynolds number dependence by
postulating a triple-structured vortex. He
shows that for a two-dimensional, self-
similar inviscid .vortex, both the circula-
tion and the shearing stress must approach
zero like r? at the centre of the vortex.
This generates an integral condition on the
distribution of shear stress. He finds
this condition implausible and suggests
that the circulation at the centre is
brought to zero by viscous action thus mak-
ing the overall growth of the vortex
dependent on Reynolds number.

When this project was started the
situation was that a great deal of
theoretical work had been done, without
many accompanying experiments to cast light
on the status of the many assumptions and
predictions. In addition, the advent of
large aircraft and the era of airport
congestion, made the control of trailing
vortices an attractive proposition.

Poppleton13- (1971) set up a computer
controlled experiment to gather data on a
number of vortex flows at McGill. Qur aim
was to enlarge these experiments, while
improving their accuracy, with an eye to
finding ways of enhancing single vortex
decay.

As our results showed that some flows
possessed an almost scalar eddy viscosity
a theory based on this was developed. It
is used to predict the effect that axial
momentum flux has on the time taken for
the maximum rotational velocity to fall to
some set desired level. The results are
compared with our experiments and with some
full scale data.

2. Experimental Procedure
2.1 Apparatus (Fig. 1)
2.11 Wind Tunnel

The experiments were performed in
the McGill ARerodynamics Laboratory
0.76 metre, open-return, circular blower
tunnel, described by Vogel 4. and used by
Poppleton. The working section consisted
of seven individual sections each 0.915
metres long, split and hinged for easy
access. Each had a wall porosity distribu-
tion arranged to give a constant static
pressure along the axis when the tunnel
was empty. The final distribution differed
from that used by Poppleton and resulted
in a more uniform pressure. The variations
in pressure over a downstream distance of
5 metres was about *0.3% of the dynamic
pressure when the vortex and jet were ab-
sent and *0.4% in the presence of the
vortex alone.

2.12 Vortex Generator

The vortex generator consisted of
the split wing mounted across the horizon-
tal diameter of the throat of the wind
tunnel contraction, which was designed and
used by Poppleton (1971)13-. 1t was
supported partially by the jet pipe
(7.2 mm I.D.) whose outlet was at the exit
from the contraction. The wings could be
set at equal and opposite angles of in-
cidence of 0°, 3°, 6°, 9° and 12°, one
half of the span inducing positive 1lift
and the other half negative. Each wing was
designed to concentrate the trailing vortex
in a narrow region about the tunnel axis,
having a constant circulation with a sinu-
suidal transition in the centre extending
over a diameter of 50.8 mm.

The traverse gear moved on a horizon-
tal streamlined bar set between the two
halves of a working section module. g o
allowed the probe horizontal and vertical
movement over a large area of the tunnel
cross section. The probe holding arrange-
ment was improved aiter preliminary work.
The holder was extended 200 mm further
forward of the traverse gear than the
arrangement used by Poppleton. This re-
duced the interference effects at the prche
so tha the pressure increase there was less
than 1% of the dynamic pressure. The gear
was also made lighter and more rigid.
Azimuthal rotation was provided and remote-
ly driven by cable.

2.2 Flow Arrangements

The experimental flows consisted of
vortices shed by the generator in stream-
ing flow at an angle of incidence of %9°,
interacting with a variety of jets and
wakes. Mean tunnel speed was 21.4 metres/
sec. in all cases.

The momentum flux increment or
decrement, J is used as a measure of
strength of the jets and wakes. It is
given by the profile of mean axial velocity,

J = 2npj; U (U~U_)rdr
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The simplest flow to arrange was that
of the vortex with the coaxial wake result-
ing from the nacelle on the jet delivery
pipe and the wrapping up of the wakes from
the vortex generator. This is called 'the
weak wake'. The following axial flow
conditions were used:

A. a 'strong' jet, created by a

17.3 psi (1.194 x 102 kN/m?) supply
pressure, and known from preliminary
measurements to cause substantial diminu-
tion of maximum rotational velocities in
the vortex within the working section of
the wind tunnel. Velocity increment at the
first station was 26.4%, of the free stream

velocity, while was 4.37. Note that

pr 2
Fw, the measured value of T for large r, is
higher than for the other flows.

B: a significantly weaker jet,
having about the same longitudinal momentum
flux, and half-width, as the wake in the
first, unmodified flow. Here velocity

increment was 7.2%, and was 0.37.

7
ol

C. a jet whose momentum flux was
just sufficient to eliminate the momentum
deficit of the unmodified wake. Thus,
after a certain period, it produced a field
of approximately uniform axial mean velo-
city.

D+ the above mentioned weak wake,
with velocity decrement 7.2%, and fJf/mez
of 0.28,

E, a wake enhanced by a
fixed to the central nacelle.
it was intended that this wake
momentum decrement as large as the incre-
ment of the strong jet, and of the same
physical extent. In practice it was
impossible to create a wake of great enough
momentum decrement without a very large
halfwidth. In the end a machined hemi-
spherical cup of diameter 38 mm, mounted
with its convex surface downstream was used
to give a wake of momentum flux decrement
several times greater than the 'weak wake'
though smaller than the strong jet. Maxi-
mum velocity decrement was 13.2% and
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To check instrumentation two classical
flows were also used, fully developed
turbulent flow in a circular pipe and flow
in an axisymmetric jet with still surround-
ings.

2.3 Hot Wire Anemometry

Measurements were made, in each of the
flows, of the mean velocity field and
Reynolds stress tensor, at a variety of
positions at a given downstream station.
group of such points, either in a horizon-
tal or vertical line, constituted a
traverse. Traverses were generally per-
formed at three downstream stations. To
gather the desired information at each
point, measurements of both mean and
fluctuating signals were made, with a
normal hot wire probe, and with a slanted

A
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hot wire probe with yaw angle o 45° at
each of six different azimuthal angles, ¢
(Exg. # 20« The values were ¢ @2, 59 NeE %
1 WS LI I o) i Sl s i TR The mean square values
for 0° and 180° give predominantly uv,

for 90° and 270° uw,and the 45° and 135°
readings are used to extract VW, but this
procedure is indirect and less accurate.

.87 - Calibration

The output of the anemometer
lineariser combination was calibrated
against a range of known air velocities.
For convenience this was done in the wind
tunnel, with the vortex generator at zero
incidence and the probe away from the
plane of the wake. Velocities were
measured with total and static tubes, while
tunnel speed was monitored by the pressure
drop across the contraction. The extremely
good repeatability and stability of calib-
ration meant that careful least-squares
determination of calibration constants
were performed only periodically. At
various times during a traverse the
anemometer-lineariser mean output was
checked against a standard velocity - that
of the streaming flow without a vortex,
i.e. with the wings at zero incidence, in
a standard position away from the generator
wake.

In addition inclined wires were
calibrated in yaw and pitch to determine
the longitudinal cooling constant k for use
in the regular calibration, and in the
analysis of data.

The stability of anemometer output
was helped greatly by dust filtering down
to about one micron and by the laboratory
air conditioning. For small departures of
probe cold resistance from standard, a
compensating change in operaging resistance
was adequate (Guitton 1970)l $ v

2.4 Positioning and Alignment
of Probes

Increments in y and z coordinates of
the probe were made with high accuracy.

The orientation in azimuthal angle was well
controlled.

Alignment of the probe in pitch and
yaw 1is somewhat more difficult and affects
measurements greatly. A first approxim-
ation to correct alignment was made by
careful geometrical orientation. Alignment
was further improved by checking the mean
output of an inclined probe at a variety
of azimuthal angles in the absence of a
vortex. Once alignment was correct, the
output in each would be the same for all
tunnel positions in exactly parallel flow.
In practice alignment was altered to mini-
mize the errors at four cross stream loca-
tions. The final alignment is estimated
to be accurate to within *1/4° in pitch and
yaw.

2.41 Centering the Probe
in the Vortex

Traverses were made along tunnel
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FIGURE 5 - LONGITUDINAL VELOCITY IN
VORTEX

The profiles of mean longitudinal velo-
city are shown in fig. 5 and of the mean
circumferential velocity in fig. 6.

It is immediately apparent that those
flows with the greatest modification in
lcngitudinal momentum flux |J|, whether
caused by imposing a jet or wake on the vor-
tex, experience a relatively rapid reduc-
tion in their tangential mean velocity pro-

files with downstream distance. For flows

B, C, D, where the axial momentum increments

and decrements are small or zero, the tan- FIGURE 6 CIRCUMFERENTIAL VELOCITY
gential velocity fields change very little. IN VORTEX
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The mean flow fields have certain
common features. All have a central core
of close to solid body rotation, surrounded
by an annulus of high strain rate. On each
diagram the circulation of 0.75 mz/sec pre-
dicted by potential-flow theory based on
the vortex generator geometry is drawn.
Lifting-line theory was used and a two-di-
mensional 1lift curve slope of 0.7 (27m) was
assumedl3: The experimental points for Vv
at large r fall close to this line at all
three stations, demonstrating that the flow
in the outer annulus is potential. For
x/c = 45, there is some indication of an
increase in circulation at r=4r;. Such was
predicted by Govindaraju and Saffman?2- and
by Donaldson et al -

After a wrapping up region, about
which little is known in detail, there is
progressive diffusion of mean vorticity as
the flow proceeds downstream. In order to
check the development of axisymmetry of the
flow some traverses were made along vertical
diameters of the tunnel. The vertical tra-
verses at the upstream station in the
strong jet flow (A) and the weak wake (D)
showed that at that station axial symmetry
had been achieved very closely in each flow,
(within +2% of V;) showing that wrapping up
was almost complete. In addition, at the
upstream station, in each flow, the vortex
decay process appears to be under way, in
view of the fact that the maximum circum-
ferential velocities in flows A and E
(with high pg ) are considerably lower

oo

than for the natural wake flow. Flow (D)
has the highest maximum value of circumfer-
ential velocity at the first station,
though at the second station it is exceeded
by the zero momentum increment flow (C) for
which |J| = 0. Flow (C) contains turbu-
leance remaining from its generation which
gives it a relatively high turbulence level
and initial rate of diffusion. There are
peculiarities in the circumferential velo-
city distribution in C and D at the up-
stream station, i.e. kinks in the distribu-
tion near the maximum value of V, although
the flow is axisymmetric at this station.

The strong downstream diffusion of

J

flows A and E, with their high oT
(=]

, make
these flows very interesting as the basis
of a method for modifying trailing vortices.
The strong jet, (A) has two further
features - firstly, the higher value of
circulation at large radius, and secondly,
the double structure of the core region.
The first may be due to the increased flow
over the wings of the vortex generator,
induced by the jet, which causes an
increased circulation. The two-structured
vortex in the presence of the jet consists
of an inner core of nearly solid body
rotation surrounded by an annulus of great-
er angular velocity, which then merges into
the highly sheared region where the point
of maximum circumferential velocity is
located. The innermost region is thought
to be due to the high longitudinal velo-
cities along the centreline. It should be
noted that at successive downstream stations
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the region of solid body rotation expands
into the neighbouring annulus of greater

angular velocity without itself being
speeded up.

3.2 Turbulence Measurements

A selection of the measurements are
presented.

uv
_;z x/¢
—0.010 v 109

78
45

-0.008 —

-0.010 ~

FIGURE 7 - Gv FOR VORTEX WITH STRONG
JET A

aw

vd
10x10~4—

x/c

0109 NO VORTEX

A 78 WITH VORTEX

V109 WITH VORTEX

@ 45 NO VORTEX

W 45 WITH VORTEX

@, W x ORDINATE BY 10

FIGURE 8 —uw WITH STRONG JET A

Figures 7,8, and 9 depict the Reynolds
shear stress distributions for the strong
jet. Comparison of uw for the strong jet
with and without the vortex motion shows
that the vortex has little effect on the
shear stress distribution in the jet.

Figure 11 depicts three components
of Reynolds stress at the middle station,
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for the vortex with strong wake, E.

These distributions illustrate clearly
the great enhancement of all components of
Reynolds stress by the longitudinal motion,
when compared to an equivalent set of
stress distributions for the vortex with
wake D in figure 10.

The normal stress distributions in
figures 12 and 13 show the remarkable in-
crease in turbulence intensity for flows
with large |J|/pF2. This further -leads.to
the idea that for a strong jet or wake the
axial flow may dominate the vortex for at

‘'wake flow, D,

x/c=45

TAVATY
Bhat -0 Skl ® y
U B -y
O.1I0 A w
x/c=78
0.09} O w
b
— wl
008 x/c=109
® ur
0.07F B v
A
0.06 |-
0.05
0.04—
0.03-
0.02—
0.0l
ol | | | | | | |

it &

FIGURE 12 - TURBULENCE LEVELS IN THE
VORTEX WITH STRONG JET A

pES®P>OOHPEBS

-3

FIGURE 13 — TURBULENCE LEVELS u'\v'w'
FOR VORTEX D

least part of its lifetime. In the weak
the narrow region of high
turbulence is a consequence of the turb-
ulent boundary layer on the central nacelle,
and is confined by the vortex. The tur-
bulence in this narrow region of relatively
low shear stress suffers rapid decay.

In table 1 a group of physical quantit-
ies associated with turbulent vortices from
laboratory and flight experiments are
gathered together. The large variation in
Squire's coefficient a from laboratory to
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full scale can be seen. Two columns of

A

eddy viscosity ratio are shown. The

first is the eddy viscosity derived from
the vortex motion and is determined by
equating the observed value of the maximum
circumferential velocity to Squire's value.
The second is from the shear stress associ-
ated with the longitudinal flow, and is
calculated directly from measurements of
stress and strain rate. The remarkable
similarity between the eddy viscosity in
the vortex and jet indicates that the eddy
viscosity might be treated as a scalar for

fl A d E.
- an4. Analysis of the Flow

4.1 The Jet-or Wake-Dominant Vortex

Consider a vortex whose development is
dictated by a scalar eddy viscosity set by
a dominating jet or wake of axial momentum
flux J, which is positive for a jet and
negative for a wake. For convenience in
calculating the development of the flow the
jet or wake are assumed to have a small
central axial velocity increment or decre-
ment.

For a small increment round jet or wake
in streaming flow, with a Gaussian
longitudinal velocity profile, Newman24.
(1967) gives iV

g’ = .9 (1)

Ly EL
0]
©

The shearing stress at r=Lg is obtained

from the growth and gives the eddy viscos-

ity there, hence

L _[2.88\'3
|/3 Ielua_

(2)

(x) R

T

where Ly the jet half width to the
half velocity point

Up = maximum velocity increment
u, = streaming flow velocity

6, the momentum increment thick-

ness is given by

¥ u ru
82 = == s
I f - [U 1] rdr
=] o]
- 00
= downstream distance
RT = H%EQ eddy viscosity
T
Reynolds number at y = Lg.
IJI is related to 6 by
J
02 - L3l
i (3)

Combining these four equations gives

2/3
v = ¢ Lldl/e) (5)

T <'/3 UI/a

i fioARy .
RT2/3 m | 1.44|2.88

Note that eddy viscosity is dependent
on x or time t, these two being related by
x=Umt.

For the vortex behaviour equation (6)
from Newman (1959) describes the circum-
ferential motion of a viscous vortex,

where C

v — 4 = = o

N ax 2

2
oV _ v[a v 1 9V \'4 ] (6)

3r? r or r

Substituting the value of eddy
set by the jet, as given by (5),

viscosity

Ua_v=c(J/g)”°[ﬂ+L3_V_V_]

® ax x‘/3 Uga ar2 r 9r r?

ﬁhat is,

o AR (J/m”’[ﬁ+;§1_v_](7)
= asz 2 U!3 dr? r 3r r2t

This is the equivalent of the transformation

l /3
X > xﬂ5 and v > % C (191 /p)

NG (8)

Thus the solution gives a profile of
circumferential velocity at r:

| 43 ,
r U r
v==—=-11 —expE- T
x 3 gc ¢ lJI/o)mJ

(9)

2mx
A quantity of great interest is Vj, the
maximum circumferential velocity. It is

this quantity that is a measure of the
danger that a trailing vortex presents to
other aircraft. From the solution given by

Newman (1959) and employing the above
transformation
241/3
v, = ¢ rm[-’%‘[{"i] (10)
where C' 946379 vy
47 [(3/ 2
[3/2c1 s

It is interesting to note that the x
decay agrees with Lilley's ° empirical
correlation of experimental .results.
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The experimental results are presented
accordingly in Figure 14, ThHe oOFdinate is
J | UsXx

(U /V1)3 and abscissa
=]

or_3

o

A straight

line, corresponding to equation (10), is
drawn through the present data and through
those of Poppleton's two jets, and gives a
constant C' of 0.345. Data corresponding to
the present strong jet is not used in deter-
mining C' because the circumferential velo-
city profile departs considerably from the
exponential profile of equation (9), the
results are however shown on figure 14.

The value of C' is equivalent to an eddy
viscosity Reynolds number, R_ of 62. RT
derived directly from the measured Reynolds
stress and the strain rate is about 17.5
for the strong jet and 26 for the strong
wake. In comparing the available data for
small decrement round wakes, Rodi26 has
found that R_, can vary from about 25 for
round wakes produced by slender bodies down
to about 2 for very blunt bodies. It is
expected that the presence of the vortex
will reduce the level of turbulence in the
jet or wake and thus cause R_, to lie at the
high end of the range of experimental
values.

4.11 The Range of Validity

The decrease of v_ with increasing x
suggests that the foregoing theory will no
longer be valid far downstream. Presumably
the jet-dominant theory ceases to apply
when the maximum rate of strain in the
longitudinal motion of the jet or wake
comes smaller than the maximum rate of
strain in the rotational motion of the
tex.

be-
vor-

The rotational velocity

_ 2
vV = Lo [l—e kir ]
PAIDS
43

Um
where k3
2
ec[x:l 3
p
from (9) and the rate of strain is given by
-r %; {VAE):. The maximum rate of strain
occurs when - e_k1r - + 1|- 1 l is a
kyr? klrz’

maximum i.e. when kjr© = 1.79 or r =
where rj; is the position of maximum
rotational velocity.

Lodon gy

Thus the maximum rate of strain in the

rotational motion is
ou 2 2/3
L=
| rw[ i }
For the longitudinal motion the maximum val-
ue of ikt IV — .719.0. =O—'71_RL h = 10.6 U_°°
3r Lo| 2(1.44)2 x x

Hence the ratio of the two rates of
strain, longitudinal/rotary,

]au
lBerax B3 lEJ—_Z@ Em__bg

[V r 2
Erar (r)} arg
max

(11)
U_x

Experimental ratios at the far downstream

stationg ataes

Flow
Flow
Flow
Flow D:

[ s e -]

5.0
1.6
0.9
0.75

4.2 The Two-Dimensional Vortex Far
Downstream

Equation (11) indicates that the wake
or jet does not remain dominant far down-
stream. Then previous theories, which
ignore the presence of any variation of
longitudinal velocity, become applicable.
Squire's is an example of such a theory,
independent of molecular viscosity and
having a constant eddy viscosity. At large
x, equation (6) holds, with constant eddy
viscosity, v

It is necessary to find an appropriate
value of v_/T_(=a) for the flow at large x.
Typical vaTues of o for laboratory flows
are between 1x10~3 and 5x10~73, For Rose
and Dee's26. flight experiments o = 0.2x1073,
While this may not give the asymptotic val-
ue of a it is undoubtedly nearer than any
other measured value.

A numerical computation of these vortex
flows has recently been made by Phillipsl6'
(1974) using the Launder, Reece and Rodi
(1973)30. model for second order closure of
the Reynolds stress equations: their
constants were used and the equations were
restated in cylindrical polar coordinates.
The calculations predict the early develop-
ment of the vortex quite well and, in
particular, indicate that deviation from
the jet-dominant behaviour begins at a
stroin-rate ratio S_=2. Unfortunately the
predictions of the far-field behaviour of
cases B and D at the experimental Reynolds
number are less convincing because the
assumptions of local isotropy become suspect

UepX

£ =
after =

1000. It is therefore not

possible to choose the most appropriate
value of a from these computations.
An approximate theory for the develop-

ment of a vortex originally dominated by a
jet or wake, which eventually becomes quasi-
two-dimensional far downstream, is now
obtained. It is postulated that the change-
over from one type of vortex to the other
occurs suddenly rather than gradually and
that the strain rate ratio, Sr’ which de-
creases in the downstream direction, has a
value of unity at the point of change-over.
This choice has also been influenced by the
typical times for vortices to decay behind
very large aircraft. It is also assumed
that the far-field value of a is somewhere
between 0.2x1073 and 0.1x1073.

The solution for the two-dimensional

vortex motion are those of Squire6- and of
Newman7-, and thus
-k 2
oy P where ko = L7
2Tr 4\)TX

X is measured from a hypothetical origin,
which is not the same as the origin for x.
The maximum velocity V1=O.1016ka2% and
occurs at k2r2=1.256.
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At the change-over position, denoted by

xg and Xg
JZ b%

Sl
Fm o} wao

Also k; = ky to match the rotational

velocity profiles, so that
4/
u i R
—— = 7] 2/
4al Xg GC[ x.} .
- Y

Thus,

3 3 3/2
U} _ 2 - U
(6 (i), el 00

U as a function of

Hence values of
Vi

o X y
SRS can be computed for various values of

b Lal

the non-dimensional jet momentum 2
oT

-

These are shown in Figure 15.
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It is seen the maximum velocity V,; decays
more slowly immediately after the change-

over occurs (%ﬂ is smaller). In this
1

figure the jet-dominant part of the flow is

barely visible unless exceeds about 0.2.

pT2

w

Nevertheless the downstream values of

%3 are clearly ‘affected by the presence
1

of the jet or wake and this is due to the

change of fictitious origin of the quasi-

two-dimensional flow.

5. Discussion

The application of the theory to full
scale will first be considered. It is
clear that enhancing |J[ is a possible
means of increasing the decay rate of a
trailing vortex. This can be done either
by blowing a jet which is strong enough to
override the existing wake, or by increas-
ing the momentum deficit of the wake by
the introduction of some wake-producing
body near the wing tip, as in the work of
Corsiglia28 et al.

For a Boeing 747 at take-off and landing
speeds, that is at about 65 m/sec the
curves of figure 15 can be used to
estimate the effect of blowing a jet along
the axis of each trailing vortex. The
trailing vortex behind a wing tip without
modification must first be considered.

With a wing drag coefficient of .05,
2
ol

@«
is about 0.005 at take-off. Using an
asymptotic value of =0.1x10"3, after 10
minutes (a typical operational delay time™)
U ;
v is 11.6,
seems reasonable. If 10% of the total
thrust of the four JT9D Pratt and Whitney
jijines is used for vortex modification

J

so that Vv;=17.25 ft/sec, which

becomes 0.08 and the time for the

ol

maximum circumferential velocity to decay
to a value of 17.25 ft/sec is reduced to
9.15 minutes. If 30% of the thrust is
used, the time is 4.85 minutes. The
improvement is increased if the acceptable
values of U/V; are lowered.

A comparison of the combined theory with
flight test results is difficult because
IJ| is unknown. The wake of the wings,
the bulk of which may be wrapped up in the
vortex, can be estimated, but the propor-
tion of the jet stream or propellor slip-
stream that enters the vortex cannot easily
be estimated, and will act to reduce the
apparent -J, though not necessarily the
initial level of turbulence.

Comparicons have been made with the
measurements of Rose and Dee using a Venom
observation craft behind a Comet and by
McCormick et al.2?2: using a ground station
behind a Piper Cherokee. In both cases
|J| was computed from an estimate of wing

drag only. The results are shown in
Fig. 16. The Cherokee results are

probably unreliable because of the
proximity of the ground and would only
agree with the theory if the lower
asymptotic value of & were chosen. The
Comet measurements are in better agreement
(the higher asymptotic value of a was
based on these results) and thszalso

J

exhibit the correct trend as p
pTg
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increases with flight speed. The results
are not sufficiently accurate to indicate
whether the limiting strain-rate ratio for
the jet-dominant theory was chosen
goarrectly at 1.D.

Finally the present theory provides a
partial explanation for the apparent scale
effect on the decay of trailing vortices.
This variation with Reynolds number is
unexpected since the flow is far from walls.
The explanation is as follows. Vortices
behind aircraft usually contain a wake-like
axial motion due to the drag of the wing.
This wake will be reduced if some fraction
of the jet or propellor slipstream enters
the vortex, particularly for aircraft with
wing-mounted engines. Laboratory vortices,
on the other hand, have a wake-like axial
flow where the wake is produced mostly by

the drag of the vortex generator. Refer-
) la 2Cp
Eing to Pig, 15 R where
pF£ CL2
]
KL= izg—), 2s' is the spacing of the

rolled-up vortices and § is the wing area
used in defininj the drag and 1lift coeffi-
T,

clénts. Thus is larger in the lab-
loe]

oratory than in the full-scale situation at
the same CL’ partly because of the above
reasoning and partly because Cp increases
with the reduction of Reynolds number. The
U X X

= A E,C

abscissa L’ SO° that Tor &

@
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fixed number of vortex spans downstream
UpXx ;
FE—- is the same for both laboratory and

fﬁll scale. Thus %— is reduced with
! 1

increasing scale in agreement with observa-
tion.

6. Conclusions

It has been shown experimentally that the
introduction of a wake or jet in the centre
of a single trailing vortex enhances the
turbulence in the central region where the
mean vorticity is otherwise constant and
thereby significantly increases the rate of
diffusion of mean vorticity. This appears
to be a way of reducing the hazards associ-
ated with the persistence of trailing
vortices from large, heavy, aircraft,
although its usefulness depends on whether
the associated thrust reduction or drag
increase is acceptable.

An approximate theory has been developed
for the effect by assuming that the jet
with excess momentum flux J, or the wake
with deficit of momentum flux -J, are
sufficiently strong to impose their eddy
viscosity on the vortex motion. The jet or
wake are analysed by assuming that the
velocities in them do not differ greatly
from the streaming flow velocity U_. On
this basis the maximum rotational velocity
in the vortex V) is related to the circula-
Pm and downstream distance x by the formula

Vi £ e (pU‘”z)J/}
o J|x

C' has been obtained from the present
experiments and equals 0.35. Thus the
downstream distance, and hence the time,
for V; to reach a prescribed level varies
inversely as |J|

This formula is valid as long as the
maximum strain rate in the jet-wake is much
greater than the maximum strain in the
vortex. The requirement is that

2

> 10-3 approximately. Downstream

Fwaszmx
a quasi two~dimensional theory is proposed.
It is suggested that in most practical

situations vortices are affected by the
presence of a wake at least in the initial
phases of their development and that this
may contribute to the apparent and unlikely
Reynolds number dependence of vortices when
they are treated as two-dimensional. It is
observed that full-scale vortices decay
less rapidly than small scale laboratory
vortices when the scaling is assumed to be
independent of viscosity. This may be due
to the fact that the relative momentum
deficit of the central wake gathered into
the vortices is less in the full-scale
situation for two reasons. Firstly, the
drag coefficient of the wing and appendages
is less at the higher Reynolds numbers, and
secondly some momentum flux from the jet
engines or propellers may be gathered into
the vortjces thereby reducing the momentum
deficit TJT.



TABLE I

To/v
Present Data:

vT/v

(1=Upstream Station £=45, 2=Middle Station &=78,

ax10?

3=Downstream Station £=109)

vT/v

Flow A 1 5x10" 1080 21.6 3.5 1450
2 n 1050 20.5 3.4 1140
3 3 846 16.9 3.1 900
Flow B 1 4 256 5.1 1.6
2 " 116 2.3 1.1
3 " 68.5 1.4 .87
Flow C 1 o 166 3.3 1.35
2 " 71.2 1.4 .9
3 N 39 B .66
Flow D 1 p 95 1.9 1.0
2 - 71 1.4 .9
3 A 39 .8 .66
Flow E 1 " 316 6.3 1.87 334
2 u 220 4.4 1.56 261
3 " 150 3.1 1.32 152
Comparative Data, as given by Owen
7
Rose & Dee 10 2000 0.2 1.22
posanijh 2x10°? 10 5.0 .81
et al
Newman 2x10" 30-50 2.0 .69-.89
Templin 5x10" 70 4 .84
Mabey 5x10" 77 7 1.01
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AIRCRAFT TRAILING VORTEX INSTABILITIES

William P. Jones and Howard L. Chevalier
Texas A&M University, College Station, Texas

Abstract

A brief summary is given of the results of
flight test studies of trailing vortices carried
out at Texas A&M University. The instability of
a pair of trailing vortices due to mutual inter-
action is fully discussed and theoretical pre-
dictions of the wavelength of the vortex oscilla-
tions that develop in the far wake of an airplane
are compared with values determined from photo-
graphic records of the wake behavior of a
DeHavilland Beaver DHC-2 aircraft. The different
types of instability that can develop with single
vortices are also considered, including the
vortex bursting phenomenon that occurs with
vortices that separate from the leading edges of
highly swept wings at incidence. A technique for
inducing earlier breakdown and dissipation of the
vortices than would occur normally is described.

I. Introduction

Concurrently with the development of the
Boeing 747 and other large airplanes, much effort
has been devoted to research on aircraft wake
turbulence, particularly for low altitude flight.
This was because the regions of high velocity
generated by the trailing vortices of such heavy
aircraft are a source of potential danger to
other aircraft that might penetrate them. On a
calm day, the vortex wake of a heavy transport
plane that had just lTanded or taken off would
persist over the runway for several minutes and
make it dangerous for any other aircraft to land.
In fact several accidents to 1ight aircraft have
occurred due to the pilot flying inadvertently
into the wake of a much heavier aircraft. To
avoid such hazards, traffic controllers at air-
ports must have some idea of the length of time it
takes for the vortex wake of a large aircraft to
dissipate and to become relatively harmless to
other aircraft. Hence, from the point of view of
safer flying, it is important to know as much as
possible about the behavior of vortex wakes, their
structure and the time they take to dissipate.

In 1970, an important symposium on the sub-
ject of Aircraft Wake Turbulence(}) was held in
Seattle to draw attention to the need for more
research to determine the characteristics and
behavior of trailing vortices and to assess the
Jotential danger they would present to aircraft
at busy airports. The meeting, sponsored by
Boeing Scientific Research Laboratories and the
U.S. Air Force Office of Scientific Research,
resulted in a number of valuable reports which
have been published in the proceedings of that
symposium. These collected papers provide a
useful background of information on trailing
vortices and give a fairly complete survey of the
state of knowledge at that time as well as indi-
cating where further work is required. More
particularly, they show that there is a need for
more data on trailing vortices obtained in actual

flight. Some of the reportsdescribe in very
general terms the results of observations made of
the characteristics of trailing vortices as
revealed by smoke trails from smoke bombs mounted
on towers alongside the runway. When there is a
cross wind, the wake drifts across the tower and
the presence of the trailing vortex is clearly
shown by the vortical pattern formed. An alterna-
tive scheme is to build a large tufted screen and
to let the vortex again drift across it. Both
schemes, however, have the disadvantage that the
presence of the tower in the one case and the
supporting structure of the screen in the other
can influence the trailing vortex and possibly
cause it to change its form. For this reason, it
is desirable to use techniques of observation in
which the trailing vortices are not obstructed in
any way. A flow visualization scheme in which the
vortex cores are seeded by smoke issuing from
smoke bombs suitably mounted on the wings of the
vortex generating aircraft has proved to be very
satisfactory. This method has been used exten-
sively at the Flight Mechanics Laboratory at
Texas A8M University and detailed observations
have been made of vortex wakes for a range of
flight conditions in calm and gusty weather.(2)
Attention was mainly devoted to the study of
trailing vortex instabilities. The results
obtained are briefly summarized in this paper and,
as will be shown, confirin some theoretical deduc-
tions regarding the unstable characteristics of
aircraft trailing vortices.

II. Instability Of A Pair Of Vortices

The stability of a pair of trailing vortices
was first considered by S. C. Crow(3) who was able
to show that the vortices would become unstable
under certain conditions. In his analysis, he
assumed that the vortices were given a small wave-
like disturbance and then investigated the effects
of mutual interaction and self-induction on the
ensuing motion. The velocity induced at a point
of one vortex can be expressed in terms of inte-
grals taken along the lengths of the vortices.

The integral corresponding to the self-induced
velocity of a vortex at a point on itself is,
however, divergent and to obtain a finite answer,
Crow had to use the 'cut-off integral' method which
introduces an empirical factor in his analysis.
This involved cutting off a length d of the vortex
on each side of the point on it at which the self-
induced velocity was to be calculated. The choice
of a suitable value for d was made by applying the
'cut-off integral' technique to problems whose
exact solutions are known, e.g., that of calcu-
lating the translational speed of a vortex ring.
In this way, it was determined that a value

d = 0.321 ¢ would give the correct answer, c being
the core diameter of the vortex. According to
Spreiter and Sacks,(4) the trailing vortices
behind an elliptic wing of total span s would be
separated by a distance, b = x s, and each vortex
would have a core diameter, ¢'= 0.197b. Having
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chosen the appropriate value for d, Crow was.then
able to reduce the problem to an eigenvalue prob-
lem and to determine the stability characteristics
of the trailing vortices. His analysis revealed
that the most 1ikely mode of instability of a

pair of parallel line vortices would be in the
form of symmetrical sinusoidal oscillations of the
vortices in planes inclined at angles of + 480 to
the horizontal as sketched in Figure 1.

A e D B AL 3 D)

INSTABILITY OF A PAIR OF VORTICES

FIGURE 1.

The wavelength of the oscillations was estimated
to be 8.6 b (or 6.8s) and their rate of growth
was found to be relatively slow. According to
Ref. 3, the amplitude of the oscillation would
increase by a factor e in time, t = ARb/CLVO.
For a B-47 airplane, travelling at V

that in 60 secs. the amplitude of the vortex
oscillations would be magnified 17.4 times. When
the oscillations become sufficiently large, the
vortices touch and combine to form a series of
closed loops which eventually disperse. Although
the structure and axial velocity distributions

within the vortex cores are not taken into account

in Crow's analysis, his general conclusions have
been amply confirmed by flight data. 2)

In a recent paper, H. Cheva]ier( describes
the results of a series of flight tests made to
study the formation and dissipation of trailing
vortices. The two aircraft used were a
DeHavilland Beaver DHC-2 and a Beechcraft T-34B.
Smoke bombs were attached below the wings of each
aircraft near the tips and, when activated by the
pilot, they seeded the cores of the trailing
vortices with smoke as illustrated in Figure 2.
The smoke trails produced were then photographed
from above by a chase airplane at altitude and
from the ground. Figure 3 is a photograph of the
pair of trailing vortices generated by the
DeHavilland Beaver taken from a following plane.
The Crow type instability of the wake is clearly
demonstrated. No measurements were made of the
inclination of the planes of oscillation of the
trailing vortices but they were observed to be
about + 45° to the horizontal and to be roughly
in accord with Crow's prediction. Measurements
of the wavelengths of the unstable motion of the

= 720" f.p.s.,
Crow gives a value of 21 secs. for t which implies
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wakes of the Beaver and T-34B aircraft were
obtained from pictures of their trailing vortices
taken from the ground.

Kh

(A) DEHAVILLAND BEAVER DHC-2

BEECHCRAFT T-34B

(B)

FIGURE 2. SMOKE SEEDING OF VORTEX CORES

The wakes were photographed through a 6 ft. x
6 ft. wire grid mounted 10 ft. above the camera at
ground level as shown in Figure 4. A clock mounted
in its field of view and the frame speed of the
movie camera were used to measure the time elapsed.
The wire grid provided a reference coordinate
system for measuring distances parallel to the
ground and altitude. Values of height above the
ground deduced from photographs of the airplane and
its wake were checked against the airplane's
altitude meter readings and the airplane's wing
span was used to check measurements of distances.

Moving and still pictures of the trailing
vortex wake were taken for straight and level
flights at speeds of about 70, 80, 90, and 110
knots at an altitude of about 1000 ft. Most of the
tests were made in the early morning when there was
1ittle atmospheric turbulence to influence wake
stability and dissipation. For comparison purposes,
however, some tests were carried out under various
degrees of atmospheric turbulence and in slight
cross winds of 3-10 knots. While the data obtained
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