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Method for Accelerating the Destruction
of Aircraft Wake Vortices

Steven C. Rennich* and Sanjiva K. Lelet
Stanford University, Stanford, California 94305-4035

The wake vortices shed by large aircraft and their associated hazard to following aircraft remain an
important issue in commercial aviation. Extensive research into methods for alleviating this wake vortex
hazard has been continuing for many years. This paper presents results from numerical simulations
detailing a potentially useful mechanism for accelerating the destruction of the aircraft vortex wake and
reducing the wake vortex hazard. The term destruction is used to refer to the progressive annihilation of
the wake caused by mixing of vorticity of opposite sign and the associated elimination of large coherent
structures. The emphasis here is on a description of the mechanism and its connection to previous work.

Introduction

A LL aircraft, as a consequence of producing lift, shed a
vortex wake that typically evolves into a counter-rotating

vortex pair. These vortices pose a danger to other aircraft. They
each produce a region of strong rotational flow and, between
them, a region of strong down wash. If a following aircraft
encounters this wake at a shallow angle of incidence, it can
experience a large upset in roll because of the rotating flow or
a strong downwash, both of which can result in a significant
loss of altitude. If this encounter happens when the aircraft is
already near the ground, such as during takeoff or landing, the
result can be disastrous. This vortex pair will eventually dis-
sipate as a result of instabilities in the pair itself, atmospheric
effects, or viscosity. However, in an unstratified, quiescent en-
vironment, the vortex pair can persist for very long times.1'2

To avoid this hazard, separation standards have been imple-
mented that aircraft must observe when operating under in-
strument flight rules (IFR) conditions.3 In almost all situations,
if naturally occurring instabilities do not merge and destroy
the vortices, these required separations allow sufficient time
for the vortex pair to either convect itself out of the approach
corridor or be blown out as a result of ambient winds. Unfor-
tunately, these required separations also limit airport capacity.
As air traffic increases without a significant increase in airport
size or number, the wake vortex hazard poses a growing con-
straint. The potential introduction of very large commercial
aircraft, with stronger, more dangerous wakes, will further ag-
gravate this situation.

Background
In practice, the trailing vortices are often destroyed by the

naturally occurring Crow instability.4'5 In this instability, the
counter-rotating vortex pair develops a symmetric, sinusoidal
perturbation that lies in a plane inclined about 45 deg to the
horizontal (plane containing the mean vortices). This pertur-
bation grows until the vortices link and reconnect, forming a
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train of vortex loops. Figure 1 is a schematic that shows two
wavelengths of this instability and defines the coordinate sys-
tem used in this work.

Over the past 25 years, a large number of wake vortex al-
leviation methods have been investigated. Many of the initial
efforts focused on either destroying the wake by mixing it with
the surrounding irrotational fluid and, thus, reducing its inten-
sity, or by exciting instabilities that would mix the vorticity of
opposite sign. By contrast, many recent efforts have focused
on methods for sensing the wake, predicting its development,
and using that information to direct aircraft away from haz-
ardous situations.6"13 Despite the substantial amount of work
performed, there is, as yet, no practical method for reducing
this wake vortex hazard.

An earlier investigation of particular interest concerns the
use of aircraft flaps as wake vortex attenuators.14 In that work
the primary focus was finding lift configurations that shed mul-
tiple vortices, which, upon merging, would have large, diffuse
cores and pose a correspondingly reduced hazard. A particu-
larly striking result is reproduced in Fig. 2. The photographs
show a Boeing 747 with the inboard flaps extended to 30 deg
and the outboard flaps extended to 1 deg. The edge vortices
from the inboard flap are visualized with smoke generators
located at the flap edges. Although significantly different from
the instability in Fig. 1, a large sinusoidal undulation can be
seen developing on the vortices shed from the inboard edge
of the inboard flaps. Most importantly, pilots of Learjet and T-
37B aircraft reported that at 3 n miles behind the 747 the wake
posed no significant danger. This is compared with the 9 n
mile separation requirement reported by the chase pilots when
the flaps were deflected in the standard (30 deg/30 deg) land-
ing configuration and to the 6 n mile IFR separation required
by the Federal Aviation Administration (FAA) for small air-
craft following heavy aircraft. Unfortunately, when the landing
gear was extended, this phenomenon was not observed.

Approach
As many other researchers have, we approached this prob-

lem looking for methods by which the Crow instability could
be excited at large amplitude early in the development of the
wake.15"22 The shed vorticity would inevitably form a counter-
rotating vortex pair and the Crow mechanism is the most rap-
idly growing instability known to exist on such a system. Con-
sequently, we began a numerical investigation into how
perturbations, applied to the wake at the wing, would survive
the roll-up process and excite the Crow instability in the re-
sulting vortex pair. A thorough understanding of this process
might suggest techniques for optimizing and accelerating it.
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Fig. 1 Diagram showing two periods of the symmetric Crow in-
stability.

Fig. 2 Flow visualization photographs from flight tests of a
Boeing 747 with flaps in a 30 deg/1 deg configuration and landing
gear stowed.14 The upper photograph shows the generating air-
craft. The lower photograph shows the wake about 1 mile behind
the aircraft. NASA Ames AC75-2671-2

Numerical Method
A new numerical method was developed specifically for this

problem, which solves the incompressible Navier-Stokes (NS)
equations in vorticity form in a domain that is unbounded in
two directions and periodic in the third. The method uses a
Fourier spectral representation in space and fourth-order
Runge-Kutta time advancement (RK4). This code allows very
detailed temporal studies of incompressible vortex wakes that
exist in an unstratified atmosphere without any influence from
the ground. The details of this method, as well as an assess-
ment of its accuracy and efficiency, have been reported else-
where.23'24

Because of the high cost of the NS simulations (the two NS
computations presented next required about 12 h each on a
Cray C90), a relatively simple vortex filament code has been
used for low-cost parametric studies. This vortex filament code
uses a single filament to represent each vortex, cubic splines
to describe the filaments in space, the Biot-Savart law to com-
pute the velocity, the cutoff method to desingularize the Biot-
Savart equation, ghost vortices to enforce periodicity, and RK4
time advancement.25'27 The validity of the vortex filament as-
sumption is assessed (in the following text) through compari-
son to NS results. Its low cost (about 20 min on a personal
computer) and success in reproducing trends makes the vortex

filament code useful as an aid in guiding detailed NS simula-
tions.

Previous Work
The new NS code was initially used for accurate simulations

of the Crow instability occurring on a pair of counter-rotating
vortices. Crow's inviscid, linear, vortex filament analysis was
shown to predict the instability growth rates for the corre-
sponding high Reynolds number, three-dimensional, viscous
instability very well. The difference between the growth rate
of the Crow instability in an inviscid fluid and that for a cir-
culation-based Reynolds number of Ylv = 1 X 104 was on the
order of 1%.24 This suggests that the results from numerical
simulations, performed at moderate Reynolds number, are rel-
evant to the high Reynolds number (Tlv = 3 X 107) practical
problem.

Another important previous result was the definition of mea-
sures useful in characterizing the size of perturbations on air-
craft wakes. Two of these measures will be used in the present
work. The first is termed the displacement measure. This is
the maximum cross-plane displacement of the centroid of axial
vorticity over the semispan, defined as

(0
\ ~~\

£)z/ J
where A is the wavelength of the fundamental (perturbation)
mode, the dependence of axial vorticity, o>z, on spanwise and
vertical location, (x, y), is understood, the axial location, z, is
chosen to maximize 5A, and the integration is carried out over
the half-plane containing only one semispan. (In some cases,
the integration will be limited to a volume containing a single
vortex.) Nondimensionalization is accomplished using appro-
priately chosen reference length and circulation scales, br and
Fr, respectively.

The second measure that will be used is the lift-based initial
perturbation measure, 5L. This measure is formed from the
amount of sloshing done to the lift distribution and is intended
to represent the cost of imparting an oscillating perturbation
to the wake:

(2)

Here, b is the span of the wing and F" is the oscillating per-
turbation to the spanwise lift distribution (harmonic in z with
wavelength A). Using this definition, 5L is scaled such that for
a rectangularly loaded wing with a small perturbation in span
and root circulation (arranged to hold total lift constant) the
two measures are initially equal. Thus, computed perturbation
growth histories, initialized by a sloshing of size 6L, can be
compared with the predicted growth of the Crow instability
with an initial amplitude of 5A = 5L.

Description of Mechanism
Some exploratory NS simulations of the evolution of per-

turbations on a wake containing four vortices (with vortices
from the same semispan having the same sign) had shown that
as the weaker outer (tip) vortices were convected between the
stronger inner (outboard flap edge) vortices, a region of high
strain, the amplification of the perturbation was enhanced.
However, as the tip vortices exited this region, the amplifica-
tion reversed and there was little net enhancement. This in
itself was interesting, but it also suggested that a vortex system
that would not only place a vortex pair in a region of high
strain, but would also keep them there, might sustain this en-
hanced growth. The construction of such a vortex system is
not difficult.
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Fig. 3 Representative lift distribution and the associated system
of shed vortices.

The simplest four-vortex system that achieves this result is
diagramed in Fig. 3. Here, the inboard vortices are of opposite
sign relative to the outboard vortices and convect themselves
up, against the down wash induced by the outboard vortices.
Such a system can be constructed such that it translates itself
downward rigidly; i.e., such that the vortices do not evolve
with respect to each other. In this way the inboard vortices can
be kept in a region of high strain.

Mean Lift Distribution
The lift distribution shown in Fig. 3 is modeled as the su-

perposition of two elliptical distributions. The larger distribu-
tion represents the basic lift across the wing and, the second,
smaller distribution of opposite sign can be thought of as rep-
resenting a loss of lift across the fuselage and between the
high-lift devices. This is, of course, a very rough approxima-
tion to the lift distribution across an actual wing—it accounts
for the inboard flap-edge vortices individually, but represents
the outboard flap edge and tip vortices with a single vortex.
However, it does capture the physics of the mechanism we are
describing and, by limiting the number of shed vortices, sim-
plifies its description.

In this system the larger outboard vortices have circulation
F! and effective span b{. The smaller inboard vortices of
opposite sign have circulation F2 and effective span b2. The
system is nondimensionalized using the span of the outboard
vortices and the outboard circulation, resulting in the dimen-
sionless span ratio:

and the dimensionless circulation ratio:

<s = r,/r,

(3)

(4)

In the results that follow, the outboard circulation and span
have been used to nondimensionalize Eqs. (1) and (2) as well
(Fr = rls br = b,).

A point vortex analysis can easily be used to determine the
relative strengths and separations required to achieve a rigidly
translating mean system. The result is

= 0 (5)

A rough survey of existing large aircraft shows that the sep-
aration between the inboard flap edges is about 10-15% of
the span and, in the high-lift configuration, that there is ap-
proximately a 40-50% loss of lift across the fuselage. Figure
4 plots the solutions to Eq. (5) and shows the approximate
space occupied by current aircraft.

Perturbation
This system is perturbed by giving bl and b2 a small oscil-

lation. The root circulations, r\ and F2, are left unchanged.

•0.25
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Fig. 4 Relationship between the circulation ratio, % and the span
ratio, 8C, such that the double vortex pair translates rigidly. The
dashed box shows the region occupied by current aircraft.

Fig. 5 Vortex filament simulation showing the perturbation am-
plification mechanism. Shading and end symbols denote vorticity
of opposite sign: a) the four initial vortices each with an imper-
ceptible perturbation, b) a Crow-type instability grows on the in-
board vortices, and c) the perturbation to the inboard vortices
continues to grow and begins to induce a perturbation on the
outboard vortices.

The total lift is held constant by correctly sizing the pertur-
bations and keeping them 180-deg out of phase. That is, as the
outboard span, bit is reduced by a length 8b and loses lift, the
inboard span, £2, falls by an amount (—^)5&, and exactly com-
pensates for the lost lift.

Amplification Mechanism
The amplification of the perturbation begins in a way that

is analogous to the Crow instability on a counter-rotating vor-
tex pair. The portion of the inboard vortex pair that has been
perturbed closer together will propagate upward (in a reference
frame translating with the mean vortices) overcoming the
downwash induced by the outboard vortices. The portion of
the inboard pair that is perturbed farther apart will get con-
vected downward. As the perturbation grows, the self-induced
rotation of the inboard vortex will enhance this effect. The
upwardly convecting portion will be rotated into a region of
more rapidly moving upward flow, and the downwardly con-
vection portion will be rotated into a region of more rapidly
moving downward flow. Thus, the perturbation on the inboard
vortices will experience very rapid growth.

The second, more important stage of the instability begins
as the rapidly growing perturbation on the inboard vortices
induces a large, Crow-type perturbation, i.e., one that contains
a significant component of the pure Crow mode shown in Fig.
1, on the outboard vortices. It is this perturbation and subse-
quent destruction of the outboard vortices that is most impor-
tant, and a Crow-type perturbation is desired because it will
ultimately lead to the annihilation of vorticity through mixing
of vorticity of opposite sign. This process is visualized, using
results from a vortex filament calculation, in Fig. 5.

Vortex Filament Results
Because this instability is growing so rapidly, strong gradi-

ents in the axial direction develop quickly and make NS sim-
ulations very expensive. As a result of this, vortex filament
methods have been used for initial studies. While only ap-
proximately correct in a quantitative sense, these simulations
capture the dominant effects of the vortex dynamics and are a
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useful tool for exploration. For these simulations the circula-
tion ratio was held constant at ̂  = -0.4 and the vortex cores
were sized according to the estimates of Spreiter and Sacks.28

The axial perturbation wavelength was set to the most unstable
wavelength predicted from Crow's analysis,5 found using the
effective span of the entire system. Because ^ = —0.4 for all
of the simulations presented in this paper, the effective span
and, hence, the most unstable Crow wavelength for the entire
vortex system, is the same. Again, using the estimates of Sprei-
ter and Sacks, this perturbation wavelength, A, is 8.53Z?0, where
b0 is the effective span.

Vortex filament simulations were used to investigate the be-
havior of this perturbation growth mechanism in cases when
% and ̂  did not satisfy Eq. (5). Figure 6a shows the late time
development of a vortex filament calculation with ^ = —0.40
and 3E = 0.125 (% is too small). In this case, the inboard vor-
tices are placed too closely together and they tend to eject
themselves from the system. Although the inboard vortices still
experience very large deformations, they do not impart a sig-
nificant perturbation to the outboard vortices. Figure 6b shows
the result when BE = 0.155 (BE is too large). Here, the inboard

Fig. 6 Visualization of a) the inboard vortex pair being ejected
from the system with Sg = -0.40 and BE = 0.125, and b) the inboard
vortex pair being completely entrained with ^ - —0.40 and §£ =
0.155. Shading and end symbols denote vorticity of opposite sign.

——— <¥= 0.126
— - - - X- 0.136
— » . . — X= 0.146
——— #=0.156
— ••— #=0.166

Fig. 7 Growth of the maximum displacement in the centroid of
vorticity as a function of span ratio. The straight line shows the
growth of the most unstable Crow mode occurring on the out-
board vortices only. ^ = —0.4.
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Fig. 8 Growth of the maximum displacement in the centroid of
vorticity on the outboard vortex as a function of span ratio. The
straight line shows the predicted growth of the most unstable
Crow mode occurring on the outboard vortices only. ^ = —0.4.

vortices are too distant to counter the downwash induced by
the two outboard vortices, and they get convected down and
around the flap vortices. Notice, however, that a significant
perturbation has emerged on the outboard vortices in this case.

Figure 7 plots the growth of the perturbation for several
values of BE. Again, ^ = —0.4. The time, r, has been nondi-
mensionalized by Fj /2irb2i, the time required for the outboard
vortices to translate downward a distance equal to their span.
All simulations were given initial perturbations of size 8L =
0.01, a number thought sufficiently small to be realistic in a
practical sense. Because, by construction, the initial perturba-
tion to the centroid of vorticity is zero, the initial perturbation
growth is very rapid. Notice, however, that smaller values of
BE display this rapid growth for longer periods. In fact, the
growth rate appears to increase monotonically with decreasing
BE. This result is misleading. As seen in Fig. 6a, this effect is
caused by the rapid growth of the perturbation on the inboard
vortices alone. In all cases, the simulation is terminated, either
because of loss of resolution or the close approach of two
vortices, a situation that this simple vortex filament method
cannot model correctly. For comparison, the growth of the
most unstable Crow mode occurring on the outboard vortices
only (A = 8.53/?!) is also shown.

Figure 8 shows the growth of the perturbation on the out-
board vortices alone. In this case Eq. (1) is integrated over a
volume containing only an outboard vortex. Again, the initial
growth rate for all values of BE is very rapid, but at later times
the trend is no longer monotonic, and the most rapid growth
corresponds to a value of ^ very near to that obtained from
Eq. (5). The growth of the most unstable Crow mode on the
outboard vortices is again shown for comparison. Figures 7
and 8 both show that the perturbation amplification achieved
by this mechanism is much greater than that caused by the
single-pair Crow instability.

NS Results
Two NS simulations have been performed that support the

vortex filament results. These simulations are more realistic
because they account for the shed spanwise vorticity and the
roll-up process, and they can be run for longer times because
the dynamics occurring when two vortices approach each other
are accurately represented. They have been performed at a
Reynolds number of Yllv = 1 X 104 and with span ratios of
% = 0.161 and 0.151. In both cases, ̂  = -0.4, the perturbation
wavelength is A = 8.53/?0, and the initial perturbation is sized
by 6L = 0.01.

% = 0.161
For computational reasons, the span ratio BE = 0.161 was

chosen instead of the more rapidly growing §E *** 0.145. A
number of short simulations with varying span ratios showed
BE = 0.161 to be the span ratio for which the closely perturbed
portions of the inboard vortices would maintain a constant sep-
aration. The advantage in this was that the sharp gradients
caused by the close approach and potential merging of the
inboard vortices would not have to be resolved. Thus, this
choice of span ratio would require fewer computational re-
sources while still displaying the rapid amplification mecha-
nism. The initial mesh was 256 X 256 X 24 points and
spanned a domain of size (1.68 X 1.68 X 13.31)6,. Several
times the vorticity field was interpolated to a larger domain to
contain the growing perturbation. The final mesh was 176 X
176 X 128 points and spanned a domain of size (4.11 X 4.11
X 13.31)*?!.24

Figure 9 gives a two-dimensional representation of the initial
roll-up of the mean axial vorticity. The time, r, is nondimen-
sionalized as before, and the vorticity is made nondimensional
using 2-77^/F!. The familiar roll-up spirals are present. By time
T = 0.2458, four distinct vortices have formed, with the inboard
pair having descended below the outboard pair.
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= 0.00

T = 0.1010 = 956.8

T = 0.2485 = 700.0
Fig. 9 Contours of mean axial vorticity showing the initial roll-
up for the % = 0.161 case. Contours are spaced by 10% of the
maximum vorticity magnitude. Solid and dotted lines denote vor-
ticity of opposite sign.

T = 0.2485
>z\max = 700.0

r = 0.8706
'z\max — 351.2

r = 1.3933 r = 2.1409
as = 253.6 \Uz\max = 189.5

Fig. 10 Isosurfaces of axial vorticity for the §£ = 0.161 case. Con-
tours are at 20% of the maximum vorticity magnitude. Differen-
tial shading denotes vorticity of opposite sign.

The late time development is shown by the three-dimen-
sional visualizations in Fig. 10. This figure shows how the
inboard vortices get convected down and around the outboard
vortices. Although the initial perturbation contains only a sin-
gle axial mode, by the last view there is a highly localized
perturbation on the inboard and outboard vortices.

%, = 0.151
The simulation with ^ = 0.161 was clearly free of any vor-

tex reconnection, and so a second simulation with $C = 0.151
was performed. Again, the domain was resized several times
during the run. The initial mesh was 256 X 256 X 64 points
and spanned a domain of size (1.69 X 1.69 X 13.36)^t. The
final mesh was 192 X 192 X 256 points and spanned a domain
of size (2.82 X 2.82 X 13.36)Z?!.24

Figure 11 presents a two-dimensional visualization of the
roll-up of the mean axial vorticity. Again, the wake quickly
develops into a double pair of counter-rotating vortices. During
the roll-up process, the inboard vortices fall below the out-
board vortices. However, unlike the previous case, at time r =
0.2489, the mean inboard vortices are very nearly aligned with

the outboard vortices. This suggests that % = 0.151 is quite
close to the value required for the rigid translation of the mean
vortices.

Figure 12 shows the subsequent three-dimensional evolution
of the vortices. The first two visualizations are isosurfaces of
axial vorticity magnitude with contours at 20% of the maxi-
mum. This simulation is displaying exactly the mechanism of
interest. The resemblance to the vortex filament results shown
in Fig. 5 is very good. As the vortex tubes become more dis-
torted, axial vorticity alone ceases to give a good picture of
the flow, and so the last two visualizations in Fig. 12 are of
total vorticity magnitude. At r = 1.1243, the contour level is
at 5% to show the faint connection that still exists on the
inboard vortices. At r = 1.3273, the contour level has been set
at 15% of the maximum to more clearly show the reconnection

= 0.00 = 1371

T = 0.0792 \Uz\max = 1012

T = 0.2489 |wz|max = 695.3
Fig. 11 Contours of mean axial vorticity showing the initial roll-
up with % = 0.151. Contours are spaced by 10% of the maximum
vorticity magnitude. Solid and dotted lines denote vorticity of op-
posite sign.

T = 0.2489
max = 695.3

T = 0.8349

T = 1.1243
Mmox = 297.7

T = 1.3273
Mrooa: = 347'8

Fig. 12 Isosurfaces of axial vorticity/vorticity magnitude for the
accelerated destruction scheme with ^ = 0.151. For times r = 0
and 0.8349 contours are at 20% of the maximum axial vorticity
magnitude.
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that has taken place on the inboard vortices and how they are
getting wrapped around the outboard vortices. Clearly, by time
T= 1.3273, a very large Crow-type perturbation has developed
on the outboard vortices.

Perturbation Growth
Qualitatively, the growth of the perturbations in the NS and

the vortex filament cases compare well. All of the features
present in Figs. 5 and 6 have been reproduced. The growth
histories are quantitatively shown in Figs. 13 and 14. Figure
13 shows the growth of the displacement measure vs time for
the two NS cases along with the % = 0.146 vortex filament
case and most unstable Crow mode for comparison. The initial
growth rates for the NS and filament studies are similar,
whereas at later times, the filament displays more rapid growth.
By comparing with Fig. 7 it can be seen that the trends with
respect to 8? are captured as well. For larger values of % the
growth rate is reduced and becomes nonmonotonic. Most re-
markably, at later times, the NS case with ^ = 0.151 displays
constant exponential growth with a rate that is very nearly
equal to the growth rate for the most unstable Crow mode on
the outboard vortex pair.

Figure 14 shows the displacement measure, applied to an
outboard vortex alone, for the same three cases along with the
most unstable Crow mode. When quantified in this way the
NS and vortex filament cases are much less distinct. They all
show much more rapid perturbation growth than the Crow
mode. Note that the discontinuities and initial noise in the NS
data result from remeshing the field to a larger domain and
our method of separating the vorticity between the inboard and
outboard vortices.

Discussion
Figure 15 shows isosurfaces of axial vorticity for three

wavelengths of the 3£ = 0.151 NS simulation at T - 0.65. The
viewpoint for this figure corresponds to an observer looking
up at an aircraft passing overhead. These similarities between

10°

10'2

10-3

NS X = 0.151
- - - - NS X = 0.161
........ filament X = 0.146
— •— Crow's prediction

0.5 1 1.5 2.5

Fig. 13 Growth of the displacement measure, 5A, for the two NS
cases. The maximum Crow growth and a vortex filament result
are included for comparison.

NS X = 0.151
- - - - NS X - 0.161

filament X = 0.146

Fig. 14 Growth of the displacement measure, 5A, computed over
the outboard vortex only, for the two NS cases. The maximum
Crow growth and a vortex filament result are included for com-
parison.

Fig. 15 Isosurfaces of axial vorticity, at 20% of the maximum,
for three wavelengths of the §£ = 0.151 NS simulation at T = 0.65.

Fig. 15 and the lower photograph in Fig. 2 suggest that it is
exactly the mechanism described here that was taking place in
the flight tests. The fact that pilots in chase aircraft reported a
safe wake only 3 n miles behind the B-747, indicates that this
is an effective method for alleviating the wake vortex hazard.

Two other intriguing observations can be made concerning
the flight tests. First, the instability was not deliberately forced.
This suggests that, even on calm days, ambient atmospheric
turbulence may provide sufficient perturbation for significant
hazard alleviation. Second, very effective alleviation was
achieved with what is certainly a suboptimal configuration.
Because the inboard vortices, as a whole, were convected
downward, the span ratio in the flight test was too large. It is
likely that even greater hazard alleviation could have been
achieved by reducing the effective span ratio.

The upset of the alleviation mechanism by the extended
landing gear emphasizes the fact that the entire vorticity field
shed by the aircraft must be accounted for when designing
such a wake vortex alleviation mechanism. That is to say, by
including the vorticity shed by the landing gear in the analysis,
a span ratio could be computed for the B-747 which would
permit the alleviation mechanism to work in the presence of
the landing gear.

The many possibilities for further optimizing this mecha-
nism, and its application to systems containing more realistic
distributions of vorticity, have yet to be investigated in detail.

Summary
In this paper a mechanism has been described that is poten-

tially very useful in achieving alleviation of the aircraft wake
vortex hazard. By configuring the inboard vortices such that
they remain in a region of high strain, perturbations on these
inboard vortices grow very rapidly. These highly perturbed in-
board vortices then impart a large-amplitude Crow-type per-
turbation on the larger, more dangerous outboard vortices. The
Crow mechanism will complete the destruction of the outboard
vortices.

Both vortex filament methods and NS simulations have been
used to investigate perturbation growth rates caused by this
mechanism. Despite their many assumptions, the vortex fila-
ment methods have been shown to be at least qualitatively
correct and a useful tool for initial investigations. The NS sim-
ulations, while expensive, have provided quantitative data re-
garding the perturbation growth rates. This new mechanism
effectively increased the amplitude of the initial perturbation
by an order of magnitude when compared with the most un-
stable Crow mode on a single vortex pair.

The connection between the method described here and the
results of earlier flight tests is intriguing and further supports
the existence and usefulness of this mechanism.
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