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Active-Control System for Breakup of Airplane Trailing Vortices
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Wing control surfaces are used to trigger the breakup of trailing vortices behind aircraft in a � aps-down
con� guration. In the near � eld of the aircraft there are multiple pairs of vortices, which admit new instability
mechanisms that do not exist on a single pair of vortices. A periodic motion of the control surfaces is used to
introduce a unique form of perturbation that is ampli� ed in the multiple vortex-pair system but conserves total
circulation, lift, and rolling moment. Growth of the perturbations leads to the periodic pinching of the starboard
and port vortices into a series of vortex rings. The concept is demonstrated using numerical simulationsand towing-
tank experiments. Results show that the system breaks up the trailing vortices more rapidly than a comparable
excitation of the Crow instability on a single pair of vortices. The overall effectiveness of the system depends on
the airplane con� guration, namely, details of the � ap system and the horizontal tail.

Nomenclature
Qbw = wing vorticity centroid spacing
CL = total wing/body lift coef� cient
f = nondimensional forcing frequency, VA=¸
VA = nondimensional airplane speed
® = nondimensionalwave number, 2¼=¸
0 f = nondimensional � ap-vortex circulation, Q0 f = Q0w

0T = nondimensional tip-vortex circulation, Q0T = Q0w

0t = nondimensional tail-vortex circulation, Q0t= Q0w

Q0w = wing circulation
1CL =CL = level of lift shifted during forcing cycle
1yT = nondimensionalpeak-to-peak tip-vortex y

perturbation
1zT = nondimensionalpeak-to-peak tip-vortex z

perturbation
± = � ap- and tip-vortex spacing parameter,

[.yT ¡ y f /
2 C .zT ¡ z f /

2]1=2

¸ = nondimensional instability wavelength
¿ = nondimensional time, Qt=.2¼ Qb2

w= Q0w/

Subscripts

ell = values based on elliptic spanload approximation
f = inboard-� ap vortex
T = tip vortex
t = horizontal-tailvortex
w = wing vorticity, sum of tip and � ap vortices
0 = total half-plane vorticity

I. Introduction
A. Background

T RAILING vortices in the wakes of aircraft are an unavoidable
byproduct of � nite span lifting wings. Airplanes create trail-

ing vortices (rotation of the air), due to the pressure differences
that produce the lift of the wing. The rotation and the associated
down� ow (between the vortices) and up� ow (outside the vortices)
can severely disrupt the � ight of a following aircraft that enters the
wake of a leading aircraft, creatinga potential safety hazard. In gen-
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eral, the trailingvorticesare transportedaway from the � ightpath by
the self-inductionof the rotating � ow and by atmospheric currents.
However, there are instances when atmospheric effects counter the
self-inductionof the vortices, potentially creating a hazardous con-
dition for following aircraft on the same � ight path. Aircraft can
also intercept the glide path of another aircraft from below, placing
their trajectoryon a wake that has descendednormally from the pro-
ceedingaircraft’s � ight path. Several accidentshave been attributed
to wake turbulence over the past 15 years, the majority of which
occurred on approach and landing under visual � ight rules. Flight
operations under instrument � ight rules must satisfy speci� c, and
more stringent,wake-vortexspacing requirementsfor airplanesthat
are in approach to landing at the same airport.

Because of the spacing requirements for airplanes on approach,
trailing vortices play a role in determining the capacity of commer-
cial airports. Because the wake-turbulence spacing is often larger
than the spacing requiredby other factors such as radar resolutionor
runway occupancy,under some conditions it adds to the congestion
and delays in the air transportationsystem. For example, Robinson1

estimated that the current Federal Aviation Administration (FAA)
wake-turbulence separations result in a 12% loss in capacity when
arrivals comprise 50% of the operations. This estimate is based on
simulations for 10 major U.S. airports with the assumption that the
separations would be based on radar procedures in the absence of
wake-vortex constraints.

The safety hazards associatedwith trailing-vortexupsets and the
impact of vortex separations on airport capacity have motivated
numerous studies aimed at wake-vortexupset prevention.The most
effective means of upset prevention would be to remove the threat
by alleviating or destroying the vortices. Short of this, the next best
solution would be to enable the following aircraft to tolerate the
vortexencounter.If thevortexthreatcannotbe removed,or tolerated,
then it must be avoided.

The current work aims at wake-vortex upset prevention by seek-
ing to reduce the vortex threat using an active-control system on
the lead aircraft. Prior attempts at wake-vortex alleviation can be
grouped into two categories: methods to modify the vortex struc-
ture, for example, core size, and methods to break up the vortices
by exploiting natural instabilities.2 Methods that modify the vortex
structurecan reduce the peakvelocities in the vorticesbut not the to-
tal vortexcirculation,primarilybene� ting followingaircraft that are
much smaller than the lead aircraft. The active system considered
here seeks to force the breakup of the vortices.

B. Previous Efforts Toward Vortex Breakup
A method for enhancing the breakup of the vortices was � rst

suggested by Crow3 and later presented by Crow and Bate.4 Air-
plane control surfaces were to be used to oscillate the wing loading
inboard and outboard in a prescribed fashion to excite the Crow
instability.5 The Crow instability is a sinuous mode that exists on a
singlepair of counter-rotatingvortices.The growthof the instability
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leads to periodic (in the � ight-pathdirection) linkingof the vortices
from the starboard and port sides. The linking transforms the vor-
tices into vortex rings, which, after some additional time, become
signi� cantly deformed (or break up). This linking can be observed
quite frequently in natural conditions,when atmospheric turbulence
seeds the instability.

The conceptof excitingtheCrowinstability5 was testedin towing-
tank experimentsof Bilanin and Widnall.6 The experimentsshowed
that the instability could, in fact, be excited by periodicallyshifting
the wing lift. However, to breakup the vortices throughexcitationof
the Crow instability5 (within a useful time span), signi� cant move-
ment of the vorticity centroids is required. Also, to preserve total
lift while moving the vorticitycentroids,the wing-root loadingmust
vary in proportion to the vortex perturbation.As a result, signi� cant
movement in the wing lift is required for excitation of the Crow
instability. The large shifts in the wing lift result in excessive loss
in the baseline wing lift and undesirably large unsteady forces on
the airplane.The baseline lift is reduced with active control because
part of the wing lift, either inboard or outboard, is being forfeited at
any time during the forcing cycle.

The analysisof Crow5 considereda singlepairof trailingvortices,
as observedfar downstreamof an aircraft. In the near � eld of a � aps-
down con� guration, there are multiple trailing-vortex pairs.7 This
near-� eld system of vortices admits new instability and transient-
growth mechanisms.8;9 These growth mechanisms, like the Crow
instability,5 involve waveforms that are � xed with respect to the
ground; that is, zero frequencyin the ground-basedreference frame.
Thus, they are unsteady in the airplane reference frame.

There has been some effort focused on the possible bene� ts of
exciting the multiple-vortex system to enhance the breakup of the
vortices. Rossow10 considered a system of multiple vortex pairs
to help explain � ight-test results that showed vortex attenuationbe-
hind a 747 duringroll oscillations(seeBarberand Tymczyszyn11 for
� ight-testdetails). Rossow10 considereda pairofwing-tipvortices,a
pair of vorticesfrom the outboardedgeof the inboard� ap, and a pair
of vorticesof opposite rotation from the inboard edge of the inboard
� ap, or side of body. This system of vortices showed a signi� cant
ampli� cation to antisymmetric roll-induced perturbations, but no
ampli� cation improvement beyond the Crow instability5 for sym-
metric pitch-inducedperturbations.Rennich and Lele12 proposed a
breakup scheme based on a special con� guration of two trailing-
vortex pairs. They considered an outboard pair resulting from the
drop in lift at the wing tip and an inboard pair, of opposite rotation,
resulting from the drop in lift at the airplane side of body. When
the strengths and positions of the vortices were chosen to keep the
vortices nearly in-plane as they propagate downward, signi� cant
ampli� cation was observed. This produced a more ef� cient forcing
schemecomparedto thatof Crow,3 butRennichand Lele’s scheme12

is limited to speci� c (and hard to control) ratios of vortex strength
and spacing. Also, in practice, the vortices produced at the side of
body are short lived due to the high level of turbulent mixing in the
body wake and their close proximity to one another.

We consider an alternative approach that exploits the multiple-
vortex growth mechanisms analyzed by Crouch9 as extended to a
more complete model of the near-� eld vortex system. Similar to the
earlier efforts, airplanecontrol surfaces are used to introducevortex
perturbations.However, themagnitudeand formof theperturbations
differ signi� cantly from the earlier work.

II. Problem Formulation
for Flaps-Down Con� gurations

A. Basic System of Airplane Trailing Vortices
We considerthe vortexsystemcreatedby an airplaneon approach

with � aps down. The � aps-down con� guration produces multiple
trailingvorticesfrom the wing that remain distinct for some distance
behind the aircraft. In addition to the wing vortices (which, in the
simplest case, can be modeled as a pair of corotating vortices on
each side of the aircraft) there are tail vortices that rotate counter
to the wing vortices. Figure 1 shows the essential vortex system
in the near � eld of the � aps-down con� guration. We introduce a
Cartesian coordinate system with x along the � ight path, y in the
span direction, and z in the vertical direction.

Fig. 1 Schematic of � aps-down aircraft showing 1, tip vortices; 2,
inboard-� ap vortices; and 3, horizontal-tail vortices.

a)

b)

Fig. 2 Vorticity surveys behind an aircraft with � aps down measured
at a) tail plane ¿ = 0 and b) downstream at ¿ = 0:2, showing wing-tip
vortices, outboard-� ap vortices, inboard-� ap vortices, and horizontal-
tail vortices.

The near-� elddynamicsof themultiple-vortexsystemdependson
the circulationsand positions (0, y, and z) of the different vortices.
The subscripts T , f , and t are introduced for the tip, � ap, and tail
vortices, respectively.Quantities are nondimensionalizedusing the
wing circulation Q0w D Q0T C Q0 f and wing-vorticity centroid spac-
ing Qbw , where the tilde represents a dimensional quantity. This in-
troduces the nondimensional timescale ¿ D Qt=.2¼ Qb2

w= Q0w/. The dis-
tancebehindtheaircraft1x is relatedto ¿ by 1x D ¿ VA , where VA is
the nondimensionalairplanevelocity.Essential featuresof the wing
spanload (i.e., the distributionof lift along the wing) can be modeled
by two nondimensional parameters: the � ap-vortex circulation 0 f

and the vortexseparationdistance± D [.yT ¡ y f /2 C .zT ¡ z f /2]1=2.
The use of a single measure ± for the position of the � ap vortex is
motivated by the two-pair model9 and is found to be adequate for
the more general system. The tail vortices are describedby the three
nondimensionalparameters 0t , yt , and zt , where zt is referenced to
the centroid of wing vorticity. Here these parameters are based on
measurements at the tail of the airplane.

Wind-tunnel wake surveys show that the trailing-edge vortex
sheet has evolved into compact vortices within about one span of
distancedownstreamof the aircraft.Figure 2 shows thevorticitydis-
tributionbehind the current test model, which mimics a commercial
aircraft with landing � aps. The measurements are just downstream
of the tail at ¿ ´ 0 and approximatelyfour spans fartherdownstream
at ¿ D 0:2. These wake surveyswere made using the � ve-holeprobe
and two rotary-axis traverser system and the data analysis technique
described by Crowder et al.13 The dominant features of the wake
behind the test model are similar to wakes behind wind-tunnelmod-
els of commercialairplanes (see Sec. IV for additionalexperimental
details).

At ¿ D 0, the vorticity is concentrated into nearly discrete vor-
tices associated with the wing tip, the outer edge of the outer � ap,
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the outer edge of the inner � ap, the horizontal tail, and the side of
body. For this spanload, there are no distinct vortices from the inner
edge of the outer � ap. The contour levels are the same for Figs. 2a
and 2b; the minimum contour is about 2.5% of the peak vorticity
value in Fig. 2a. The side of body vortices are close together and in
the wake of the airplane body, and so they do not persist very far
downstream. The vortices from the outer edge of the outer � ap and
the wing tip merge to form a single pair of tip vortices.The resulting
vortex system consist of the tip vortices, the inboard-� ap vortices,
and the tail vortices similar to the schematic of Fig. 1. Although the
downstream measurement station (for example, Fig. 2b) provides a
better indicationof the strengthsand persistenceof the differentvor-
tices, in general, information this far downstream is not available
from wind-tunnel tests and cannot be inferred from the spanload
with current methods. Also, the choice of the downstream location
is arbitrary, and the results generally depend on the location. Thus,
the reference parameters used to characterize the different con� gu-
rations will be measured just downstream of the tail. From Fig. 2a,
the key parameters are 0 f D 0:26, ± D 0:42, 0t D ¡0:22, yt D 0:19,
and zt ¡ zw D 0:04.

By the downstream location (¿ D 0:2), the inboard vortices and
the tail vortices have propagated toward the centerline.The tail vor-
tices are positioned above the � ap vortices in Fig. 2b. Suf� ciently
far downstream, the distinctvorticeson each side of the aircraft typ-
ically give way to a single vortex pair. This can result from vortex
merger,vortexcancellation(on thecenterline), and/or vortexescape,
that is, from the in� uence of the stronger tip vortices. Towing-tank
experiments show that the typical scenario (for the parameters con-
sidered here) is for the tail vortices to be partially or completely
canceled by colliding on the centerline. The � ap vortices then con-
tinue to orbit the tip vortices. In this case, the primary effect of the
tail vortices is to enlarge the vortex separationdistance ± by forcing
the � ap vortices closer to the centerline.

B. Growth Mechanisms for Multiple Vortex Pairs
This system of vortices (tip and � ap, or tip, � ap, and tail) admits

new growth mechanisms that lead to rapid distortion of the vortices
when proper initial perturbations are imposed.8;9 Three potential
growth mechanisms have been identi� ed for a two-vortex-pairsys-
tem as producedfrom thewing-tipregionand the inboard� ap.These
mechanisms are demonstrated in the results of Fig. 3 based on the
analysis given by Crouch.9 That analysis considered the temporal
stability of two vortex pairs, modeled as thin � laments using Biot–
Savart integrals. Two vortex pairs are shown after they have propa-
gateddownwarda distanceof about0.6vortexspans Qbw , thedistance
corresponding to one rotation of the � ap vortices about the tip vor-
tices for the conditions0 f D 0:33 and ± D 0:3. The size of the initial
perturbationis essentially the same for the three cases, but the wave-
lengthsand phasesare different.Figure 3a shows the level of growth
and the natural mode shape resulting from the long-wavelength in-
stability.This instabilityis similar to the Crow instability5 in that the
vorticity centroids are perturbed on each side of the aircraft. How-
ever, there is a transient-growth mechanism associated with this
long-wavelength instability as shown in Fig. 3b. Transient growth
can rapidly amplify perturbations, but this rate of growth is only
temporary. The level and duration of the transient growth depends
on the parameters 0 f and ±. Figures 3a and 3b differ only in the
phases of the initial perturbations.Figure 3c shows the growth and
mode shape resulting from the short-wavelength instability.

These growth mechanisms carry over to the more general system
of three trailing-vortex pairs shown in Fig. 1. The three-vortex-
pair system involves complex nonperiodic dynamics that inhibit a
simple modal analysis of the perturbation growth, thus the initial
value problem must be solved numerically. However, as discussed
in Sec. II.A, in the typical scenario the tail vortices are destroyed
after a short time, and so most of the instabilitygrowthoccurs on the
two-pair system. These new growth mechanisms can be exploited
to enhance the vortex destruction with a modest level of forcing
imposed by the generating aircraft.

III. Active Control for Flaps-Down Con� gurations
In operation, the active system uses periodic oscillations of the

control surfaces to shift a small amount of lift inboard and outboard

a)

b)

c)

Fig. 3 Growth mechanisms demonstrated for two trailing-vortex
pairs; vortex distortions at a � xed time due to a) long-wavelength in-
stability, b) long-wavelength transient growth, and c) short-wavelength
instability.

along the wings. The outboard ailerons and the inboard � aperons
(and/or spoilers) are driven symmetrically, that is, producing no
rolling moment, but 180 deg out of phase, to preserve total air-
plane lift. Any variation in the pitching moment is trimmed out
using the elevator. The form of the forcing function is illustratedby
the changes in the spanload over a forcing cycle and the resulting
change to the near-� eld vorticity. The net effect of the oscillations
is to introduce spatially periodic perturbations to the wing-tip and
inboard-� ap vortex positions.When viewed from the ground, these
perturbationsare wavy distortions along the axes of the vortices.

A. Active-Control Forcing Functions
The active-forcinginput canbe characterizedbya wavelengthand

by the phases and amplitudes of the tip- and � ap-vortex perturba-
tions. The wavelength¸ (or wave number ® D 2¼=¸) of the induced
perturbationis selected to producemaximal instabilitygrowth. This
is set by the frequencyof the control-surfaceoscillation through the
relation ¸ D VA= f , where VA is the aircraft velocity and f is the
frequency. The perturbation phases are set by the changes in the
wing spanload over the forcing cycle. Figure 4 shows the span-
load extremes, the vortex perturbations, and the vorticity-centroid
perturbations for the current system and that proposed by Crow
and Bate.4 The vorticity-centroid spacing is given by b. The per-
turbation amplitude is expressed as a peak-to-peak lift � uctuation
1CL =CL , that is, the amount of lift that is shifted between inboard
and outboard stations 1CL , normalized by the total wing lift CL .
Note that the control-surface de� ection angles will depend on the
model geometry but that the lift � uctuation is model independent.

The spanload in Fig. 4a shows a drop corresponding to the in-
board � ap edge consistent with aircraft in a landing con� guration.
The current active system shifts a small percentage of lift between
inboard and outboardsectionsof the wing, producingspanwise per-
turbations to the � ap and tip vortices.As the � ap vortices are moved
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a)

b)

Fig. 4 Spanloads, vortex positions (circles), and vorticity centroids
(vertical bars) showing the extremes of active forcing (solid and dashed
lines) for a) current system and b) system based on excitation of the
Crow instability taken from Crow and Bate.4

outboard, the tip vortices are moved inboard, leaving the vorticity
centroid of the whole wing essentially unperturbed. Note that the
Crow instability,5 like the long-wavelengthinstabilityconsideredin
Sec. II.B, ampli� es perturbations to the vorticity centroids. Thus,
the forcing function of Fig. 4a does not directly excite the Crow
instability.

An excitationof the Crow instability,5 for example, as considered
by Crow and Bate,4 is achieved through a vorticity-centroidpertur-
bation using the forcing function characterizedby Fig. 4b. To keep
the lift constant with vorticity-centroid perturbations, the circula-
tion must also change.This, in turn, requires a shift in the wing-root
loading, as shown in Fig. 4b.

The form of the spatial perturbation shown in Fig. 4a is cho-
sen to provide an excitation of the new growth mechanisms that
more rapidly amplify the perturbations into large distortions of the
vortices. When these distortions are large enough, they lead to the
breakup of the vortices into vortex rings.

B. Numerical Simulation of Forced Breakup
The current scheme for breaking up the trailing vorticeshas been

studiedusingnumericalsimulations.The code is written to solve the
incompressibleNavier–Stokes equations using Fourier series in all
three directions, dealiasing by the two-third rule, with the Corral–
Jiménez treatment in the lateraldirection y (Ref. 14). This treatment
effectivelymakes the domain in� nite in y, rather than periodic (pro-
vided the resolved domain is wide enough to prevent any vorticity
from reaching its edge). Periodicity in the streamwise direction x
is motivated by the rather weak growth of perturbationswithin one
wavelength,1t D ¸=VA . It amounts to substitutinga temporal prob-
lem for the exact spatial/temporal problem. Periodicity in the ver-
tical direction z amounts to stacking identical systems of trailing
vortices. The straining imposed by these image vortex pairs is an
error, which is controlled by setting the vertical box height L z to
suf� ciently large values. An in� nite domain would be preferable,of
course, but the algorithm for that (as in Ref. 12) is more complex
and also much less � exible regarding the y and z dimensions of the
resolved domain.

The � ow� eld is made symmetric in the x and y directions so that
the computationaldomain covers a half-wavelength,on one side of
the centerline.The whole domain is shown in Fig. 5 for clarity. The

initial � ow� elds are obtainedmost convenientlyby applyinga body
force over the � rst very short time step 1t0 . The initial streamwise
vorticity!x isprovidedbywake surveysmeasuredin thewind tunnel
(similar to Fig. 2, but includingcontrol surface de� ections), and the
interpolation in x uses a cosine function. The time integration is
by a low-storage Runge–Kutta/Crank–Nicolson scheme with peak
Courant–Friedrichs–Lewy number of 1.7.

Simulationswith gridsup to 5123 for the whole domain (10 £ 106

independent modes) have been conducted but become too slow to
compute using workstations.The simulations begin on coarse grids
and automaticallystop for regriddingwhen the spectrumdrop in any
directionbecomes insuf� cient. In each direction,the code compares
thekineticenergyassociatedwith thehighestwavenumbercurrently
resolved(k D kmax ) and the combinedkineticenergyassociatedwith
the � rst two wave numbers (k D 0 and 2¼=L ). If the ratio exceeds
10¡5, the run produces a warning of which direction is in violation
and stops. The maximum wave number in that direction is increased
by roughly 40%, the new empty Fourier modes are set to zero, and
the simulation is continued. Typically, the energy contained in the
upper 30% of the spectrum is 0.01% of the total energy. Because
the slope of the spectrum is near –3 as a power law, this gives the
estimate of the energy that would have been associated with these
empty modes, roughly 0.004%. In that sense, the truncation error
is around 0.004% if measured by its energy and 0.6% if measured
by its amplitude. Runs with a tighter tolerance than 10¡5 produced
visual differences in the jagged region after pinching but not in the
pinching time.

The highest practical circulation Reynolds number 0w=º is
about 2 £ 104. Comparisons between Reynolds numbers of 104 and
2 £ 104 are valid sensitivity tests, but, of course, they do not ac-
curately re� ect the effect of small-scale turbulence that exists at
0=º D O.107/.

Figure 5 shows a sequence from the early development of a
three-vortex-pair system subjected to an initial perturbation simi-
lar to Fig. 4a, with 1CL =CL D 6% and wave number ® D 0:8. The
simulations were initialized with wind-tunnel wake-survey data at
¿ D 0:2, that is, at the same station shown in Fig. 2b. By ¿ D 0:5,
the tail vortices are beginning to cancel on the centerline, and the
tip vortices show a peak-to-peak perturbation of 1yT ¼ 0:057 and
1zT ¼ 0:038; the centroid of circulation is essentially unperturbed.
The perturbations rapidly amplify as the � ap vortices orbit the tip
vortices.The disturbancegrowth is consistentwith the linear stabil-
ity theory for two trailing-vortex pairs until ¿ ¼ 2:5 (Ref. 9). This
leads to pinching of the dominant tip vortices at ¿ ¼ 3:1.

To compare the ampli� cation rate to the instability of Crow,5 we
introduce the timescale ¿0 based on the total half-plane circulation
00 and its centroidseparationb0 , ¿0 D ¿ .00=b2

0/. In general, the total
circulation can vary with time due to cancellation on the centerline
so that the values 00 and b0 are taken from the initial survey. For
the simulation initiated at ¿ D 0:2, ¿0 D 0:74¿ . The tip-vortex per-
turbation [1y2

T C 1z2
T ]1=2 ampli� es by the ratio 0.94/0.068 over the

period 1¿0 D 0:74.2:5 ¡ 0:5/ yielding an effective growth rate of
1:8, more than twice the value for the Crow instability. Note that
in the absence of the � ap vortices, tip perturbationswould amplify
on a timescale ¿T D ¿ .0T =b2

T / ¼ 0:6¿ . In terms of this tip-vortex
timescale, the effective ampli� cation rate is 2:2.

Numerical simulations initiated with wind-tunnel data at ¿ D 0,
that is, the survey location of Fig. 2a, can differ signi� cantly from
simulationsinitiatedat ¿ D 0:2, that is, the survey locationofFig. 2b.
This is due to the tail vortices,which persist longer in the simulations
initiated at ¿ D 0. The tail vortices primarily affect the � ap-vortex
perturbations,with only a weak effect on the tip vortices. Nonethe-
less, the effects on the pinch time can be large. Simulations initiated
with surveys at ¿ D 0 also show a greater sensitivity to Reynolds
number.For all of these reasons,simulationsfrom ¿ D 0 haveproven
less useful. This is attributed to the lack of small-scale turbulence
and the shear in the body wake.

IV. Towing-Tank Validation Experiments
To validate the basic concept of vortex breakup, exploiting the

new growth mechanisms, a series of ground-based tests were con-
ducted. The breakup of the vortices was expected to occur at
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Fig. 5 Side view (left) and top view (right) of vortices from numerical simulations for conditions of Fig. 2: ¿ = 0.5, 1.5, 2.5, and 3.5 (top to bottom);
contours of vorticity magnitude.

distances greater than 50 spans downstream of the generating air-
craft. Because this is well beyond the distances achievable in good
� ow-qualitywind tunnelswith suf� cientmodel size, the demonstra-
tion test was conducted in a water towing tank. The design of the
towing-tank model made use of wind-tunnel experiments to ensure
that it captured the essential features of real commercial aircraft
and to ensure that it worked well at the test Reynolds numbers. The
horizontal tail span and the diameter of the circular cross-sectional
body were scaled to typical commercial transport airplanes.

The approach for concept validation involves three basic steps.
First, thenear-� eld vorticityis measuredbehindcommercialaircraft
in the � aps-down approach con� guration. This is done in a wind
tunnelusing conventionalhigh-liftmodels by means of the � ve-hole
probe wake survey technique of Crowder et al.13 Second, the near-
� eld vorticity is measured behind the towing-tank test model, using
the same technique. These results are used to determine how well
the towing-tank model represents the conventional-modelvorticity
� eld. Finally, the model is tested in the towing tank to study the far-
� eld evolution of the vortices. This is done with the model passive
and with active control.

A. Test Description
Experiments on the active breakup of trailing vortices were con-

ducted in the U.S. Navy David Taylor Model Basin shallow water
basin. The towing tank is more than 350 m long, 15.5 m wide, and
6.7 m deep. The wing of the test model has a 0.91-m span. For the
results presented here, the model was positioned 1.8 m below the
water surface, and the carriage speed was 4 m/s. This resulted in a

chord Reynolds number of 6 £ 105 , and a vortex Reynolds number
of 0w=º D 5 £ 105. The wind-tunneltests used to measure the initial
vorticity � elds were conducted at the same Reynolds numbers.

The model scale was chosen to permit the vortices to descend
for more than four geometric spans before entering ground effect
and also to avoid end effects due to perturbationsgenerated during
the accelerationand decelerationof the model. Perturbations to the
wake were achieved by moving the inboard and outboard ailerons
in prescribed motion, as described earlier. Towing velocity and lift
forces were measured to provide a time history of CL with 0.3%
accuracy. Forcing amplitudes were known to within 8% of their
nominal value and were measured by calibrationof 1CL=CL using
separate runs in which only one aileron pair (inboard or outboard)
were in motion. The objective of maintaining constant lift while
perturbing the wake was typically met to within 0.5% of total lift.

The model has an unswept wing without taper to accommodate a
torque-tube linkage that moves inboard and outboard ailerons. The
airfoil, designed for the test Reynolds number, consists of a basic
section having constant chord and a thin, cambered, trailing-edge
section with a chord that can be varied between 0 and 67% of the
basic airfoil chord. Simple sheet metal working techniques are em-
ployed to create these trailing-edge sections, and an assortment of
them were producedto simulate the highly loaded,partial span � aps
and more lightly loaded ailerons of various airplane con� gurations.
Wakes similar to those of a variety of different airplanes are simu-
lated in this manner. Vorticity distributions from wind-tunnel wake
survey measurements at 1–4 wing spans downstream of the towing
tank model and several airplane models compare favorably.
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The trailing vortices were visualized using � uorescent dye in-
jected at the outer edge of the inner � ap, the outer edge of the outer
� ap, the wing tip, and the horizontaltail. When necessary,dye could
also be injected into the side of body vortices.A 12-m section of the
towing tank was illuminatedusing 14 swimming-pool lights. Time-
coded video cameras were placed at various positions to monitor
the evolution of the vortices. A laser light sheet at the upstream end
of the lit section provided a cross section, that is, end view, of the
vortices.

B. Vortex Breakup
To evaluate the basic concept of the active system, a range of pa-

rameters have been consideredrather than any speci� c airplanecon-
� guration.This parameter rangewas selected to be representativeof
existing commercialaircraft.The wing parameters (measured at the
tail plane) covered the range 0:25 · 0 f · 0:35 and 0:35 · ± · 0:45.
Three different tail spans, and many different tail angles, were con-
sidered. The range of tail settings account for different con� gura-
tions as well as differences in the airplane center of gravity. The
forcing functions used in the towing-tank test are determined from
wind-tunnel wake surveys similar to Fig. 2. These surveys show the
initial vorticity � elds behind the model. In addition to the baseline
conditions, the vortex positions were measured at the peaks of the
forcing, with control surfaces in their de� ected positions.

The primary metric used to evaluate the system performance is
the vortex pinch time, that is, the time required for the vortices to
link into vortex rings. This was based on � ow visualizations and
measured from the video recordings. Quoted pinch times have an
error of less than 0:1¿ . Figure 6 shows the side view of the vortices
(without active forcing) at the dimensionlesstime intervals:¿ D 0:5,
1:5, 2:5, and 3:5. These results are for the same parameters as given
in Figs. 2 and5. In theabsenceof forcing,thevorticesshowvery little
waviness. In fact, the vortices propagate to the � oor and separate
due to ground effects without pinching.

In this sequenceof � ow visualization,and in those that follow, the
tip vortex that is, outboard� apvortexplus wing tipvortex, is marked
distinctlyand persists as a concentratedcolumn of dye. The inboard
� ap and tail vorticesconstitutethe morediffuselymarked region that
originatesbeneaththe tip vortexand thenspreads.The diffuse image
of the � ap vorteximpliesspreadingof thevorticitycomprisingit, but
the present results do not allow this to be quanti� ed. In simulations,
for example, Fig. 5, vorticity contours describing the � ap vortex
are not as diffuse as the experimental dye visualization implies.
Perhaps the lower Reynolds number of simulations is responsible
for the difference (if turbulence is suppressed), but the otherwise
good agreement between simulation and experiment suggests that
� ap vortices either are not as diffuse as they appear to be or that
their being diffuse does not signi� cantly change the evolution of
the vortex system. The simulations are devoid of any axial � ow or
short-scaleperturbations in the initial conditions.

For general comparison to � ight conditions, it is useful to intro-
duce the timescale ¿ell ´ ¿ .0ell=b2

ell/, based on an elliptic spanload
approximationfor the same airplane lift. The vortices in the absence
of forcing persist beyond ¿ell ¼ 5:4. This translates to a distance of
approximately 6.5 n mile behind a 747-400 � ying at 150 kn. The
long persistenceof the vortices is consistentwith quiet atmospheric
conditions; atmospheric turbulence is known to accelerate the de-
struction of the vortices. Thus, the towing-tank simulated a worst-
case condition for a following aircraft.

Figure 7 shows the side view of the vortices for the same condi-
tions of Fig. 6, except now with active forcing. The peak-to-peak
forcing level is 1CL =CL D 6% and the wave number ® D 0:8. Time
intervals in this sequence match those in Fig. 6. The sequence in
Fig. 7 shows the growth of waviness on the tip vortex that ulti-
mately leads to vortex reconnectionon the y centerline.One stream-
wise wavelength is captured here, but the waveform is periodic in
the streamwise x direction and matches the imposed wavelength of
forcing. For this case, pinching occurs at ¿ D 3:3 (or ¿ell ¼ 2).

The experimental results are in good agreement with the numer-
ical simulations presented in Fig. 5. When the total circulation at
¿ D 0:2 (i.e., from the survey station of Fig. 2b) is used for the
nondimensionalization, the pinch time is ¿0 D 2:4. For the same

Fig. 6 Side views of trailing vortices unforced for conditions of Fig. 2:
C f = 0:26; ± = 0:42; C t = ¡ 0:22; and ¿ = 0.5, 1.5, 2.5, and 3.5 (top to
bottom).

de� nition of ¿0, the numerical simulation results showed pinching
at ¿0 ¼ 2:3. In terms of the elliptic spanload scaling, the pinch time
is ¿ell ¼ 1:8, which corresponds to approximately2.5 n mile behind
a 747-400. This is a very favorable value considering that the un-
perturbed vortices persisted beyond 6.5 n mile.

Figure 8 shows the top view of the vortices for a sequencesimilar
to that of Fig. 7. These results are for the same wing con� guration
as Fig. 7 but with a different tail angle (0t D ¡0:19, yt D 0:19, and
zt ¡ zw D 0:04). Two wavelengths are captured here, showing the
growth of waviness and vortex reconnectionon the centerline. The
time intervalsbeginat ¿ D 1:0 and increasein stepsof 0.5 to ¿ D 4:0.
The greater tail span and weaker tail vortex strength has slowed the
evolution from the conditions for Fig. 7, delaying the reconnection
event from ¿ D 3:3 until ¿ D 4:0.

C. Control Effectiveness
The best results observed in the experiments, for an amplitude of

1CL =CL D 6%, show vortex pinching at ¿ ¼ 3:5 (¿ell ¼ 2). How-
ever, the pinch time (or time to linking) depends on the basic
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Fig. 7 Side views of trailing vortices with 6% active forcing for condi-
tions of Fig. 2: C f = 0:26; ± = 0:42; C t = ¡ 0:22; and ¿ = 0.5, 1.5, 2.5, and
3.5 (top to bottom).

con� guration parameters. Additional time (or distance) may,
furthermore, be required after linking before the vortices become
benign to a following aircraft. Nonetheless, the time to linking pro-
vides a measure of the effectivenessof the active system in breaking
up the vortices.

Over the parameter ranges considered (0:25 · 0 f · 0:35, 0:35 ·
± · 0:45, and ¡0:24 · 0t · 0), the tail-vortex strength 0t had the
strongest in� uence on the pinch time, as shown in Fig. 9. The data
in Fig. 9 are for a single wing condition (0 f D 0:26 and ± D 0:42),
but they include two tail lengths and many tail angles. For tail vor-
tices stronger than 18% of the wing circulation, pinching occurs at
¿ell ¼ 2. For tail vortices weaker than about 13%, pinching occurs
at ¿ell > 4. A pinch time of ¿ell D 2:5 translates to approximately
3 n mile behind a 747-400 in � ight. As an example of the current
FAA wake-turbulence separations, a 737 following a 747 must be
separated by 5 n mile.

Figure 9 shows that the active system is less effective for weaker
tail-vortex circulations. The critical value for the tail strength

Fig. 8 Top views of trailing vortices with 6% active forcing for the
following conditions: C f = 0:26; ± = 0:42; C t = ¡ 0:19; and ¿ = 1.0, 1.5,
2.0, 2.5, 3.0, 3.5, and 4.0 (top to bottom).

Fig. 9 Nondimensional pinch times as a function of nondimensional
tail-vortex strength ( C f = 0:26 and ± = 0:42).
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depends on the wing parameters (0 f and ±) and the level of forc-
ing 1CL =CL . The tail-vortex strength depends on the airplane
con� guration (i.e., � aps-down pitching moment, tail moment arm,
and tail span) and the airplane center of gravity. Thus, Fig. 9 pro-
vides a basis for judging the performanceof the active system for a
given aircraft.

To furtherassesstheperformanceof theactivesystem, the towing-
tank experimentsalso examined the forcingof the Crow instability.5

Becauseof thecontrolsurfacesused for the forcing,theactivemodel
is not capableof forcing the Crow instabilitywhile holding the total
lift constant. The forcing of the Crow instability is achieved by
cycling the inboard and outboard control surfaces in phase. Thus,
a 6% forcing of the Crow instability resulted in a 6% variation in
the lift. The pinch time for a 6% forcing of the Crow instabilitywas
¿0 ¼ 4:5 (¿ell ¼ 3:3). When the forcing level was doubled, the pinch
time was reduced, consistentwith the timescale¿0 and a growth rate
of 0:8 [1¿0 ¼ .1=2/=0:8].

The towing-tank results showed that pinching due to Crow
instability5 forcing also depends on the strength of the tail vortices.
As the tail vorticesbecomeweaker, the time to pinchingis increased.
This is counter to expectations based on the � ndings of Crow and
Bate4 and Bilanin and Widnall6 (because the total circulation has
increased), and it suggests that transient growth may also be signif-
icant when exciting the Crow instability5 for this particular model.

V. Conclusions
Active control can be used to excite multiple-vortex instabilities

for the breakup of trailingvortices behind aircraft in the � aps-down
con� guration.Airplane control surfaces are used to introducea spe-
ci� c form of perturbation that rapidly ampli� es due to the exis-
tence of multiple-vortexpairs. The concept has been demonstrated
using numerical simulations and validated in towing-tank experi-
ments. Wind-tunnelwake surveys are used as initial vorticity � elds
for the numerical simulations. The breakup of the vortices in the
simulations is in good agreement with the experiments when the
simulations are initiated with surveys measured at the downstream
location ¿ D 0:2, which is at about four geometric wing spans. The
perturbation growth in the numerical simulations is also in general
agreement with the linear stability theory.

Linking times (the time required for the vortices to pinch on the
centerline) were measured over a range of parameters representing
the key features of commercial aircraft. However, no speci� c air-
plane con� gurations were considered.The effectivenessof the sys-
tem, in terms of the amplitude required to achieve linking within a
given distance, depended on the wing spanload and the horizontal-
tail load. The towing-tank results show that early linking can be
achieved using an acceptable level of forcing for realistic con� gu-
rations.

Althoughthe active-systemconcepthas been demonstrated,there
are open issues that need to be resolved before the system can be
considered for implementation. The most obvious issues fall into
one of three groups: issues related to performance in � ight, issues
related to viability for the active airplane, and issues related to the
effectiveness for the following airplane.

Continued analysis and ground-basedtesting can help assess the
potentialfor applicationto speci� c aircraft.However, there are addi-
tional unknowns related to differences in the wakes behind aircraft
in � ight and aircraft models tested on the ground. The most sig-
ni� cant of these unknowns is the potential effect of thrust on the
near-� eld evolution of the multiple-vortex system. Most of these
issues will be resolved only through a � ight test of the concept.

The towing-tank results provide important information for as-
sessing the viability of implementing the system on a given aircraft.
The tests provide the level of forcing required to achieve a breakup

within a given distance behind the aircraft. When the forcing level
is known, control surface de� ections can be estimated for speci� c
aircraft in � ight. The control surface information can be used to
estimate the dynamic loads and the potential impact on ride quality.
Pinch time results for the different tail-vortex strengths can be used
to determine any limits on the airplane center of gravity. Prelimi-
nary estimates of dynamic loads and ride quality impact show the
concept to be viable in terms of the active airplane.

Finally, there are practical issues related to the system effective-
ness for the following aircraft. This will require a measure of good-
ness to help determine at what stage in the breakup do the vortices
become benign. This will also include environmental effects and
ground effects. For example, wind shear could weaken one of the
vortices and, thus, in� uence the growth of perturbations. Ground
effects could slow the perturbation growth and delay the breakup
or enhance the breakup throughviscous effects or turbulentmixing.
Atmospheric turbulence is expected to play a favorable role in ac-
celerating the breakup, similar to the unforced condition. Existing
� ight data and future ground-basedtesting could help resolve some
of these issues before concept � ight testing.
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