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Behavior of Wake Vortices Near Ground
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Direct numerical simulations of a vortex pair embedded in a stable atmospheric boundary layer are presented.
The effects of various crosswind conditions are studied. These computations demonstrate the creation of secondary
vortices for the range of Reynolds number (3.77 x 103 <Re? < 1.131 X 105). The physics of wake vortex inter-
actions with the ground for different values of crosswind are discussed. The redistribution of vorticity between
the atmospheric boundary layer and the vorticity induced by the primary vortices may explain the vortex tilting
phenomenon. A parameterization of the effect of crosswind on the minimum altitude reached by the two vortices
is given.

Nomenclature
b - wingspan
bo = initial spacing between primary vortices, n/4b for

an elliptically loaded wing
c - speed of sound, *J(y R T)
do - reference spacing between primary vortices
g = stream-function coefficient of Lamb vortex
h = altitude of vortices
^min, ^min = minimum altitude of vortices
nx, ny = number of grid points in x and y directions
R = constant
Rev = Reynolds number
Rer - circulation-based Reynolds number, F/y
rc = core radius
T = temperature
t = time
U - velocity of crosswind
^max ~ normalized maximal velocity of crosswind
UQ = crosswind magnitude at initial height
u f = friction velocity
M#max = maximal tangential velocity of the vortex
Ws, ws = dimensionless parameters
x,y,z = ground coordinates
yr = roughness height
F = circulation of individual vortex
y = ratio of specific heat
K = von Karman constant (=0.4)
v = kinematic viscosity
a = wind shear

Subscripts
c = core
0 = initial

Superscript
* = normalized number

w Introduction
ITH increased traffic growth and the design of new high-
capacity aircraft, problems related to wake vortices are
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becoming more and more important. Throughout the world, new
studies on those problems are being initiated. Regulatory authori-
ties are interested in developing air traffic systems that enable the
reduction of the spacing between aircraft during landing and take-
off so as to increase airport capacity. Aircraft manufacturers have a
vested interest in alleviating wake vortices to avoid categorization
problems that could lead to the less efficient use of high-capacity
aircraft. For this reason, they need to understand wake vortex be-
havior near the ground for given meteorological conditions. This
knowledge has to be implemented in an engineering model to per-
mit real-time evaluation of hazards associated with wake vortices
(position and strength). There are numerous external effects that
contribute to wake vortex evolution and hence many literature ref-
erences to the subject. In 1970, Crow1 studied the stability of a vortex
pair, and his results relate the vortex linking time to the turbulent
dissipation rate. These results were confirmed experimentally.2"4 In
1975, Donaldson and Bilanin5 provided a comprehensive study of
wake vortices and phenomena enhancing their decay: atmospheric
turbulence, stratification, and vertical wind shear. They proposed
a simple formula to relate the vortex decay and the atmospheric
turbulence, which is commonly used in engineering models.6 The
works of Hill,7 Sarpkaya,8 and, more recently, Spalart9 deal with
stratification effects.

None of those studies consider ground effects, even if the haz-
ard is more severe near the ground because of the short recovery
time available. It has been shown that the greatest frequency of
reported incidents concerns following aircraft in the 100-200-ft al-
titude range, where trailing vortices are submitted to ground effect.10

This can be explained by the fact that all aircraft follow the same
flight path, whereas vortices may bounce on the ground; the behav-
ior of the wake vortices then depends strongly on the velocity of the
crosswind. The work reported here is focused on the viscous ground
effect on the trailing vortex trajectories with crosswind. Some nu-
merical studies already have been published on wake vortex re-
bound but none tries to quantify the relationship between crosswind
and rebound.11""14 Some authors provide two-dimensional turbu-
lence simulations11'15'16 but are unable to describe correctly com-
plex three-dimensional phenomena.17'18

The interactions between a vortex and a wall are of interest for
many applications.19 This study considers its application to an engi-
neering model called VORTEX20 and permits us to define the mini-
mum altitude reached by the vortices for the problem of wake vortex
hazards. A first version of VORTEX was based on Greene's model6

for stratification and atmospheric turbulence effects and included
the effects of the ground and crosswind. This model assumes that
the vortex sheet shed by the aircraft has completely rolled up and that
only two counter-rotating vortices remain in the atmosphere. As in
the model first presented by Tombach,4 the vorticity is assumed to be
concentrated into two counter-rotating vortex cores whose diameters
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are small compared to their spacing, so that they can be modeled
as point vortices. The transport of the trailing vortices is modeled
by the laminar potential flow solution of infinite line vortices. This
solution indicates that, without ground effect, the two vortices will
descend while maintaining a constant distance d() (see Fig. 1).

The first effect of the ground is to make the pair diverge and is
due to an inviscid phenomenon: the effect of the ground plane can
be modeled by two image vortices whose strengths are equal and
opposite to those of the real vortices to satisfy the slip boundary
condition on the wall in the inviscid theory. When the real vortex
and its image are close enough, their mutual interaction has a greater
importance than the interaction of the two real vortices.

The second effect of the ground is a viscous effect. Experi-
ments21'22 show that the trajectory of the vortices near the ground
in the atmosphere differs from the inviscid trajectory. Barker and
Crow23 asserted that the rebound was due to the finite vortex core
size, but Saffman24 has shown that the bouncing of the vortices
could not be explained in the framework of inviscid theory. The ex-
planation proposed by Harvey and Perry22 (which was confirmed by
many theoretical studies of a vortex pair under ground effect2'25-26)
is based on viscous phenomena at the wall and is described in Fig. 2.

During their descent, each primary vortex induces a boundary
layer. As they continue to descend, this vorticity sheet detaches
from the wall, creating a secondary vortex. This secondary vortex
rolls over the primary one and makes it rise.

In VORTEX,20 classic two-dimensional inviscid theory is mod
ified (as proposed by Liu2) to introduce vortex rebound. A lim
vortex is added near the wall to model the effect of the secondary
vortex. This method introduces three new parameters (see notation;
in Fig. 3) in VORTEX:

1) r[ = bo/2: the distance between the primary vortex i and it;
secondary vortex; b(} is the initial spacing between the two primary
vortices; r[ is supposed to be constant.2-20

2) F|: circulation of the secondary vortex.
3) ho', altitude of rebound.
The altitude of rebound ho is the altitude that must be reachec

by the primary vortex to introduce the secondary vortex near the
ground. It is usually estimated by /z0 = 0.6&0 (Ref. 2).

If the two first parameters are well defined, the third (the altitude
ho) depends on the value of the crosswind.20 The following wort
presents two-dimensional, direct numerical simulations of vorte?
rebound with or without crosswind. The physics of vortex rebounc
and the influence of crosswind on the minimum altitude reachec
by the wake vortices are described, and a tentative parameterizatior
of the altitude of rebound /z() as a function of crosswind shear i<
proposed.

Methodology
For the direct numerical simulations (DNS), we use the NTMIX2/i

Navier-Stokes solver. The aims of these computations are to under-
stand vortex rebound mechanisms and to derive a simple model foi
rebound to be used in engineering codes. Our aim is to study the
rebound of wake vortices embedded within a stable atmospheric
boundary layer. This configuration is representative of meteorolog-
ical conditions in the morning when the sun has not yet heated up
the ground. In this case, the atmospheric boundary layer is rathei
small (<100 m) and is not highly turbulent. Then the assumption oi
laminar interaction is valid. The three-dimensional effects will have
to be estimated at a later stage18 with the effects of turbulence for 2
convective atmospheric boundary layer. We concentrate on the alti-
tude of rebound, and the results presented by Zheng and Ash16 show
that the altitude of rebound is the same for laminar and turbulenl
cases without crosswind at a circulation-based Reynolds numbei
Rer = F/v = 7.5 x 103 or 7.5 x 104.

NTMIX solves the fully compressible two-dimensional Navier-
Stokes equations. High-order compact schemes of spectral-like
resolution are used for the spatial differencing and a third-ordei
Runge-Kutta method is used for time integration.28-29 The numeri-
cal scheme (sixth order in space and third order in time) is used ir
conjunction with the NSCBC (Navier-Stokes characteristic bound-
ary conditions) method to define the boundary conditions29 and is
very accurate. More details on test-case computations can be found
in Poinsot and Lele.29 To test the accuracy of our results, we have
undertaken a grid independence study reported in the section "Ex-
pression of Rebound Height."

Lamb's vortices are used for the initialization. The associated
stream function is

* = -g ln.(r2 + rt
2)

where g is related to the vortex circulation F = 47rg. The Reynolds
number of each vortex is

u0 rc g rRe = J^JL = i :

The initialization involves four vortices (see Fig. 3): two real
vortices and their mirror images to ensure a zero normal velocity ai
the wall. The no-slip condition is imposed by setting a zero tangential
velocity at the wall. This setting is made by multiplying the velocity
induced by the vortices with a function

sin for e [0, yref]

The boundary conditions are as follows:
1) inlet—subsonic inlet or nonreflecting
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Table 1 Parameters of test cases
Case

1
2
3
4
5
6
7
8
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0.8
0.8
0.8
0.6
0.6
0.8
0.8
0.8
0.8
0.6
0.8
0.6

g/cfc

0.03
0.03
0.03
0.03
0.03
0.03
0.02
0.02

0.015
0.045
0.045
0.03
0.03
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rc/b U(ymm)/c xme<i/b yo/b do/b ReKf H0max

0.1 0.00 0.0
0.1 0.05 2.0
0.1 0.10 1.4
0.1 0.20 1.4
0.1 0.10 1.4
0.1 0.20 1.4
0.1 0.05 1.4
0.1 0.10 1.4
0.1 0.05 1.4
0.15 0.00 3.0
0.15 0.00 3.0
0.15 0.00 3.0
0.10 0.00 3.0

®LN

1.0 0.74 2 x 104 0.3
1.0 0.74 2 x 104 0.3
1.0 0.74 2 x 104 0.3
1.0 0.74 2 x 104 0.3
1.0 0.57 2 x 104 0.3
1.0 0.57 2 x 104 0.3
1.0 0.74 2 x 104 0.2
1.0 0.74 2 x l 0 4 0.2
1.0 0.74 2 x 104 0.15
1.0 0.74 2 x 104 0.3
1.0 0.57 2 x 104 0.3
1.0 0.74 2 x 104 0.2
1.0 0.57 2 x l 0 4 0.3

2 ———————
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6 x
6 x
6 x
6 x
6 x
6 x
4 x
4 x
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9 x
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6 x
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102
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363
363
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363
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121
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The inlet wind profile is given by Monin-Obukhov similarity

theory for the surface boundary layer.30 It corresponds to neutral
condition in the surface boundary layer (y < 100 m).

All lengths are normalized using the wingspan b. The initial spac-
ing bo is set to 0.8&, which is the same as for a wing with an elliptical
loading31 [bo = (ir/4)b]. The domain size for all computations is
(0 < x* < 6, 0 < v* < 2).

The results are presented using a dimensionless time t" equal to
W0maxr/£0- Velocities are scaled using the speed c, and the computa-
tion Reynolds number is Reref = cb/v.

Results
Contours of Vorticity

Table 1 presents the parameters of the 13 test cases used to
study the effects of crosswind on the rebound of a vortex pair.
The circulation-based Reynolds number varies between 3.77 x 103

and 1.131 x 104. The spatial discretization is in the x direc-
tion (Ax = O.lllrc or 0.167rc) and in the y direction (Ay =
O.lllrcor0.167rcor0.083rc).

Figure 4 presents the results obtained without crosswind [£/max =
U(ym^)/c = 0.00] at four different times: t" = 0.00, 5.38, 8.03,
and 15.05 (see Table 1, case 1).

The initial conditions are g* = g/(bc) = 0.03, r* = rc/b = 0.1
(core radius), fcj = bQ/b = 0.8, and *med = 0.

Fig. 5 Contours of vorticity: f/^ax = 0.05 (case 2) at t" - 0.00, 4.50,
6.75, and 11.25; ACJ* = 0.5; u;*e [-5,5].

The vortex Reynolds number Rev = rcu0m^/v is equal to 6 x 102.
The contours of vorticity a>* — cob/c are drawn from -5 to 5 with
a step Aco* = 0.5.

The rebound mechanism is in agreement with the explanation of
Harvey and Perry.22 The vortex creates a wall boundary layer with
a strong vorticity sheet while descending. The separated vorticity
sheet is elongated until it breaks and creates a secondary vortex.
This vortex rolls over the primary one and makes it rise. These
results are in good agreement with Orlandi's work26 (note that the
Reynolds numbers of the two computations are slightly different:
Rev = 6x 102 here and Rev = 8 x 102 for Orlandi).

Figures 5-7 present the results obtained for three values of
crosswind: 17* = 0.05, i.e., ul /U* = 6 (case 2); 0.10, i.e.,max ' ' (/max' max v /5 ' '

«JL/U™ = 3 (case 3); and °-20' Le" "Lx/^max = 1-5 (case 4).
The initial conditions of the computations are the same for the vor-
tices: g* = 0.03, r* = 0.1, and &J = 0.8. The maximal values of the
logarithmic profile of crosswind are different (see the preceding), as
well as the value of <ed «ed = 2 for #*„ = 0.05, and *med - 1.4
for the two other values).

Figure 5 (case 2) presents the evolution of vorticity at four in-
stants: t" = 0.00,4.50,6.75, and 11.25. The observed mechanism is
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Fig. 6 Contours of vorticity: f/^ax = 0.10 (case 3) (see caption of
Fig. 5).
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Fig. 7 Contours of vorticity: f/^ax = 0.20 (case 4) (see caption of
Fig. 5).

the same as in Fig. 4. Because of their mutual interaction, the two
primary vortices descend and create a strong vorticity sheet. As the
vortices move down, because of the adverse pressure gradient, the
boundary layers separate and create the secondary vortices.

The main difference with the case without crosswind is the asym-
metry for the upwind (left) and downwind (right) vortex pair. The
vorticity of the downwind secondary vortex has the same sign as
the vorticity due to the crosswind, and separation is favored. On the

C) 0^ = 0.10 (Case 3)

0.5

Fig. 8 Zoom of contours of vorticity for the downwind vortex al
*" = 4.5; ACJ* = 0.5; CJ*G [-5, 5].

contrary, the separation is delayed for the upwind secondary vortex
with the opposite sign of the vorticity due to the crosswind.

Figure 6 (case 3) shows the contours of vorticity in the case ol
a crosswind equal to t/,*ax = 0.10. In this case the velocity of the
crosswind is one-third of the maximal tangential velocity w#max ol
the vortices (see Table 1). The behavior of the vortices describee
above is then more obvious. The asymmetry between the upwinc
and downwind secondary vortices is stronger, and at t" = 11.25,
as the downwind pair moves away from the wall, the secondar)
vortex for the upwind pair has not yet detached. At this time, a
tertiary vortex with the same sign of vorticity as the primary also i<
observed near the upwind vortex.

Finally, Fig. 7 (case 4) shows the evolution for a crosswind ol
^max — 0-^0. For this case, the crosswind is high (two-thirds ol
the maximal tangential velocity of the vortices). At t" = 6.75, the
secondary vortex for the upwind vortex is not created. The opposite
vorticity of that due to the crosswind is able to counteract the effeci
of the descending upwind primary vortex.

The effect of crosswind on the boundary layers induced by the pri-
mary vortices may be observed during the separation for the down-
wind vortex (Fig. 8) and the upwind one (Fig. 9): All snapshots are
made at the same time t" = 4.5 and illustrate differences in the
evolution of the vorticity near the ground plane. For the downwinc
pair (Fig. 8), the trace of the tertiary vortex can be seen, just belo\\
the secondary vortex. This trace is less obvious as the crosswinc
speed increases. When the crosswind velocity increases, separatior
occurs earlier. For [7^ax = 0.20 (Fig. 8d), the vorticity sheet is more
elongated and the primary vortex is at a higher altitude than in the
other cases.

The vorticity induced by the crosswind, which is important neai
the ground plane, counteracts the creation of the secondary vortex
For a crosswind of £/^ax = 0.20 (Fig. 9d), the rebound of the upwinc
vortex will certainly never occur.

This kind of behavior is observed by Luton et al.14 They studiec
the interaction of spanwise vortices with a boundary layer. The!
initial conditions are totally different but the physics of the ob
served phenomenon is quite similar. They considered the interactioi
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Table 2 Parameters of test cases without crosswind

0.5

Case

01
02
03
04
05
06
07

072
08
09
10
11
12
13
14
15

152
16

bo/b

0.8
0.8
0.6
0.6
0.8
0.8
0.6
0.6
0.6
0.8
0.8
0.6
0.6
0.8
0.8
0.6
0.6
0.6

g/cb

0.015
0.015
0.015
0.015
0.020
0.020
0.020
0.020
0.020
0.030
0.030
0.030
0.030
0.045
0.045
0.045
0.045
0.045

rc/b

0.10
0.15
0.10
0.15
0.10
0.15
0.10
0.10
0.15
0.10
0.15
0.10
0.15
0.10
0.15
0.10
0.10
0.15

—— ——— ̂ ^frl

Xme*/b

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

yo/b
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

do/b

0.74
0.74
0.57
0.57
0.74
0.74
0.57
0.57
0.57
0.74
0.74
0.57
0.57
0.74
0.74
0.57
0.57
0.57

*«
2 x 104

2 x l 0 4

2 x 104

2 x 104

2 x 104

2 x 104

2 x 104

2 x l 0 4

2 x l 0 4

2 x 104

2 x 104

2 x 104

2 x l 0 4

2 x 104

2 x 104

2 x 104

2 x 104

2 x 104

^max

0.15
0.1
0.15
0.1
0.2

0.133
0.2
0.2

0.133
0.3
0.2
0.3
0.2

0.45
0.3
0.45
0.45
0.3

Rev

3 x 102

3 x 102

3x 102

3 x 102

4 x 102

4 x 102

4 x 102

4 x 102

4 x 102

6 x 102

6 x 102

6 x l 0 2

6 x 102

9 x 102

9 x l 0 2

9 x 102

9 x 102

9 x 102

nx

363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363
363

ny

121
121
121
121
121
121
121
241
121
121
121
121
121
121
121
121
241
121

Rebound Height in Absence of Crosswind
An important aspect of simple models

parameterize the altitude of rebound (Fig
for vortex evolution is to
1).

0.5

0.5

0.5.

-1.5 -1 -0.5
x*

2.5

Definition of Reference Spacing do
Far from the wall, the vortex pair propagates with a constant

vortex spacing do (which we call the reference spacing) which is
the relevant parameter for initial conditions. However, because of
resolution requirements, the vortex pair is sometimes initialized at
an altitude yG and a vortex spacing bo such that the influence of the
wall is already felt.

The reference spacing do may be deduced from y() and bo using
the vortex trajectory in the inviscid theory32:

1.5 2
x*

2.5

2.5

=0.20(case4)

3.5

Fig. 9 Zoom of contours of vorticity for the upwind vortex at t" = 4.5;
ACJ* = 0.5; w* 6 [-5, 5].

between only one vortex with positive or negative vorticity at lower
Reynolds number (Rer = 1.097 x 102 or 3.952 x 102) and a
boundary layer with higher velocity (u^/U^ = 0.5 or 1.8).
Furthermore, the vortex is not embedded in the boundary layer.

Three cases are presented, two corresponding to an upwind vortex
and one corresponding to a downwind vortex.14 They show that the
high level of vorticity of the boundary layer can counteract the erup-
tion of fluid. For the downwind configuration, there is an eruption
but no secondary vortex (probably because of the small Reynolds
number of the computation Rer = 1.097 x 102).

Our computations confirm their conclusions for higher Reynolds
number and lower velocity of the boundary layer. Here the main
movement of the primary vortices is controlled by the initial spacing
of the vortex pair and the minimum altitude is always higher than
in their computations.

so that the reference vortex spacing do is given by

,do =

We use this length do to normalize the altitude of rebound.

Expression of Rebound Height
Table 2 presents the parameters of the test cases used to express

the rebound height h^in in the absence of crosswind.
The altitude /i0 is searched as a function of Rev and rc/do vs the

Reynolds number Rev. The nondimensional value of ho is presented
in Fig. 10 for four values ofrc/do. The error due to the determination
of the minimum altitude reached in the computation could explain
the difference in the results. There is only a difference of one grid
point between the results for a given do. The value of 0.65do for
^minM) seems to be a good estimator of the viscous effect on the
rebound. The value found by Zheng and Ash16 is about 0.67 J0- Peace
and Riley33 found higher values, but only two Reynolds number were
tested: Rer = 0.5 x 102 and 102. They also indicate that within the
range of values of Rev considered, flow separation from the wall
does not take place.

Here we clearly see the flow separation, and it seems that the min-
imum altitude will be lower as the Reynolds number Rev increases.

Grid independency was checked by doubling the number of grid
points in the y direction for cases 7 and 15 (cases 72 and 152). The
results obtained for these two new test cases are similar to those
obtained with the coarse grid.

Correlation Crosswind-Rebound Height
Results with crosswind are summarized in Fig. 11, which displays

the trajectories of the primary vortices. The altitude of rebound in-
creases with crosswind velocity. In the same manner, the length of
rebound (the distance along the jc axis in which the vortices are
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Fig. 10 Minimum altitude without crosswind.
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Fig. 11 Trajectories of primary vortices (UPW = upwind vortex and
DW = downwind vortex).
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Fig. 12 Minimum altitude vs Ws =
and DW = downwind vortex).

(UPW = upwind vortes
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Fig. 13 Minimum altitude vs ws = cr X rc/u0m
and DW = downwind one).

c (UPW = upwind vortes

affected by the ground) increases with crosswind. The primary vor-
tices are advected by the crosswind, and then the area of interaction
in the x direction increases as the crosswind. We have defined a
dimensionless number Ws = UGbQ/ F0 (Ref. 20), where UQ is the
value of crosswind at the initial altitude, bo is the initial spacing
between the vortices, and r() is their initial circulation. Ws is a use-
ful parameter to describe the overall behavior of the vortices under
crosswind but cannot be used to correlate the minimum altitude
reached by the vortices to the crosswind characteristics; Fig. 12
displays the variation of (/*min - h^min)/dQ vs Ws, and h^ is the
minimum altitude reached by the vortices without crosswind and
&min is the minimum altitude in the case considered.

Six different cases are plotted (1-4) plus two other cases where
the initial spacing between the vortices is reduced to b0 = 0.6 for
two crosswind values L^ax = 0.10 (case 5) and 0.20 (case 6). The
trend varies with the initial spacing between the vortices even if the
rebound mechanism is always the same.

To describe the effect of crosswind on the vortex bouncing, a
better parameter is the vertical crosswind shear at an altitude of half
the initial distance d() between the vortices

Because the altitude of rebound depends on core radius and initial
strength of the vortices,20 an appropriate dimensionless number is

crrcws = ——

All previous results plus three other test cases are plotted in Fig. 13,
These other cases are g* = 0.02 for two values of crosswind U^ =
0.05 (case 7) and 0.10 (case 8) and g* = 0.015 for a crosswind
U^ = 0.05 (case 9).

The correlation between the results is good for the downwind vor-
tices but relatively poor for the upwind ones. Error bars in Fig. 13
are due to the determination of the minimum altitude in the compu-
tation. This position can vary from ±1 grid point, giving an erroi
of ±0.022 relative to dQ in the case of d(] = 0.74 and ±0.029 in the
case of J0 = 0.57.

Linear fits have been performed for the results of Fig. 13. The re-
gression coefficient is 0.995 for the downwind vortices and —0.907
for the upwind ones. To compute the linear regression for the up-
wind vortex, two points are not taken into account: g* — 0.03 for
L^max = 0.20 and g* = 0.02 for £7^ = 0.10 because the downwind
vortex leaves the computation domain too early.

These results lead to the following formulas.
For the downwind vortex,

fcmin/4) = 0-65 + 2.6410,

For the upwind vortex,

/W4) = 0.65-1.61 ws

Conclusions
Many DNS (31 cases) have been performed to study the effect o1

crosswind on vortex pair rebound. With or without crosswind, the
vortices descend toward the ground and create a secondary vortex
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The presence of crosswind induces a boundary layer with negative
vorticity, which acts on the creation of secondary vortices. There
is a redistribution of the vorticity induced by the primary vortices
and that contained in the boundary layer. The rebound of the vortex
pair is then asymmetric. The sudden eruption of wall vorticity is
favored in one case (downwind), when the crosswind shear and
the secondary vortex have the same sign, and counteracted in the
other (upwind), where the crosswind shear and the secondary vortex
have the opposite sign. In the case of high crosswind (and high
shear), the upwind vortex does not rebound and follows the inviscid
theory trajectory. These computations show that the experimentally
observed vortex tilting in the case of crosswind can be explained
by the difference in rebound height between the two vortices. As
the upwind vortex descends closer to the ground than the downwind
one, the influence of its image vortex is more important than its
lateral velocity.

Finally, these computations allow us to define a new dimension-
less parameter ws, which gives the altitude of rebound as a function
of crosswind and vortex characteristics. This parameter can be used
in simple engineering models to predict rebound. This kind of study
has now been extended to include three-dimensional effects and tur-
bulence. Both effects have a great influence but the approximation
of a laminar boundary layer remains valid for some typical meteo-
rological conditions. In this case, the three-dimensional effects are
important to study the instabilities of the primary-secondary vortex
pair, which could explain the shortened life span of the vortices near
the ground, as observed experimentally.
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