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Reduction of Uncertainties in Prediction
of Wake-Vortex Locations
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Lift-generated vortex wakes of subsonic transport aircraft are known to pose a rolling-momenthazard to in-trail
following aircraft. Hazardous wake encounters are now avoided by maintaining in-trail separation distances that
are larger than needed for other operational considerations. To increase airport capacity, considerable effort has
been devoted to the development of techniques and procedures by which vortex wakes can be accurately located
as a function of time, so that following aircraft can avoid them with less in-trail spacings. To improve the accuracy
with which vortex wakes can be located, a study of the uncertainties associated with the determination of the
time-dependent location of vortex wakes and on ways to reduce the uncertainties are reported. It is found that it
is bene� cial to reduce the uncertainties as much as possible by application of technology currently available for
aircraft guidance and for measurement of wind velocity along the � ight corridor by aircraft. It appears, however,
that the growth in, and spreading of, the size of the hazardous region surrounding wake vortices is so rapid that
it currently prevents sizeable increases in the capacity of runways at airports as they now operate. Therefore, if
airport capacity is to be signi� cantly increased, it is concluded that it will be necessary to also introduce some other
system of sequential � ight corridors such as the ones illustrated here, for example, to provide more lateral and
vertical distance between the � ight paths of aircraft so that wake encounters are avoided.

Nomenclature
A = cross-sectionalarea, ft2(m2)
B = breadth, ft(m)
b = wing span, ft(m)
b0 = distance between vortex centers, ft(m)
CL = lift coef� cient, L=q S
Cl = rolling-moment coef� cient, M=q Sb
c = wing chord, ft(m)
D = depth, ft(m)
d = diameter, ft(m)
L = lift, lb(kg)
M = rolling moment, ft ¢ lb.m ¡ N /
P = probability
q = ½U 2

1=2, lb/ft2(N/m2 )
S = wing planform area, ft2(m2)
t = time, s
U = velocity of aircraft, ft/s(m/s)
V ; W = time-averaged velocities in y and

z directions, ft/s(m/s)
v; w = maximum variations in y and z velocities, ft/s(m/s)
Wt = weight of aircraft, lb(kg)
X = distance in � ight direction, ft(m)
Y = distance in spanwise direction, ft(m)
Z = distance in vertical direction, ft(m)
0 = circulation or vortex strength, ft2/s(m2/s)
±a = aileron de� ection, deg
½ = air density, slugs/ft3(kg/m3)
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Subscripts

beg = beginning of approach corridor
enc = wake encounter
f = following aircraft
foll = � ight corridor for following aircraft
g = wake-generatingaircraft
hz = hazardous region of wake
m = maximum
o = centerline
ovrlp = overlap region of Afoll and Awnd

slf = self-induced
stn = wake station
td = touchdown
vr = vortex
wk = wake
1 = freesteam condition

Introduction

A IRCRAFT stay airborne by imparting downward momentum
into the air surroundingtheir wings. Because the wingspansof

aircraft are � nite, the outboard edges of the downward moving air
roll up into a pair of counter-rotatingvortices. Because the weight
of subsonic transport aircraft is usually over 100,000 lb, the volume
and energy of the downward moving and rotating air masses can
be considerable.These lift-generatedvortices remain hazardous for
several minutes before their energetic parts disperse enough so that
they no longer pose a rolling-momenthazard. Of course, after some
2–5 min, depending on the turbulent state of the atmosphere, the
energetic parts of the vortices disperse enough that their � ow� elds
blend with the surrounding atmosphere. Airport safety and, there-
fore, capacity are affected after the vortex pairs are � rst generated
and during the early part of the dispersion process. In fact, if a fol-
lowing aircraft encounters one of the two most energetic parts of a
wake, its � ight path may be considerablydisturbedand perhapsdis-
astrously compromised. The seriousness of possible in-trail wake
encounters led to the developmentof in-trail spacing guidelinesbe-
tween aircraft during approach and departure from airports to make
wake encounters unlikely. Even though the separation guidelines
are effective, they slow the � ow of air traf� c, which lowers the ca-
pacity of airports. The purpose of the present study is to determine
what speci� cations on the technologyof air traf� c management are
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required to remove the hazard posed by vortex wakes as the limiting
factor on the capacity of airports. Throughout the paper, reference
will occasionally be made to 1-min spacings between in-trail air-
craft because, for a number of years, the 1-min � gure served as a
goal for the NASA wake-vortex program.1;2

As background information, one of the goals of the NASA/
Federal Aviation Administration (FAA) 1970s research program
was to develop aerodynamic modi� cations to wake-generating
aircraft that would reduce or alleviate to a tolerable level the
rolling-moment hazard posed by vortex wakes, for example, see
Wood1 and Rossow.2 These research efforts did provide several
wing-design concepts that accelerate the dispersion of the intense
parts of vortexwakes. Becausethe ef� ciencyof thewake-generating
aircraft is degraded by the required aircraft modi� cations, none of
the concepts have so far been adopted as a solution.2 It remains,
therefore, that if airport capacity is to be increased, ef� cient and
safe wake-vortex avoidance techniques need to be developed.

In additionto wake-alleviationstudies,a parallel and much larger
researcheffortwas directedat the measurementof the persistenceof
lift-generatedvorticesshedby aircraft.Measurementswere notonly
carried out at altitude,3 but also on aircraft as they arrive at and de-
part fromselectedairports, for example, see Burnham and Hallock,4

Rudis et al.,5 Burnham,6 Hallock and Burnham,7 and Abramson
and Burnham.8 The information obtained by observation of vortex
wakes, and from analysis, led to the developmentof techniques that
suggestedways for aircraft to avoidvortexwakes in the airport envi-
ronment, for example, see Wood,1 Burnham and Hallock,9 Spitzer
et al.,10 Wood,11 Hallock,12 Hinton,13¡15 Vicroy et al.,16 Proctor,17

and Posluns.18 Most of the research efforts concentrated on meth-
ods that make only moderate changes in approach and departure
procedures currently in use at airports and not necessarily in the
instrumentationused to conduct the operations.

The depth of the dif� culty associated with avoidance of wake
vortices is illustrated by an interesting avoidance technique devel-
oped by the Volpe Transportation Systems Center in Cambridge,
Massachusetts in the 1970s, for example, see Spitzer et al.,10

Wood,1;11 and Hallock.12 The method developeda wind ellipse that
was basedona largedatabaseobtainedat variousairports.Whenever
the wind magnitudein a givendirectionwas such that a vector repre-
sentationlay outsideof the wind ellipse, it was predictedthat in-trail
separationdistancescouldbe safelyreducedto 1 min.That is, theex-
perimentaldata accumulatedindicatedthat a wind of that magnitude
and direction is suf� ciently strong to either sweep away, or to dis-
perse, vortexwakes in less than 1 min. The method was not adopted,
however, because the required decision-making process increased
the work load for air traf� c controllers to an unacceptable level.

Another approach to the wake-vortex avoidance problem is cur-
rently being developed by NASA Langley Research Center. The
method utilizes items such as long-term predictions of the state of
the atmosphere, and any impact that atmospheric structure might
have on the transport and decomposition of lift-generated vortex
wakes in the airport environment.13¡15 Efforts of this kind through-
out the world are describedin the proceedingsof a recent conference
on the subject of wake-vortex avoidance.18 Other explorations and
recommendationsfor wake-vortexavoidancehave been made to in-
crease the safety and to simplify current operating procedures for
landing.2;19;20

The goal of each of the foregoing programs is to develop safe
and ef� cient wake-vortex avoidance techniques and procedures so
that aircraft can proceed along approach � ight corridors with in-
trail separationdistances that are constrainedby factors other than a
wake-vortex hazard. Any satisfactory system will no doubt require
that the location of vortex wakes be accurately and reliably known
so that assurance can be given to following aircraft that the � ight
corridor to be used does not contain a wake vortex.

The primary purposeof this study is to determine what speci� ca-
tions must be placed on the instrumentationonboard aircraft and on
the technologyused for air traf� c management at airports to remove
the hazard posed by vortex wakes as the limiting factor on airport
capacity. At this time, it appears that the best way to accomplish
such a goal is to have aircraft avoid vortex wakes. If avoidance is

to be accomplished, a method must be developed that keeps accu-
rate account of the region within which lift-generatedvortex wakes
are reliablyknown to be located.To better understandthe avoidance
process,a computer programwas developedto indicatehow various
uncertaintiesaffect the accuracy of the predictionof the location of
vortex wakes as a function of time. The work reported in this paper
extendspreviouswork19 by includinga better representation20 of the
spreading and growth rate of the hazardous region posed by vortex
wakes, and by indicating various corridor sequences that may lead
improved wake-vortex avoidance capability.

Factors that Affect Wake Motion
The parameters that affect the motion of lift-generated vortex

wakes shed by aircraft, and that are considered to have signi� cant
uncertainties, are 1) location of wake-generating aircraft because
that is where vortex wakes begin their time history, 2) size and
location of wake-hazardous region because that is what must be
avoided, 3) self-induceddescent velocity to monitor the downward
movementofwakes,4)wind velocityand its time variationsbecause
they convectand dispersevortexwakes, and 5) locationof following
aircraft, so that it can be directed along a � ight path that does not
intersect a wake-hazardous region.

Note that the uncertainty as to when a vortex wake is nonhaz-
ardous is not listed, even though considerableuncertaintyexists. To
bypass the uncertainty associated with wake decay or dispersion,
it is simply assumed that the region surrounding the vortex pair
is hazardous for 2–5 min after it was generated and then becomes
harmless, as far as rolling-momenthazard is concerned.In addition,
the relative sizes of the aircraft involved is not mentioned because
the computer program is set up to analyze various situations with
any set of aircraft combinations presently in the transport � eet.

Time is used rather than distancebetween in-trail aircraftbecause
vortices are nearly stationary relative to the air in which they are
embedded.As a consequence,vortexdispersionandmotiondepends
mostly on time and not on distance between aircraft. To pose a
tractable problem, the material in this paper was limited to those
portions of a single approach � ight corridor where vortex motions
due to the ground plane are negligible. That is, only the motion of
vortex wakes from the time that aircraft enter an approach � ight
corridor, until ground effect becomes important, are considered.
After each of the foregoinguncertaintiesare discussed,suggestions
are made as to how they might be reduced to a level two where
high-capacityavoidance systems might be developed.

Method Used to Capture Uncertainties
The initial location of a vortex pair, and the hazardous region it

generates, depends on the location of the wake-generating aircraft
at the time a particular wake segment is deposited. Hence, any un-
certainty in the locationof the aircraft becomesan uncertaintyin the
initial and subsequent locations of the wake. The analysis method
used here begins with the uncertainty in location of the centerline
of the wake-generating aircraft within the � nite, but often large,
cross-sectionalsizes of � ight corridors used while on approach and
departure from airports. All possible locations of vortex wakes are
then assumed to be contained within the boundaries of a number
of so-called wake stations along the � ight corridor, as illustrated in
Fig. 1.When the instrumentlandingsystem(ILS) is beingsimulated,
the entire approach corridor is represented by a cone of square, or
rectangular, cross section. Wake stations are then located at a num-
ber of places along the corridor (Fig. 1).

In the analysis, and in Fig. 1, the origin of the coordinate system
beingused is locatedat the touchdownpoint for the aircraft,with the
positive x direction pointed along the runway from the touchdown
point. The y coordinate extends to the left, or port direction of the
touchdown point, and z is in the upward or vertical direction, to
maintain proper vector orientationbetween axes. As a consequence
of the coordinatesystem that was chosen, the � ight corridor extends
alongthe negativex axis from the touchdownpoint to the entrypoint
for aircraft at the elevated open end of the cone that represents the
approach corridor.The � rst wake station is located at the large open
end of the � ight corridor where aircraft enter, and wake stations
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Fig. 1 Arrangement of aircraft, wake stations, and runway used
to analyze uncertainties associated with vortex-wake locations; � ight
corridor for ILS.

are generated in sequence as the wake-generating aircraft passes
throughthe � ightcorridor.The laststation,Nstn , is locatedjustbefore
touchdown. Intermediate stations are labeled Istn . The minimum
spacingbetween wake stations is based on the time needed to obtain
an accurate location of the wake-generatingaircraft and to measure
the velocity components of the winds in the region of that wake
station19 estimated at 1 s or more. Even though the time increment
between stations may be constant, the distance along the corridor
between the stations may not be equal because the aircraft velocity
along the approach corridor may not be constant.

In the cases analyzedhere, it is assumed that the centerlineof the
� ight corridor is located along a line that begins at a distance from
touchdown at xbeg D ¡20 n mile. The elevation of the centerline of
the � ight corridor is determined by the angle of the � ight corridor
relative to the horizontal and on the number of segments along its
length.A distanceof 20 n mile was chosen because,at that distance,
a 3-deg glide slope produces a centerline height above the runway
surface of zbeg D 6400 ft. If multiple-segment � ight corridors are
used, an even higher elevation is produced at the entry point to the
� ight corridor. In this way, should an aircraft encounter a vortex
wake at or before the entry point and suffer a large change in � ight
orientation enough altitude should be available to recover safely.

The real-time analysis of wake location uses the boundaries of
each wake station to enclose all possible locationsof a vortex wake,
including any uncertaintiesassociatedwith its time history.That is,
the � ight corridor remains � xed in space, but the boundaries of the
wake stations move with time so that the vortex wake of the wake-
generating aircraft being considered is always known to be entirely
within the region de� ned by the wake-station boundaries. It is not
that the wake-station boundaries restrain the motion, but that the
boundaries are moved with time so that the wake-station boundary
always encompasses the entire region where any part of the vortices
can reliablybe found.The reasonfordesigningsucha wake station is
that, if the interiorof all of thewake stationsisavoidedbya following
aircraft, the likelihoodof a wake-vortexencounter is negligible.The
followingsubsectionsdescribehow the wake-stationboundariesare
moved in the computations in response to various in� uences (and
their uncertainties) that move and enlarge vortex wakes.

Uncertainty in Locating Wake-Generating Aircraft
During instrument � ight rules at airports, aircraft are constrained

to � y, in-trail style, within � ight corridors while on approach to
a runway for touchdown. A conically shaped corridor with square
cross section,and vertex angles of 3 deg in both the verticaland hor-
izontaldirections,is used to represent the approachcorridorde� ned
by the ILS. As mentioned before, the apex of the square cone is
located at the touchdown point, with the cone centerline elevated at
3 deg so that it coincideswith the glide slopeof aircrafton approach.
As a consequence,the cross-sectionalarea of the approach corridor
is small near touchdown, but far from the runway near the corridor
entry station, the cross section of the approach corridor becomes
very large (Fig. 1). Because aircraft can � y anywhere they wish in-
side an approach corridor, the location of an aircraft on approach,
and the beginning location of its wake, have an uncertainty that is
equal to the cross-sectionalsize of the corridor.

Two types of approach � ight corridors are considered. The � rst
one is representativeof the ILS that is now in common use (Fig. 1).

Fig. 2 Wake stations, etc., when � ight corridor is based on GPSS.

As discussed, the ILS � ight corridor has the shape of a square cone
with its apex at touchdown.Although the interior angles of the cone
are somewhat arbitrary, the examples to follow use half-angles of
1.5 deg in both the vertical and the horizontal directions, and the
centerlineof the cone is taken as 3 deg above the horizontal, that is,
a centerline glide slope of ¡3 deg.

The secondapproach� ight corridor is basedon a guidancesystem
like the global positioning satellite system (GPS system, or GPSS)
(Fig. 2). A GPS-based system allows the shape of the corridor to be
arbitrary within wide limits. In principal, the � ight corridor may be
curved along its centerline,and/or the shape of its cross section may
be irregular along the � ight path. If the shape of a � ight corridor is
more complicatedthan simply straight,and rectangularin cross sec-
tion, the analysisproceduresare also more complexand error prone.

No matter which type of � ight corridor is used, note that the cen-
terline, and not necessarily the entire aircraft, is constrained within
the � ightcorridor.Therefore,certainparts of the aircraft,and its vor-
texwake, may protrudeoutsideof its � ight corridor,especiallywhen
an aircraft is � ying along side or near to a boundary of the corridor.
To include those possibilities,when wake-encounter probability is
calculated, the wake-station boundaries are adjusted outwardly so
that the entire cross section of the hazardous region of the vortex
wake, including uncertainties, are within the boundaries of each
wake station.

Uncertainties in Wake-Hazardous Region
Because wake avoidance is the desired outcome of the study, it

is necessary to de� ne just what is to be avoided. As expected, the
hazardous region associated with a lift-generated wake does not
have sharp, de� nite boundaries, but fades in intensity as the dis-
tance from the vortex centers increases. In general, the boundaries
of the region to be avoidedduring the early stagesof wake decay are
complicatedby the vortices that can inducevertical and lateral loads
that cause lifting, yawing, and pitching motions on an encountering
aircraft throughout much of the active region of the wake. Each of
these vortex-inducedmotionshas its own set of regions that are haz-
ardous under some circumstance.However, of these induced forces
and moments, the most hazardousfeatureof the wake during in-trail
� ight proceduresused during approach to an airport is an overpow-
ering rolling moment near the center of a vortex. For this reason,
the only hazardous region consideredhere is the one identi� ed with
wake-induced rolling moments.

Before Wake Instabilities Occur

An estimate of the initial size of the hazardous region posed by
a vortex pair due to vortex-inducedrolling moment has been deter-
mined experimentally and theoretically.2 The experimental mea-
surements were obtained with the large wind tunnels at NASA
Ames Research Center, and the theoretical estimates were made
with a modi� ed strip theory, which agrees well with vortex-lattice
theory.2 Both indicate that during the early stagesof wake decay, the
wake-induced rolling moment on a following wing in the vicinity
of a vortex wake is well represented by lines of constant rolling-
moment coef� cient as shown in Fig. 3 for the entire wake.2;19 The
center of the vortex wake, and not the center of the wake-generating
aircraft, is located at the center or origin in Fig. 3. The compu-
tations are presented for a lift coef� cient on the wake-generating
aircraft of CLg D 1:5 and for a ratio of the span of the following
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Fig. 3 Contours of constant wake-induced rolling-moment coef� -
cient19 to de� ne boundary of hazardous region outside of which j j Clf j j <
0.01, CLg = 1.5, and bf /bg = 0.29; vortex-induced overpowering rolling
moments occur when centerline of following aircraft is in cross-hatched
region.

wing to that of the generatingwing of b f =bg D 0:29; For example, a
wake-generating aircraft with a wing span of about 200 ft and a
following aircraft with a wing span of about 60 ft. Each point on
the various contours represents the location of the centerline of the
following or encountering aircraft relative to the centerline of the
vortex wake. The wake at this stage of its history is primarily com-
posedof a vortexpair that is symmetricalaboveandbelowthevortex
centers (locatedat y=bg D 0:4, z=bg D 0:0) and antisymmetricalport
and starboard.

The contour lines presented in Fig. 3 de� ne the hazardousbound-
ary as two spanlengths in width and one in height. The choice of
such a boundary begins with the observation that the maximum
aileron-inducedrolling moment is typically jCl±am j ¼ 0:06 for sub-
sonic transports.2 Inside the cross-hatched regions around the vor-
tex centers in Fig. 3, the wake-inducedrolling moments exceed the
aileron-induced capability of the encountering aircraft. Therefore,
if a following aircraft should encounter a cross-hatched region for
a signi� cant period of time, for example, several seconds, it would
be unable to cope with the encounter. However, outside of the rect-
angular region de� ned as the wake-hazardousregion, it is estimated
that the encounteringaircraft has enough roll control power for the
ailerons to cope with, and to recover from, any vortex-induced roll
excursion. To be conservative, a rectangular boundary was placed
around,and well outsideof, all of the 0.01 contoursof wake-induced
rolling moment. The rectangularbox is drawn so that, if the center-
line of a following aircraft is always outside of the box, the pres-
ence of the vortex wake inside the box would be barely perceptible.
Throughout the study, it is assumed that the initial size of the haz-
ardous region is two wingspans in breadth, and one wingspan in
depth, for all sizes of wake-generatingaircraft, and independent of
the size of the following aircraft.

Note that an encounterwith the hazardous region does not neces-
sarilymean that overpoweringrolling moments will be experienced.
Rather, the encounter must be with one of the two small cross-
hatched regions inside the hazardousregion near the vortex centers,
where intense, vortex-induced overpowering rolling moments are
predicted. Based on the ratio of the entire area of the hazardous re-
gion to that where intense rolling moments are induced by a vortex
(Fig. 3), an encounter with a vortex core is estimated to be about
0.08 times as likely as the probability of an encounterwith any part
of the hazardous region.

During and After Wake Instabilities

As vortex wakes age, shortwave (a fraction of a wing span) and
longwave(severalwing spansormore) instabilitiesoccur that spread
and disorganizethe coherent structureof the vortex pair.21¡26 These
instabilitiesare regularlyobservedin condensationtrailsshedbyair-
craft at cruise altitudes20 because,during cruise, aircraftare in a low
drag con� guration,which encouragesthe instabilities.In support of

the observed connection between the shortwave instability, and the
� uid dynamics and wake spreading that follows, are some observa-
tions and computationsmade byThomas and Auerbach,21 Crouch,22

Leweke and Williamson,23 Laporte et al.,24 and Holzaepfel et al.25

that appear to simulate the circumferentialstriationsobservedin the
condensationwakes of aircraft at cruise altitudes.20 It is, therefore,
surmised that vortices are � rst dispersed by a shortwave or elliptic
instability,as describedby Thomas and Auerbach21 and Lewekeand
Williamson.23 The shortwave instability appears to cause the outer
parts of vortices to spread rapidly during the early stages of wake
decay,but it is not certain what effect it has on the overall dispersion
of the hazard posed by a vortex pair.20

Destructive mixing of the coherent structure of the vortex pair
appears not to take place until the large-scale(or Crow26) instability
occurs. The ultimate formation of irregularly shaped vortex loops
brings about spreading of the wake over at least several wingspans
both vertically and laterally to the � ight direction. The resulting
redistributionof the energetic parts of the wake very effectively re-
duces the rolling-momenthazard to a negligible level.20 Thereafter,
the wake appears to be benign for in-trail penetrations, and contin-
ues to spread. It must be remembered, however, that even though
the wake no longer poses a coherent rolling-momenthazard during
in-trail wake penetrations, it does continue to pose a vertical loads
hazard if across-trail penetrations are made.20

Another mechanism for wake spreading comes about when they
are near the ground. Fluid dynamic friction of the vortex � ow� eld
with the ground and any atmospheric eddys from thermal activity
and the wind increase the rate of dispersion of vortex wakes when
they are in the lower parts of approach corridors. Because the fore-
going sources vary considerably with time of day, altitude, wind
conditions, etc., wake mixing cannot be relied on in wake-vortex
avoidanceprocedures.The large uncertainties in wake-mixing pro-
cessesindicatethatmore statisticalobservationsareneeded to model
satisfactorily or predict wake dynamics and dispersion due to the
presence of the ground plane.

For the foregoing reasons, the rectangular hazardous region
(D 2bg xbg ) described in Fig. 3 applies only to the early stages of
the life of lift-generated wakes. To account for the cross-sectional
area added to the hazardousregionby the sinuousmotion of the vor-
tex cores and the instabilities, the region to be avoided is enlarged
by amounts suggested in Fig. 4. In the absence of corresponding
data for wakes shed in approach corridors, it is assumed that the
spreading rate of vortex wakes with time is approximately the same
in approach corridors as observed in condensation wakes behind
aircraft at cruise altitudes.20 Data obtainedat cruise altitude are also
approximate,because, in the data takingprocess, it was not possible
to identify clearly whether wake growth with time was uniform in
all directions, or greater in any one direction, for example, in the
direction of the longwave, or Crow,26 instability, which is mostly
downward. Therefore, the enlargement of the wake cross section
with time will be approximated as the same amount in the lateral
and verticaldirectionsand proportionalto t1=2, as indicated in Fig. 4.

Fig. 4 Approximate breadth and depth dimensions of condensation
wakes as a function of time as measured behind aircraft at cruise
altitudes.20
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The long-term spread of the wake can then be written in equation
form as

dwk=bg D Cinst.1t/
1
2 (1)

where dwk is the effective diameter of the wake and Cinst is the pro-
portionalityfactor that converts time into wake spreading.Based on
Fig. 4, the time-averaged value for wake spreading during the � rst
minute of existence is three wingspans per minute, and the maxi-
mum spreading rate is about four wingspans per minute. Because
a conservative value is preferred and, when time is converted from
minutes to seconds, the proportionalityconstant becomes

Cinst D 4:0
¯p

60 ¼ 0:5 (2)

As the various elements of the wake disperse with time, the energy
in the wake is redistributed, causing the velocity magnitudes to
diminish.

To prevent an underestimate of wake size, the cross-sectional
dimensionsof the hazardousregion will be taken as the larger of the
two quantitiesgiven by two wingspanswide by one wingspan deep,
or by Eqs. (1) and (2). Therefore, in the evaluation of probability
of wake encounter, the area of the hazardous region is de� ned as a
region two spans in breadth and one in depth,

Ahz D 2b2
g ft2; 1t ·

p
¼=8 s (3a)

or, if the age of the wake exceeds
p

.¼=8/ s, the areaof the hazardous
region is given by

Ahz D .¼=8/b2
g1t; 1t ¸

p
¼=8 s (3b)

Self-Induced Downward Motion of Vortex Pair
The self-induced downward velocity of a vortex pair depends

on the spanwise distribution of the loading on the wake-generating
wing and on the total lift of the wing. The downward or descent
velocity of the vortex centers (and, consequently, their hazardous
regions) for a speci� c aircraftdependson its � ight velocity,altitude,
weight, and slat and � ap arrangement for the span loading.Because
in steady � ight the lift on the wing equals the weight of the aircraft,
the circulation in the vortex is estimated as

0=bgU1 D 1
2 .bg=b0

g/.CLg=ARg/ (4)

The time-averaged downward velocity of the vortex pair is then
given by Wslf D ¡0=2¼b0

g , where 0 is the centerline circulation
on the wing of the wake-generating aircraft and b0

g is the spanwise
distancebetweenthe vortexcenters.Combinationof theseequations
yields

Wslf=U1 D ¡.1=4¼/.bg=b0
g/2.CLg=ARg/ (5)

where Wslf is the self-inducedvelocity of the vortex pair, which will
be negative when the lift is positive.

It is found that size and weight differences in subsonic trans-
ports cause the downward velocities of their trailing vortex wakes
to range from several feet per second for commuter-type aircraft,
up to about 10 ft/s for larger aircraft. In fact, the weight of a given
airplane changes throughout its � ight from a maximum at takeoff
to a minimum at landing. To provide a conservative and yet re-
alistic estimate of the self-induced downward velocity, a value is
calculated for each aircraft based on both the empty and maximum
landing weights. The time-averaged value Wslf is then determined
as the average of the two quantities and the uncertainty as one-half
of their difference, wslf D 1Wslf=2. Upper case letters are used to
denote time-averaged values and lower case to denote uncertainty
values. Such an estimate is certainly conservative, but because the
descent velocities are small, any overstatement of value does not
signi� cantly change the conclusions presented here.

The side boundaries of the wake station need not move because
the self-inducedwake motion is only downward, as long as the wake
is notnear the ground.The uncertaintyin the self-inducedvelocityis

Fig. 5 Method used to move boundaries of wake stations as a function
of time due to various inputs and their uncertainties.

taken as upward on the upper boundaryand as negativeon the lower
boundary of a wake station (Fig. 5). In this way, the uncertainty
in downward velocity reduces the downward velocity of the upper
boundary and increases the velocity of the lower boundary,causing
the vertical extent of the wake station to increase with time.

Wind Velocity and Atmospheric Turbulence
It is assumed that measurements of the three velocity compo-

nents of the wind and their variations, for example, variance and
turbulencecomponents, are obtained along the � ight path of wake-
generating aircraft with onboard instrumentation.19 Any uncertain-
ties in these measurements (variance, or maximum deviation from
the steady-statevalue) cause the wake-stationboundariesto enlarge
with time by a corresponding amount. Because the measurements
are made only along the � ight paths of aircraft during approach,
vortex wakes may move to locations not precisely covered by the
data. It is assumed that the locations where the wind velocitieswere
measured by the wake-generatingaircraft also move with the wind
and, therefore, remain with the � uid occupied by the wake so that
the velocities of convectionare unchanged throughout the time that
wake motion is being monitored. Any mutually induced or random
velocities caused by proximity of � lament segments of the same
or other nearby vortices and wake instabilities are assumed to be
represented by the measured velocities and the spreading rate pre-
dicted by Eqs. (1) and (2). Furthermore, any effect of viscosity or
small-scale, for example, boundary layer on the wing, turbulencein
the wake and local atmosphereon the decay, dispersion,and motion
of the vortices is either negligible or also representedby one of the
foregoing lumped parameters.

Probability of Wake Encounter
Calculation of the probability of wake encounter begins with

a determination of the initial locations of the wake stations and
their boundariesalong the � ight corridorfor each succeedingwake-
generating aircraft. An adjustment is made in the wake-station
boundaries to cover the possibility that wake-generating aircraft
may � y with their centerline at or near the boundaries of the ap-
proach � ight corridor. Because as much as half of the wake may
protrude outside of the � ight corridor, the sides of the wake-station
boundary must be moved outward by half the size of the hazardous
region in the lateral, 1y, and vertical, 1z, directions (Fig. 6), as
predicted by Eq. (3).

When the next wake-generating aircraft arrives at the entry of
the � ight corridor, it is � rst treated as a following aircraft. In this
way, a determination can be made as to whether the � ight corridor
(which has a cross-sectional size given by Afoll) that is being used
overlaps with the time-adjusted locations of the boundaries of the
wake stations Bstn, Dstn , or Astn, of preceding aircraft (Fig. 6). The
overlap region is designated as Aovrlp . If no overlap is predicted,
which makes Aovrlp zero, the analysis indicates that the probability
of a wake encounter is negligible. If, however, overlap does oc-
cur, the cross-sectionalareas of the wind-enlargedwake station, the
� ight corridor, and the hazardous region are used to estimate the
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Fig. 6 Enlargement of wake station to include portion of hazardous
region that extends outside of wake station when centerline of wake-
generating aircraft is at or near perimeter; relationship to overlap
region.

probabilityof encounter. In the evaluation, it is assumed that the lo-
cationof the wake-hazardousregion Ahz is equally likely throughout
the uncertainty region de� ned by Astn . Similarly, it is assumed that
the locationof the followingaircraft is equally likely throughoutthe
cross section of the � ight corridor at that station, which is de� ned
as Afoll. The various probabilities are then de� ned as 1) (Ahx=Astn)
is the probability that hazardous region is at any given place in the
entire wake station and 2) (Aovrlp=Afoll) is the probability that fol-
lowing aircraft is in overlap region of � ight corridor. The product
of these two de� nitions leads to a value for the probability of an
encounter of a following aircraft with a wake-hazardous region as

Penc D .Ahx=Astn/.Aovrlp=Afoll/

As a reminder, and as pointed out in a preceding section, the proba-
bility Pvr that the following aircraft will encounter the intense parts
of the hazardous region where the vortex-inducedrolling moments
are overpowering, that is, near the vortex centers, is given by

Pvr D 0:08 £ Penc

Illustrations of Encounter Probability
Graphical results are now presented to illustrate how the proba-

bility of wake encounter with any part of a wake-hazardous region
is affected by various magnitudes of uncertainties.Results are � rst
presented for ILS and GPSS � ight corridors, both when the wake
cross-sectional size is � xed and when it spreads with time accord-
ing to Eq. (1). The effect of a side wind is then considered.Because
wakes can pose a hazard throughout the entire length of the � ight
corridor, wake-encounterprobabilitiesare determined all along the
corridor by the computer program. A safe situation is assumed to
exist if no part of the wake-hazardousregion overlapswith the � ight
corridor of the following aircraft. The calculatedprobability is then
zero. Because the scale used for probability is logarithmic, the zero
value is represented in the � gures as being at 10¡8.

ILS Flight Corridors

The uncertaintyin the initial locationof both the wake-generating
and following aircraft is determined by the cross-sectional size of
their approach corridors.These uncertaintiesare important because
the initial locationof the wake-generatingaircraft governs the start-
ing location of each wake element and, therefore, contributes to the
uncertaintyin vortexwake. Similarly, the initial and time-dependent
location of the following aircraft is important because its � ight
path must be directed around the hazardous region generated by
the wakes of preceding aircraft. The effect of the shape and cross-
sectional size of the � ight corridor used by a wake-generating and
following aircraft on the probabilityof encounter is now illustrated.
For ILS � ight corridors, the uncertainty in location of the generator
aircraft is largest at entry and vanishes at touchdown. If the size of
the wake-hazardousregion remains the same as its original size and
does not grow, and the wind along with all other uncertainties is
negligible, only the self-induced downward motion of the vortices

a) Wake hazardous region held constant at initial size

b) Wake hazardous region based on cruise altitude data

Fig. 7 Wake encounter probability as a function of distance along
� ight corridor for range of arrival times by aircraft behind one in heavy
category when using a 3-deg ILS approach corridor; no wind.

moves the wake-stationboundaries.Under those circumstances,the
probabilityof encounterfor a sequenceof aircraft followinga heavy
wake-generatingaircraft, such as the B-747, at different time inter-
vals is estimated as indicated in Fig. 7a. Note that, according to
the criteria being used in this analysis, the encounter probability
throughout most of the � ight corridor does not become negligible
even after 10 min. At a 1-min spacing, the encounter probability
does drop to zero (indicated by a probability of 10¡8 ) over the re-
gion where the corridor cross section is very small near touchdown,
indicating the need for � ight corridors of small cross section.

The results in Fig. 7a are not surprising because the conically
tapered shape of the ILS � ight corridor causes the cross-sectional
size of the � ight corridor to decrease as the aircraft proceeds to
touchdown. When the cross-sectionalarea of the � ight corridor be-
comes small enough, the self-induced downward velocity of the
vortex pair is able to convect the hazardous region out of the � ight
corridorquickly.As the cross section of the � ight corridor increases
with distance from touchdown, more and more time is required for
the wake to be convected out of the � ight corridor. At the greater
distances from touchdown, wakes will decay to a harmless level
before they are convected out of the corridor. If the ILS corridor
is assumed to have 1-deg angles at its vertex in both the vertical
and horizontal directions, vortex wakes exit the corridor in roughly
one-third of the time that it takes to exit a 3-deg ILS � ight corridor,
as expected.However, when a more realistic growth rate is used for
the size of the hazardousregion of vortex wakes (Fig. 7b), the larger
wake diameters increase the time required for them to vacate both
1- and 3-deg ILS � ight corridors.

GPSS Flight Corridors

Con� rmation of the foregoing observation about � ight corridors
of small cross section is obtained when it is assumed that the
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a) Wake hazardous region held constant at initial size

b) Wake hazardous region based on cruise altitude data.

Fig. 8 Wake encounter probability as a function of distance along
� ight corridor for range of arrival times by aircraft behind one in heavy
category when using an 80 ££ 80 ft approach corridor based on GPSS;
no wind.

approach � ight corridor is de� ned by GPSS technology. For ex-
ample, assume that the � ight corridor has a constant cross-sectional
size of 80 £ 80 ft (Fig. 2) and that the wake-hazardous region does
not growwith time above its initial 2bg £ bg dimension.In that case,
the computational method estimates that, for a GPSS � ight corri-
dor, the probability of a wake encounter by the following aircraft
is negligible throughout the length of the � ight corridor even at a
1-min in-trail spacing (Fig. 8a). Also note that the probabilities are
all constant along the � ight corridor because both the � ight corri-
dor and the in-trail spacing between aircraft are taken as constant.
These results also indicate the need for re� nements in the guidance
used for aircraft on approach to an airport to constrain the aircraft
to corridors of small cross sections.19

If the wake is allowed to spread as a function of time, as ob-
served in condensationwakes, Eq. (1), much more time is required
for wakes to clear the � ight corridor (Fig. 8b). A safe separation
time between aircraft then increases to something under 3 min. The
advantages of � ight corridors with small cross sections are still ap-
parent, but their bene� t is not enough to counter the in� uence of
wake spreading.Also note that the results presented in Figs. 7 and 8
again worsen if the self-induceddownward velocity of the pair has
any uncertaintyabove that assumed in the computations.The greater
uncertainty also forces longer separation times between aircraft if
the probabilityof wake encounter is to be negligible.When smaller
aircraft are used in the numerical experiment, the results are quite
similar to those shown in Figs. 7 and 8 because the smaller self-
induced downward velocity of the wake is approximately offset by
the smaller cross-sectionalsize of the hazardous region.

Uncertainty in Side Winds

Because the time required for a lift-generated wake to vacate a
� ightcorridoris directlyproportionalto the sizeof the � ightcorridor
and inverselyproportionalto the wind velocity, it is obviousthat the
corridorsize shouldbe as small as possibleand that any wind should
be utilized. It is again assumed here that all three componentsof the

Fig. 9 Effect of side wind on encounter probability as a function of
distance along � ight corridor when arrival time of following aircraft
is 1 min behind wake-generating aircraft in heavy category; 80 ££ 80 ft
GPSS approach corridor.

wind are measuredbyaircraftas they pass throughthe � ightcorridor
to touchdown by means of a technique similar to that used in the
AVOSS program.27

Because a side-wind component has a prolonged time in which
to convect a vortex wake out of a corridor, its magnitude need not
be large for corridors of small width. For example, assume that the
time-averaged side wind is 10 ft/s. It then takes less than 1 min for
the entire vortex wake to be blown clear of a small, for example,
80 £ 80 ft, � ight corridor (Fig. 9). However, if the wind velocity can
only be measured to within §10 ft/s, the uncertainty is equal to the
time-averaged velocity. In such a case, the uncertainty in velocity
completely offsets its time-averaged value, so that the bene� ts of
a side wind vanish. As an experimental reference, note that some
ground-based measurements by Hallock and Whitney28 also indi-
cate that a side wind of 10 kn or more is suf� cient to remove a wake
from departure corridors within 40 s. The wind ellipse developed
for the vortex advisory system,10¡12 discussed in the Introduction,
indicates that side winds greater than 8 kn (13.5 ft/s) are more than
adequate to clear an approach corridor of vortex wakes in less than
1 min.

Similar requirementsare necessaryfor the verticaland along-trail
components of wind velocity. That is, upwardly directed winds off-
set the self-induceddownward motion of the vortex pair, which can
move the wake-hazardousregion into the path of followingaircraft.
Of course, downwardly directed winds promote the exit of vortex
wakes out of the � ight corridor. Similarly, tailwinds tend to move
vortex wakes largely along the � ight path so that wakes appear to
rise from the viewpoint of following aircraft. Headwinds are bene-
� cial because they tend to give vortex wakes an apparentdownward
motion,which acceleratestheir departure from a � ight corridor.The
wind ellipse developedfor the vortex advisorysystem indicates that
a head or tail wind of 14 kn (24 ft/s) is necessary for safe approach
through a � ight corridor when in-trail spacings between aircraft are
1 min. In this latter case, the mechanism that leads to safety is be-
lieved to be increased atmospheric turbulencethat rapidly disperses
vortex wakes and not the result of wake convection.10¡12

Two-Segment Flight Corridors
One way to alter approach corridors for noise abatement over

inhabited areas under � ight patterns is to maintain higher altitudes
on approach.Descent to touchdown is then accomplishedby use of
steeper glide slopes. Because some aircraft are able to safely exe-
cute glide slopes between ¡3 and ¡6 deg during the � rst part of
their approach path, whereas others may not have such a capability,
a mixture of glide slopes is needed to accommodate the capabilities
of all aircraft. A � ight corridor that uses two glide slopes along its
� ightcorridoris referredto as a two-segmentapproach.The junction
of the two glide slopes can be executed fairly close to touchdown. If
differentglide slopes are used for the outer segment of the approach
path, the probability of wake-vortex encounters is increased over a
large part of the approach path (Fig. 10a). As indicated, the hazard
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a) Side view of wake motion

b) Wake encounter probability

Fig. 10 Increase in wake encounter probability when an aircraft on a
single, ¡ ¡ 3-deg glide slope follows an aircraft in heavy category that is
using a two-segment ( ¡¡ 6 deg/ ¡¡ 3 deg) approach path; segments join at
¡ ¡ 1 n mile, no wind, 80 ££ 80 ft GPSS approach corridors.

comes about because, as time progresses, the wake from the up-
per aircraft on a two-segment approach descends down through the
� ight corridorbeing used by the lower aircraft,which is on a single-
segment approach path. The intersection region moves away from
the runway with time and increases in size with time as the wake
cross-sectionenlarges.(The probabilitycurvesin Fig. 10b havebeen
givena small verticaloffset to better indicatetheconnectionbetween
the various parts of the curves.) Because the wake intersects the
lower � ight corridor, the wake-encounterprobability becomes high
(Fig. 10b) along the intersection region of the wake and the lower
3-deg corridor.Note in Fig. 10b that the encounterprobabilitydrops
to essentially zero in front of, and behind, the parts of the � ight cor-
ridor where the lower corridor and the wake region intersect. Some
� ight research conducted by Kurkowski et al.29 also indicates that
such a mixture of � ight corridors would pose an increased hazard
to any following aircraft that uses a single-segmentapproach path.

Observation on Runway Capacity
The wake-encounterprobability data presented in Figs. 8–10 in-

dicate that if a strong side wind is not blowing,vortex wakes will not
vacate even small � ight corridors within the 1-min goal desired at
airports.Implementationof therecommendationsforreduceduncer-
taintieswould improve the safety, and provide a small enhancement
of capacity,of runways at airports.However, the restraint on capac-
ity brought about by the rapidly growing and spreading hazardous
regionsurroundingthewakevorticesoffsetsthebene� ts providedby
the reduction in the magnitude of the other uncertaintiesassociated
with the locationof vortexwakes. That is, reductionof uncertainties
is, by itself, not suf� cient to safely achieve 1-min in-trail spacings
between aircraft operations. (These 1-min spacings were a goal of
the NASA/FAA wake-vortex program. Smaller spacings are then
only prevented by factors associated with air traf� c operations at
airports and not by the hazard posed by lift-generatedvortices.) Be-
cause the growth and spread of vortex wakes with time is a natural
process, a method for reducing its impact does not appear possible
at this time.

Therefore,on the basis of the avoidancemodels used so far in this
analysis, it is recognized that new proceduresand technologieswill
be needed for approach to airports if capacity on existing runways
is to be safely increased by an appreciableamount. It was then rea-
soned that greaterairport capacitymight be achievedby substitution
of � ight corridorrotationsfor in-trail spacingsto increaselateraland
vertical distances between � ight corridors, so that wake encounters
do not occur even at close in-trail spacings. Such a process is only
possible when the improved instrumentation for uncertainty reduc-
tion is implemented. To illustrate a possible development process
toward a useable multiple � ight corridor system, several multiple
� ight corridor examples are presented in the sections to follow.

Sequential Two-Segment Flight Corridors
Assume now that only 5 or 10 aircraft are in a landing sequence

and that a period of � ve or more minutes will pass before another
aircraft or sequence of aircraft will arrive. Also assume that all of
the aircraft have the ability to � y steep approach segments (i.e., as
muchas¡6-degglideslopes), thatall have thecapabilityto � y GPSS
� ight corridors that are 80 £ 80 ft in cross section, and that wind
measurements are available along the � ight corridor.The procedure
uses multiple � ight corridors wherein each aircraft has its own two-
segment � ight corridor, and the steep or outer segment of its � ight
path is above previous � ight paths (Fig. 11a). It is found that the
incrementsbetween � ight corridorsneed only be large enough (both
0.25- and 0.5-deg increments were found to be suf� cient) to ensure
that the � ight path of each following aircraft is far enough above
previous � ight paths, so that no part of the wake of previous aircraft
is encountered. Such a small change in glide slope for the steep
segment is, of course, only possible when aircraft are constrainedto
� ight corridorsof small cross section and would not be safe for ILS
corridors. As shown in Fig. 11b, the wake encounter probability is
zero until the approach corridors converge closely enough that the
wake-hazardous regions overlap adjacent corridors, for example,
near to and along the lower common segment.

Because the elevation angle between aircraft corridors is small, a
number of aircraft can utilize the sequence of glide slopes before it

a) Side view of concept

b) Wake encounter probability

Fig. 11 Sequential two-segment � ight corridors wherein � rst corridor
is ¡ ¡ 3-deg glide slope and each following aircraft use � ight corridor
with steep segment 0.5 deg greater than preceding one; segments join
at ¡ ¡ 1 n mile, no wind, 80 ££ 80 ft GPSS approach corridors.
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Fig. 12 Diagonal view of corridor concept that uses sequential two-
segment � ight corridors wherein outer segments have slue angles that
range, for example, from +9 to ¡ ¡ 9 deg at ¡¡ 3-deg increments; all at
¡ ¡ 3-deg glide slope.

is necessary to recycle the pattern.When it is decided to recycle the
pattern, a waiting period of 2–5 min or more is necessary between
the last aircraft of one cycle and the � rst of the next cycle to be
certain that the wakes of previous aircraft have either decayed to
a harmless level, or have been convected away from the air space
used by the sequentialtwo-segmentcorridors.Such a procedurewas
computationally found to be effective whether aircraft in the series
were all small, or large, or a mixtureof the two. It was also found that
a side wind from port or starboard did not have an adverse affect on
encounter probability for aircraft on the steep segment. As pointed
out for single-segment � ight corridors in the foregoing section on
side winds, sequential two-segment � ight corridors cannot tolerate
upwardly directed winds or a wind in the direction of � ight, but a
headwind is bene� cial because of the direction that vortex wakes
are convected.

Sequential Slued Flight Corridors
Because the sequential two-segment glide-slope procedure can-

not be recycled immediately, other possibilities were tried. One of
the procedures tried was the use of small changes in the lateral di-
rection of approach to the touchdownpoint, which are referred to as
slue-angle changes, that is, the deviation of a GPSS � ight corridor
from the runway centerline to either port or starboard (Fig. 12). Be-
cause vortex wakes extend over greater distances in the horizontal
direction than in the vertical direction, it was found that increments
in slue angle of about 3 deg or larger are adequate for satisfactory
wake avoidance. In the analysis, the maximum slue angle was lim-
ited to §9 deg. Maximum slue angles are only of concern in that
aircraft must be able to execute easily a turn from the incoming
slued corridor to alignment with the runway centerline, along the
second segment of the � ight corridor.

Computationsof wake-encounterprobabilityfor such a � ightcor-
ridor sequence indicate that it is safe only when a side wind is not
blowing. That is, if the wind is blowing in the direction of increas-
ing slue angle, vortex wakes are convected into the path of aircraft
following in adjacent corridors. If the wind blows in the direction
opposite to increasing slue angle, it is not possible to recycle the
sequence until all of the vortex wakes have decayed to a harmless
level. It was concluded, therefore, that slue angle by itself was also
not an attractive alternative to a single � ight corridor because it is
too dependent on wind direction and magnitude, thereby causing
the recycle time to be excessive. As with the procedure that uses
sequential glide slopes, wake-encounter probabilities are sizeable
in the vicinity of the common nonslued part of the approach path,
for example, similar to that in Fig. 11.

Combination of Two-Segment
and Slued Flight Corridors

Becauseglide-slopeandslue-anglesequencesby themselveseach
providedsome wake-avoidanceadvantagesalong the outer segment
of the � ight corridor,a combinationof the two (Fig. 13) was investi-
gated.That is, can a combinationof corridorangle changesbe found
that leads to a procedure that safely permits immediate recycle of
the sequence and that is also insensitive to winds? After several

Fig. 13 Diagonal view of corridor concept that uses sequential two-
segment � ight corridors wherein outer segments have both slue-angle
and glide-slope variations.

incremental sizes were studied, it was found that the outer segment
of the � ight corridor sequence would provide adequate avoidance
assurance if the corridorswere designed to have 0.5-deg increments
in glide slope and 3-deg increments in slue angle between � ight
corridors in the sequence. The sequence illustrated in Fig. 13 is not
to scale, and only the centerlines of the � ight corridors are shown.
When such a procedure was tested for sensitivity to side winds, it
was found that the � rst cycle was completely insensitive to side
winds in either direction. The reason for insensitivity on the � rst
cycle comes about because, in one direction,wakes are blown away
from the startingregionof the sequence,in which case the wakes are
blown under soon-to-be-activecorridors.When the wind blows in a
direction against increasing slue direction, vortex wakes are blown
away from prospectivecorridors and those in use.

Consider now the case when the glide slope/slue angle is recy-
cled. If a side wind is blowing in the direction of increasing slue
angle, vortex wakes are convectedunder � ight corridors to be used
in the same sequence. However, as before, if the wind blows in
the direction opposite to increasing slue angle, the vortex wakes
of one sequence are blown onto the � ight corridors to be used in
the next sequence and those to follow. Because side winds are not
a problem when they are in the direction of increasing slue angle,
the solution is to design the procedure so that slue angle always
increases in the same direction as the side wind. This option is
available because, even though glide slope must increase whether
slue angle increases in the port or starboard direction, the slue angle
can proceed either to port or to starboard. If this is done, glide-
slope/slue-angle sequences are robust and wake-encounter proba-
bilities are negligible everywhere except near the junction of the
corridorsand along the common � ight corridor segment just before
touchdown.

The foregoing sequential � ight corridor system is found to be
effective along the approach corridors except for the regions where
the corridors converge and join to form a common path to touch-
down. It remains then to � nd a safe avoidance procedure along the
regions where the corridors converge to form a common segment
to touchdown. One such possibility is to traverse these regions at
low altitude and close to touchdown so that the interaction of the
wakes with the groundplanecauses them to decay rapidly to a harm-
less level well within 1 min after passage. Previous studies of wake
decay when near ground planes indicate that even though vortex
wakes do decompose more quickly in ground effect, more study is
needed to determine whether vortex wakes can de� nitely be made
harmless,before a 1-min time periodoccurs, especiallyduring calm
wind conditions.5;7;28;30 To achieve such a goal, it may be necessary
to distribute trees of graduated height along the lower parts of the
approach corridors to increase substantially the effective friction
between the ground and vortex wake.

Conclusions
The study reported here recommends that a reduction in the mag-

nitude of the uncertainties associated with the location of vortex
wakes during approach of aircraft to airports be accomplished by
application of existing technology:
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1) Reduce location uncertainties of wake-generatingand follow-
ing aircraft by use of technology like that provided by the GPSS.

2) Improve the modeling of the growth in the cross-sectionalsize
of the wake-vortex hazardous region as a function of time.

3) Improve instrumentationon aircraft to provide more accurate
measurement of the velocity of � ight, weight, and type of wake-
generating aircraft in the approach corridor so that the self-induced
downward velocity of the vortex pair being shed can be accurately
calculated. It appears that uncertainties of 1 ft/s or less may be
possible to achieve.

4) Improve accuracy and reduce uncertainties in measurements
madebyaircraftof the magnitudeand directionof the time-averaged
and unsteady values of the three components of the wind, that is,
varianceand turbulence.The best systems found in the literatureare
probably marginal; if uncertainties are to be brought much below
5 ft/s; accuracies of 1 ft/s are preferred.

Implementation of the foregoing recommendations will greatly
reduce the uncertaintiesassociatedwith aircraft being able to avoid
vortexwakes on arrival and departurefrom airports.These improve-
ment will enhance both safety of � ight and capacity of runways. In
addition, and perhaps more importantly, the foregoing study sug-
gests that reductions in uncertainty provide a capability to develop
radically new and much more effectivewake-vortex avoidancepro-
cedures not possible with current instrumentation onboard aircraft
and at airports. For example, it may be possible to safely arrange a
sequence of multiple � ight corridors to and from airport runways
that more effectivelyand ef� ciently avoids the vortex wakes of pre-
ceding aircraft. The examples presented indicate one concept to be
considered.
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