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Convective Merging of Vortex Cores in Lift-Generated Wakes

Vernon J. Rossow*
NASA Ames Research Center, Moffett Field, Calif.

The several wake vortices that originate from aircraft wingtips, flap edges, engine pylons, etc. usually merge,
in the far field to form a single pair, whose structure determines the hazard posed to encountering aircraft. In or-
der to gain an understanding of the process whereby vortices merge and disperse, a numercial study was made of
the interaciton of two-dimensional, time-dependent, inviscid vortical regions. It was found that discrete boun-
daries, which depend on the structure and spacing of the vortices, distinguish merging from nonmerging
situations. Furthermore, certain arrays of finite vortex cores that alternate in sign were found to undergo
division and merging that may be useful in alleviating the hazard posed by aircraft wakes.

Nonmenclature
AR =aspect ratio
b =wing span
C, =lift coefficient, lift/[ (1/2)p UZ S]
C, =local lift coefficient
o =rolling-moment coefficient, rollmg moment/
[(1/2)p U2 Sb]
c =wing chord
¢ =mean geometric chord
d, =effective diameter of vortical region=7d,/6
d; =spacing between centers of innermost vortices
dy =spacing between vortex centers
d, =diameter of outer ring of point vortices in vortical

region =2r,, with d, arbitrarily set at 0.3 b

k =vortex core structure parameter

¢(y) =local spanwise lift

N =number of vortices

r =radius

S =wing area

T =dimensionless time = 4/[", /b% =0.36(T", /d?
t =time

U, = freestream velocity; aligned with x axis
u,v,w =velocity components in x, y, and z directions
vy = circumferential velocity

Va =wind-shear parameter [see Eq. (3)]

Wwr =Kirchhoff-Routh path function [see Eq. (5)]

X,Y,Z =dimensionless coordinates, for example,
X=2x/b=0.6x/d,

x,¥,z =coordinates, x is streamwise and z is vertical
o = angle of attack

r = circulation

% =circulation in point vortices

p = air density

Subscripts

f =following model that encounters wake
g =model that generates wake
v =vortex or vortical region
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tThe terms vortex, vortical region, and core are used in-
terchangeably here to denote a region that contains vorticity.

Introduction

HE combination or merger of vortices shed by one side of

a wing into a single vortex 1 is a common and well-known
occurrence. It has only recently been shown, however, that the
manner in which the vortices combine determines whether the
wake will have its circulation concentrated (with high
rotational velocities) or dispersed. It was first demonstrated in
ground-based facilities'!? and then confirmed in flight* that
both kinds of wakes could be achieved with the Boeing 747
transport aircraft. The tests indicated that the rolling moment
induced on an aircraft when it encounters the wake of the con-
ventional landing configuration was about twice that of the
modified landing configuration. This difference was at-
tributed to the way in which the wake vortices merged behind
the two configurations (Fig. 1). In the conventional wake, the
vortices merge close behind the wing to form a single pair, has
high rotational velocities and persists. The multiple vortices
shed by the modified landing (30°/0°) configuration first
combine across the inboard flap, and then this residue flap
vortex and the wing-tip vortex merge to form a diffuse vortex
that has low rotational velocities. The particular spacing bet-
ween the vortices and the relative strengths required for such
an interaction to occur were somewhat fortuitous occurrences
on the B 747. If, therefore, this alleviation concept is to be ex-
tended to reduce wake velocities even further, and if it is to be
applied to other aircraft, the design parameters for when and
how vortices merge to form a dispersed wake must be deter-
mined.

CONVENTIONAL LANDING (FLAPS 30%30°)

WAKE VORTICES MERGED
TO FORM SINGLE PAIR

MODIFIED (FLAPS 30%0°)

FLAP INBOARD AND
OUTBOARD VORTICES MERGE

FLAP AND TIP VORTICES MERGE

x/b S e

Fig.1 Comparison of two wakes of Boeing 747.
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The investigation reported here extends previous
studies®!? of vortex merger and dispersion by considering a
wider variety of vortex arrangements which relate to lift-
generated wakes. The objective is first to develop guidelines
for vortex interactions and then to find those arrangements
that are particularly effective in causing the circulation in the
wake to be dispersed or to combine in groups with nearly zero
net circulation so that the wake is neutralized..

Development of Merging Guidelines
Initial Structure of Vortical Regions

The sections that follow each treat a particular arrangement
of vortical regions or cores. Since the initial or starting con-
ditions are somewhat arbitrary, it was decided to standardize
the vortical regions so that each of them is initially axially
symmetric and their centers are colinear. The distribution of
vorticity in each core is simulated by placing point vortices at
equal intervals on three concentric circles of radius r,/3,
2r,/3, and r,, where r, is the radius of the outer ring of vor-
tices in the vortical region. When all of the vortices are of the
same strength, the approximately uniform spatial distribution
approximates a Rankine vortex core. More concentrated vor-
tices are simulated by making the point vortices on the inner
rings stronger than those on the outer ones. The relationship
used herein to obtain a systematic variation in core structure is
developed as follows: The total circulation in the vortical
region is given by

Ty=vy;n; +y;n; +y;n;3 1)

where, throughout this study, the number of vortices on each
ring are set at n,=6, n,=12, and n; =18, so that the
distribution is approximately uniform. The strengths of the
point vortices on circles 1, 2, and 3 are represented by vv,, v,,
and ;. The circulation contained in each ring of vortices then
is assumed to be represented by some power k of the radius of
the circles.

vin, =C/(r,/3)% yny;=Cr(2r,/13)* y3n;=C/(r,)*

The strengths of the point vortices on the ith ring then are
given by

‘Y,‘=I‘u/[ni(ni/6)k[1+(yz)k+(1/3)’(” (2)

When k= ~1, the v; are all of the same strength, so that a
Rankine vortex is simulated. As k increases, the vortices on
the inner ring become stronger relative to those on the outer
rings to simulate more concentrated vortices; this is indicated
in Fig. 2 by the radial variations in circulation for k= —1
through +4. The large dots on the curves indicate the
locations of the vortex rings. In all cases considered, the cir-
culation in the strongest vortex was given by I', =3.6 b U,, to
insure control of numerical error.

Iyir)

[v)max

POINT VORTEX
LOCATIONS

1 1
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r/ry,
Fig. 2 Radial variation of circulation in vortex cores to be studied as
simulated by point vortex representation.
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Once the initial configuration of vortices was set up, their
subsequent motions were calculated by using the numercial
technique and the error monitoring parameters described in
Ref. 13. As in the past, the time increment and vortex
magnitudes were adjusted so that plotting accuracy or better
was retained throughout the calculations. The meanings of
the various symbols used are given in the nomenclature.

Effect of Velocity Gradient on Vortex

The first flowfield to be analyzed consists of a single vorte:
embedded in a region whose velocity varies linearly witl
height, such that it approximates a velocity gradient caused by
neighboring vortices or by a wind shear in the atmosphere
Such a flowfield has a constant value of vorticity throughout
so that any convection of the background fluid does not alte
the linear velocity gradient nor the ambient distribution o
vorticity. If other velocity gradients were used, th
background vorticity would not be a constant, and it woul
be necessary to monitor the convection of all of the vorticit:
in the calculations, thereby considerably complicating th
analysis. For these reasons, the calculations were made onl
for a linear velocity gradient in the vertical direction of th
lateral velocity such that

r
v(z)=—z— -

V. 3
r, 2xr, " (

b)
Fig. 3 Vortical region embedded in wind shear environme:

I', =3.6 b U, . a) Sufficient wind shear to disperse core; V, = +0.2
k = —1; b) Insufficient wind shear; Vg, = +0.20, k= —1.

VORTEX DISPERSES
COMPLETELY

Vin

ab : PART OF CORE
y?y REMAINS
0 1 1 -
-1 0 1 2 3

k, VORTEX CORE STRUCTURE PARAMETER

Fig. 4 Wind shear required to disperse vortex cores for a range
core structures.
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where the dimensionless parameter V, is varied to simulate
various amounts of shear. When ¥V, =1, the velocity at the
top of the vortical region (=0, z=r,) has a contribution
from the shear field that is opposite to, and about equal to,
that from the circulation in the vortex. The circulation con-
tained inside the circle r,, because of the background velocity
field, then is related to that of the vortex by

I‘sh= - shFu/Z (4)

where IT,| =3.6bU,.

A series of numercial calculations then were made of the
time-dependent motion of a vortical region in the shear en-
vironment. As in Ref, 13, the calculations were monitored for
numercial error by evaluating periodically the first and second
moments of vorticity and the Kirchhoff-Routh path function
Wr. Since the point vortices are now embedded in a linear
velocity field, the path function contains additional terms, '
so that it assumes the form

N-1 N
YiY;i
Wr= (—’)ln =:)7?
;j;l e LIRS
Vil o
b - (L) T, ;
(z;~z;)°] 2nr? ;zv )

The influence of a shear environment on a vortical region is
illustrated in Figs. 3a and 3b for a Rankine vortex (k= —1).
In Fig. 3a, the shear was strong enough to disperse the core.
In the second case (Fig. 3b), the value of the shear gradient
was slightly less, so that, although the shape of the core fluc-
tuates, it remains essentially intact and is not dispersed. The
boundary (Fig. 4) between wind-shear values that do or do not
disperse the core was determined by making successive
numerical calculations to bracket the boundary for various
values of the vortex core-structure parameter k. As expected,
larger velocity gradients are required to disperse the more con-
centrated vortical regions. For example, when k=3 and
Vi =0.9, the outer rings of point vortices were stripped off to
leave the innermost ring essentially intact. In other cases,
wherein k=2 and ¥, = 1, the vortical regions first divides in-
to two parts or forms an S-shaped curve that then disperses.

The results shown in Figs. 3 and 4 are typical of those in
which the ambient shear opposes or slows the rotational
velocity of the core. When the velocity gradient is reversed
(V. negative), the initially round vortical regions are found to
shrink in the z direction and to elongate slightly in the y direc-
tion, as shown in Fig. 5. However, values of V,;, as great as
— 2.0 did not disperse the vortex. It was concluded, therefore,
that velocity gradients that enhance the rotation of a vortex
will not disperse it, but ones that oppose the rotation will
disperse it if the gradient is above the boundary indicated in
Fig. 4.

Merging Conditions for Two Vortices

The vortex cores studied hereafter do not have a
background vorticity, but depend entirely on the induced
velocity field of other vortices for dispersion or merging. As
in the previous section, numercial examples were calculated
iteratively to determine the boundary between merging and
nonmerging conditions. Now, however, the merging boun-

T=00 T=16 T=32 T=48 T=64

Fig. 5 Compression of vortex core by negative wind-shear en-
vironment; Vy, = —0.5, k= —1.
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dary is a function of the core structure parameter k, the
spacing of the vortices d,, and the relative strengths of the
cores I'; /T',, so that, rather than a single curve, a system of
curves is needed to define the boundaries for the range of the
several parameters to be studied. In order to limit the number
of variables, the diameter d, and the core structure parameter
k were always made the same for the two cores.

Interaction of two vortex cores typical of those calculated
to determine the merging boundaries are illustrated in Figs. 6
and 7. In the first case, two cores of equal size and strength
are placed near one another, but are not touching. The cir-
cular distributions quickly distort, by a tuck and merge
sequence, to form a single region with spiral-shaped remnants
that slowly wrap around the outer part of the vortex. From
Fig. 6, it can be secen that the centroids of vorticity for each
core move toward each other and toward the origin, so that,
at T=6.4, merger is near completion. At a slightly greater
separation distance between the two vortex centers (Fig. 7),
merger does not occur, even though the cores become
elongated periodically as they orbit about one another. A
series of such calculations were made to establish boundaries
between merging and nonmerging conditions for the range of
vortex spacings, strength ratios, and core structures shown in
Fig. 8. In all of these calculations, the criterion used for
merger was that the two cores become one, whether both or
only one are distorted in the process.

The critical separation for merging when k= -1 and
I',/T,=1 was found by Roberts and Chirstiansen® to be

CENTROID -~ & "

T=40 : T=64

Fig. 6 Merging sequence predicted numerically for two Rankine vor-
tices of equal strength; ; I',=I',=36b U, d;=1.7d,=1.46 d,,
k=-1.
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about 1.7, whereas the present numercial analysis (Fig. 8) in-
dicates the value of d;/d, to be about 1.9. If however, the
reference diameter for the vortex cores is defined not as the
diameter of the outer ring of vortices but as 7/6 times d,, the
present results agree with those of Ref. 6. The validity of this
larger reference diameter for vortex interactions was pointed
out to the author by J. D. Iversen of Iowa State University.}
Upon reading the preprint version of this paper, he reasoned
that, since the point vortices are distributed approximately
uniformly on three concentric circles, they each represent a
given cross-sectional area of the core. The reference or
characteristic diameter for the core should then be based on
the outer radius of the core area rather than on the radius of
the outer circle of vortex centers. On the basis of such an
argument, the proper or effective diameter d, of the vortex
cores studied here is 7/6 times d,. Both reference dimensions
are presented in Figs. 6-17 for comparison purposes. A

similar change in the shear parameter ¥V, was not made,-

because its definition is arbitrary.

Merger of two vortical regions was noted to come about by
several different processes. The tuck and wrap process shown
in Fig. 6 was typical of many cases wherein the vortices had
nea/rly the same strength and were closely spaced. These
merging patterns resemble quite closely the theoretically
predicted!’'? and the experimentally observed dye!’ and
smoke !? flowfields presented in previous studies for the early
stages of interactions. When one vortex was about +0.1 times
as strong as the other, merger was accomplished by the
weaker vortex being stretched and wrapped around the
stronger one in the manner depicted in Fig. 10 of Ref. 3.
Negative values of ', /T, were observed to merge only by this
process.

Another merging pattern that results when the theoretical
parameters are set at k= +2 and I'; /", =1 was similar to a
flow pattern observed in smoke flow visualization studies by
Iversent at lowa State University. He found that vortices shed
by two wings of elliptic planform interacted to form a new
pattern of concentric rings, such as those shown in Fig. 9. It

has been found in the present numercial studies, and in the

various experiments mentioned, that a wide variety of merger
patterns are possible. However, in the studies of two in-
teracting cores, no combination was found to disperse the cir-
culation in the way observed for the wind-shear examples of
the previous section. For two vortices without wind shear,

CENTROID A

T=16 T=32 |

Fig. 7 Case where two Rankine vortices do not merge because
spacing between.them is too large, I';=I';=3.6b U,,d;=2.2d,=
1.89d,, k=-1. ‘

1Private communication.
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merger caused the content of one vortex to be wrapped
around or rolled into the other (stronger) vortex so that the
initial form of the concentric rings of point vortices was
destroyed. The resulting vorticity distribution after merger is
completed is approximately uniform near the center, and
tapers off at the periphery of the region.

Interaction of Three Vortical Regions

The next step in a systematic study of the interaction of vor-
tex cores is from two to three or more regions of vorticity to
find out if configurations can be found that are particularly
effective in dispersing vorticity. This study will be limited to
two arrangements of three circular cores of the same size and
on a common line of centers. In the first arrangement, the two
outer vortices are positive and the center one negative, to find
out how it responds to the velocity gradient in which it is em-

k=210 —1

1.0
7K

PARTIAL OR NO
MERGER

Z i
VORTEX
CORES
OVERLAP
_10 1 1 |
0 1 2 3 4 dyd,
] 1 ] 1
0 1 2 3 4 dy/d,

Fig.8 Combinations of strength and spacing required for two vortex
cores of the same diameter to merge.
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Fig.9 Merging sequence leading to ring-type cdnt‘iguratibﬁ of point
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T=4.0

Fig. 10 Interaction of three vortical regions, I'y=-T,=I;=
36bU,, k=-1,d;=1.33d,=1.144d,.

FV3 sz rv,

__L T=0.0 ‘]_A T=08

T=20 . T=40

Fig. 11 Interaction of three vortical regions when the left vortex is
opposite in sign to the other two; ', =I'; = —I'3=3.6b U, k= -1,
d;=1.33d,=1.14d,.
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bedded. As shown in Fig. 10, the middle core is divided in half
by being stretched out, in somewhat the same manner as that
observed in Fig. 3a, and then wrapped around the two outer
ones. These two newly formed regions then move off in a cir-
cular orbit typical of an unequal vortex pair. Such a division
(or dispersion of vorticity) occurs for vortices of equal
magnitude if the two outer vortices are spaced less than 6
diam apart (or 3 diam from the center one). This is surprising,
since any two of the vortex cores do not distort or disperse one
another at all (at these distances), unless the third vortex is
present. If the center vortex is made weaker, it is more likely
to be divided, but, if it is made stronger than the outer vor-
tices, the center vortex stays intact and the structure of the two
outer cores is modified.

An interaction typical of the second arrangement wherein
the negative vortex is now on the left is shown in Fig. 11. The
one odd vortex is not divided in this case, but the two vortices
of the same sign quickly merge to form a new stronger vortex.
A kind of dispersion then occurs, because the two remaining
regions convect their net circulation across the flowfield on a
circular orbit. It is expected that viscosity, turbulence, and
three-dimensional interactions such as linking then would
cause the cores to combine to form a single core with a net
strength equal to one of the original positive cores. Once
again, changes in the space between centers or in the relative
strengths of the cores affects their motion and any merger or
dispersion that might occur.

Applications to Lift-Generated Wakes

Wake Alleviation Techniques

The foregoing subsections discussed the interaction of vor-
tical regions to gain an understanding of merger and disper-
sion by inviscid convection. Before extending these results to
multiple vortex pairs in order to better simulate lift-generated
wakes, some desired features in a wake which make it less
hazardous are discussed. Merger of two vortical regions in it-
self is an insufficient criterion, because the resulting vortex
contains more circulation and may cause larger rolling
moments on an encountering wing. Hence, as mentioned in
the introduction, the interactions sought are those that com-
bine, spread, or disperse the circulation, so that the net rolling
moment imposed on an encountering aircraft is reduced by at
least a factor of two (hopefully S or 10) below that of wakes
shed by large conventional aircraft. A discussion of some in-
viscid mechanisms for accomplishing this are given in Ref. 16.
Of interest here are two-dimensional interactions that: 1)
spread or disperse the circulation over a large region (shown
to be possible with wind shear), and 2) combine vortices of
opposite sign to reduce the magnitude of concentrations of
circulation in wake. For example, the ‘‘sawtooth loading”’'?
appears to be one way to combine vortices of opposite sign so
that motions occur that disperse the wake. Also, a discussion
of a centroid of circulation concept given in Ref. 16 indicates
how combinations of cores of opposite sign, by two-
dimensional merger or three-dimensional linking, can bring
about reductions in wake hazard. The sections to follow
therefore present some results for multiple vortex pairs to
simulate complete aircraft wakes. These cases were restricted
to Rankine-type cores (k= — 1) of the same diameter to limit
the large number of possible variations. Several promising
vortex configurations were found, but an optimum or highly
effective arrangement has not yet been identified.

Vortex Pair in Wind Shear

The effect of velocity gradient or wind shear on a vortex
pair (Fig. 12) is about the same as it was when the positive and
negative cores were analyzed separately or in isolation. As in
Figs. 3 and 5, the positive velocity gradient disperses the
positive vortex but appears to concentrate the negative vortex.
It seems then that, if an aircraft were to pass through a region
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T=4.0

Fig. 12 Effect of wind shear on a vortex pair; I';= —f‘ 2
Veh=+0.26,k=-1,d;=1.7d,=1.46d,.
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Fig. 13 Merging guidelines for vortex pairs of the same sign and
diameter as a function of spacing and strength ratio.

with wind shear perpendicular to its path, the two-vortex
wake could be changed from a vortex pair to a single core,
which appears to be more hazardous because of its com-
pression in the vertical direction caused by the wind shear.
Visual observations have been made of such occurrences, !’
but measurements to confirm the dispersion of one of the vor-
tices have not been made.

- Interaction of Two Vortex Pairs

Vortex pairs of same sign. The presence of a centerplane or
plane of symmetry causes differences in the merger process
when the spacing d; between the two innermost vortices is less
than about twice the spacing d, of the outer vortices (Fig. 13).
Unfortunately, closer spacing (such as d;/d, =1.0) tends to
make the vortices less likely to merge, requiring a slightly dif-
ferent guideline curve for each spacing ratio d;/d; less than
two. Since no new merger processes were found, only the
guideline curves shown in Figs. 13 are presented to indicate
how the large span results (d;/d, = 2) were modified by finite
spacing. Since the calculation now depends on whether the
stronger vortex is inboard or outboard, the ordinate must now
include ratios of vortex strength, ([Cinner/Touter =i/To)
greater than one. The crossing of the two curves in Fig. 13 at
about I';/T', =2.8 is caused by a change in the merger process,

Fig. 14 Interaction of two vortex pairs of opposite sign and of the
same strength; I'; = ~T',=-3.6 b Uy, d;=d;, d; =2.0d,=1.714d,, -
k=-1. : .

T=64

Fig. 15 Interaction of two vortex pairs of opposite strength designed
to translate downward at the same velocity; Ty= +3.6 b U,
Ii=-28bU,,d;=1.33d,=1.14d,, k= ~-1.

wherein the centerplane helps to disperse the vortices around
the stronger inner vortex.

Two- vortex pairs of opposite sign. 1f two vortices of the
same sign merge, the newly formed vortical region is larger
and contains more vorticity, so that it is not obvious whether
the velocities and the associated hazard are reduced or in-
creased. However, when vortices of opposite sign combine,
the net circulation is reduced so that a lower hazard would be
expected. Interactions of this kind are needed to achieve the
alleviation possible when the centroid of vorticity y is out-
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board of the wing tip.'¢ In the absence of a centerplane (Fig.
8), it was found that two vortices, opposite in sign, combine
only when one is at least five times as strong as the other. Two
cases are now presented that illustrate how the nonmerging
situation is modified when the span between the vortices is
reduced below d; /d, = 2. In Fig. 14, the strengths of the vortex
pairs are of the same magnitude but opposite in sign. From an
initially uniform spacing, the vortices move inward and down-
ward until the inboard vortices come together at the .cen-
terplane to form a nearly circular region. Turbulence,
viscosity, and three-dimensional effects probably would cause
this newly formed vorticity group to dissipate. Such in-
teractions have been observed by Ciffone, who used dye flow
visualization techniques to investigate the wakes of models of
the Boeing 747'° and DC-10.§ These experimental results
and the limited number of numerical examples calculated so
far, indicate that such vortex motions occur for a wide range
of parameters. Unfortunately, the outboard or wing tip vor-
tices are not modified by the vortex dissipation at the cen-
terplane, and therfore remain untouched for alleviation. The
calculations indicated that if the center spacing is too large,
the vortices on each side move independently. If the center
space is too small (or the strengths too great), the inboard vor-
tices quickly move away form the outboard ones. The vortex
motion guidelines provided by point vortex paths (e.g., Fig.
2.2 of Donaldson and Bilanin!!) can be used to estimate the
limits over which the vortex strengths and spacing will yield
inward moving vortices.

In the second example (Fig. 15), T'; /T, was chosen so that
the downward velocity of the centers of the four vortices was
the same in order to approximate the ‘‘stepped span
loading’’. !> Once set in motion, the inboard vortices form a
crescent shape about the outboard vortices. The two new
groups of vorticity then move downward and outboard as a
unit, which should lead to neutralization of the circulation
(i.e., Ly=0). Similar results can be achieved with other
spacing ratios, but, if the vortices are much closer to the cen-
terplane, part of the crescent formed by the inboard vortices
stays behind as a new and separate pair. The com-
bined strength of the outboard moving vortices is not, then,
neutralized to the extent possible with the configuration in
Fig. 15. If the vortices are separated by too great an amount
for their diameter, the inboard ones do not take on a crescent
shape and all of the vortices move without modification, as if
they were point vortices. The vortex interaction shown in Fig.
15 indicates that it may be possible to develop at least partial
alleviation with two vortex pairs because the net circulation,
after mixing in the outboard vortex group, drops to about
22% of the original strength of the outboard vortex by itself.

Interaction of Three Vortex Pairs

The dispersion and vortex pairing indicated by the results in
Figs. 10 and 11 for three vortical regions suggest that usable
alleviation may be achieved with three vortex pairs if the ad-
dition of a centerplane is not adverse. Only the cases wherein
one vortex pair is negative will be presented, and, as before,
only Rankine-type (k= —1) cores of the same diameter are
analyzed. Consider first the case of the middle vortex pair that
is opposite to the other two (Fig. 16). The initial redistribution
of point vortices is noted to be quite similar to the three-
vortex case shown in Fig. 10. As time progresses, however, the
inner groupings now impact each other at the centerplane, so
that the circulation tends to be neutralized. The two outboard
moving vortical regions then have a net strength of about 5/9
of the original strength of a core, because of the reduction in
net circulation caused by the opposite vortices.

In the second situation (Fig. 17), the wake is composed of
three pairs wherein the most inboard pair is opposite in
strength to the two outboard pairs. Although the presence of a
centerplane does not change the gross character of the flow-

§Ciffone, unpublished data.
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T=32

Fig. 16 Interaction of three vortex pairs when center pair is negative;
Fy=-T,=I;=3.6bU,,d;=1.17d,=d,, k= -1.

* % i
kS »f‘ . , _';Y_ﬁ {.'

T=32

Fig. 17 Interaction of three vortex pairs when inboard pair is
negative; ', =1, = -T';=3.6b U,,d; =1.17d,=d,, k= —1.

field, some of the orderliness of the point vortex arrangement
in Fig. 11 is lost in Fig. 17. The merger of the two outer cores
without dispersing causes the net circulation, after T=3.2 on
each side of the centerplane, to be about twice as large as that
for the wake considered in Fig. 16.

Other wakes with 3 and 4 vortex pairs also were calculated,
including those designed to move downward at the same
velocity as prescribed by stepped loading.'’ None of these
other cases had vortex interactions that were significantly dif-
ferent from those already presented. Other configurations not
considered may be more effective, since a number of com-
binations of parameters remain to be considered.

Concluding Remarks

Various ways in which vortical regions interact have been
explored by numercial analysis of the inviscid time-dependent
convective motions of the vorticity. The objective was to find
those configurations that disperse or neutralize lift-generated
circulation so that the hazard posed by wakes of aircraft
might be reduced. It was found that a vortex core can be made
to disperse when it is placed in a velocity shear region of suf-
ficient strength. If the shear field is provided by vortices, their
signs should alternate along the span (e.g., sawtooth loading)
so that each vortex finds itself in a velocity gradient. Proper
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adjustment of the vortex strengths and spacings can then be
carried out so that the cores split into smaller segments and
disperse, or form groups with nearly zero net circulation
which tend to neutralize the wake.

As expected, Rankine cores (i.e., cores with uniform
distribution of vorticity) are more likely to merge or disperse
than cores with their circulation concentrated near the vortex
center. The calculations made by Donaldson and Bilanin
show that turbulence and viscosity diffuse concentrated cores,
so that vortices in an experiment grow to a size whereby they
are more apt to merge or disperse than indicated by the
present analysis. Therefore, the merging guidelines estimated
here are probably conservative, and will become more so as
the wake ages.
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