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Flight-Simulator Study of Airplane Encounters
with Perturbed Trailing Vortices

R. E. Loucel∗ and J. D. Crouch†

Boeing Commercial Airplanes, Seattle, Washington 98124-2207

This study provides a preliminary, but concrete, assessment of the potential benefits of causing the breakup of
airplane trailing vortices via large-scale instability, resulting in vortex rings. The 737-300 flight simulator is used to
model the autopiloted response of an airplane encountering the vortices at different stages in the breakup process. A
series of encounters with straight vortices is used to establish a baseline response. For the early stages of the vortex
breakup, the vortices are modeled as wavy vortex filaments. For the late stages of the vortex breakup, the vortices
are modeled as vortex rings, whose shape is based on experimental observation. The primary results of the study are
presented in a collection of contour plots for the maximum bank angle that occurs during an encounter. The bank
angles are given as a function of the horizontal and vertical vortex-intercept angles. The results show a significant
reduction in the maximum bank angle, experienced by the encountering airplane, as a result of the vortex breakup.
The simulations show a continuous reduction in the level of upset as the vortices become increasingly wavy and
ultimately break up into rings. The most significant reductions (both in terms of the magnitudes of the upset and
the likelihood of their occurrence) result from the formation of vortex rings. The results suggest that the controlled
breakup of the vortices could be exploited to enable reduced airplane separations, based on a vortex-destruction
concept in addition to vortex avoidance.

Nomenclature
Av = wavy-vortex amplitude parameter
b = vortex spacing
c = vortex-core diameter
rA = position vector on airplane
rv = position vector on vortex
Tv = vortex-ring time parameter
v = velocity vector
α = airplane angle of attack
β = airplane sideslip angle
� = vortex circulation
θ = wake-pitch angle
λ = instability wavelength
τ = t/(2πb2/�), nondimensional time
ψ = wake-intercept angle

Subscripts

A = airplane
ell = values based on elliptic spanload approximation
t = target
v = vortex

Introduction
Motivation

R ECENT studies, aimed at reducing the required separation dis-
tances between landing aircraft, have demonstrated the poten-

tial for accelerating the breakup of airplane trailing vortices. The
capacity of some airports is limited by the spacing that is imposed
between in-trail airplanes on final approach during instrument mete-
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orological conditions (IMC).1 This spacing is imposed to ensure that
the following airplane is not upset by the trailing vortices produced
by the lead airplane. The imposed separations result in a reduction
in capacity when compared to visual conditions. Although the cur-
rent system works primarily through avoidance, breaking up the
vortices could permit reduced separations between airplanes during
IMC, and thus increase airport capacity.

The recent studies have exploited new instabilities and transient
growth mechanisms that exist for systems of vortices with multi-
ple vortex pairs.2−4 These mechanisms lead to a more rapid growth
than occurs on a single vortex pair.5 Airplanes with flaps deployed
produce multiple vortices in the near field, which can result in
a pair of corotating vortices on each side of the aircraft farther
downstream. Using conventional airplane control surfaces, Crouch
et al.6,7 demonstrated a viable scheme for breaking up the trailing
vortices into vortex rings. The breakup occurs at a distance that
is less than the current separation requirements. For configurations
that result in a pair of counter-rotating vortices on each side of the
airplane (e.g., for large horizontal-tail loading or inboard-flap re-
traction), there have been several studies that show rapid growth of
vortex perturbations8−11—although, not always leading to breakup
into vortex rings.

The viability of any vortex-breakup system for reducing airplane
separations depends on the effectiveness in breaking up the vortices,
on the impact of the system on the leading (active) airplane, and on
the in situ performance of the system as measured by the following
airplane. Here we focus on the system of Crouch et al.6 The effective-
ness of the system in breaking up the vortices has been demonstrated
in ground-based testing and direct numerical simulations. Results
show that shifting approximately 6% of the wing lift between in-
board and outboard sections of the wing can break up the vortices
into rings in a distance of approximately 3 nm behind a 747-400
(when scaled to flight). This distance is given as an illustration of
the performance; the 747-400, or other specific configurations, was
not tested. The distance required to break up the vortices depends
on the details of the flap configuration, the horizontal-tail loading,
and the level of forcing. Figure 1 shows a computer visualization of
the vortex breakup behind a heavy airplane, flying from the upper
left toward the lower right in the image. This visualization is based
on scaling the towing-tank experimental results to flight.

To exploit, and optimize, a system for breaking up the vortices,
the effectiveness in achieving breakup must be translated into a dis-
tance at which the vortices can be considered benign to a following
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Fig. 1 Animation of trailing vortices undergoing breakup into vortex
rings, after Crouch et al.7

airplane. The current study is an initial attempt at estimating this
distance based on vortex encounters as modeled using the 737 flight
simulator with an autopilot. The 737 is “flown” through the vortices
at different stages in the breakup process to determine when the vor-
tices can be considered benign. The flight-simulator results are not
intended to provide an absolute measure of acceptability, but rather
an indication of the relative improvement as experienced by an en-
countering airplane at different following distances. Any threshold
for characterizing the vortex encounter as acceptable will be a strong
function of the encounter altitude, a parameter not considered in the
current study.

Previous Vortex-Encounter Studies
There are two basic approaches that have been used to assess the

impact of trailing vortices on an encountering aircraft. The first is
a static approach, where the nonuniform vortex flowfield is used to
determine loads on an airplane, which is placed at different positions
in the neighborhood of the vortices.12,13 This provides an instanta-
neous response, or a snapshot of the vortex effects, assuming the
airplane is at the prescribed location. The second approach is to use
a flight simulator to consider the dynamic response of the encoun-
tering airplane (i.e., the airplane is allowed to move according the
imposed loads at each time step).14−19 This provides an integrated
response to the vortices. A fairly extensive review of these methods
is given by Rossow.20

The approach taken here is to consider the integrated response
and, in particular, how this integrated response is altered by the
growth of long-wavelength instabilities and post-breakup vortex
rings. The basic simulator model used on the current study is the
same as considered by Vasatka.18 All of the earlier flight-simulator
studies are based on straight (unperturbed) vortices. The vortices
are modeled in the simulators using a strip-theory analysis; this
permits the real-time calculation of the loads necessary for piloted
encounters.

Piloted studies reported by Rossow20 have shown that flight sim-
ulators provide a realistic representation of vortex encounters. The
maximum bank angle is the parameter that provided the best demar-
cation between hazardous and nonhazardous encounters. The value
of the maximum bank angle for a hazardous encounter depended on
the airplane altitude.14 Above 350 ft, an encounter was perceived to
be hazardous if the maximum bank angle exceeded 10 deg, under
instrument flight rules. Below 200 ft, the perceived hazard threshold
was around 7 deg. The current study focuses on the maximum bank
angle as a measure of the severity of an upset.

Flight-Simulator Model
The severity of a wake-vortex encounter will depend on the vortex

characteristics, the height at which the encounter occurs, the orien-
tation of the vortices relative to the flight path, the encountering-
airplane response dynamics, and the response of the pilot. The pri-
mary goal of the current study is to determine the potential benefit

Fig. 2 Schematic showing the encountering aircraft, the trailing-
vortex filaments, the vortex reference frame, the wake pitch angle rela-
tive to level flight θ, and the wake-intercept angle ψ.

of changes to the vortex characteristics that occur during the vortex-
breakup process. Thus, we consider a single airplane configuration,
the 737-300, to remove variations caused by the response dynam-
ics. To remove human factors (which are acknowledged to be very
significant in a real encounter), an autopilot is employed.

The effects of the vortex characteristics are determined by con-
sidering a large array of vortex encounters, covering different ori-
entations of the vortices. The vortex orientation is described by two
angles, as shown in Fig. 2. The angle θ describes the wake pitch rel-
ative to the level flight of the airplane, and the angle ψ describes the
wake intercept, or grazing angle. During the encounter, the vortex
flowfield is unaffected by the airplane.

Airplane Representation
The six-degree-of-freedom 737-300 simulation is built on a

database for uniform-flow conditions. The effects of the vortices
are modeled using a strip-theory approximation for the wings, the
horizontal tail, and the vertical tail. The strips are spaced 1 ft apart,
and the force on each strip is applied at the aerodynamic center. In
all of the cases considered, the airplane is trimmed in level flight
with landing flaps when the encounter occurs.

The basic simulator model is the same as was used in the study
of Vasatka.18 In that study, only straight vortices were considered,
but both a math pilot and an autopilot were employed.

To calculate the vortex loads, the incremental vortex-induced ve-
locity is determined at the aerodynamic center for each strip. The
local vortex velocity is then added to the local airplane velocity
vector at the strip. For the horizontal tail, an empirical downwash
factor is applied to effectively reduce the imposed vortex velocity.
The total velocity at the aerodynamic center is used to calculate the
local angle of attack α and the local sideslip angle β. For the wing,
the sideslip is recast as an additional α increment based on the dihe-
dral. These angles are used to determine section lift forces from the
database, which assumes uniform flow. Finally, the uniform-flow
lift force is scaled using an empirical span-load function to account
for some of the non-uniform-flow effects. The resulting sectional
loads are integrated over the span to determine the total forces and
moments.

The performance of the simulator vortex model (for straight vor-
tices) was assessed in earlier studies using a series of test flowfields
and by comparison to flight-test data.21 Because the primary focus
of the current effort is to monitor the peak bank angle, a good test
case is to mimic a uniform roll rate by placing the airplane within
an oversized vortex core (sized to be greater than the airplane wing
span) aligned with the vortex axis. This results in a linear velocity
distribution along the wing, just as if the airplane were rolling at a
fixed rate. The strength of the vortex is proportional to the equiva-
lent roll rate. The airplane loads resulting from the imposed vortex
are compared to a baseline simulation with the airplane in motion
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having the same roll rate in the absence of the vortices. For a 4-deg-
per-second roll rate, results for the vortex model are within 2.7 and
−1.5% for the two angles of attack (4 and 8 deg), which bound the
nominal airplane values for the current studies. For a 10-deg-per-
second roll rate, the results are within 5.2 and 0.7% for the same
angles of attack.

Autopilot
The 737-300 autopilot was used to control the airplane during

the encounters. This is the same autopilot that is used in the actual
airplane (model SP300 used in the 737-300/400/500). The basic
function of the autopilot is to provide automated control of the air-
plane’s motion in the lateral/directional and longitudinal axes, as
well as to control the flight conditions such as speed and altitude.
The autopilot’s capability extends from performing basic tasks such
as keeping the wings level to performing complex tasks like auto
land. The autopilot operates within the normal control limits of the
airplane, but it does not have full control authority.

The configuration of the airplane autopilot for the wake-vortex
encounter study is very basic. Only the roll and pitch modes are
utilized to maintain wings level (with a limit on roll-angle excursion)
and maintain a certain altitude and a particular heading.

In the roll mode, a heading-select function is used to control the
airplane’s heading and roll angles. This function allows the airplane
to capture, or hold, a particular heading. Heading inputs range from 0
to 360 deg, by 1-deg increments. The heading value is used to set the
vortex grazing angle ψ . With the heading-select function, a bank-
angle limit is automatically enabled. This causes the autopilot to try
and control roll-angle deviations, within the control-limit authority.
The bank angle limit used for the current study is 15 deg.

The pitch mode includes altitude hold, autothrottle, and speed-
select functions. The altitude hold captures and holds the target
altitude, within the control-authority limits. The autothrottle allows
the autopilot to control thrust levels and airplane velocity as needed
to capture and/or maintain the desired altitude. With the speed-select
function, the autopilot also attempts to control speed. This function
is used as a backup to the altitude-hold function. Under normal
conditions, the altitude hold overrides the speed select.

Vortex Flowfield Model
The flight simulator requires flowfield velocity vectors at a dis-

crete set of points on the airplane at each time step in the simulation.
The velocities are obtained from a simplified model of the trailing
vortices, which are “frozen” in space and in time. This provides a
good model for the flowfield experienced by a following airplane at
a fixed distance to the lead airplane that produces the vortices. The
model is based on theoretical and experimental results for the shape
of the vortices, but the vortex details are simplified for computational
efficiency within the flight simulator.

The velocity induced by a vortex filament with circulation � is
described by the Biot–Savart law

v(xA, yA, z A) = �

4π

∫
Lv

(rv − rA)

|rv − rA|3 × ∂rv

∂lv
dlv (1)

where rv = xv î + yv ĵ + zv k̂ is the position vector on the vortex fila-
ment of length Lv and rA = xA î + yA ĵ + z Ak̂ is the position vector
representing the location on the airplane where the induced velocity
is calculated. The vortex position vector is time independent.

Straight Vortices
The effects of vortex distortion are measured against a base-

line of encounters with straight vortex filaments. The straight vor-
tices are modeled by a pair of counter-rotating Rankine vortices.
The pair of vortices is characterized by the vortex circulation �,
the spacing between the vortices b, and the individual vortex-core
diameter c.

Using the vortex coordinate system shown in Fig. 2, the starboard
vortex is given by �v = −�, xv = x + xA, yv = +b/2, zv = 0, and the
port vortex is given by �v = +�, xv = x + xA, yv = −b/2, zv = 0,

where x ∈ (−∞, ∞). For points outside the vortex core (r > c/2),
the induced-velocity contribution from one of the vortices is given
by

v(xA, yA, z A) = �v

4π

∫ ∞

−∞

(z ĵ − yk̂)

r 3
dx

= �v

4π

(zx ĵ − yx k̂)

(y2 + z2)r

]∞

−∞
(2)

where x = xv − xA, y = yv − yA, z = zv − z A, and r = [x2 + y2 +
z2]1/2. The resulting velocity field is independent of the x coor-
dinate because the vortices are uniform in x and are assumed to
extend to infinity both fore and aft of the encountering airplane.
This, in conjunction with the Rankine-vortex core model, yields
the well-known representation for the velocity field from a single
straight-vortex filament,

v(xA, yA, z A) = �v/2π

{
[z/(y2 + z2) ĵ − y/(y2 + z2)k̂],

√
y2 + z2 > c/2

(4z/c2 ĵ − 4y/c2k̂),
√

y2 + z2 ≤ c/2
(3)

The total vortex-induced velocity is the sum of the contributions
from the starboard and port vortices.

Wavy Vortices
The wavy vortices are modeled as finite-amplitude sinusoidal

perturbations to the vortex filaments. The y and z position of the
vortices are displaced with a periodic dependence on x . In the vortex
coordinate system of Fig. 2, the starboard vortex is given by

�v = −�, xv = x + xA

yv = +b/2 + Avb cos(αxv), zv = +Avb cos(αxv)

and the port vortex is given by

�v = +�, xv = x + xA

yv = −b/2 − Avb cos(αxv), zv = +Avb cos(αxv)

where x ∈ (−∞, ∞). The amplitude parameter Av is used to rep-
resent different stages in the development of instabilities leading to
vortex pinching, which occurs at Av = 0.5. The y and z perturba-
tions are chosen to have the same magnitude, corresponding to a
45-deg inclination of the perturbation. This is in general agreement
with the instabilities known to cause breakup into vortex rings.3−5

Other angles could be considered, but they are not expected to yield
significantly different results.

The induced-velocity contribution from one of the wavy vortices
is given by

v(xA, yA, z A) = �v

4π

∫ ∞

−∞

(yz′
v − zy′

v)î
r 3

+ (zx ′
v − xz′

v) ĵ
r 3

+ (xy′
v − yx ′

v)k̂
r 3

dx (4)

where x = xv − xA, y = yv − yA, z = zv − z A, r = [x2 + y2 + z2]1/2,
and the prime signifies ∂/∂x . This integral for a wavy vortex can be
solved numerically, but for large values of x it is more efficient to
approximate the ends of the vortex by straight filaments. Limiting
the numerical integration to N wavelengths nearest to xA (N odd),
the induced velocities from the ends of the vortices are given by
straight-filament analytical expressions.
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The induced velocity from one of the wavy vortices is approxi-
mated by

v(xA, yA, z A) = �v

4π

∫ Nλ/2 + x̄ A

−Nλ/2 + x̄ A

(yz′
v − zy′

v)î
r 3

+ (zx ′
v − xz′

v) ĵ
r 3

+ (xy′
v − yx ′

v)k̂
r 3

dx

+ �v

2π

[
z ĵ − yk̂
(y2 + z2)

](
1 − Nλ/2√

N 2λ2/4 + y2 + z2

)
(5)

where x̄ A = xA − Mλ − λ/2 is the relative position of xA within a
wavelength of the vortex (e.g., at a peak, or a trough, etc.) and M is
the maximum number of integer wavelengths within xA. Over the
interval x ∈ (−Nλ/2 + x̄ A, Nλ/2 + x̄ A), the integral is evaluated
numerically. Outside this interval, the straight-filament approxima-
tion is used. For a typical wavelength of λ = 8b with Av = 0.4, a
value of N = 3 resulted in a maximum error of 0.0063�/2πb in the
velocity magnitude compared to N = 5. The magnitude of the ve-
locity at the location of the maximum error is 2.3�/2πb, yielding a
local error of less than 0.3%. The vortex encounter results are based
on N = 3. For points (xA, yA, z A) inside a vortex core, the vortex is
locally approximated by a straight filament aligned with the tangent
to the vortex at the minimum of r . As Av → 0, the induced velocities
from the wavy vortices match the velocities given in Eq. (3).

Figure 3 shows isovelocity contours for straight vortices and wavy
vortices with Av = 0.1 and 0.4. The velocity magnitude for the con-
tour corresponds to the induced velocity at the centerline of a straight
vortex pair.

a)

b)

c)

Fig. 3 Isocontours of velocity magnitude
√

(u2 + v2 + w2) = 4Γ/(2πb)
for a) straight vortices and wavy vortices with b) Av = 0.1 and c) Av = 0.4.

Vortex Rings
The vortex rings are modeled as an infinite array of closed-loop

vortex filaments. Following the vortex coordinate system of Fig. 2,
the ring filaments used in this study are described by

�v = +�, xv = nλ + a1 cos(s)

yv = b1 sin(s) + b2 sin(3s), zv = c1 cos(2s) + c2

with

a1 = +b
[
1.3 + (λ/b/2.1 − 1.3)(1 − Tv)

3
]

b1 = −b[0.95 + (λ/b/2.1 − 1) sin(π/5.2Tv − 0.1)]

b2 = −b(1 − Tv)
5 sin(πTv − 0.2)

c1 = −b cos(π/2Tv − π/6), c2 = −b(0.4)

where n = (. . . , −2, −1, 0, 1, 2, . . .) and s ∈ [0, 2π). The parameter
Tv is a nondimensional measure of time (or distance) beyond the
point at which the vortices pinch off into rings. The vortex-ring major
and minor axis switching occurs at a normalized value of Tv = 1,
which is the maximum value for which the model was designed. A
value of Tv = 0.5 corresponds to a distance of 3.5 wavelengths (or,
for λ = 8b, 28 vortex spans) beyond the pinch point.

This simplified model (originally formulated by G.D. Miller) is
based on experimental observations of vortex rings produced by ac-
tive forcing of trailing-vortex instabilities taken from Crouch et al.6

The model captures the overall shape of the rings, but the observed
short-wavelength variations have been neglected. For the purpose of
vortex-encounter simulations, the absence of short-wavelength vari-
ations provides a worst-case condition. The ring model provides a
family of representative rings at different stages of development
soon after vortex pinching. Because the model is not based on a
solution of the vortex-dynamic equations, the impulse is not pre-
served for different values of Tv with � and b constant. However,
for the range of conditions considered here the variation of the ver-
tical impulse with Tv is less than 4%. This is small compared to the
factor-of-10 variation in the vertical impulse for the different values
of � and b that are considered to represent different-sized airplanes.

The velocity induced at point (xA, yA, z A) by the row of vortex
rings is given by

v(xA, yA, z A) =
∞∑

n = −∞

�v

4π

∫ 2π

0

(yz′
v − zy′

v)î
r 3

+ (zx ′
v − xz′

v) ĵ
r 3

+ (xy′
v − yx ′

v)k̂
r 3

ds (6)

where x = xv − x̄ A, y = yv − yA, z = zv − z A, r = [x2 + y2 + z2]1/2,
and the prime signifies d/ds. Also, x̄ A = xA − Mλ is the xA position
relative to the nearest vortex ring, and M is the maximum number
of integer wavelengths within xA. The variables xv , x , and r depend
on n.

Similar to the treatment for the wavy vortices, the row of vortex
rings is approximated by a pair of straight filaments for large values
of x . This results in a finite sum over N vortex rings (N odd), given
by

v(xA, yA, z A) =
(N − 1)/2∑

n = −(N − 1)/2

�v

4π

∫ 2π

0

(yz′
v − zy′

v)î
r 3

+ (zx ′
v − xz′

v) ĵ
r 3

+ (xy′
v − yx ′

v)k̂
r 3

ds

+ �v

2π

[
z ĵ − yk̂
(y2 + z2)

](
1 − Nλ/2√

N 2λ2/4 + y2 + z2

)
(7)

The vortex encounter results are based on N = 3 because higher
values do not significantly change the induced velocities. The max-
imum error in the velocity magnitude is less than 1% for Tv = 0.5.



928 LOUCEL AND CROUCH

a)

b)

c)

Fig. 4 Isocontours of velocity magnitude
√

(u2 + v2 + w2) = 4Γ/(2πb)
for vortex rings at a) Tv = 0.2, b) Tv = 0.5, and c) Tv = 0.8.

For points (xA, yA, z A) inside the vortex core, the vortex is locally
approximated by a straight filament aligned with the tangent to the
vortex at the minimum of r .

Figure 4 shows isovelocity contours for the vortex-ring flowfields
with Tv = 0.2, 0.5, and 0.8. The velocity magnitude for the contour
corresponds to the induced velocity at the centerline of a straight
vortex pair, similar to Fig. 3.

Encounters with Straight Vortices
Within the 737 flight simulator, a basic vortex encounter is char-

acterized by the vortex properties (�, b, c/b) and the vortex intercept
parameters (ψ , θ , xt , zt ). The vortex strength is given by the cir-
culation �, and the spanwise spacing between the vortex pair is b.
The product of �b is proportional to the weight of the airplane pro-
ducing the vortices (for a given air density and airplane speed). The
size of the vortices is modeled by the vortex-core diameter c. The
wake-pitch angle θ and the wake-intercept angle ψ are defined in
Fig. 2. The coordinates xt and zt correspond to the target intersec-
tion between the vortices and the encountering-airplane flight path.
For straight vortices, the encounter results are independent of xt .

Table 1 gives the vortex properties for three different-
sized airplanes. The smallest circulation and vortex-span values
(� = 2500 ft2/s, b = 75 ft) correspond roughly to a 737, based on an
elliptic spanload approximation. This wake provides an encounter
where the lead and following airplanes are the same size. The
(� = 4000 ft2/s, b = 120 ft) case corresponds to a “heavy” airplane,
and this is used as the baseline airplane in the current study. The

Table 1 Summary of wake conditions
for the presented results

A/P �, ft2/s b, ft c/b zt

737 2500 75 0.1 0
767 4000 120 0.1 0
747 6000 165 0.1 0

a)

b)

Fig. 5 Time traces of the a) bank angle and the b) altitude for a vortex
encounter with wake-intercept angle ψ = 15 deg and wake-pitch angle
θ = 0 deg (Γ = 4000 ft2/s, b = 120 ft, c/b = 0.1).

largest values (� = 6000 ft2/s, b = 165 ft) roughly correspond to a
747, based on an elliptic spanloading.

Time traces showing the bank angle and the altitude during an
encounter are given in Fig. 5. These results are for the baseline vortex
configuration, with � = 4000 ft2/s, b = 120 ft, and c/b = 0.1. The
vortex intercept parameters are ψ = 15 deg, θ = 0 deg, and zt = 0.
The airplane begins to cross over the first vortex at about 117 s, and
it leaves the second vortex at about 119 s. The 2-s duration of this
part of the encounter is consistent with flight-test observations for an
airplane with landing flaps.15,21 The passage through the vortex pair
produces the maximum bank angle of about 38 deg, which occurs
just after 118 s. The secondary peaks at around 120 and 122 s are
the result of the airplane trying to resume its original trajectory. The
airplane drops about 25 ft as it passes through the vortex pair, but
it continues to lose altitude during the remainder of the upset. In
total, the airplane loses about 70 ft of altitude during the complete
encounter.

Figure 6 shows the contours of the maximum bank angle for vor-
tex encounters at different angles (ψ , θ ). The contours for ψ < 0 (not
shown) are symmetric about ψ = 0. Results for very small grazing
angles are not realistically modeled by straight flight paths, so no
results are shown for angles less than 2 deg. In practice, the small
grazing angles would only occur during some form of turning ma-
neuver. The results for very large bank angles are also not very real-
istic, and so the upper contour level is limited to 45 deg. In practice,
a pilot would take over airplane authority well before these large
bank angles would be experienced. Nonetheless, the occurrence (or
nonoccurrence) of these large bank angles is an indication of the
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Fig. 6 Contours of maximum bank angle (deg) as a function of
the wake-intercept and wake-pitch angles (Γ = 4000 ft2/s, b = 120 ft,
c/b = 0.1).

a)

b)

Fig. 7 Contours of maximum bank angle (deg) as a function of the
wake-intercept and wake-pitch angles for different-sized leader aircraft:
a) Γ = 2500 ft2/s, b = 75 ft (roughly a 737); and b) Γ = 6000 ft2/s, b = 165 ft
(roughly a 747), (c/b = 0.1).

relative potential for severe upsets. Figure 6 shows that there is a very
large range of encounter angles for which the maximum bank angle
exceeds, say, 15 deg. This extends from roughly −5 deg < θ < 4 deg
and ψ < 30 deg.

The effect of the lead-airplane size is shown in Fig. 7, where
the circulation varies by a factor of 2.4. For the smaller circulation,
the range over which the bank angle exceeds 15 deg is somewhat
reduced from Fig. 6, extending to roughly ψ = 22 deg. For the larger
circulation, the 15-deg contour extends well beyond ψ = 30 deg, in
addition to covering a wider range in θ . Not surprisingly, Fig. 7
shows that a larger airplane will produce a greater upset, and this
can occur over a wider range of encounter angles.

The dominant parameter influencing the level of upset over the
matrix of (ψ , θ ) is the vortex circulation. For a fixed circulation
level, an increase in the vortex span b resulted in a modest reduction
in the level of upset. In another series of tests, bank-angle time traces
showed negligible effects resulting from a 50% reduction, or a 100%
increase, in the vortex-core diameter.

Encounters with Vortices Undergoing Breakup
During the breakup process, the vortices evolve from nearly

straight vortices into wavy vortices and then into vortex rings. This
sequence is illustrated by the velocity contours of Figs. 3 and 4.
(Note these contours are not vorticity, and the left and right vortices
of Fig. 3 are not touching.) Here we focus on the effect that these
changes have on the maximum bank-angle contours.

Airplane encounters with wavy vortices corresponding to the
baseline vortex configuration are shown in Fig. 8. The amplitudes
of the waviness, Av = 0.1 and 0.4, are the same levels shown in
Fig. 3. A comparison of Fig. 8a with Fig. 6 shows that even a 10%
waviness amplitude results in a notable reduction in the level of
upset—especially for ψ > 10 deg. A waviness amplitude of 40% re-
sults in a very significant reduction in the maximum bank angle for
almost every combination of wake-intercept and wake-pitch angle.
However, there is still a small zone, 0 < ψ < 5 deg, −2 < θ < −7,
where the maximum bank angles are largely unchanged. Above
ψ = 15 deg, the maximum bank angle is less than 10 deg. The am-
plitude of Av = 0.4 represents a large variation compared to the
straight vortices, but it is still well before pinching, which occurs at
Av = 0.5.

The effect of the vortex waviness is similar for different-sized
lead airplanes. This is shown in Fig. 9 for encounters with wavy
vortices at Av = 0.4. The pattern of the peak bank-angle con-
tours is similar to the baseline case of Fig. 8. The primary ef-
fect of increasing the lead airplane size is to increase the contour
values.

Results for encounters with vortex rings are given in Fig. 10 for the
baseline configuration. The three nondimensional times (Tv = 0.2,
0.5, 0.8) correspond to distances beyond pinching of roughly 1.4,
3.5, 5.6 wavelengths, respectively. The change in response between
the highly distorted wavy vortex (Av = 0.4 in Fig. 8) and the early
postpinch vortex rings (Tv = 0.2 in Fig. 10) is considerable. The
vortex rings for Tv = 0.2 show no significant upset for larger wake-
intercept angles, say, ψ > 9 deg; the only notable upsets occur
around a few specific encounter angles ψ = 2 deg, θ = ±2 deg
and ψ = 6 deg, θ = ±4 deg. As the value of Tv is increased, the
encounter angles for notable upsets shift toward larger values of

a)

b)

Fig. 8 Contours of maximum bank angle (deg) as a function of the
wake-intercept and wake-pitch angles for wavy vortices with a) Av = 0.1
and b) Av = 0.4 (Γ = 4000 ft2/s, b = 120 ft, c/b = 0.1).
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a) b)

Fig. 9 Contours of maximum bank angle (deg) as a function of the wake-intercept and wake-pitch angles for wavy vortices and different-sized leader
aircraft: a) Γ = 2500 ft2/s, b = 75 ft (roughly a 737), and b) Γ = 6000 ft2/s, b = 165 ft (roughly a 747), (c/b = 0.1, Av = 0.4).

a)

b)

c)

Fig. 10 Contours of maximum bank angle (deg) as a function of the
wake-intercept and wake-pitch angles for vortex rings at a) Tv = 0.2,
b) Tv = 0.5, and c) Tv = 0.8 (Γ = 4000 ft2/s, b = 120 ft, c/b = 0.1).

ψ . For real vortices, the upset is likely to be smaller than pre-
dicted in the current study. Experiments show an additional un-
steady distortion of the vortex rings, characterized by a wavelength
smaller than λ. This is not accounted for in the simulator study, but
it is expected to further reduce the level of upset for vortex-ring
encounters.

The target intersection for the results of Fig. 10 are xt = 0, zt = 0.
Results for xt = λ/4, xt = λ/2, and zt = ±b/4 all show similar re-

a)

b)

Fig. 11 Contours of maximum bank angle (deg) as a function of the
wake-intercept and wake-pitch angles for vortex rings at Tv = 0.5 with
different-sized aircraft: a) Γ = 2500 ft2/s, b = 75 ft (roughly a 737), and
b) Γ = 6000 ft2/s, b = 165 ft, (c/b = 0.1).

sults to Fig. 10. The primary effect of changing the target intersection
is to shift the angles where the notable upsets occur.

Finally, maximum bank angles are presented in Fig. 11 for vor-
tex rings at Tv = 0.5 with different-sized airplanes. For the smaller
airplane, roughly the size of the encountering 737, there are only a
few encounter angles that result in maximum bank angles greater
than 5 deg. The maximum bank angle observed for this case is about
10 deg. This is in dramatic contrast to the straight-vortex encounters
presented in Fig. 7. For the larger airplane, the contours are similar
to the baseline configuration.

The active system for breakup of trailing vortices6 leads
to the formation of vortex rings at a nondimensional time of
τell = t�/(2πb2) ≈ 2.5. For the baseline vortex configuration, this
translates to a distance of approximately 2.2 n miles behind the
source airplane (using an approach speed of 140 kn). The vortex-
ring state characterized by Tv = 0.5 corresponds to a distance of
2.7 n miles behind the airplane. For a 737-sized airplane, the vor-
tex rings form approximately 1.4 n miles behind the airplane, and
Tv = 0.5 is approximately 1.7 n miles behind the airplane. For the
747-sized airplane, the vortex rings form at 2.9 n miles, and Tv = 0.5
is roughly 3.7 n miles behind the airplane.
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Conclusions
This study provides a preliminary assessment of the potential

benefits of controlling the breakup of airplane trailing vortices. The
737-300 flight simulator is used to model the response of an airplane
encountering the vortices at different stages in the breakup process
with the autopilot on. The results show a significant reduction in the
maximum bank angle experienced by the encountering airplane, as
a result of the vortex breakup. The simulations show a continuous
reduction in the level of upset as the vortices become increasingly
wavy and ultimately break up into rings. The most significant reduc-
tions (both in terms of the magnitudes of the upset and the likelihood
of their occurrence) result from the formation of vortex rings.

Airplane encounters with vortex rings result in maximum bank
angles of less than 5 deg for almost all of the encounter angles con-
sidered. At any given stage in the vortex-ring development, there are
small zones in the wake-intercept-angle/wake-pitch-angle parame-
ter space, where the maximum bank angles are larger than 5 deg.
The peak magnitude of the maximum bank angle depends on the
vortex strength. As the vortex rings age, the zones of potentially
larger upsets shift toward larger wake-intercept angles. The abso-
lute levels might not be well predicted in the current study as a result
of various modeling assumptions (most significantly, the exclusive
use of the autopilot), but the incremental changes should reflect the
true impact of the vortex breakup. Although the current study does
not provide a clear demarcation for the stage in the breakup where
the vortices become benign, it does suggest that the breakup into
rings is the most critical event in the process.

The results suggest two strategies leading to benign encounters
with the postbreakup trailing vortices: first, when all potential up-
sets are removed, second, when any potential upsets are localized
to an avoidable range of wake-intercept angles. The removal of all
potential upsets can require that the lead airplane not be significantly
larger than the encountering airplane. The acceptable relative air-
plane sizes will depend on the maximum bank angle that is allowed.
A precise determination of this boundary will required additional
study, including a better pilot model and also piloted encounters.

The localization and avoidance of any potential upset will require
sufficiently aged vortices and sufficiently precise navigation and
control during landing. Airplanes on final approach fly through a
“tunnel in the sky” centered on the 3-deg glide slope. The tunnel is
fixed by a zone around the touchdown target and expands to a larger
box at the outer marker. If all airplanes stay within this tunnel, then
normal limits on airplane maneuvers will yield an upper bound for
the magnitude of the wake-intercept angle. The box size at the outer
marker will determine the required age of the vortex rings to avoid
any potential upsets.

The flight-simulator study shows a significant benefit from the
breakup of the trailing vortices. In practice, airplane encounters
are abnormal occurrences. Current instrument flight rules (IFR)
airplane-separation requirements (from 3 to 6 miles depending on
the airplane sizes) aim to avoid vortex encounters by allowing time
for the vortices to descend below the flight path—well ahead of the
following airplane. Under calm atmospheric conditions, the vortices
are not expected to break up or decay within a 6-mile separation
distance unless they are close to the ground. The current findings
suggest that the vortices at 4 miles with the accelerated breakup are
much more benign to an encountering airplane than natural vortices
at 5 miles. Thus, an airplane that experienced an encounter would
greatly benefit from the accelerated breakup of the vortices (taking
the worst case for each situation). If airplane separations were re-
duced, the probability of having an encounter would increase; how-
ever, the breakup of the vortices could ensure that the encounters are
benign. The fact that major upsets do not occur under current IFR
separations, combined with the current findings, suggests that sep-
aration distances might be reduced if vortex breakup were ensured.
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