JOURNAL OF AIRCRAFT
Vol. 37, No. 6, November-December 2000

Overview of Wake-Vortex Hazards During Cruise

V. J. Rossow* and K. D. James’
NASA Ames Research Center, Moffett Field, California 94035-1000

A large amount of research effort has been devoted to the hazard posed by lift-generated vortex wakes of subsonic
transport aircraft during approach and departure at airports. In contrast, only a small amount of effort has gone
into the corresponding potential hazard at cruise altitudes. Because more frequent encounters with wakes may
occur as the density of aircraft increases with time, improved knowledge is needed of the persistence and magnitude
of the hazard posed by lift-generated wakes at cruise altitudes. The purpose here is to review and then to extend
previous work to characterize properly the hazard posed by vortex wakes at cruise altitudes. Photographs are
presented of the various fluid dynamic stages that vortex wakes usually go through as they age. Estimates made
of the potential hazard that each stage poses indicate that the rolling-moment hazard during an axial encounter
of a vortex wake can be as severe at cruise as for approach at airports; however, as in the airport-approach case,
the hazard only persists for several minutes (about 20 n mile) behind the generating aircraft. However, the hazard
posed by the downwash in the wake persists for up to tens of minutes (about 200 n mile) behind the generating
aircraft. The downwash hazard is realized as severe vertical loads. A technique for avoiding vortex wakes at cruise

altitude is described.

Nomenclature
= cross-section of wake, T BD/4
aspectratio
= acceleration, ft/s’
= breadth of visible wake, ft
= wingspan, ft
b = spanwise distance between vortex centers, ft
Cy = lift coefficient, L/gq S

SR %:u
1l

C = rolling-moment coefficient, M/q Sb
c = wing chord, ft

D = depth of visible wake, ft

g = acceleration of gravity, ft/s?

L = lift, Ib

M = rolling moment, ft - 1b

n = load factor, vertical acceleration/gravity
q = dynamic pressure, pU,, 2/2, Ib/ft2

S = wing planform area, ft*

t = time

U = velocity of aircraft, ft/s

u,v,w = velocity componentsin x, y, and z directions, ft/s
Wt = weight of aircraft, 1b

X = distance in flight direction, ft

y = distance in spanwise direction, ft

b4 = distance in vertical direction, ft

a = angle of attack, deg

r = vortex strength, ft*/s

) = air density, slugs/ft’

Subscripts

ail = aileron

crz = cruise

enc = encountering aircraft

f = following aircraft
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g = wake-generating aircraft
m = maximum

v = vortex

wk = wake

0 = centerline

00 = freesteam condition

Introduction

HE hazard posed by and the persistenceof lift-generated vortex
wakes of aircraft in the vicinity of airports, especially during
landing and takeoff, has been largely treated as an in-trail wake-
vortex penetration problem (Fig. 1).!7% While aircraft cruise from
one destinationto another,bothin-trailand across-vortexencounters
with lift-generated vortices are likely to occur (Fig. 2). Examina-
tion of a bibliography by Hallock’ indicates that a large amount of
research effort, resulting in several hundred publications, has gone
into the problem at airports and the in-trail penetration problem.
In contrast, only about 15 publications are devoted to the across-
wake or vertical-gust problem, which is likely during cruise.®~%2
Wake-vortex research programs devoted to the approach problem at
airportsconcentrateon the in-trailor along-vortexencounter (Fig. 1)
becauseit is the one that has a significant impact on airport capac-
ity and safety. A solution to the wake-vortex problem at airports
is needed because most hub airports are now at or near maximum
capacity during significant parts of the day. Conversely, at this time,
a solution to the wake-hazard problem at cruise altitudes would
have a small, if any, impact on capacity. However, wake encounters
at cruise can cause severe vertical and/or rolling accelerations that
may disrupt flight paths and cause injury to passengers and crew.
Although the in-trail hazard posed by vortex wakes at cruise is
small, the slowly spreadingdownwash, due to the lift on the wing of
the wake-generatingaircraft, can pose a vertical-loadshazard when
aircraftcross through a wake during cruise. An increased likelihood
of an across-trail encounter (Fig. 2) becomes significant when the
persistence of the downwash component of lift-generated wakes of
aircraftis included in the considerations. For example, a somewhat
typical illustration of how vortex wakes persist and spread with
time is shown by the photograph presented in Fig. 3. The narrow
condensationtrail was formed shortly before the picture was taken.
The trail that is about four times as wide is estimated to be several
minutes old. The condensationtrail that looks like a feather (which
occupies a large portion of the right-hand side of Fig. 3 and extends
well outside of the photograph) is after about 1 h. The centerline of
the wake is the dense trail where the two sides of the feather-shaped
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Fig. 1 Possible encounters by an aircraft with a lift-generated wake
shed by a preceding aircraft while on approach to an airport.®
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Fig. 2 Possible encounters by an aircraft while at cruise altitude with
a lift-generated wake shed by a preceding aircraft.

Fig. 3 Condensation wakes shed by three aircraft at different times
illustrating how vortex wakes age.

striations in the condensation wake join. Somewhere between the
narrow wake and the one that has spread out into the shape of a
feather, the downwash distribution becomes nonhazardousbecause
wake activity has been spread laterally and verticallyenough that the
energy density of the wake is nonhazardous.Because of verticaland
lateral spreading, the velocities in the wake are roughly inversely
proportional to the depth or breadth of the wake. Because the time
required for the downwash to spread sufficiently can take tens of
minutes, a vertical-loads hazard persists in a long narrow region
behind each aircraft as it cruises to its destination. When exhaust-
condensation trails are not present, the whereabouts of hazardous
wakes is not known, and other means must be used to locate them.

Even though flight paths during cruise are often in the same di-
rection, wake-vortex encounters do not usually occur because their
vortex wakes descend below the generatingaircraftby 500 to 1500 ft
as they age. However, across-wake encounters are still likely to oc-
cur. For example, it is suggested that some recent encounters’>>*
with clear-air turbulence might actually have been an across-trail
penetration of a lift-generated wake. Such a suggestionis based on
the fact that the aircraft mentioned in the two articles experienced
large vertical accelerationsfor a very short period of time. No other
atmospheric turbulence was experienced before or after the event.
The presence of large vertical loads for a short duration indicates
that the usual sources of clear-air turbulence were not present. This
leaves the velocity field of a lift-generated wake as the one possible
source for the verticalloads experiencedby these two aircraft. When
preliminary versions of this paper were presented to researchers
more familiar with air traffic at cruise altitudes, comments were
made by several individuals that they also had felt for some time
thatdownwash in the wakes of aircraft was more than likely respon-
sible for the short-duration high vertical gravity acceleration loads
experienced in seemingly quiescent air.

If correct, incidents such as these will become more frequent
as air traffic increases with time, and when the free-flight concept
is implemented > Under free-flight rules, aircraft will be free to
choosetheir own path to a destinationas the one most advantageous,
which will probably result in more flight-path crossings than now
occur. When vortex wakes are visible from the condensationof their
exhaust gases, and it is daylight, the wakes can be identified early
enough for pilots to avoid penetrating a wake. However, if atmo-
spheric conditions are such that wake condensationdoes not occur,
or the water/ice particlesevaporatequickly, or darkness prevails, the
presence of vortex wakes cannot be seen and intentionally avoided.

In the discussionsthat follow, the informationabout vortex wakes
shed by aircraft is obtained by observing condensation wakes at
cruisealtitudes. A search of the literature?’ 3! indicates that exhaust
wakes become visible and persist when the local air temperature is
below —40°F and the humidity is above 40%. Because temperatures
at cruise altitude are generally sufficiently low, proper humidity is
usually the controlling factor. It is also noted that vortex wakes are
most persistent when cirrus clouds are also present. Most of the
observations and photographs were obtained when persistence of
wake condensation was good to borderline because other natural
clouds were then not near the observation region. It was then rea-
soned that the condensation particles would be a reliable indicator
of wake size, and possibly structure, because, just behind the wake-
generating aircraft, the turbulence in the engine exhaust and the
swirling flowfields of the vortices cause the two become thoroughly
mixed. Any condensation that is spread outside of the downward
moving vortex oval (which contains the vortex pair as it descends)
is swept away by the flow past the outside of the oval. As a conse-
quence, the condensation serves as a marker of air within the oval
and associated with the vortex wake. In general, when condensation
wakes disappear, it is because the ice crystals in them sublime, as
part of the evaporation process. Because the condensation particles
are ice crystals of very small size, they, like micrometer-sized water
droplets, drift very slowly relative to the the air in which they are
embedded. Because the energy contained in the condensation par-
ticles is small, it is expected that the dimensions of the wake as a
function of time will be about the same whether or not condensation
trails are visible.
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The purpose of the study reported here is to characterize properly
the hazard posed by vortex wakes at cruise altitudes. To accomplish
this goal, an overview is first given of information on in-trail and
across-trail encounters of aircraft with vortex wakes that can be ap-
plied to cruise situations. Because existing theoreticalmethods used
for computing vertical loads require an estimate of the structure of
vortex wakes as they age, whichis not availableat this time, an alter-
nate method based on conservation of momentum is introduced. A
description with photographsis then given of the various stages that
vortex wakes behind aircraft at cruise altitudes go through as they
age. [tis emphasized that the photographsin the text are notisolated
incidents, but are representative of a large number of observations
and photographs taken over several years in various parts of the
country that demonstrated to the authors a consistent pattern in the
formation and dispersionof condensationtrails. Estimates based on
photographs of condensation wakes are then made of the size and
duration of the in- and across-trailhazards posed by each stage. The
long duration of what appears to be an organized and coherent flow
processin condensationtrails was surprising. An outlineis then pro-
vided for wake-avoidance procedures that could be used to prevent
wake encounters while aircraft cruise to their destination.

Existing In-Trail Technology for Cruise

As evidenced by condensation trails in Fig. 4, aircraft often use
about the same flight paths as they cruise between destinations.
In-trail encounters with lift-generated wakes are rare, because the
self-induced downward velocity of the wakes, and the winds across
the flight path, move the wakes of preceding aircraft out of the way
of following aircraft. The condensationtrails shown in Figs. 4a and
4b have about the same direction and turning point in their flight
paths and are offset largely by side winds. Even if cross winds
are negligible so that the flight paths are aligned, both the time
and distance between in-trail aircraft during cruise is usually much
greater than used in the vicinity of airports. The added distance
allows more time for vortex wakes to move and to decay.

Informationon thein-trailhazard obtained for the airportproblem
is also applicable to vortices at cruise altitudes. For example, the
change in the maximum swirl velocity in vortices with distance
behind a variety of generating wings were measured by Ciffone and
Orloff*? in a water tow tank (Fig. 5). The data shown were the first

a) Approximately parallel paths

b) Aircraft executing a turn

Fig. 4 Condensationtrails of aircraft at cruise altitude to illustrate ap-
proximately the same flight paths between destinations; offset between
trails is at least partially due to side winds.

Wing planform  (T'g/Ucob)
O Rectangular 0.038
A Swept 0.063
6r O Diamond 0.050
4 Y
-]
% -
5 [ o
g | =
D
> a0
.08
.OG:
04 I 1 A Y N N S R |
1 2 4 6.810 2 4 6 810

(x/b)(To/Uoob)

Fig. 5 Water tow-tank results for the maximum swirl velocity as a
function of downstream distance behind wings of different planforms;
oy =5degand Us = 6.8 ft/s (2.07 m/s) (Ciffone and Orloff*?).
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Fig. 6 Maximum rolling-moment coefficients on following wings in
wake of B-747 for various flap settings as measured in 40 X 80 ft wind
tunnel; x;/b, = 13 (Corsiglia et al.3* and Corsiglia and Dunham’®).

to indicate a decay process wherein no significant decay occurs for
some distance after the wake was generated. Thereafter, the peak
swirl velocity decays roughly as 1/¢Y2. As an extension of this
work, data were gathered by Iversen®® for a wide variety of wings
from data taken in flight, water tow tanks, and wind tunnels. By
use of special functions to correlate the data, the change in the
maximum swirl velocity with downstream distance behind the wing,
or time, was shown to be quite similar for a wide variety of wings
and test conditions. The results are significant in that the plateau
region does not end until the parameter (x/b)(I'y/ Uy, b,) exceeds
about? (Fig.5). Becausevaluesof I'y/ Uy, b are about 0.1 forlanding
configurations, the data indicate that about 20 wingspans of travel
are required before vortex decay begins in the airport environment.
Because decay or diffusion is based on time, it is expected that the
plateau region ends, and decay begins, at about [20(550/ 150) =70
spans] or at 3 miles of travel. Of course, decay of the wake to a
harmless level takes much longer, as will be shown later.
Ground-based wind-tunnel and water tow-tank measurements
were made with a variety of combinations of configurations at in-
trail distances up to 1 mile.>*~ These measurements’* indicate
that the rolling moment for three configurations of the B-747 used
in the test all lie roughly along a common line (Fig. 6). Even though
the lift coefficients on the wake-generating aircraft are less, that is,
about C;, =1 during cruise, than the C;, = 1.5 values used during
landing, the wake-inducedrolling moments are still greater than the
aileron-inducedrolling moments available on most subsonic trans-
ports. Anotherset of measurements,”” which has been confirmed by
calculations and by the observation of pilots, illustrates the vortex-
imposed in-trail rolling-moment changes with the ratio of the span
of the following wing to that of the wake-generating wing, b,/ b,
(Fig. 7). Note that the following aircraftis just able to cope with the
vortex-induced torque when the span ratio, b/ b,, is one. Aircraft
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Fig. 7 Wake-induced maximumrolling-moment coefficients as a func-
tion of ratio of span of following wings to span of B-747 as measured in

80 X 120 ft wind tunnel’” ; B-747 landing flaps set at (30 deg, 30 deg),
X;/bg = 13.

with span ratios less than one will, therefore,experienceoverpower-
ing rolling moments should they encounter a wake shed by a larger
aircraft. The general characteristics and magnitudes measured in
ground-based facilities for the encounters have been confirmed in
flight tests.®

Because the information presented in Figs. 5-7 is for a limited
set of combinationsof wing spans, approximateclosed-formexpres-
sion were derived for the general case.*® Study of the structure of
vortex wakes indicates that the most intense rolling moment occurs
when the centerline of a small aircraft is aligned with the center of
a vortex. Furthermore, the largest vortex-inducedlift is induced on
the encountering aircraft when its wingtip penetrates the center of
the vortex. (The vortex-induced rolling moment is also severe for
such an encounter.) Simple closed-formrelationshipsfor these con-
ditions have been derived for the maximum lift- and rolling-moment
coefficients as*

Crpm =R, /b,Us )(by/by) o))
Cip)m =R I8)(T,/byUso ) (by/by) 2)

These two relationships identify the significant parameters and
their functional dependence for the determination of loads during
an in-trail wake encounter. The magnitude of the two maximums in
Eqgs. (1) and (2) are noted to be the same except for a factor of eight.

The two formulas are quite accurate for small aspect ratios, that
is, less than one, but quickly become less accurate as aspect ratio
increases above one. It has been pointed out by Jones and Cohen*
that the lift-curve slope for a wing of small aspectratio is given by
dC./da = R,/2and that, at larger aspectratios, anotherrelation-
ship given by

dCL _ 277.'/Rf

= 3
da PRy +2 @)

ismuch more accurate. This simple formula, whichis convenientand
surprisingly reliable, was derived by Jones (e.g., Ref. 40, page 95).
It is, therefore, recommended that the quantity, (2dC,/da)/m be
substituted for R s inside each of the square brackets in Egs. 1)
and (2). In Eq. (3), the quantity R is the aspectratio of the wing, p
is the ratio of the semiperimeter of the wing to its span,and dC; /da
is the lift-curve slope. Because the maximum lift on the wing occurs
when the tip of the encountering wing is aligned with the impinging
vortex, all of its span is involved with either upwash or downwash
from the vortex. The various parameters in Eq. (1) should then be
based on the entire span of the encountering wing. If, however, the
impinging vortex is aligned with the center of the encounteringwing
for maximum induced rolling moment on the encountering wing, it
is found that the parameters in Eq. (2) should be based on either the
port or starboard half of the encounteringwing, as if it were isolated
from the other half.*

The freestream velocitiesused in the ground-basedtests are close
to those used for landing and takeoff of aircraft. Because once
formed vorticesdecay as a function of time rather than distance trav-

eled by the wake-generatingaircraft, changes in the vortices should
be scaled with time rather than distance. Note that the rolling mo-
ments induced on following wings by the vortices as measured in
the tests did not change appreciably for distances of 1 mile in the
wind tunnel, and for about 1 % milesin a tow tank. Therefore,itis ex-
pected that not much change will occur behind the wake-generating
aircraftin cruise for distances of at least

plateau distance = 1.5(550/150) = 5.5 nmile 4)

where 550 kn is taken as the cruise velocity and 150 kn as the
approach velocity.

All observational data indicate that the distance is appreciably
more than 5 miles, but does not indicate a limiting distance. Obser-
vations made of condensation trails, which will be discussed later,
indicate that about 2-5 min are required for mutually induced insta-
bilities to render a vortex wake incoherentand nonhazardousfor in-
trail encounters. This observationis supported by several examples.
A severerolling-momentencounter at cruise altitudes occurred dur-
ing a NASA program devoted to the study of chemical constituents
in jetexhaust gases by using one aircraft to probe the wakes of other
aircraft. During one such measurement, the probe aircraft encoun-
tered an in-trail vortex segment that was still coherent enough to
cause the probe aircraft to roll about 60 deg, even with full counter-
roll input by the ailerons. The encounter with the vortex occurred at
8 nmile behind the wake-generating aircraft, or at about 1 min of
flight time. During another flight, roll excursionsnot quite as severe
were also encountered at distances as large as 15 nmile. The persis-
tence of coherent vortex wakes behind the generating aircraft, and
the instabilities that lead to disintegration of the coherent structure
of the vortices, is discussed in a section to follow.

Existing Across-Wake Technology

When an across-vortexencounterdoes occur within several miles
behind the wake generator, the aircraft experiences severe vertical
loads of short duration brought about by the up- and downwash
flowfield of the vortices in lift-generated wakes. At several miles
behind the wake generator, vortices are still compact with concen-
trated cores, and organized up- and downwash flowfields (Fig. 1).
McGowan® was one of the first to recognize the potential hazard
posed by vortex wakes of aircraft and then to proceed to estimate
the variousloads that vortex wakes impose on aircraft thatencounter
them. His paper also provides results of an extensive set of compu-
tations that illustrate the dynamics and vertical loads to be experi-
enced by the encountering aircraft. His computations apply mainly
to encounters with relatively newly generated vortex wakes. The
method used to estimate the instantaneous loads is based on those
describedby Jones,” Pierce,!’ and Kordes and Houbolt,!! and gust-
response theories adapted to perpendicular encounters with vortex
wakes. McGowan® assumes that the span loading on the encounter-
ing wing is elliptic, which is a good representation when the angle
of encounter is perpendicular to the path of the wake-generating
aircraft. At other angles of encounter, the time-dependent lift is
not symmetrical about the wing centerline so that both vertical and
rolling-moment accelerations are induced.

McGowan'’s® method calculates the instantaneouslift on the pen-
etrating wing from the lift-curve slope for the wing and the instan-
taneous angle of attack induced on it as it crosses the wake. The up-
and downwash is based on a model for the vortex wake represented
by the superposition of a pair of Rankine vortices (Fig. 8). The in-
stantaneousangle of attack is calculated as a sum of the steady state
and the instantaneous angle of attack induced by the vortex pair on
the wing of the penetrating aircraft. The time-dependentlift at each
wake stationis then adjusted at each across-traillocation of the wing
for the so-called lag-in-lift effect by use of the Kuessner function
(e.g., see Jones®) (Fig. 9). A correction to the instantaneous lift is
needed because time is required for the flowfield to establish and
deestablishthe circulationin the flowfield for the lift. One manifes-
tation of lag-in-liftis that an across-trail vortex is shed at the trailing
edge of the wing whenever the lift changes. The vortex shed at the
trailing edge is opposite in sign to the lift increment experienced by
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Fig. 9 Function used to determine effective angle of attack on wing
as it penetrates a sharp-edged gust (i.e., lag-in-lift or Kiissner effect)
(McGowan® and Jones®).

the wing, thereby reducingthe instantaneouslift througha reduction
in the effective angle of attack. The Kissner function (Fig. 9) indi-
cates that about 90% of full lift is achieved after about three chords
of travel and that about 98% is achieved after six chords of travel
into a sharp-edged gust. Because the angle of attack induced on the
encountering wing by the flowfield of the vortex pair is constantly
changing,a stepwise procedureis used along with the Kiissner func-
tion to estimate the rapidly changing loads on the wing as it crosses
a vortex wake.

McGowan’s analysis® also assumes that the wing/flowfield is lin-
ear and irrotationalexcept for the shed vorticity. Such an assumption

isequivalentto assuming that the flowfield is a potentialone wherein
the free-stream is uniform. The other part of the equivalence as-
sumption is that the wake-induced changes in angle of attack are
accomplished by instantaneous changes in the wing angle of attack
as it crosses the wake. Such an interpretation points out that the
method of computation assumes that the vertical momentum in the
airstream is unlimited, whereas the rotary flowfield of the vortices
has only a finite contributionto the local vertical momentum.*! It is
known that such an assumption can lead to an overpredictionof the
vertical loads by up to about 30% when the span of the penetrating
wing becomes equal to the span of the wake-generatingwing.*! Be-
cause the methods described in the following paragraphs make the
same implied assumptions, their theoretical results are believed also
to overpredictthe vertical loads by about the same factors when the
span of the penetratingaircraftis about the same as the wake width.
However, the computed predictionsare probably more accurate than
knowledge of the distribution of the vertical velocities in the wake.
Because the loads estimated here are not intended to be precise, any
errors due to the various approximations are ignored.

By use of the method just described, McGowan® provides several
examples of across-wake encounters to illustrate the magnitude of
the hazard posed by various situations. The estimates are made for
the loads and the dynamics experienced by three aircraft either as
wake generators, or as wake penetrators,as each crosses at right an-
gles throughone of the three vortex wakes.® The three aircraft, A, B,
and C, chosen for McGowan’s across-vortex study weigh 180,000,
295,000, and 400,000 1b, respectively, and have wing spans equal
to 174, 142, and 90 ft. Aircraft A represents propeller-driven sub-
sonic transports, and B represents jet-driven subsonic transports.
Aircraft C is a supersonic design. Figure 10 presents the results of
McGowan’s computations for the loads, n =a./ g, where a; is the
vertical accelerationexperienced by the center of gravity of the air-
craft and the accelerationof gravity is used to normalized the loads.
Note that more than 1 g accelerationin both upward and downward
directions, that is, above that caused by the normal acceleration of
gravity, is experiencedin all cases even when a small aircraftcrosses
the wake of an identical aircraft. When aircraft A crosses the wake
of the largest aircraft in the sample, even the ultimate design loads

Load factor (n)
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Fig. 10 Typical calculated load factors on airplane A as it makes
90-deg encounters with vortex wakes of airplanes A, B, and C; elevator
fixed (McGowan®).
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Fig. 11 Loadfactors onairplane A as it makes a 90-deg encounter with
vortex wake of another airplane A (McGowan®): a) estimated elevator
inputas response by pilotand b) calculated load factors with and without
pilot input into elevator angle.

for the wing are exceeded. Such an incidentoccurred near an airport
when a single engine general aviation aircraft crossed the wake of
a transport aircraft. The encounter caused both wings to fail. Other
less devastating across-wake events have also occurred during the
past 30 years. These incidents tend to confirm the estimates made
by McGowan® and serve to indicate the seriousness of across-wake
encountersin the near field of the vortex wake history that exists be-
fore vortex-wake instabilities have had time to reduce the intensity
of the swirling velocities in the vortices.

McGowan?® also analyzes the dynamics when the elevator of the
penetrating aircraft is used by a pilot to alleviate the wake-induced
loads. It was found (Figs. 11a and 11b) that the loads change so
rapidly that control inputs tend to aggravate the predicted acceler-
ations by substantial amounts rather than to alleviate them. Even
under ideal circumstances, the elevator control available is not able
to provide the needed response (Fig. 1 1a). The time needed to rotate
the aircraft enough to compensate for the vortex-inducedangles of
attack on the wings is usually longer than the encounter time with
the wake. McGowan also computed paths of the encountering air-
craft during and after wake penetration by assuming both that the
controls were fixed and that the controls were deflected to alleviate
the loads. It was recommended that the encounter be executed with
controls fixed because the time-dependentloads oscillate so rapidly
that pilot and aircraft response are usually of such a phase that their
input aggravates rather than alleviates the loads and the dynamics
of the aircraft.

Some work by the Royal Aircraft Establishment in England re-
ported by Rose and Dee'? and by Bisgood et al.!* confirms the
general characteristics of an encounter as predicted by McGowan’s

computations® References 12 and 13 provide flight measurements
on across-wake penetrations by a Lincoln aircraft (66,000 1b) in
the wakes of a Comet 3 and a Vulcan 1 aircraft (100,000 1b). The
measured data indicate the kinds of trajectories that penetrating air-
craft can experience. Because the weight ratios between the wake-
generating and penetrating aircraft are not as large as those consid-
ered by McGowan, the vertical loads are around 0.3 g both upward
and downward from steady-state flight, which is not as extreme as
predicted by McGowan. Because the measurements were all made
within several minutes behind the wake-generating aircraft, data
were not obtained on the persistenceof the hazard posed by vertical
loads.

Condit and Tracy'# decribe results from an extensive test pro-
gram conducted by The Boeing Company on the potential hazard
of aircraft in their cruise and landing configurations. Aircraft types
include an F-86,B-737,B-707-320C,B-747, CV-990, and C-5. The
paper is of value not only for the encounterdata but also for the data
on the changes in vortex wakes with distance behind wake genera-
tors. Comments made by pilots on the response of their aircraft as
they encountered the wake are included.

Methods for calculating the loads induced on aircraft making
across-wake penetrations are also described by Houbolt'> and by
Jonesand Rao.!® Houbolt’s'® theoreticalestimates indicate that ver-
tical loads above steady flight in excess of 2 g are likely if the
encountering aircraft is much smaller than the generator and about
0.4 g when they are both about the same size. The examples con-
sidered by Jones and Rao'® assume that the penetrating aircraft are
about two vortex spacings above the plane of the vortex centers.
As a consequence, the encounters are not expected to be as severe.
Jones and Rao’s method is such that encounters from any approach
angle can be analyzed.In both the method of Houbolt'® and of Jones
and Rao,!® the loading on the encountering wing was determined
by use of a Fourier series representationof the span loading similar
to that described in chapters X and XI of Glauert*? In this way,
an improved representation of the span loading on the penetrating
wing is achieved as it moves across the wake in a slantwise di-
rection (Fig. 2). The method of Jones and Rao!® was also applied
by Ramirez et al.'” to the encounter of a DeHavilland Beaver with
a vortex wake shed by a B-747 at an encounter angle of 5 deg.
Results are presented for the magnitude of the vertical- and rolling-
moment loads along with the longitudinalstability of the penetrating
aircraft.

Nelson presents an analysis that permits computation of the
response dynamics of aircraft as they encounter vortex wakes at a
wide variety of encounterangles from axialto perpendicularencoun-
ters. He states that trial computations indicate that lifting-line/trip
theory provides about the same results as more complex theories,
indicating that the spanwise loading is probably well represented by
both models. The simpler load-predicting method made it possible
to carry out simulations of encounters on a six-degree-of-freedom
model for three aircraft sizes, that is, business aircraft (15,000 Ib),
DC-9 (70,000 1b), and Convair 990 (153,000 1b). The computations
presentdata for near axial encounters at downstream distances up to
10 miles and for perpendicular penetrations. In one example, com-
putations for an across-wake penetration indicate vertical loads for
the business jetin the wake of a DC-9 that alternately exceed 1 g in
less than a second. As with McGowan,® Nelson'®!® also concluded
that stick-fixed loads are usually less than those where load alle-
viation is attempted. McWilliams,®® Britton,2! and Pinsker’* also
present information on wake encounters while aircraft cruise be-
tween destinations.

In all of the foregoing theoretical models, the structure of the
vortex wake that was used in the examples was one like those found
within a mile or two behind the wake-generatingaircraft, that is be-
fore the mutually induced instability or some other wake-modifying
mechanism made substantialchangesin the structureof the vortices.
At the time of those studies, the structure of lift-generated vortex
wakes as they age was not well defined. At this time, some mea-
surements are available for the relatively near field behind aircraft.
However, after the wake has undergone the mutually induced, or
Crow*? instability, whichincludes vortex linking and the subsequent

18,19
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mixing in the wake, no information is available on the velocity field
of the wake and only observations of condensation trails are avail-
able. Because the region from about 3 nmiles and more behind the
wake-generating aircraft is of interest for the purposes of this in-
vestigation, neither the wake structure nor the up- and downwash
distributions in vortex wakes are known well enough for load esti-
mates to be made. As a consequence,a more approximateand global
approach is described in the next section.

Load Estimates Based on Momentum Transfer
for Across-Trail Penetrations

The flowfield model to be used in the derivation of expressions
for the vertical loads experienced by an aircraft as it makes a cross-
ing encounter with a vortex wake is shown in Fig. 12. The loads are
evaluated by developing relationships for the downward momen-
tum contained in the lift-generated wake of the wake-generating
aircraft and for the momentum transferred to the encountering air-
craft, thereby giving it a downward velocity. The derivation begins
by observing that, to maintain straight and level flight, the wake-
generating aircraft imparts downward motion to a given volume of
air per unit time. The rate at which downward momentum is gener-
ated is related to the weight of the aircraft in steady flight by

Wi, = pUg Aguk AW gyx )

where p is the local density of the air and U, is the velocity of
the wake-generating aircraft. The cross-sectional area of the wake
at the time of generation is Ay, where the subscript gwk is a
combination of the generator and wake subscripts to denote the
wake immediately behind the wake-generatingaircraft. The quantity
Aw gy is the incrementin downward velocity imparted to the air in
the wake by the lift on the wing.

Now turn to relationships for the loads to be expected when an
aircraftencountersthe downward momentumin a wake in a direction
acrossthe wake atanangle 6,,., as shownin Fig. 12.Itis assumed that
the downward momentum in the lift-generated wake is transferred
to the penetrating aircraft so that

AAdenc = AAlwk (6)

It is next assumed that the downward momentum in the wake is
spread uniformly throughoutthe wake, so that the momentum trans-
ferred can be evaluated by use of geometric parameters involvedin
the encounter. Because the cross section of the wake enlarges as it
ages, the portion of the wake intercepted by the encountering air-
craft will decrease as the wake depth increases. It is assumed that
the penetrating aircraft passes through the entire wake and that it
intercepts all of the momentum along its path, thatis, an increasein
the breadth of the wake does not change the total momentum trans-
ferred. The momentum intercepted then imparts to the penetrating
aircraft a downward velocity increment given by

AM&HC = WtenCAwenC (7a)

Wake oval of generating aircraft

Encountering aircraft

Fig. 12 Across-trail encounter of aircraft with lift-generated wake to
illustrate momentum-transfer concept used to estimate vertical loads.

The increment of downward momentum interceptedby the penetra-
tor aircraftis given by:

benc benc Awk

AM =
b gpsineenc Dy,

JANTN (7b)

If the downward momentum in the wake is conserved as the wake
ages and spreads,

AWkAka = Agkawgwk (8)

where the subscript wk denotes evaluation of the parameter at the
time of the encounter, then the wake cross section will probably
be larger than when originally generated, that is, denoted by the
subscript gwk. Equation (8) assumes that the density of the air stays
constant with time.

Combination of Egs. (5-8) leads to the total increment in down-
ward velocity given to the penetrating aircraft by the downwash in
the wake as

Wi, b2
i 8 e.nc (9)
U, Wigne Dy Sin Oy

AM}enc =

To develop an equation for the loads on the penetrating aircraft dur-
ing the encounter, the time interval Af,,. over which the downward
momentum is assumed to be transferred is determined as

_ Bwk + benc COS eenc

Aty = (10)

Uenc sin eenc

The vertical acceleration of the aircraft, as it encounters a wake, is
then given by dene = AWeye/ Atepe. Combination of Eqs. (9) and (10)
yields

enc Uenc b; Wi, b2
Ll_ —k g 8 enc (1 1)
8 Ug DWk(BWk + benc Cos eenc) b§ Wtenc

where a quantity k is used as an adjustment factor for any item not
correctly represented in the global analysis that led to Eq. (11). In
the present study, comparison with other estimates indicates that
k =1 appears to be applicable.

Equation (11) identifies the four ratios that govern the magnitude
of the vertical-loadshazard posed by a wake. The first quantitylisted
is the ratio of the velocities of the encountering aircraft to that of
the wake-generatingaircraft, which is probably always close to one
for subsonic transports. The second quantity represents the portion
of the wake intercepted as the size of the wake increases during its
aging process (Fig. 13).

The third and fourth ratios have been combined into a single set
of brackets because they generally offset one another for subsonic
transportaircraft, causing their combinationto be about one. There-
fore, even though they each can vary considerably (e.g., the ratio
can go from 0.1 to 10 if the two aircraft involved are a business jet
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Fig. 13 Approximate breadth or depth dimension of condensation
wakes at cruise altitudes as a function of time.
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Table1 Stages of vortex decay

. . Qenc/ g
Stage Duration Rolling
number Aerodynamic process of stage moment (Wig/ Wiene) (bgnc | bﬁ)
1 Rollup of vortex sheet shed by generating wing 0-10s >Cail 1
2 Wake divides and instabilities occur 0-2 min >Clail 1
3 Vortex loops fade and wake parts rejoin 2-5 min < Cyail 0.5
4 ‘Wake reorganizes itself into coherent vortex pair 5-15 min <<Cra 0.2
5 Condensation striations develop 15 min-1h <<Cra 0.01
6 Condensation trail loses identity After 1 h <<Cia <0.01

and a large transport), the variations largely offset one another for
subsonic transport aircraft so that

[(We,| b2) (82| Wrene) ] = 1 (12)

This result comes about because subsonic transports have about the
same wing aspectratio and fly at the about same lift coefficient and
cruise velocity. The weight ratio and the span ratio squared, there-
fore, combine for a constant factor of roughly one. The two ratios
will be keptin combinationbecause of their special relationship, but
will not be set equal to one because different types of aircraft are in
the air fleet, for example, both subsonic and supersonic transports.
As a consequence, the combinationof ratios presentedin Eq. (12) is
not always one, for example the three aircraft used in McGowan’s
examples

To find out whether Eq. (11) provides realistic results or not, es-
timates by use of Eq. (11) are compared with calculations made by
use of the more complete analysis carried out by McGowan.® As-
sume that the adjustment factor & is one, and that the encounter is
at an angle perpendicular to the wake, that is, 6., =90 deg. Also,
because McGowan assumed a downwash velocity distribution that
applies to newly generated wakes permits the assumption that the
second factor in Eq. (11) may be taken as one. Consider the en-
counter of the smallest aircraft with wakes generated by all three of
his aircraft samples. When the smallest aircraft A crosses the wake
of an identical aircraft, the load factor predicted by Eq. (11) is one.
McGowan’s computationsindicate maximum loads of around 1-2 g
(Fig. 10). Similarly, when the small aircraft crosses the wake of air-
craft B, Eq. (11) predictsmaximum loads of 2.5. McGowan’s results
indicate maximum values of vertical loads in the upward direction
as slightly over 2 and in the downward direction as around 3, which
is in good agreement considering the assumptions made in the two
theories. In the case of the small aircraft penetrating the wake of the
heaviestaircraftsample used by McGowan, the vertical acceleration
predicted by Eq. (11) is 8, whereas McGowan’s method (Fig. 11)
predictsabout5.5 g upwardand between7 and 8 g downward. These
comparisonsindicate that, if k =1 is assumed, reasonableestimates
are provided by the momentum-transfermethod when vortex wakes
are compact and have not yet experienced diffusion through-wake
instabilities.

Rate of Wake Spreading

Data obtained by observationof the condensationtrails associated
with vortex wakes are now used to determine the rate at which
vortex wakes spread or grow in cross section as they age. The graph
of measured wake sizes presented in Fig. 13 is not very precise for
variousreasons.The wakes were usually viewed at an angle and from
substantial distances. Also, the span of the wake-generatingaircraft
was assumed to be the same as the initial size of the wake, which
is only approximately true. Also, no information was available as
to the size or type of the aircraft that generated the wake being
observed. It was also found that the time required for a wake to
change from one stage to the next varied between wakes observed
and between locations on the same wake. As a consequence, the
wake-size changes in a lift-generated wake indicated in Fig. 13
should be considered as approximate.

The originofthe graphin Fig. 13is placedat0.1 min and one span.
For comparison purposes, a line is drawn from the origin at 0.1 min
and one span with a slope corresponding to a wake spreading rate

of t'/2. The t"? function was chosen because vorticity, circulation,
and the core radius all spread at that rate for a laminar vortex ac-
cording to Lamb’s solution** for an isolatedline or two-dimensional
vortex, which is given by

ve = (To/27r)[1 — exp(—r*/4vt)] (13)

where vy is the swirl velocityin the vortex, Iy is the entire circulation
content of the line vortex, and v is the kinematic viscosity of the
fluid.

Stages of Wake Decay During Cruise

To gainabetterunderstandingof the way thatlift-generatedwakes
disperse with time, the stages that vortex wakes go through as they
age are now discussed and illustrated by means of photographs of
visible exhaust condensations of aircraft flying at cruise altitudes.
Before going into detail on each stage of decay, Table 1 presents an
overview of the fluid-dynamic stages. The observations are identi-
fied with a descriptivetitle for each stage, an estimate of the duration
of each stage of wake decay, and of the maximum loads to be ex-
perienced during an encounter. Time is used rather than distance
behind the wake-generating aircraft because vortex strength and
time (not distance) determine wake structure. (For a relationship
between time and distance, an aircraft flying at 550 kn moves at
about 9 nmile/min, or 900 ft/s.)

In Table 1, the rolling-moment hazard is indicated as to whether
or not the aileron capability, C; ., onboard the encountering aircraft
is greater than the torque induced on the encountering aircraft by
the vortices in the wake; that is, does the aircraft have enough roll-
control power with its ailerons to cope with the vortex or not. The
column that lists an estimate of verticalloads to be expectedduring a
90-degor perpendicularcrossing of the wake are made with Eq. (11)
on the basis of wake sizes estimated for condensationwakes as they
age. In the loads estimates, the flight velocities of the two aircraft
are taken as equal. Because, as indicatedin Table 1, the relationship
indicated by Eq. (12) is not always one, the quantity in Eq. (12) must
be considered in most encounters where the two types of aircraft
involvedin the encounterare not certain. In fact, improved accuracy
will probably be obtained if the ratio given in Eq. (12) is factored
into the estimates, when the various parameters are known.

Note that, beyond some time, the lift-generated wakes become so
large and diffuse that they do not pose any kind of hazard. Before
that time, it is difficult to place a definite time at which the wake
becomes safe to penetrate at any angle. It is reasoned that safety
cannot be assured until the fifth stage is well under way because
even 0.2 g of vertical load on a standing or walking passenger, not
expecting it, can cause a fall. The numbers listed in the two right-
hand columnsneed to be explored by flightexperimentsto determine
if their magnitudes and times of occurrence are conservative.

Stage 1: Rollup of Vortex Sheet (0-10 Seconds)

The appearance of condensation wakes during the first several
minutes after being shed by subsonic transportaircraft are shown in
Figs. 14. The portion of the wake that includes the region where the
vortex sheet shed by the wing rolls up into a vortex pair is located
in a small segment at the left end of the wake shown in Fig. 14a.
An estimate of the time required for rollup of the vortex sheet shed
by the wing can be obtained from data available on wakes shed by
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Fig. 14 Photographs of condensation wakes during early stages of
change: a) condensation wake of aircraft as it is being generated; b)
1 min after photograph a, side view of wake division, instabilities begin;
¢) vortex loops from Crow instability*> grow in size, about 2.5 min after
photograph a, new vortex trail above old wake indicates rapid growth
of vertical depth of wake; and d) view of another wake from below illus-
trating how vortex loops are not centered on wake; wake about 1 min
old.

aircraft gettingready to land at an airport. Under high-liftconditions
atan airport (CLg =~ 1.5), the wake can be consideredas rolled up for
mostpurposes within about5 spanlengths(less than 0.1 min) behind
the generating wing. If it is assumed that the lift on an aircraft in
cruiseis about C7, = 1.0, the circulationin each vortex is estimated
by the equation for lift written as

L =pU, TV, (14)

The ratio of roll-up times between airport approach and cruise for a
given aircraftis then

Lo/ 1—‘ldg = (pldg/pcrz)(Uoo ldg/ Us rz) (15)
which yields
[,/ Ty = (1.0/0.25)(150/550) ~ 1.0 (16)

Because the time required for wake rollup is proportional to the
strength of the circulationin each vortex, the time requiredforrollup
at cruise is the same as that at landing. However, because aircraft
move faster at cruise, the distance required is 5 spans X (550/150)
or approximately3.7 times as far as during approach, which is equal
to about 18 spans of travel distance at cruise. Note that 18 spans of
travel is about 0.1 of the wake shown in Fig. 14a. If a wingspan of
200 ftis chosen, because it represents the larger aircraftin the fleet,
the distance is about 0.6 n mile, which is far less than distances that
aircraft trail one another. Therefore, the length of the condensation
wake during which rollup is, for all practical purposes, completed
is less than 1 in., as shown in Fig. 14a. Therefore, for aircraftin the
current transport fleet, the vortex wake can be considered as fully
rolled up before any expected encounter could occur.

If, however, an in-trail encounter should occur before the wake
is rolled up or decomposes appreciably, wind-tunnel measurements
presentedin Figs. 6 and 7 indicate that overpowering wake-induced
rolling moments will occur if the wake-generating aircraft is larger
than about one-halfof the size of the penetrating aircraft.*’-*® Simi-
larly, if an across-trail penetrationis made, bothMcGowan’s results®
and Eq. (11) indicate that short-duration, vertical loads on the or-
der of 1 g or more will occur, depending on the weight and span
ratios of the two aircraft. It is concluded, therefore, that the rollup
region of the wake and a considerable distance beyond it are to be
avoided.

Stages 2: Wake Divides and Instabilities Occur (0-2 Minutes)

Features that might be associated with the development of the
long-wavelength instability within the wake are not yet noticeable
in the visible wake during rollup of the vortex sheet nor for some
distancethereafter(Figs. 14aand 14b). The firstsignificantchangein
the shape of the condensationwake is thata portand starboardvortex
filament appear below the bulk of the condensationwake (Fig. 14b).
[The vertical or cirumferential striations around the wake (Figs. 14a
and 14b) that sometimes occur will be discussed subsequently.]
The appearance of a pair of vortex filaments below the bulk of the
condensation cloud makes it appear that the wake is dividing into
two parts with one below the other. Because the velocity fields of
the vortices extend well beyond their visible exteriors, both parts of
the wake continue to communicate with each other.

It is usually during the time of wake division (Figs. 14b and
14c) that the long wavelength version of the mutually induced in-
stability for a vortex pair (or Crow instability*}) begins to develop.
Shortly after the vortex filaments emerge beneath the exhaust con-
densate, antisymmetrical, transverse waves form on the originally
nearly straight filaments, and then grow. As presented by Crow,*’
and shown in Fig. 15, the amplitude of the waves grow quickly until
they approach each other closely at the troughs of the waves. The
wavelength of the instabilityis about 6-8 wingspans. When the two
vortices are in close proximity, they link across the space between
them to form a sequence of irregularly shaped vortex loops. Crow
called the foregoing process a mutually induced instability because
the velocity field of the vortex pair induce and amplify wave-type
disturbancesthatexistas turbulencein the atmosphere. A vortex pair
and disturbances of finite amplitude are required because a vortex
filament by itself does not have the instability*>#> Other self- and
mutually induced vortex motions and instabilities also occur. The
one studied and correctly explained by Crow*? involves a vortex
pair and is also the largest instability so far identified in vortex
wakes.

Several otherunidentified forms of instability (some of which may
be mutually induced) quite often manifest themselves shortly after
the vortex wake has been formed. The phenomenon appears on the
exterior of the condensation trails as if fluid was being squirted out

Fig. 15 Photographs taken from below wake at 15-s intervals of con-
densation wake of B-47 in cruise configuration to illustrate mutually
induced instability of a vortex pair (Crow*?).
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c)

Fig. 16 Photographs of condensation wakes that appear to exhibit
other forms of wake instabilities and large-scale mixing: a) conden-
sation wake of aircraft with port and starboard parts due to outboard-
mounted engines that illustrate spike or brushlike proturberances from
main condensate clouds, wake about 5 s old; b) side view of wake ex-
hibiting circumferential striations without division; and c) vortex loops
protruding from upper surface of vortex wake during early stages of
wake division, wake about 0.5 min old.

of the condensation trail (Figs. 16). The extent of the protrusionsis
expected to be short lived because a vortex oval generally encloses
the vorticity in the vortex pair and moves downward under its own
self-induced velocity field. Because such a flowfield does not have
ashear-layerinterfaceon the oval, the origin of the brushlikefeatures
suggest an instability or turbulence on the outside of the conden-
sation cloud that is not expected. The striations in Fig. 16a extend
about one span length beyond the concentrated parts of the wake in
needlelike protuberances that extend outward from the surface of
the condensatein such large numbers that, from a distance, the wake
surface has a coarse brushlike appearance. Although the feature has
been identified by previous observers,>!4 the three-dimensional
aerodynamic process that causes it has not. It is observed that the
bristles that protrude from the surface of the condensate are numer-
ous and well defined and that they occur early in the wake history.
Their small needlelike features indicate that it is not likely that they
are formed from or are associated with the large eddies that occur
from the linking and dynamic decay of the vortex loops generated
by the mutually induced instability. Engine-generated eddies are a
possible source for the needlelike features, but the mechanismis not
clear. It seems that the most likely explanation might be related to
an energy-differenceinstability, thatis, high-energy fluid inside the
oval that makes local penetrations into the ambient fluid across the
interface between the vortex oval and the ambient fluid.

The striations around the outside of the wake condensationcloud
is often but not always present (Figs. 14 and 16). Based on some di-
rect Navier-Stokes computations by Laporte et al.,* it is suggested
that the circumferentialstriationson the exterior of the condensation
wake is a result of the short wavelength mutually induced instabil-
ity studied by Crouch*’ and Leweke and Williamson.*® Comparison
of the circumferential striations in Fig. 16b with the computational
presentations' indicates that the striations could be a result of the
short-wave instability that has grown to a more mature stage.

Both Figs. 16b and 16c indicate clearly the appearance of a num-
ber of fairly large vortex-eddy type of protrusions on top of the
concentrated part of the wake. Visually, these protrusions appear
to be vortex loops or eddies of condensate. The eddies may result
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Fig. 17 Streamlines for the steady-state flowfields of two equal and
opposite point vortices: a) vortices forcibly held in place; and b) vortices
moving under self-induced velocity-field.

v

4

from a mutually induced instability that occurs in the vorticity that
remains within the main exhaust cloud after the vortex filaments
have moved downward to execute the Crow instability*® Such an
explanation seems plausible because departure of energetic vortex
filaments down out of the condensate oval leaves a residue of vor-
ticity or circulation in the main body of condensate. The residue
of circulation must also undergo a mixing process that produces
considerable disturbance to the vorticity or circulation left behind
(estimated to be about 30-40% of the total). In other words, the de-
parture of the vortex filaments downward out of the primary vortex
oval of condensateto carry out the large-scale mutually induced in-
stability causes moderately scaled eddies to form within and around
the oval, as well as below the oval, where the vortex loops from the
mutually induced instability form and decompose. These smaller
eddies might be the ones that move mostly in upward and sideways
directionsas well as downward. The eddies, jets, etc., produce mix-
ing that quickly spreads the vorticity over increasingly larger cross
sections of the wake. Not only does the mixing action spread out the
circulation,but becausethe vortex oval has a self-induceddownward
motion, any vorticity or circulation transferred to the outside of the
oval is swept away by the velocity field around the oval (Fig. 17).
This process is probably the reason why the global model of wake
decay derived by Greene® has been so successful in predicting the
decrease in intensity of a vortex pair as it ages. Greene’s model
assumes that the skin friction and flow-separation drag of a repre-
sentative shape for the wake is proportionalto the loss of circulation
by the two vortices. Because the velocity across the surface of the
vortex oval is continuous, skin friction is not expected. The mix-
ing across the oval interface due to flowfield instabilities and to
large-scale eddies transfers fluid and vorticity that can be substan-
tial and is probably responsible for wake vorticity being swept into
the flowfield outside of the vortex oval contour.

Figures 16b and 16¢c appearto have a long-wave character of peri-
odic downward condensationelements, which suggests that perhaps
a weakened form of the mutually induced instability is beginning
to take place, as illustrated with the lower wake shown in Fig. 18.
Another nearby wake slightly above the lower wake was quite sim-
ilar in appearance several minutes earlier and continues to spread
quickly. The two wakes diffuse to form the configurations shown in
a closeup photographin Fig. 18. Note that the upper condensation
trail is not a smooth or uniform condensationcloud but an assembly
of clumps of condensate. The photograph suggests that the eddies
in vortex wakes persist long after the mutually induced instabilities
have gone to completion. These eddies no doubt contribute to the
continued rapid spreading of the wake.

Now consider the in-trail hazard posed by a vortex wake during
the beginning stage of decomposition (Figs. 16 and 18). Before the
onsetof the mutually inducedinstability, the rolling-momenthazard
posed by the wake is just as severe as described in the preceding
section. However, after the instability has gone to completion, the
wake no longer appears to contain a coherent rolling-moment haz-
ard. A significant in-trail hazard is notexpected because spacings of
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Fig. 18 Lower wake with circumferential striations and some evidence
of mutually induced instability, about 1.5 min old, and upper wake that
began to age in the same way and is now about 5 min old.

transport aircraft during cruise are usually more than about 3 min,
which is just about always long enough for the decomposition of
vortex pairs to be completed before a following aircraft arrives.
Therefore, during this stage of wake decomposion, the in-trail haz-
ard goes from a very severe level to an almost benign level. How-
ever, caution should be still be exercised when certain atmospheric
conditions exist because the mutually induced instability may not
occur, in which case a rapid decompositionof vortex wakes does not
happen.3>%4 A severe rolling-moment hazard posed by the wake
may then persist for longer than a few minutes behind the wake-
generating aircraft. Observations of the exhaustcondensateindicate
that other mechanisms or instabilities (e.g., Figs. 16 and 18) then
take over and cause the organized intense wake to decompose to one
that is also less hazardous to in-trail penetrations. The alternative
processes may, however, take longer to render the wake incoherent
than the 3-5 min used by the mutually induced instability.

Several severein-trail encounters occurredat cruise altitudes dur-
ing a NASA flight program devoted to the study of chemical con-
stituents in exhaust gases by using one aircraft to probe the wakes
of other aircraft. During one such measurement, the probe aircraft
encountered an in-trail vortex segment that was still coherent. The
encounter caused the probe aircraft to roll about 60 deg despite full
counterroll input by the ailerons. The encounter with the vortex
occurred at 8 nmile behind the wake-generating aircraft, or about
1 min of flight time. During other flights, roll excursions that were
not quite as severe were also encountered at distances as large as
15 nmile, or just under 2 min after wake formation.

During the instability stage of wake change with time, it is esti-
mated that the wake usually grows in both depth and breadth by at
least a factor of four in the first minute or so. On occasion, however,
wakes such as the one shown in Fig. 16a do not appear to change

appreciably in size for 1-3 min. After that, the mutually induced
instability sets in, and the wake size changes rapidly.

Stage 3: Vortex Loops Fade and Wake Parts Rejoin (2-5 Minutes)

After the loops of vortex filaments have descended below the bulk
of the condensation trail and have undergone the mutually induced
instability, the intensity of their cores appears to fade so that the
condensationwake takes on the appearance of limp and loose loops
hanging down below the upper part of the wake (Fig. 19). The
limp appearance suggests that the vortex filaments involved in the
mutually induced instability are much less intense and have become
benign. The upper and lower parts of the exhaust condensate then
appear to rejoin to form a single trail (Figs. 19 and 20). Sometimes

Fig. 19 Side views of vortex wakes at ages from new to over 0.5 h: a)
overview of wakes; b) closeup view of two upper wakes aged about 1
and 2 min; and c) enlarged view of lower wake cluster in photograph a
from new (top right) to over 1 h in age.

Fig. 20 Side view of wake about 1.5 min old illustrating large number
of strong eddies protruding from top of wake; vortex filaments also
depart from and rejoin bottom of wake.
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the process of rejoining proceeds quickly, as it did in Fig. 20, and
other times it appears to take a long time. At first, it was thought
that buoyancy forces might be responsible for the process. It is now
believed that the circulationin the two parts of the wake resembles,
in end view, two vortex pairs that leap frog each other for about
one-half cycle. Hence, the velocity field of the two pairs causes the
lower wake to divide and pass around the sides of the upper part
and to mix with it. This reorganization of the two parts is often
not uniform or ideal but asymmetric because the linking and loop
formation is not always perfectly symmetrical. Instead, as shown in
Fig. 14d in a wake viewed directly from below, the vortex loops are
not always centered on the rest of the wake, but meander port and
starboard. As a result, the amount of vorticity on each side of the
wake varies along the length of the trail because the links of vorticity
have passed around and up one side or the other. As a consequence,
the final vortex wake often appears to rotate and to change in width
along its length.

As the vortex loops lose their intensity the limp hanging loops
disappear from side views because they are convected around the
sides of the wake, and the visible wake is reformed. Observations of
condensationtrails confirms that after 3-5 min (about25-50 n mile)
the intensely swirling parts of vortex wakes appear to have been
rendered into an incoherent flowfield, and the vortex loops formed
by the mutually inducedinstability lose theiridentity. At this stage of
wake decomposition, wakes should not produce significant rolling
moments on aircraft making an in-trail penetration.

Some direct evidence exists that indicates that a significant
rolling-moment hazard does not exist after the 3-5 min of mixing
just described has occurred. The evidence is provided by subsonic
transports that occasionally fly both nearby and within decomposed
wakes. Passengers who enjoy looking out of windows while travel-
ing can easily determine when such a penetration occurs. It is first
noted that their aircraft is flying parallel to, and off to the side of, a
decomposed wake made visible by condensation of exhaust gases.
A short while later, an announcementcomes over the public address
system stating that turbulenceis soon to be expected and that every-
one should take their seats and buckle up. The aircraft then moves
over into the decomposed wake (5-10 min in age) and the predicted
bumpy ride begins. The ride has a somewhat periodic character to it
much like that experienced in a car going over a washboard gravel
road common in the midwest. The periodicity probably comes from
the period associated with the wavelengthand linking of the vortices
through the long-wavelength version of the mutually induced insta-
bility. After a while, the bumpiness ceases as the aircraft leaves the
wake. In the limited amount of experience of the author on these oc-
casionsno significantrolling moment was experienced. Events such
as this show that, once decomposed, the aircraft does not encounter
a significant wake-induced rolling moment, but rather senses the
large-scale turbulent character of the wake.

After the flight, discussions with the pilots reveal that the pen-
etration was deliberate, and that the only significant effect on the
penetrating aircraft (besides a moderate response to turbulence) is
that about 1-deg angle of attack must be added to the aircraft to
maintain altitude (plus probably some added fuel consumption).
Obviously, the added angle of attack is required to compensate for
the downwash in the wake brought about by the lift on the wing
of the wake-generating aircraft. The observation by the pilots that
about 1 deg must be added to the aircraft angle of attack confirms
that significant downwash is still present in the wake. Because the
effective angle of attack of the wing is probably around 10 deg for
1 g levelflight, a 1 deg changeindicatesthat verticalaccelerationson
the order of 1 deg/10 deg or 0.1 g might be experienced by quickly
making a transverse penetration through the wake.

If, however, atmospheric conditions are such that the mutually
induced instability does not occur and proceed to completion, the
vortex wake could remain coherentand compact with a significantly
larger downwash and rolling-moment hazard for a much longer
time than usual. Recall that any piloted control inputs are predicted
by McGowan® to aggravate the wake-induced accelerations. It is,
therefore, strongly recommended that such a practice be stopped,
that is, it is believed that at no time is it absolutely safe to enter
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Fig. 21 Diagonal view from below of wake about 0.5 h old with lateral
striations along with newly formed wake.

a vortex wake. The foregoing experiences do indicate that vortex
wakes that have experienced decomposition through the mutually
induced instability generally have very little if any coherentrolling
moment and that the downwash has persisted.

Stage 4: Wake Reorganizes into Coherent Vortex Pair (5-15 Minutes)

Before this study began, it was thought that the eddies that had
appeared on all sides of a wake would die down to produce a wake
that appears as a long irregularly shaped and quiescent cloud of
condensate. However, the wake shapes in Figs. 16-20 indicate that
eddies observed during earlier stages are still somewhat active. Fur-
thermore, the shape of the condensation trail does not appear to
consist of a coherent vortex pair. It is not until the wake has aged
about 20 min or more in time that the presence of a coherent vortex
pair becomes apparent through lateral striations in the exhaust con-
densate (Fig. 21). The photographs chosen are presented in Figs. 3
and 21 because each had at least one relatively new wake (about
1 min old) in the same view to indicate the tremendous size of the
striated wake at this stage, that is, 30-40 times the size of the rela-
tively new wake, or about 100 times the span of the wake-generating
aircraft. Also note that the new wake disappears as it passes over
the more mature wake as if the older wake disrupts the condensa-
tion process. In addition, the offset in the older wake suggests that
the new wake may be influencing its location and shape. The large
wake probably does not pose any real hazard to encountering air-
craft, butitis of interest from a basic fluid mechanics point of view.
If the lateral striations that emanate from the centerline condensate
cloud are brought about by a vortex pair, the arrangement of vor-
tices and condensate would appear in end view something like the
flowfield shown in Fig. 22. The indicated flowfield does not explain
how the vortex became so large, nor how the vortex separated from
the condensate-containing air and then formed on top of the visible
wake. Buoyancy of the various parts of the flowfield and of the at-
mosphere probably play a significantrole in the development of the
final flowfield structure.

Stage 5: Condensation Striations Grow in Length (15 Minutes-1 Hour)

After the feather-shaped striations were observed, efforts were
made to find wake shapes that illustrate the transition process from
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Fig. 22 Suggested flowfield interpretation of condensation wakes with
lateral striations.

Fig. 23 Two examples of condensation wakes about 30 min old in the
early stages of forming lateral striations like those in Fig. 21.

the earlier stage to the striated stage. In Fig. 23a, several of the wakes
appear to be on their way to generating striations, but well-defined
striations did not appear before a general cloud cover obscured all
of the trails. The wake in Fig. 23b is included because horizontal
spreading of the wake, with very little vertical growth, suggests
that striations may be in the process of forming. The condensation
wake being shed by aircraft passing near the older wake is again
a good indication of the size of the vortex pairs that are likely just
above the striations. The striations of condensate always seem to
be connected to the condensate cloud at the center of the wake.
Sometimes condensateaccumulatesat the outerends of the striations
as if air-containing condensate were being swept to the extremities
of the striations (Fig. 3). At no time do the striations appear as
if they have their origin at the outboard edges of the flowfield of
the vortex pair. One plausible explanation for the formation of the
spanwise striations (rather than a continuous sheet of condensate)
is that the bunching of fluid by the vortex loops formed during the

Crow instability” brings about an irregular shape to the condensate
cloud that is swept laterally to form the striations. Such a process
must depend strongly on atmospheric stability to hold all of the
components of the condensate pattern at about the same altitude.

If the flowfield model suggested in Fig. 22 is correct, the conden-
sate striations grow in length in response to the presence and near-
ness of a vortex pair centered just over the striations. The downward
momentum from the lift on the generating wing could be responsi-
ble for the reformation of the wake into a pair of vortices, but why
the vortices grow to such a large size even though apparently quite
coherent is not certain. The flowfield shown in Fig. 22 does not ex-
plain the mechanism for the growth of the vortex pair to such a large
size nor for the origin and shape of the striations. As this stage of
vortex change proceeds, condensate sometimes accumulates at the
spanwise extremities of the striations (Fig. 3). It is suspected that
buoyancy of the fluid and atmospheric stratification are necessary
for the definition and structure of the flowfield.

Processes other than a lift-generatedwake of an aircraft were con-
sidered as the source of these unusual formations of condensation
clouds. A close association of the locations of events with the pas-
sage of lift-generated aircraft suggests strongly that the feathertype
formationsare a consequenceof aging vortex wakes. Unfortunately,
background haze and cirrus clouds in the region of observations
made some of the photographs unacceptable for publication. Both
ambient turbulence and wind shear must be very near zero for such
fine detail to be produced over such long periods of time.

Theoretical analyses of the dynamics of vortex wakes as they de-
scend into a stratified fluid have been studied for some time.>0~57
Any analysis of the long-term behavior of vortex wakes should fol-
low the development of the wake for lengths of time comparable
with the observations reported here. It should then be determined
whether or not inclusion of the mutually induced and other instabil-
ities in the computations cause differencesin the final result. When
the aerodynamicmechanismsresponsiblefor the huge growth of the
vortex wake are explained, methods for achievingmore rapid growth
in vortex wakes in the terminal environment may be suggested.

If the foregoing estimate of the structure of vortex wakes at such
an advancedage is correct, the swirling velocitieshave been reduced
by vortex size growth to below 0.01 times their value in the outer
parts of the original vortex oval. If the swirl velocities in the intense
core regions of the vortices are assumed to have been dissipated by
the mutually induced and other instabilities during the early history
of the wake, velocities much in excess of 1 ft/s are not expected.
Therefore, it is probably safe to assume that at this stage the wake
does not pose either an in-trail nor an across-trail hazard.

Stage 6: Condensation Trail Loses Identity (After 1 Hour)

Observations of condensation wakes indicate that they disappear
for a variety of reasons. When conditions for the formation of con-
densation wakes are marginal, the wakes often do not appear at all
or only for short periods of time after formation. When conditions
are very good for the formation of condensation wakes, they per-
sist until they mix with other wakes, cirrus clouds, or clouds or
haze forming in the area. As condensation wakes persist for long
periods of time, the special structures identified in the figures pre-
sented here seem to occur. Because these observations all occurred
during low- or no-wind conditions, atmospheric or other types of
wake breakup was not observed. However, as the size of the coher-
ent vortex driving the striations becomes larger, the magnitude of
the velocity componentsin the flowfield must also diminish linearly
with size. Therefore, at some time as the vortices grow in size, the
wake velocities must eventually decrease to a level where ambient
disturbances will overwhelm the organization of the wake inside of
the very large vortex oval. This either was not observed or was not
recognized when it did occur.

One unexpected event in the later stages of wake demise was a
division of the vortex axis from one into two parts (Fig. 24a). It
seems likely that the axes in the vortex pair diverge because the
wake descended down to a level in the atmosphere that acts like
a ground plane. As the vortex pair approaches the atmospheric, or
virtual, ground plane, the self-induced velocity field of the vortices
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Fig. 24 Photographs of condensation wake with lateral striation after
a segment of the trail has divided to produce two trails: a) after wake
has divided to form two approximately similar branches and b) about
10 min later, curvature of one branch has increased so that it makes two
right angle turns.

(and their images) causes them to move laterally away from each
other, as shown the upper part of Fig. 24a. A photographtaken about
10 min later (Fig. 24b) indicates that not only do the wakes separate
into two separate parts, but one branch takes on a sharp bend that
increases with time. Also apparent in Fig. 24 is that each vortex
must also have induced a secondary vortex in the ambient fluid, so
that a stagnation line forms along the two branches of the wake.

Modification of Aircraft to Alleviate Loads

The prospect of modifying the wake-generating aircraft so that
it does not shed a hazardous wake has been studied since around
1970. Some of these theoretical studies and experimental results
indicate that the dissipation or dispersion of vortex wakes can be
accomplished by special wing designs, so that the rolling-moment
hazard they pose can be significantly reduced for approach configu-
rations of transportaircraft. The techniques studied employ various
devices and aerodynamic processes to render the intense centers of
the vortices incoherent and, therefore, less hazardous®

A comparable demonstrationof significant alleviation of the haz-
ard posed by the downwash of aircraft wakes at cruise or in the
airport vicinity has not been demonstrated nor have methods been
suggested for more rapid spreadingof the downwash. The spreading
of the downwash is believed to be a much more difficult problem
to solve than the one associated with the rolling-moment hazard.
The reason for the difference is that the downward momentum of
air persists in the wake even if the centers of the vortices are made
incoherent because most of the downwash is concentratedin a re-
gion on the order of the span of the wing. The most obvious way to
reduce the downwash velocities is to go to larger wing spans. How-
ever, even a doubling of the wing span for a given weight of aircraft
would only reduce the vertical loads by a factor of 2, whereas it
is estimated that at least a factor of 10 is needed. An aerodynamic
solution to the downwash and across-trail penetration problem re-
quires the invention of some sort of way to tailor the span loading on
the wake-generatingwing so that the downwash distributionspreads
much more rapidly than it does with conventional wing designs.

Wake-Avoidance Procedure

At this time, the vortex wakes of aircraft change slowly so that
up to about 20 min for example, 150-200 miles behind the gener-
ating aircraft, is required before wakes are safe to penetrate in any
direction and their presence ignored. Based on the limited and re-
mote observations presented here, if aircraft avoid a 200-mile-long
tube of the atmosphere that begins at about one span in diameter
and increases linearly with distance to about 20 spans in diameter,
hazardous wake encounters should not occur. The cross section of
the hazardous regions to be used in the computations that monitor
locations of hazardous regions needs to be large enough to include
the entire wake and a sufficient safety factor that allows for errors
in predicting the location of each cross section and to include other
unknowns or unanticipated factors.

Improved precisionof the flight paths used by aircraftto approach
and departairports,and while in cruise, is availableon many aircraft
by use of the global positioning system (GPS). It is anticipated that
the accuracy of location will be improved even further when the
present second frequency and a third new frequency become avail-
able to the public. Even with only the single frequency in use at
this time, sufficient accuracy is available for accurate estimates for
the locations of lift-generated wakes and their associated hazard as
a function of time. When such a procedure is studied,”® it is found
that the first step is to estimate the size of the hazardous region
around the wake of the wake-generating aircraft. Information con-
tained in this paper provides a starting point for a determination
that includes both time and distance behind the generating aircraft.
To determine wake motion after generation, the aircraft must also
monitor the wind velocities along its flight path. By use of the ini-
tial location of the vortex wake and the measured winds along the
flight path, the location of the hazardous part of the wake can be
updated periodically, for example, every 1-5 s. This information is
then disseminated in GPS coordinates to other aircraft so that each
can avoid the hazardous regions thus identified and recorded in the
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monitoring system. The process involves a lot of time-dependent
bookkeeping that can be easily handled by existing computers. Be-
fore implementation, the dimensions of the tube that encloses the
hazardousregion in an actual system should be thoroughly tested to
be certain that the foregoing estimates are safe and that all known
factors have been considered and evaluated.

Conclusions

Based on observations of lift-generated wakes made visible by
condensation of exhaust gases, changes in wakes due to aging are
followed until the wakes appear to become very weak or to blend
with the ambient atmosphere. Equations based on the transfer of
momentum from the wake to the penetrating aircraft during a wake
encounterappearto yieldresults in good agreement with more com-
plete analyses. The relationships presented are probably accurate
enough for the encounter problem because they are in good agree-
ment with more complete analyses, and uncertainties in the size of
the wake appear to be large.

On the basis of the study, the hazard posed by the downwash in
the wake of aircraft appears to fade away slowly with time as the
wake spreads laterally and vertically. Estimates of the loads that
may occur during a wake encounter indicate that the intense rotary
velocities associated with the wake-vortex hazard become benign
within several minutes after the passage of the wake-generatingair-
craft, that is, about 20 miles. Based on the observed cross-sectional
sizes of wakes as they age, and on estimates of vertical loads based
on momentum transfer, it is expected that a hazardous level persists
for wake crossings at cruise altitudes for times up to about 20 min
(up to 200 miles) after being generated.

The data obtained during this study indicate that at no time should
an intentional penetration of a vortex wake be made because wake
structures, and the decay with time, can vary over wide limits, so
that it is not possible to predict when it is safe to penetrate a wake
in any direction. Furthermore, because the present study did not
carry out direct measurements of vortex wakes at cruise altitudes,
it is recommended that wakes at cruise altitudes be probed for their
velocity distributionsas a function of time to obtain a more accurate
assessment of the hazards they pose, in both space and time. The
observationsof condensationtrails of aircraftat cruise altitude iden-
tified several wake-vortex instabilities and growth mechanisms that
are not well understood. Analysis of the aerodynamicprocesses that
may be present and more high-quality and frequent photographs of
condensationwakes are needed to help diagnose the reasons behind
some of the striated formations in aircraft condensation wakes.

Because condensation wakes are not always visible so that they
can be avoided by aircraft, it is recommended that an avoidance
procedure be developed to keep track of the location of each wake
andtheirsizein both altitude and geographicallocation. At this time,
utilization of the GPS makes such an avoidance system feasible.
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