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Abstract

Vortex merger is studied within the context of two-
dimensional discrete vortex sheets and demonstrated
on two equally oriented circular vortices and aircraft
tip and flap vortices. It is confirmed that, depending
on the wing load distribution, the latter may or may
not coalesce into a single counter-rotating pair. The
interaction of a vortex with an equally oriented shear
layer, governed by the same physical principle, sug-
gests a possible intensification of an aircraft vortex in
cross-wind shear.

Symbols

wing aspect ratio

vortex circuit radius

wing span

oriented vortex sheet

lift coefficient

sectional lift coefficient

chord length

downstream distance

Cauchy density

circulation around grid point
imaginary unit

circle index

Gaussian distribution parameter
angular momentum

number of concentric circles
vortex patch radius

radial coordinate

wing reference area

vortex centre separation distance
aircraft velocity

normal velocity

tangential velocity

azimuthal velocity

complex velocity

spanwise (horizontal) coordinate
vertical coordinate

complex coordinate (observation point)
circulation

vortex line density

normal angle, Fig.2

pseudotime

complex coordinate (contour point)
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0 polar angle
P fluid density
w vorticity

Superscripts

+ value to the left of C
— value to the right of C
* complex conjugate
Subscripts

cr critical

eff effective

ik grid point

0 constant value
Introduction

By definition, two-dimensional merger occurs when
two vortices of the same sign and within a certain
critical distance of each other mix a substantial por-
tion of their core vorticity to become a single vortex.
A beautiful experimental example has been given by
Meunier and Leweke [1]. Their result, reproduced
here in Fig.1, shows the merging of two co-rotating
planar vortices, having the same circulation.

Fig.1 Merging of a pair of co-rotating vortices (cour-
tesy of Meunier and Leweke, IRPHE Marseille[1]).
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The vortex pair was generated in water at the sharp-
ened edges of two flat plates, moved impulsively from
rest. Flow visualization was implemented using two
different fluorescent dyes, illuminated by a laser sheet
perpendicular to the vortex axes. The investigators
describe several stages of the process: the rotation
of the vortices about each other due to self-induction,
increase of the vortex cores by diffusion, distortion
and attraction with an increased spin around each
other, and merger into one single vortex.

The salient feature of this interaction is the strain in-
duced by two closely spaced vortices on each other:
two patches of equally oriented vorticity interact in
such a way that the inner portions rotate about each
other faster than the outer portions. The reduction
of energy in the extended portions of the vortices is
balanced its increase in the attracted inner portions.
The process towards equilibrium, characterized by
the minimum enstrophy compatible with a given en-
ergy [2], consists of the simultaneous filamentation
and consolidation [3].

It has been widely recognized that merger of vor-
tices plays a central role in cascading energy to-
wards larger scales and, also, cascading enstrophy to
smaller scales [4][5]. Mergers of vortices have been
observed in large-scale atmospheric [6] and oceanic
flows [7], but also in subscale laboratory experiments
with magnetically confined columns of electrons [8]-
[12]. This magneto-electrical analog is based on the
observation [8] that the 2D drift Poisson equations for
the evolution of the electron column are isomorphic
to the 2D Euler equations for an inviscid fluid of uni-
form density. Thus, the electron columns evolve the
same as vortex tubes.

Discrete Vortex Sheet Method

In this paper, the method of discrete vortex sheets
[13] is used to provide numerical simulations of var-
ious types of vortex mergers. An advantage of this
method is that it conserves vorticity and allows the
solution to develop over relatively large times.

In the cross-flow (Trefftz) plane, the complex velocity
induced by the vortex sheet C is represented by the
line distribution of vorticity

_ (€ u
we) = [ sl (10)

where |d(| is the arc length element of C'. The real-
valued vortex density ~ is positive if the vortex sheet
element turns flow counterclockwise and negative if
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it turns flow clockwise. An alternative form of Eq.(1a)
is the Cauchy-type integral

w(z) = 2%/0 éf(_ozdc (1b)
where ,
F(Q) = iv(¢)e ™) (2)

is the complex density function defined on C' and v is
the angle between the normal to C and the real axis,
see Fig.2. Since in the complex-variable treatment
z = x + iy, we denote the cross-flow coordinates =
and y instead of the more common y and .

In accordance with the Plemelj formula [14]

wh (¢) —w™ (¢) = f(¢) (3)

where the superscripts + and — designate the limiting
values of w to the left and right of C, respectively.
Along C, as may be verified from appropriate velocity
triangles,

w(¢) = [oa () — iwe(Q)] e (4)

where v,, and v, are the normal and tangential veloc-
ities respectively. Using Egs.(2-4), it follows for the
differences of normal and tangential velocities across
the sheet

v (Q) =0, () =0 (5a)

v (Q) — v () = —(¢) (5b)

The time evolution of the discretized vortex sheet C' is
investigated in the Lagrangian context, by integrating

dz .
Z—w(e) (©)

in pseudotime 7. The right-hand side term of Eq.(6)
is the complex conjugate of the principal value of the
integral of Eq.(1b).

Fig.2 Discrete vortex sheet representation.
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The solution is advanced in finite time increments Ar
using the second-order Runge-Kutta method. The
trial step to the midpoint of the time interval is imple-
mented as

21(1 + %AT) = z(1) + w*[z(7)] %AT (7a)
and the actual step across the whole interval as
2(1+ A7) = 2(7) + w* a1 (T + SAT)] AT (70)

Local conservation of vorticity is enforced by the con-
dition

~(¢)|d¢| = constant (8)
Accordingly, when the vortex segment elongates, its
density decreases, and when it contracts, its density
increases. (This process is not to be confused with
3D stretching, which changes the vorticity content in-
side a vortex tube.)

Because at later times the highly elongated vortex
line segments tend to intersect, it is appropriate to
present the global flow features in terms of velocity
vectors mapped over the vorticity field. Velocity com-
ponents u,v are evaluated from Eq.(1a) on a rect-
angular mesh j, k. The vorticity is calculated by the
circulation method [15]:

9j.k
s L. — 2 9
w]vk 421}2:{] ()

where

Az = Tjt+1 — Tj and Ay = Yk+1 — Yk (10)

and

Gjk =3 Ax[(Wjp1 k41 + 20 k41 + Uj—1 k41)

— (Uj—1 1+ 2Uj k14 Uj1 k1))
+3AY[(Vjg1,p—1 + 205416 + Vi1 k41)

— (Vi1 k1 + 2051k + V1 k1))

(11)

In this post-processing, the selection of the mesh size
plays an important role. If it is too coarse, the local
flow details are not resolved; if it is too refined, the
vortex sheets re-appear on the potential-flow back-
ground

Interaction of Vortex Patches

There has been a large amount of research devoted
to vortex merger with particular emphasis on the case
of two identical vortices (symmetric merger) [16][17].
The prototype of a two-dimensional vortex is a vortex
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patch, defined as a connected, finite region of rota-
tional fluid surrounded by fluid that is irrotational. The
patch can be also viewed as the perpendicular sec-
tion of an infinitely long rectilinear vortex tube whose
vorticity distribution is invariant along the length of
the tube [18]. If the region is circular of radius R and
contains constant vorticity, w = wg, the vortex patch
models a Rankine vortex, with the azimuthal velocity
[19]
T

2—, r>R
vg =14 " (12)
I'r
T RE r<R
where
I' = 7R%w (13)

Outside the patch, the flow is irrotational, equivalent
to that generated by a single point vortex of strength
I" located at the centre of the circular patch. The
patch itself rotates like a solid disk with angular ve-
locity wo/2.

Denoting by p the fluid density, the angular momen-
tum of a circular patch of radius R is obtained as

R
L= 27Tp/ veridr (14)
0
Substituting from Eqgs.(12) and (13)
L= %pR‘lwo (15)

The earlier numerical studies of vortex patch evolu-
tions used vortex-in cell methods [20][21] and con-
tour dynamics [22]-[24]. In the discrete vortex sheet
method, employed in this paper, the circular vortex
patch is approximated by a set of equidistant con-
centric circles with the vortex density initialized as
v = . The contour coordinate of the circle C' of
radius «a, centered at the origin, is

¢ =ae” (16)

where v = v({) = 0 is the polar angle. From Egs.(2)
and (16)

1(Q) =inoe™ = i (17)
and, substituting in Eq.(1b),

1 1A
w(z)—Z'yoa% cZC—Z

Since the analytic continuation of 1/¢ is the function
1/z, nonsingular in the exterior domain |z| > a and
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vanishing at infinity, the value of the above Cauchy
type integral is

1
w(z) = { R (18)
0, |z| < a

This result shows that outside the circle, the flow field
is identical with that generated by a point vortex of
strength 2mayy, located at the centre of the circle.
Inside, there is no flow. From Eq.(18) it follows for
the azimuthal velocity as function of the distance »
from the centre

a
UQZ{%;’ rea (19)
0, r<a

The jump discontinuity at » = a is consistent with that
described by Eq.(5b).

In order to approximate a uniform-vorticity patch, n
concentric circles of radii

and constant density v, are used. Accordingly, the
total circulation is

n o
I'=27R Z J_ (n+1)7Ryo (21)
="

Comparing Eqgs.(13) and (21) we obtain the relation-
ship between the vortex line density and the vorticity
inside the patch

RWQ

n+1

Yo = (22)
This relationship establishes the correspondence of
velocities outside the patch, but not inside. From
Eqgs.(14),(19),(20) and (22), the angular momentum
of the patch represented by n equidistant vorticity cir-
cuits is

L=—m17 pR*w (23)
It is zero for a single circuit, n = 1, and tends to the
correct value given by Eq.(15) as n — .

Following the discussion in Ref.[25], each vortex cir-
cuit of radius a is assumed to represent the vorticity
of an annular region a — R/(2n) < r < a + R/(2n).
Accordingly, the “effective” patch radius is

Rgff = R<1 + %) (24)
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The example in Fig.3a shows the evolution of two
equally oriented patches, represented by 10 concen-
tric circles each. In the sequence of constant time
increments, we observe the merger of the two vor-
tices into one. The appearance of two periferal fila-
ments (halo arms) resembles the experimental result
in Fig.1. The absence of roll-up of the filament ends is
ascribed to the stabilizing effect of straining induced
by the compound vortex [26][27].

As shown in Fig.3b, the counter-rotating (dipolar) vor-
tices do not merge. They descend by self-induction
while undergoing deformations due to mutual strain.
The observed geometrical phases suggest the origins
of the three-dimensional long-wavelength instability
[28][29].

Merger of two counter-rotating vortex pairs is shown
in Fig.3c. It illustrates in a simplified fashion how
wing tip vortices may merge with flap vortices. The
interaction pattern depends of course on the partic-
ular configuration, separation distances and vortex
strengths [30].

®
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a) co-rotating b) counter-rotating c¢) 2 pairs

Fig.3 Evolution of circular vortex patches
in constant-time increments.
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orbits
From the previous examples it might appear that 0
merger is a natural outcome of the interaction of
equally oriented vortices. Indeed, from the very start
of the process, the velocity is zero at the global vortic-
ity centroid and the far field is that of a single vortex.
However, the transition to a monopole configuration
is subject to constraints imposed by the conservation
of angular momentum and energy [31]. For example,
if two very distant, identical vortices were brought to
coincide, the (excess) kinetic energy of the system
would double [3]. In an isolated system, this energy
increase is clearly not possible.

.hl.;

r|=

e

The determination of the critical separation distance
scr below which the merger takes place and above
which it does not, has proven analytically intractable
[10]. The principal difficulty is that merger does not
come about until the vortex patches, subjected to mu-
tual strain, become sufficiently distorted from their cir-
cular shapes to come into contact. One has to there-
fore rely upon numerical simulation or experiment.
Presumably, the key to solving this inviscid-flow prob-
lem is the limit as the number of vortex orbits tends
to infinity.
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Earlier numerical analyses [4][5], confined to a
smaller number of orbits, proposed s¢r/R = 3.340.2,
see Ref. [32]. However, electron plasma vortices
were found to merge at separation distances as high
s/R = 3.6 because, due to negligible dissipation, up
to 10* vortex orbits could be produced [9]. In contrast,
experimental evidence in the fluid-dynamics domain
suggests that merger of a co-rotating vortex pair oc-
curs typically within one orbital period [33][34].

One question that still remains unanswered is the
quantification of the amounts of vorticity imparted to
filamentary structures during the merger process [17].
To address this issue, examples in Fig.4 are given to
show the interactions of vortex patches, separated
just below and above the critical distance, as deter-
mined by the discrete vortex method. In these cases
each patch was represented by 10 circular contours
with a constant, negative vortex density.

£ 3
-/

For s < scr, Fig.4a, the centroids of the patches
describe near-circular orbit trajectories until the ex-
tended innermost portions touch to initiate a short
duration rollup, and the filamentation process of the
outer portions takes hold. Eventually, the patches
merge together to form a single vortex surrounded

B o 9O dod

O

by a sea of filamentary debris [35]. Measured by the a) s/Reg = 3.43 b) s/Reg = 3.52
loss of globally conserved quantities to filaments and _

small-scale structures, such a merger would be less Fig.4 Merger and non-merger
efficient than those shown earlier in Figs.1 and 3a. of circular vortex patches

near critical distance.
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Experimentally, the fraction of the total vorticity found
in the compound vortex is between 70% and 90%
[11], but seldom less than 55% [17]. One can con-
jecture that if the merger took place just at the critical
distance, the compound vortex would contain 50% of
the total vorticity (equivalent to a single patch) and
the other 50% would be advected away (dispersed).
In other words, the merger efficiency would be zero.

For s > scr, Fig.4b, the circular patches do not make
contact and continue to rotate around their mutual
centre of vorticity at approximately the same rate as
point vortices with the with the same circulation. The
paths of the centroids are perfectly circular, however,
the patches pulsate through several states as they
rotate about each other. Eventually, the accumulated
numerical errors would make the representing vor-
ticity contours Helmholtz-unstable and the patches
would merge even in this case.

Although the symmetric vortex merger is rare, the
processes described, such as filamentation and con-
solidation, constitute the essential growth mechanism
of localized regions of vorticity in 2D flows [36][37].
The outcome, particularly when the two interacting
vortices have vastly different sizes and circulations,
may of course be quite different [10][35][36].

Wake Vortices

As discussed in Refs.[38]-[40], the evolution of the
vortices in the wake of an aircraft can be divided into
the following zones:

- the near field, usually no more than one wing span
downstream, in which several smaller vortices spring
off the wing tips, edges of flaps, wing-fuselage junc-
tions, and so on,

- the “extended” near field, typically up to 12 wing
spans downstream, in which the smaller vortices
merge into a pair of counter-rotating vortices,

- the mid field, characterized by a steady condition of
the vortex pair, and

- the far field where the wake vortices become un-
stable and the decay of circulation sets in.

The near-field vortex evolution is demonstrated us-
ing the recently published [41] experimental data of
the DLR-F11 model in the take-off configuration. The
test was conducted on a half model in the 3.25 x 2.8
m? working section of the DNW-NWB low speed wind
tunnel in Braunschweig. The wing-section lateral co-
ordinates, chord lengths and lift coefficients are given
in Table 1.

https://doi.org/10.1017/S0001924000000531 Published online by Cambridge University Press

Table 1 DLR-F11 wing load distribution

(courtesy of DLR).

b =2.8 m (full model)

AR =9.23
Cr, =176
U =60.0 m/s
x/b c/b C
0.075 0.17108 1.4232
0.144 0.13664 1.8522
0.225 0.11574 2.1512
0.272 0.10362 2.0827
0.341 0.08582 2.1719
0.358 0.08144 2.0679
0.376 0.07679 1.7561
0.409 0.06828 1.5304
0.446 0.05874 1.3347
0.482 0.04945 0.8070

The wing-section circulation is by Joukowski’s theo-
rem
[(z) =3Uc(x)Ci(x) (25)

Here U denotes the wind speed; ¢ and C; are the
wing-section chord length and lift coefficient respec-
tively. The non-dimensional vortex density is ob-
tained as [13]

( )__E b2 dI'(z)
T =TUse, dx
(26)
= T o)
20, d :
where b is the wing span, S is the reference area,
and b/
C = / c@)Ci(@) ;. (27)
—b/2 S

is the overall lift coefficient.

The solution is advanced in the length-dimensioned
pseudotime 7, related to the downstream distance as
[13]

d=—r7 (28)

From the data given in Table 1, d =~ 16.57.

Contours of the normalized velocity and total pres-
sure, obtained by traversing a five-hole probe in the
cross-flow plane at the distance of 0.5 wing spans
downstream of the trailing edge of the wing, are
shown in Fig.5a.
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namaized vorticty lotal pressure loss

b) initial vortex density, d/b = 0.0

g

c) discrete vortex sheet simulation, d/b = 0.5

Sl b

P ?

d) discrete vortex sheet simulation, d/b = 10.0

Fig.5 Vortices behind a take-off configuration
of the DLR-F11 model, b =2.8 m, AR =9.23
U =60 m/s, C, =1.76.
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The initial vortex density, evaluated from Egs.(26)
and (27), is plotted in Fig.5b. The positive density,
turning the flow anticlockwise, is plotted in black and
the negative density, turning the flow clockwise, is
plotted in grey.

The discrete vortex sheet simulation used 480 seg-
ments and the time step /b =0.0001. Elongation of
vortex segments is the general trend, with the excep-
tion of those near the maxima of |v|, where a local
contraction may take place prior to rollup [13].

The vortex sheet and the velocity vector map at
7/b =0.03 (corresponds to d/b ~0.5) are shown in
Fig.5c. The morphologies of the vortices, observed
experimentally, Fig.5a, and computationally, Fig.5c,
are very similar at this near-field station. Although
the centres of the port and starboard vorticity are
convected downward from the very start, the wing tip
vortices at this early rollup stage are found above the
wing. This is attributed to the fact that prior to merger
the wing tip and flap vortices rotate about each other.

The computation can of course be continued. The re-
sult in Fig.5d corresponds to an extended near-field
location d/b =10 and is plotted as the velocity vec-
tor matrix over the distribution of |w|. It shows the
wing tip and flap vortices already merged into a sin-
gle couple of counter-rotating vortices. The origins
of the stray vortices near the left and right lower cor-
ners of Fig.5d are the wing-fuselage junctions. As
may be verified from the vortex density plot in Fig.5b,
they are oppositely signed to the main vortices, and
hence are not merged.

Merger of vortices behind transport aircraft models
has been investigated both in long wind tunnel test
sections [38][39][42]-[44] and towing tank facilities
[40][45]-[47], to acknowledge just a few. Both pas-
sive devices, altering the circulation distribution, and
active devices, promoting an earlier demise of the
generated vortices, have been proposed.

Recently, Graham at al.[42][48] have shown that wing
vortex merger can be suppressed using a 'notched’
planform design. This type of wing generates a span-
wise lift distribution with a local minimum between the
regions contributing to the flap and tip vortices. The
counter-signed vortex associated with this minimum
keeps the flap and tip vortices apart, preventing their
merger and reducing substantially the rolling moment
on a following aircraft.
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Fig.6 Notched wing.

The planform of the notched wing is shown in Fig.6.
The spanwise lift distribution, obtained from the lifting
line theory, is given in Table 2. From Eq.(28), the re-
lationship between the pseudotime and downstream
distance is in this case d ~ 43.87.

a) initial vortex density, d/b = 0.0

Table 2 Notched wing load distribution
(based on [42]).

b =0.6 m (entire wing) .j \_9 %

AR =06
Cr =0.43
U =0.534 m/s
x/b c/b C
0.050 0.175 1.83 b) discrete vortex sheet simulation, d/b = 0.6
0.100 0.175 1.79
0.150 0.175 1.75
0.200 0.175 1.64
0.225 0.175 1.52
0.250 0.150 1.55

0.300 0.128 1.35 @
0.350 0.150 1.27 W= \_@

0.375 0.170 1.22
0.400 0.170 1.22
0.450 0.170 0.98
0.475 0.170 0.78
0.500 0.170 0.00

c) discrete vortex sheet simulation, d/b = 2.0

The vortex density function of the initial trailing sheet,
calculated from Eq.(26), is shown in Fig.7a. There
are several local extrema, giving rise to subsequent
roll-ups. Most notable are those containing the vor-
ticity oppositely signed to that prevalent on each side
of the wing (the grey region embedded in the black
region and vice versa). Figs.7b-d show the vortex
formations, calculated by dividing the vortex sheet
into 960 segments and using the pseudotime step
7/b =0.0001. In the near-field region investigated,
the counter-signed vortices rotate around the wing
tip vortices, preventing them from merging with the
ﬂap vortices. The extended near field result in Fig.7d d) discrete vortex sheet simulation, d/b =10.0
shows that the tip and flap vortices remain distinct in

agreement with earlier water tunnel tests of Ref.[48]. Fig.7 Vortices behind the notched wing

(AR =6.0, C', =0.43).
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Vortices in Shear

Conceivably, the interactions of the equally signed or
oppositely signed vorticity are not necessarily limited
to patches, isolated vortices or trailing shear layers.
Similar patterns can be also observed in background
shear [12] or other types of flow containing vorticity.

The following example was chosen to show the evo-
lution of an isolated vortex in ambient shear. The
first case concerns an isolated vortex, initialized by
the straight line y = 0 with the vortex density

exp(—k?z%) + 0,

—o<zr<oo (29)

T
By selecting k£ we set the maximum value of the
Gaussian term; in the limit & — oo it tends to the
Dirac delta function. In our specific example £ = 5
is chosen, resulting in ymax =~ 2.82 + . By se-
lecting vo we set the background vorticity: vo = 0 de-
scribes an isolated vortex, v9 > 0 a prograde (equally-
signed) vortex, and v, < 0, ymax > 0 a retrograde
(oppositely-signed) vortex.

A

_A_\)(@g\
A

a) initial vortex density b) vortex at 7 =3

Fig.8 Rollup of the Gaussian-distribution
shear line.
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Fig.8 shows the results at time 7 = 3 for vy = 0,
0.5, and -0.5, satisfying the criteria for the above
three types of flow. In the first frame we observe
an isolated vortex nearing a fully developed stage;
there is no more vorticity available to be rolled up.
The prograde vortex in the second frame continues
to grow indefinitely (although to a finite limit) by at-
tracting and winding up the surrounding line of vor-
ticity. The retrograde vortex in the third frame does
not attract the shear line, but rather repudiates it. The
oppositely-signed shear develops its own rollups at its
ends. This behaviour is very similar to that observed
previously: the equally-signed vorticity merges, the
oppositely-signed vorticity does not.

Atmospheric shear is usually associated with the
rollup of aircraft vortices [49] and faster decay. The
latter, as several numerical simulation studies indi-
cate, is only partially true. From the observed asym-
metry of an aircraft vortex pair in ambient shear it
appears that the prograde vortex is not only less sus-
ceptible to erosion than the retrograde vortex [50][51],
but may even grow [52]-[54].

The discrete vortex sheet method can again be
used to examine the inviscid mechanism of this
growth. The picture sequence in Fig.9 shows a pair
of counter-rotating vortices descending into a narrow
shear band. The prograde vortex is seen to grow by
winding the shear layer around itself while the retro-
grade vortex repels it. Admittedly, a number of other
possibilities exist. For example, if the shear is weak,
the vortices just break through and continue to de-
scend, albeit with a changed slope [13].

The initial conditions of the case in Fig.9 are:
Wing trailing sheet (elliptic loading)
v =42/b)[1 - (2¢/b)) 7V Jal/b<1/2, y/b=0
(30)
Cross-wind shear
vy=-10, —o<z/b<oo, y/b=-05 (31)
The wing-span averages of the absolute values of
the vortex densities of Eqs.(30) and (31)

1/b/2 { 4
— x)|dr = '
2 _b/le( )l 1

can be used to relate the wake vortex strength to
shear intensity.

wing
shear
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t/b=10

r/b=1
a9
t/b=2
—gg:—‘r&$
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t/b=3
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tib=4
I §

Fig.9 Vortex couple interacting
with a line of shear.
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Significant crosswind shear layers, where the pos-
sibility of shear-intensified vortices exists, are com-
monly associated with low-level jets. Although in
some recent aircraft accidents initiated by wake vor-
tex encounters the wind shear presence was noted,
it was not considered as a contributing factor. A part
of the problem is that a broad synoptic scale view of
air flow may imply benign low-level wind shear condi-
tions, when in actual fact local conditions may result
in severe wind shears [55]. Besides the wind veloc-
ity gradient, the life cycle of aircraft vortices depends
on the vertical temperature gradient and other atmo-
spheric parameters [56]. Clearly, a lot of atmospheric
research needs to be done to determine the balance
of the shear-induced decay and possible wake vortex
intensification.

The growth of a wake vortex in crosswind shear
has not been observed experimentally yet, but its
possibility is suggested by the existence of Kelvin-
Helmholtz waves that form spontaneously along at-
mospheric shear layers. These periodically spaced
roll-ups evolve from shearing instabilities when the
Richardson number (ratio between stratification and
shear forces) becomes sufficiently small. An en-
counter with a "train” of wind shear vortices, quan-
tified from the flight recorder data, has been reported
in Ref.[57]. It is conceivable that if aircraft wake vor-
tices are planted into a shear layer that is near Kelvin-
Helmholtz unstable, the prograde vortex may become
a nucleus of subsequent roll-up.

Among other phenomena closely related to the
shear-intensified vortices are also the recently dis-
covered Horizontal Vortex Tubes (HVT). These tubes,
triggered by complex jet stream processes or high
winds over mountainous terrain, can evolve into
tornado-like structures and cause severe upsets to
aircraft that fly into them [58][59].

Conclusions

It was demonstrated that the merger phenomenon
plays a key role in the formation of aircraft vortices
and their interactions with ambient shear. Numerical
simulations are in a reasonable agreement with avail-
able experimental results and may thus be used as
prediction when a relevant experiment is difficult to
make. Although the fundamental mechanism of the
merger process is known, it is a fairly complex phe-
nomenon whose existence proof based on vorticity
advection and conservation laws is yet to be given.
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