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Large-Eddy Simulations of the Vortex-Pair Breakup
in Aircraft Wakes
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We have utilized large-eddy simulations to simulate the transition from an aircraft wake dominated by the
interaction of vortex-pair dynamics and engine plume buoyancy to one dominated by atmospheric dispersion. Our
investigation concentrates on the period from a few seconds to several minutes after the wake is generated, during
which the essentially two-dimensional vortex-pair is broken up into a variety of three-dimensional eddies. Our
initial conditions are taken from near-wake simulations for three aircraft: the B-737, the B-747, and the ER-2.
Comparisons of our simulations, for conditions representative of the atmosphere in the upper troposphere and the
lower stratosphere, with wake photographs taken from the ground show very similar features. In the absence of
wind shear, the vortex pair go through a linking instability that is affected both by engine buoyancy and ambient
turbulence. The resultant series of vortex rings continue to descend, leaving the wake with the appearance of a
series of suspended puffs. When the mean atmospheric shear is sufficiently large, the ambient vorticity can erode
one member of the vortex pair, leading to a breakup mode with a much shorter wavelength.

I. Introduction

T HE evolution of aircraft wakes has been an active research
subject for more than 25 years.1 The potential hazards of wake

turbulence for following aircraft during takeoffs and landings stimu-
lated much of the early research2 and remains of primary importance
in determining safe following distances at crowded airports. More
recently, attention has focused on assessing the impact of increased
aircraft traffic on the environment, particularly potential effects of
exhaust species on ozone levels in the atmosphere and of persis-
tent contrails on the Earth's radiation balance.3'4 The dynamics and
mixing in the aircraft wake at early times, which we consider in this
work, may be expected to ultimately affect the chemical composi-
tion of the wake at late times.

It is convenient to identify four overlapping regimes in the evolu-
tion of an aircraft wake. During the first few seconds the vorticity dis-
tribution from the wing rolls up into a pair of trailing vortices, while
the engine exhaust jets mix with the ambient air, largely independent
of the roll-up process. The wake dynamics following this roll-up/jet
regime are dominated by the interactions of the vortex pair. Typically
in this stage the engine exhaust jets partly wrap into the vortex cores
and partly detrain into a buoyant plume; the vortices fall and inter-
act with each other through a mutual induction sinusoidal instability
and with any ambient shear that is present, until they finally break
up, typically within a couple of minutes. After vortex breakup, pos-
itive buoyancy acquired from the hot engine exhausts and from the
vortex pair falling through any ambient stratification can dominate
the dynamics until the plume mixes sufficiently with the ambient
air, typically within one or two Brunt-Vaisala periods (~10 min).
Finally, at later times, the plume dispersion is dominated by the in-
teraction with the ambient atmosphere, via atmospheric turbulence,
gravity waves, and shear.

In the present work we present the results of large-eddy simu-
lations (LES) focused on the middle two regimes of wake evolu-
tion, dominated by the vortex interactions and buoyant plume dy-
namics. We take our initial conditions after roll-up of the wing tip
vortices. The configuration and properties of the vortices and ex-
haust jets prove to be important to the dynamics in our regime of
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interest, but we take these as given from existing computations. The
early stages of vortex interaction have been heavily studied analyti-
cally via linear stability analysis5"9 and numerically in two spatial
dimensions,10"12 including the effects of atmospheric perturbations,
stratification, buoyancy, and shear. The sinusoidal linking interac-
tion of the vortex pair is, however, inherently three dimensional and
nonlinear, and so these methods are unable to treat the instability
through the complete breakup stage. To our knowledge our present
work represents the first three-dimensional unsteady explicit simu-
lation of the mutual induction vortex breakup of an aircraft wake.
We carry the simulation on through the buoyant plume dominated
stage. Since ultimately one of our motivations is to better understand
the effects of dynamics and mixing on the chemistry in the aircraft
wake, the interaction of the engine exhausts with the vortex breakup
plays a larger role in the present work than in most of the existing
analyses.

The late time wake dispersion, dominated by the dynamics of
the ambient atmosphere, has been the subject of some recent sim-
ulations, including some LES.13"15 (Gerz and Palma14 simulate the
early wake decay as well, for an idealized vortex pair in strong
enough ambient turbulence that the vortices disintegrate before they
can interact with each other.) For favorable ambient humidity lev-
els the contrail can seed ice formation, and the latent heat released
can affect the dynamics at these late stages. We have not included
this ice physics in the present simulations as the latent heat effects
represent only small perturbations in the vortex and buoyant plume
dominated regimes.

It is clear from observations of the evolution of aircraft condensa-
tion trails from the ground that there is a large variety of wake decay
patterns. Many factors, including the wing and engine configura-
tions, engine heat, atmospheric turbulence, gravity waves, ambient
humidity, temperature stratification, and wind shear, affect wake
evolution. There are laboratory and aircraft observations,16"18 but
it is difficult to systematically cover much of the parameter space
involved. Observations of contrails from the ground are complicated
by the possible variations in ambient humidity levels. Typically, if
the humidity levels are low enough so that the condensation trails
of the vortex pair are easily distinguished, then the contrails evapo-
rate soon after vortex linking; at higher ambient humidity levels the
pair are often shrouded together so that the vortex interactions are
not seen directly, leaving one to infer the origins of characteristic
periodic structures that often appear.

In this work we begin to explore the effects of some of the aircraft
and atmospheric variables on the wake decay. Just as in real flight test
programs, there is a conflict between costs on one side and coverage
of a large parameter space in our LES investigation. A systematic
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treatment varying particular parameters is deferred to future work.
Here we isolate and identify some characteristic features of the wake
decay and correlate them with features such as the periodic series of
puffs that are generically observed in contrail evolution (and have
been the subject of speculation in the literature19).

In Sec. II we review our LES model and the modifications required
for the contrail problem. In Sec. Ill we describe the initial conditions
used and the logistics for a simulation. In Sec. IV we present results
from four large-eddy simulations: a Boeing 737, a Boeing 747 with
and without wind shear, and the ER-2 in the stratosphere. These are
used to illustrate some of the qualitative features found generically
in aircraft wake decays. Finally, in Sec. V we give some concluding
remarks.

II. Model Review
The Reynolds numbers for atmospheric flow problems are suffi-

ciently large that direct numerical simulations of the Navier-Stokes
equations are not possible with current (or immediately foresee-
able) computational resources. Large-eddy simulations attempt the
next best solution, resolving the most important eddies and rely-
ing on turbulence modeling only for subgrid scale eddies, which
are (we hope) of secondary importance. For this work we mod-
ified an LES code developed primarily for boundary-layer cloud
modeling.20'21 This is a three-dimensional finite difference imple-
mentation of the incompressible Navier-Stokes equations in the
Boussinesq approximation, second-order accurate in space and time.
The subgrid model utilizes a quasi-equilibrium, second-order turbu-
lence closure scheme with the maximum subgrid turbulence length
scale related to the numerical grid length. Recent versions of the
code22'23 incorporate a piecewise parabolic model algorithm for the
advection of temperature and species concentrations. This proved
quite beneficial for the current application in minimizing numerical
diffusion of sharp concentration gradients occurring, for example,
as the engine exhausts wrap around the vortex cores.

Efficiently modeling an aircraft wake's evolution necessitated a
number of modifications to the basic LES code. The principal dif-
ficulty in this problem is one of resolution. A grid spacing of a few
percent of the wing span or less is required to resolve the trailing
vortex cores and the transport of the engine exhausts around and into
them. On the other hand, line vortices have a sizable long-range in-
fluence on the flowfield, so that domain widths of several wingspans
or more are required to minimize unwanted boundary interactions.
To best meet these conflicting demands we modified the LES code
to allow for a grid stretched independently in all three dimensions.
In the region of the domain occupied by the vortices the grid is
fine and uniform; in the region that will contain the spreading wake
the grid is coarser, with a degree of stretching of 10% or less be-
tween neighboring grid points allowed. Far from the wake near the
domain boundaries the grid spacing is typically a factor of 15-20
times larger than the finest spacing. We employ a direct solver for
the Poisson equation for the pressure, which is used to impose the
incompressibility condition, on this stretched grid.24 This is compu-
tationally less efficient than fast Fourier transform methods, which
can be applied on a uniform grid, but allows us to employ an order
of magnitude fewer grid points (typically ~750,000) than a uniform
grid would require for the same resolution in the immediate vortex
region given the same domain size.

The grid was moved at a constant velocity with respect to the am-
bient atmosphere to keep the falling vortex pair within the fine grid
region of the domain. This grid translation velocity was adjusted at a
few discrete times during the simulations when necessary to account
for changes in the pair fall velocity and, later, for the buoyant rise of
the wake. The calculations were at all times performed in an inertial
frame of reference. As the wake evolves, its vertical and horizontal
extent increases; at the same time the vortices are breaking up and
diffusing. In time, then, less resolution is required to simulate the
wake dynamics, but with the finer resolution portion extending over
a larger domain. To account for this we interpolated the species and
flowfields to new stretched grids when it appeared beneficial during
a simulation. In some cases, we increased the domain volume as
well. In the four simulations presented in the next section, two to
four grids were employed in each case. In several cases segments
of the simulations were run both with the old and new grids and the

results compared to confirm that the coarser grid was still sufficient
to resolve the most important dynamics.

We employ periodic boundary conditions in all three directions.
Effectively this means there are neighboring wakes located at twice
the distance to the boundary in the vertical and crosswise directions
evolving in parallel with our simulated wake. The stretched grid
allows us to place the boundaries at sufficient distance to minimize
boundary effects.

In treating the wake decay we made only one modification to
the basic equations solved by the LES code. We extended the
Boussinesq approximation to include centrifugal buoyancy effects,
thereby including the tendency for the warm jet exhausts to be pulled
into the low-pressure vortex cores. This effect was incorporated by
including the product of the potential temperature perturbation times
the pressure gradient, in the same spirit as the gravitational buoy-
ancy term is included. In our simulations this effect proved to be of
little importance, however.

III. Initial Conditions
Under cruise conditions a jet aircraft flies fast enough that the

age difference between the beginning and end of a modest length
segment of the aircraft wake is small compared with the time scales
relevant to the wake's subsequent evolution. This permits us to take
a uniform length of wake (with periodic boundary conditions) as
our initial flowfield to a good level of approximation. For our initial
wake cross sections we use output from the UNIWAKE program.25

This utilizes a modified Betz methodology for the roll-up of the
vortex sheet followed by a two-dimensional parabolic marching
calculation for the early wake evolution. We take the three velocity
components, temperature, and turbulent kinetic energy from these
results and add a tracer species concentration with the same dis-
tribution as the temperature and an arbitrary normalization. Thirty
percent of the turbulent kinetic energy is converted into grid scale
random perturbations of the velocity fields to initialize some small
scale three-dimensional turbulence in our simulations. We typically
use the UNIWAKE results of order 20 wingspans behind the aircraft
(a few seconds). This is late enough so that the roll-up is essentially
complete and the exhaust jets have grown enough (through entrain-
ment of ambient air) to be more easily resolved, but early enough so
that the important wake dynamics are still two dimensional. Picking
the wake up this early allows us to include some effects (e.g., atmo-
spheric stratification) not present in the UNIWAKE simulation and
provides time for three-dimensional perturbations to grow before
the dynamics becomes predominantly three dimensional.

In this work we present the results from four simulations. Table 1
summarizes some aircraft, atmospheric, and numerical parameters
for these simulations. The initial vortex separation bo, core radius,
circulation F, and initial fall time tf (defined as the initial vortex
separation divided by the initial pair fall velocity) are approximate
numbers taken from the UNIWAKE flowfield used to initiate the
simulation. They give some indication of the nature of the initial
flowfields and differences between different aircraft. Similarly, the
cross-sectional integration of the temperature excess in the exhaust
jet, / AT d y d z , gives an indication of the relative importance of
engine heat in each simulation. The two-dimensional domains used
for the UNIWAKE computations were smaller than our cross-stream
domains. We assumed Gaussian vorticity distributions (using the cir-
culations and core radii in Table 1) for the purpose of extending the
UNIWAKE fields beyond the central region and to include the con-
tributions from the periodic image wakes (to make our initial fields
periodic). The Gaussian fit need not be perfect because it is only
used for the far field and because a field of ambient turbulence and
waves (to be discussed later) is also superimposed on this field. The
conditions used for the B-747 UNIWAKE simulations are some-
what less representative of actual cruise conditions than those given
for the B-737 and ER-2, as they were scaled from some low-altitude
flyby tests.

The minimum grid spacings listed in Table 1 (downstream x cross
stream x vertical) are those used for the initial time segment of each
simulation in the portion of the domain occupied by the wake. The
smallest grid spacing is required in each of the cross-stream direc-
tions. Comparison with the higher resolution UNIWAKE results and
our own higher resolution tests (run with short downstream domains)
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Table 1 Initial simulation conditions

Simulation 1

Aircraft
Span, m
Airspeed, m/s
Engines
/ A T d y d z , Km2

Vortex sep., m
Core radius, m
Circulation, m2/s
t f , S

Atmospheric
N, s"1

ShearS, s"1

TKE, m2/s2

Numerical
Domain, km
Min. grid, m

B-737
28.9
244

2 wing
1.1 x 103

22.7
2.5
220
14.7

0.012
0

0.1

0.2 x 0.24 x 0.32
2 x 1 x 1

ER-2
31.4
201
1 tail

4.3 x 102

23.9
5.0
383
9.4

0.021
0

0.05

0.2 x 0.24 x 0.32
2 x 1.1 x 1.1

B-747
60.8
268

4 wing
8.6 x 103

47.4
4.6
414
34.1

0.012
0

0.09

0.4 x 1 x 1
4 x 2 x 2

B-747
60.8
268

4 wing
8.6 x 103

47.4
4.6
414
34.1

0.012
0.02
0.07

0.2 x 1 x 0.8
2 x 2 x 2

indicated that the grid spacings in Table 1 were sufficient to resolve
the circulation of the engine exhausts about the vortex cores.

The initial vertical and cross-stream domain lengths given in
Table 1 were chosen large enough so that boundary effects are min-
imal. The minimum dimensions are at least 10 vortex separation
lengths; i.e., the closest periodic image pairs are more than 10 vortex
separations away. The velocity field produced by a pair of oppositely
circulating line vortices falls at long distances as rbo/2nD2, where
D is the distance to the pair. Summing the contributions from all
of the periodic images in the cross-stream direction, for example,
would contribute nrb()/(6D2) to the vertical velocity field in the
center of our domain, which in our simulations amounts to less than
a 5% change in the resulting pair fall velocity. The resultant change
in velocity gradients across the wake amounts to less than a 1 % per-
turbation. Later in the wake evolution, after the vortices break up,
these effects become unimportant, but the vertical and cross-stream
dimensions of the wake itself increase; the domain must remain
large enough to avoid any appreciable interactions with the bound-
aries. Accordingly, the domain dimensions were increased for the
late time portions of some of the simulations: the vertical dimen-
sions to 500 m in simulations 1 and 2 and 900 m in simulation 4 and
the cross-stream dimension to 600 m in simulation 1 and 1600 m in
simulation 4.

The downstream domain lengths for our simulations were cho-
sen on the basis of quite different considerations. We know from
observations, previous analyses, and our own simulations that the
principal vortex breakup mode (for low-to-moderate atmospheric
turbulence and shear) is a relatively long wavelength sinusoidal in-
stability. The choice of a downstream domain length necessarily
constrains the wavelengths available for this instability because an
integral number must fit into the domain. In his original analysis,
Crow5 found the wavelength of the maximally amplified unstable
mode to be 8.6£; later work showed a modest dependence of this
quantity on the vortex core radius and axial velocity.6 The amplifi-
cation rate is not, however, a sharply peaked function of wavelength;
perturbations over a broad range of wavelengths grow almost equally
fast.9 Thus the actual wavelength that will be observed for the vortex
pair instability will largely be determined by the wavelengths of the
strongest perturbations present initially. In the atmosphere a broad
range of possibilities may occur; here we just want some represen-
tative realizations, and so we have taken the downstream domain
lengths to be on the order of the Crow value for the initial vortex
spacing (Table 1). The exception is simulation 4, the B-747 with
shear. There were two reasons for the shorter domain choice in this
case. First, we found in the B-747 simulations, as will be discussed
in the following section, that the vortex-pair spacing decreases in
time and the instability correspondingly tends to grow on shorter
wavelengths. Second, in the presence of large shear, the sinusoidal
instability does not progress to completion and shorter wavelength
rotational instabilities play a larger role in the vortex breakup.

To complete the initial fields for our simulations we superposed
the initial aircraft wake fields onto an ambient atmospheric field. For

simulations 1,3, and 4 we chose a potential temperature gradient
(3 x 10~3 K/m) appropriate for the troposphere and for simulation 2
a value (0.01 K/m) appropriate for the stratosphere corresponding
to the Brunt-Vaisala frequencies TV listed in the table. Simulation 4
includes a sizable level of vertical wind shear. The periodic boundary
conditions in the vertical dimensions were implemented with a jump
in temperature, and in velocity for case 4, to be consistent with the
ambient stratification and shear.

Each initial background field included some atmospheric turbu-
lence and gravity waves. Table 1 lists the initial levels of the turbu-
lent kinetic energy (TKE) in the domain volume for the background
fields used for each simulation. These turbulence levels are small
compared with the initial circulations in the wake vortices. Their
major role is to serve as sources for perturbations (over a range of
wavelengths) to allow the sinusoidal vortex-pair instabilities to de-
velop. The perturbations on actual aircraft wakes may arise from
a number of sources. These include atmospheric turbulence, grav-
ity waves, and unsteady wing loading (giving variations in vortex
circulation) and, for quiescent atmospheres, rotational turbulence
on the vortices, exhaust jet turbulence, and the wrapping of the ex-
haust jets around the vortices. (The wavelength for the last source
is fixed by the vortex circulation and distance to the engine and so
is potentially important only for some aircraft.) The precise source
of perturbations is not of particular importance for the subsequent
vortex breakup—only the wavelength and magnitude. Furthermore
the dependence on the actual magnitude is not too strong as demon-
strated by Bliss.9 Since the instabilities grow exponentially, the time
required for the sinusoidal perturbations to grow to a certain level de-
pends only logarithmically on the magnitude of the initial perturba-
tions. This is not to say that the level of the atmospheric perturbations
are unimportant. They will directly determine that the time linking
will occur. In this work we seek to simulate a few representative re-
alizations of vortex breakup and so don't attempt to span the broad
range of actual possibilities. Thus it suffices to employ background
atmospheric fields with turbulence levels and spectra within what is
a broad range of reasonable physically occurring possibilities.

We generate the background fields as follows. We begin with the
domain dimensions and temperature stratification to be used for the
wake decay simulation. On a uniform coarse grid (10-20 m spacing)
we generate random horizontal velocity and temperature perturba-
tions of relatively large magnitude. These are interpolated to a finer
grid (5-10 m spacing) and used as initial conditions in a large-eddy
simulation. This simulation is run until the turbulence and grav-
ity waves have a chance to adjust to the temperature stratification
and have damped to the desired amplitude range (Table 1). When
the initial aircraft wake is superimposed on this field, it provides
modest random perturbations on a variety of wavelengths commen-
surate with the periodic domain. This is sufficient for the simulation
periods considered here; however, for longer simulations, after the
vortex breakup and buoyant plume dynamics have subsided, the at-
mospheric turbulence will begin to dominate the dynamics. For this
regime our background fields with decaying atmospheric turbulence
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are not typical of real conditions and some driving mechanism to
sustain the turbulence will be desirable.

IV. Simulation Results and Comparison
with Observations

Figure 1 shows a typical aircraft wake as exhibited by its conden-
sation trail photographed from the ground a few minutes after the
passage of the aircraft. Neither the aircraft type nor the atmospheric
conditions are known, but, as our simulation results will illustrate,
the qualitative features observed occur for a variety of aircraft and at-
mospheric conditions. The clear periodicity observed in such wakes
provides support for the validity of employing short downstream
domains with periodic boundary conditions in our simulations. In
each of the simulations presented here the computational domain
encompasses only one or two periods of the basic decay mode. This
is sufficient for a qualitative understanding of the basic underlying
wake decay dynamics and its dependence on some aircraft proper-
ties and atmospheric conditions, and serves as a first quantitative
estimate of these effects. A statistically accurate ensemble average
of the wake evolution, however, would require averaging over either
a much longer downstream domain or several small domain simu-
lations (with small variations in initial perturbations and domain
sizes) to include the period to period variations seen in Fig. 1. The
downstream averages presented later should be considered only a
first approximation to the true ensemble average. Variations from
left-right symmetry provide some indication of the departures from
an ensemble average.

In the time sequences illustrated in Figs. 2-5, we pick up the
B-737 wake decay at about the time that three-dimensional effects
become important, these being our main subject of interest. Before
this stage, in the early wake, the warm engine exhausts wrap around
the vortices with some fraction captured within the vortex cores and
some positively buoyant fraction detrained into an exhaust wake
lying above the vortex pair. Simultaneously, the vortex pair falls with
approximate velocity r/2nb, and initial long wave perturbations
on the vortices grow via interaction between the mutual and self-
induced velocity fields from the vortices. The vortex-pair separation
b and fall time, tf = 2nb2/ F, provide the basic length and time
scales relevant to the growth of these perturbations. The details of
how the engine exhausts wrap into the vortices are important but are
not the main thrust of this paper.

Figure 2 shows the downstream average of the tracer concentra-
tion C, which is representative of conserved, passive releases from
the engines. The distribution is shown at five successive times for
the B-737 wake simulation. In this plot and the other corresponding
figures, the spacing between tick marks on the frame perimeters
represent 25 m to indicate the scale, and the contoured variable
has been scaled in some frames (as noted in the figure captions)
to allow a single label bar to be used for each figure. Figure 2a
shows this approximate ensemble average at a dimensionless fall
time of 2.0. The maximum tracer concentration is in the core of

Fig. 1 Photograph of an aircraft contrail aged approximately 3 min.

Fig. 2 Downstream average of the tracer concentration for the B-737
wake, simulation 1: a) C at 30 s, b) 2C at 60 s, c) 5C at 93 s, d) 10C at
188 s, and e) 15C at 599 s.

the vortices, with relatively little detrained from the ellipse moving
down with the vortex pair. Later figures will show that there is three-
dimensional structure at this time, but it is sufficiently small that a
two-dimensional description of the wake at this point is not unrea-
sonable. Figure 3 shows the corresponding cross-stream integrated
tracer fields, normalized by the wingspan bx, i.e., / Cdz/bx. The
peak value of this tracer field at the beginning of the simulation is
normalized (arbitrarily) to be 100. This two-dimensional projection
of the field gives some approximation of how the decaying wake
might appear to the eye as viewed from the side. For clarity we have
included some of the periodic domain images downstream. It shows
some early clumping along the wake on a scale of approximately
one vortex separation, but this gives way to the longer instability by
Fig. 3b, which shows the projection at 4.1 fall times.

Figures 4 and 5 show two-dimensional projections (top and
side, respectively) of the dynamic pressure field at selected times,
normalized by the density times the span [—fPdz/(pbs) and
— / P dy/(pbx), respectively] to give units of meters squared per
second squared. These clearly show the low-pressure regions in the
vortex cores and so give some information on the interior dynamic
structure of the wake that is masked in the two-dimensional projec-
tions of Figs. 2 and 3. By on order of one fall time in this B-737 wake
simulation (i.e., just before the initial frame in Fig. 4) the vortex pair
is perturbed sufficiently that a two-dimensional description is be-
ginning to become inadequate to capture the subsequent dynamic
evolution.

The growth of unstable modes progresses until the vortex cores
touch each other, interact, and link off to form vortex rings (Fig. 4).
As seen in Figs. 4 and 5, unstable modes of different wavelengths
compete with one another. At 20 s there are strong perturbations
at wavelengths on order of 50, 100, and 200 m. At 40-60 s the
200-m perturbation has linked off, but a strong mode of half that
wavelength remains, so that the ring nearly splits into two; however,
the downward curvature of the ends of the vortex ring (evidenced in
Fig. 5c at 60 s) induces an outward velocity in the middle of the ring,
forcing the approaching edges back apart. The single ring remains,
oscillates under the influence of the velocity field induced by the ring
curvature, and finally dissolves some time after 2.5 min. The ring
formation and oscillations are qualitatively similar to those observed
in aircraft wakes (e.g., photographs in Ref. 2). The ring oscillations
observed also agree qualitatively with the numerical and experimen-
tal studies of elongated vortex rings by Dhanak and deBernardinis26;
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Fig. 3 Cross-stream projection of the tracer concentration Cy =
f C d y / b s for simulation 1: a) Cy at 30 s, b) Cy at 60 s, c) Cy at 93 s,
d) 2Cy at 188 s, and e) 2Cy at 599 s.

the absence of initial downward ring curvature and stratification in
their studies prevents a more quantitative comparison.

In Figs. 2 and 3 we can follow the vertical spreading of the engine
exhaust tracer concentration during the vortex linking, ring, and
breakup stages. In Fig. 2 the individual frames are aligned vertically
with each other. It is apparent, then, that the increasing vertical
extent of the wake arises primarily from the falling vortex pair (and
later rings) with a relatively more modest contribution from the rise
of the positively buoyant detrained exhaust plume wake. It is the
falling vortex rings that are directly responsible for the periodic
series of descending puffs often observed in contrail evolution (e.g.,
Fig. 1). Variations in linking wavelength and ring oscillations lead
to the variations observed between different puffs. This description
differs from that given by Scorer and Davenport.19 In explaining the
appearance of structures such as those in Fig. 1, they also attribute

Fig. 4 Vertical projection of the pressure deficit, P* = — f P <\zl(pbs}
(in meters squared per second squared), caused by the vortices for the
B-737 wake, simulation 1: a) P* at 20 s, b) P* at 40 s, c) 2P* at 60 s, d)
4P* at 98 s, and e) 8P* at 148 s.

Fig. 5 Cross-stream projection of the pressure deficit, P* =
— f P d.y/(pbs)9 caused by the vortices for the B-737 wake, simulation 1:
a) P* at 20 s, b) P* at 40 s, c) 3P* at 60 s, d) 4P* at 98 s, and e) 10P* at
148s.

the upper part of the contrail to fluid detrained from the falling vortex
pair but associate the descending puffs with the linking points of the
pair rather than the rings (i.e., a description of the puffs half a period
out of phase with that given here).

Note that in our results the engine tracer distributions do not in
general provide a reliable signature for the underlying vortex dynam-
ics. In the early wake small axial velocity variations, and variations in
the exhaust capture vs detrainment, lead to pronounced downstream



2342 LEWELLEN AND LEWELLEN

fluctuations of tracer concentration in the vortex cores (e.g., Fig. 3a),
whereas the vortices themselves remain quite uniform downstream
(e.g., Figs. 4a and 5a). This may explain the frequent observation
in experiments of vortex bursting (sometimes attributed to vortex
breakdown), which is, however, unaccompanied by any significant
change in the vortex interactions or dynamics.16"18 In addition, we
find in our experiments that the highest tracer concentration tends
to become scrambled and no longer coincides with the center of the
vortex cores after linking takes place. This apparent dissolution of
the tracer concentration signature for the vortices is clearly not a
reliable indication that the vortices themselves have broken up, as
is often assumed.

When the vortex rings have finally dissolved, the wake has
reached its maximum vertical extent in our simulations (e.g., Figs.
2d and 3d at a dimensionless fall time of 12.8), and buoyant forces
proceed to dominate the dynamics. The remnants of the vortex rings
are positively buoyant and begin to rise, whereas the top of the wake
rises at a slower rate, eventually overshoots its equilibrium point,
and begins to fall. In our B-737 simulation there is no vertical shear
so the wake collapses onto itself (cf. Fig. 3e). In the atmosphere
there will generally be at least a small level of vertical shear, which
is sufficient to horizontally displace the top and bottom of the wake.
During a buoyant oscillation of the plume the remnant ring puffs
will then appear first below, then to the side, then on some occa-
sions above the remainder of the wake plume. The characteristic
time scale for these oscillations is a Brunt-Vaisala period 2n/N, set
by the vertical temperature stratification (cf. Table 1).

The general features described in the B-737 wake simulation ap-
pear as well in the three other simulations listed in Table 1, and
so in presenting these latter results we will concentrate on a few
characteristic differences between the simulations and their origins.
Figures 6-13 show the two-dimensional integrated tracer concentra-
tions and dynamic pressures for simulations 2-4 at different times.
Figure 13 represents a vertical integration of the field, which is more
informative than the cross-stream integration for the sheared wake.

The positions of the engines with respect to the wing tips can
have a significant influence on the development and appearance of
the wake. Our second simulation is for the wake of the ER-2. The
exhaust from the single tail engine has a more difficult time getting
wrapped into the core of the trailing vortices. As seen in Fig. 6,
the maximum concentration at any point in time remains outside
the vortex cores. This results in a strong, well-defined, detrained
exhaust wake above the vortex pair, though the descending vortex
rings still capture appreciable tracer (Figs. 6 and 7). Such detrained

1.6

Fig. 7 Cross-stream projection of the tracer concentration for simula-
tion 2: a) Cy at 30 s, b) Cy at 62 s, and c) 2Cy at 146 s.

Fig. 6 Downstream average of the tracer concentration for the ER-2
wake, simulation 2: a) C at 15 s, b) 2C at 30 s, c) 4C at 62 s, d) 8C at
146 s, and e) 12C at 325 s.

Fig. 8 Vertical projection of the pressure deficit, for simulation 2: a)
P* at 20 s, b) P* at 40 s, c) 2P* at 62 s, d) 4P* at 87 s, and e) 12P* at
122s.

exhaust wakes can easily be mistaken for one member of the vortex
pair when viewed from the ground since the vortex pair themselves
are often enshrouded within a single cloud. The vortex linking takes
place at a somewhat faster pace in this simulation compared with the
B-737, consistent with the smaller r/. In this particular simulation
the longer wave perturbation happened to easily dominate the lesser
components. A fairly symmetrical ring formed and proceeded to
oscillate. Initially stretched in the downstream direction, it became
nearly circular by 60 s (Fig. 8c), and stretched then in the cross-
stream direction (Figs. 6d and 8d) before dissolving. Evidence for
such configurations can be seen from the ground under appropriate
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Fig. 9 Downstream average of the tracer concentration for the B-747
wake, simulation 3: a) C at 32 s, b) 2C at 62 s, c) 4C at 92 s, d) 8C at
182 s, and e) 16C at 362 s.

Fig. 11 Vertical pressure projection for B-747 wake without and with
shear, simulations 3 (a-c) and 4 (d-f), respectively: a) and d) P* at 42 s,
b) and e) 2P* at 62 s, and c) and f) 3P* at 82 s.

Fig. 10 Cross-stream projection of the tracer concentration for simu-
lation 3: a) Cy at 32 s, b) Cy at 62 s, and c) 2Cy at 122 s.

conditions with an aircraft flying directly overhead—the puffs form
nearly symmetrically on either side of the remaining wake trace.
The shorter Brunt-Vaisala period characteristic of the stratosphere
is seen in the earlier collapse of the wake (Fig. 6e) relative to the
B-737 simulation.

In the B-747 simulations (3 and 4 in Table 1) the buoyant forces
on the hot engine exhausts played an important dynamical role in the
wake decay. The exhausts from the four wing-mounted jets (particu-
larly the two outboard) are easily rolled into the vortex cores (as seen
in Fig. 9). The added heat from the engines makes the vortex cores
positively buoyant relative to their immediate surroundings. The
vertical force induces a horizontal velocity that then decreases the
vortex pair separation.27 This speeds up the vortex descent, reduces

j i-b

Fig. 12 Downstream average of the tracer concentration for the B-747
wake with wind shear, simulation 4: a) C at 32 s, b) 2C at 62 s, c) 3C at
92 s, and d) 12C at 212 s.

the effective fall time, and decreases the observed wavelength for the
linking instability. The observed evolution thus proceeds on length
and time scales close to those found in the B-737 simulation despite
the near factor of 2 increase in the initial b and tf listed in Table
1. In our simulations, this buoyant force on the vortex cores had a
much larger impact than the buoyant force on the pair as a whole
arising from the stratification of the ambient atmosphere, an effect
that has been considered more in the literature. In our simulations
this latter effect was found to increase the pair separation slightly
over time, when the heat from the engines was not included.

The fourth simulation is a repeat of the 747 wake with only the
mean wind shear changed. The shear S chosen corresponds to a
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Fig. 13 Vertical projection of the tracer concentration Q = f C dz/bs
for simulation 4: a) Cz at 32 s, b) Cz at 62 s, and c) 2Q at 122 s.

Fig. 14 Photograph of sheared wake.

Richardson number (N2/S2) equal to 0.36, which remains stable.
The influence of the shear on the downstream average is evident as
early as 30 s into the wake lifetime (Fig. 12a), where a slight asym-
metry in the vortex pair may be seen. The ambient mean vorticity
tends to amplify the vortex on the left, while eroding that on the
right. The buoyant force on the vortex cores together with the shear
gives rise to the tilting of the vortex pair, just evident in Fig. 12a.
The early wake evolution is otherwise similar to the 747 without
shear, with the vortex pair instability growing on similar length and
time scales. Before the vortex cores draw close enough to touch,
however, the rightmost vortex is sufficiently eroded that no linking
takes place (Figs. 1 ld-1 If). The remaining deformed vortex breaks
up on shorter wavelengths via rotational instabilities and interac-
tion with remnants of the eroded vortex. In this simulation the time
scales for the growth of the pair instability and for the erosion of
one vortex interacting with the shear (tf and I/shear, respectively)
were comparable. Clearly, in varying the shear, a continuum of pos-
sibilities exists, from low shear levels where the pair instability runs
to completion, to high levels in which one member of the vortex
pair is quickly eroded by the shear before the mutual induction in-
stabilities have any time to grow. A photograph of a real sheared
wake qualitatively resembling Fig. 13 is given in Fig. 14. Again the
details of the aircraft and atmospheric conditions in this photograph
are unknown.

Figures 15-17 give rough quantitative measurements of the time
development in the four simulations. In Fig. 15 the peak tracer con-
centration in the three-dimensional field is plotted vs time. At the
beginning of each simulation this value was arbitrarily set at 100.

H-

0 100 200 300 400 500 600
time (sec.)

Fig. 15 Maximum tracer concentration in the computational domain
as a function of time for all four simulations.

0 50 100 150 200 250 300

Fig. 16 Maximum downward vertical velocity in each simulation vs
time.

The biggest difference between the simulations depends on whether
the tracer has been effectively wrapped into the vortex cores or not.
The maximum concentration decays the slowest for the two 747
cases where the tracer was very effectively wrapped into the vortex
core, whereas that for the ER-2, for which very little of the tracer
reached the core, decays the fastest. In the former cases the peak
concentration is associated with the vortices and their remnants after
breakup; in the latter case it is associated with the detrained exhaust
plume above the vortices. In the B-737 simulation the peak concen-
trations are found in the vortex cores for the first 2 min and in the
upper wake plume later on.

Figure 16 shows the magnitude of the maximum downward ver-
tical velocity in the domain (which is found between the vortices at
the inner edge of the vortex cores before breakup) vs time. There
is a little acceleration in this velocity as a result of stretching of
the vortices just before the steepest drops occur during the linking
stage (at around 50 and 40 s, respectively, for the B-737 and ER-2).
Figure 17 plots the time history of the vertical extent of the exhaust
tracer plume as determined from the two-dimensional downstream
average field using a contour of 10% of the maximum downstream
average concentration to define the edges of the wake plume. The
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Fig. 17 Vertical extent of the wake plume vs time for each simulation.

rapid growth of the vertical extent at early times in the simula-
tions coincides with the lifetime of the falling vortex pair (and later
rings). The characteristic Brunt-Vaisala oscillations can be seen at
later times.

V. Concluding Remarks
Our model results of trailing vortices interacting with engine

buoyancy and typical atmospheric values of stability, wind shear,
and ambient turbulence form a consistent view of vortex breakup,
which is in qualitative agreement with photographs taken from the
ground. The simulations allow us to study, in detail, dynamics that
are primarily hidden within the condensation trail when viewed from
the ground. A two-dimensional representation of the aircraft wake is
not generally valid past approximately one to two characteristic fall
times. In the absence of high wind shear levels, the vortex pair in-
teract and link through a mutual induction instability. The resultant
series of vortex rings continue to descend until they break up, leav-
ing the wake with the appearance of a series of suspended puffs. The
vertical extent of the wake plume is largely determined by the life-
time of the vortex pair and rings, together with their fall velocity. The
vortex ring lifetime can extend to 10 or more fall times. Tracer con-
centration distributions do not provide a reliable signature of the vor-
tex dynamics, especially at later times after vortex linking. Aircraft
properties, in particular the engine heat and placement, have a signif-
icant impact on the wake dynamics and appearance. We expect that
the significant species fluctuations present during the vortex breakup
period can affect important chemical reactions during this period.

When the mean atmospheric shear is sufficiently large that the
product of the shear times the initial vortex-pair fall time is (9(1),
the ambient vorticity can erode one member of the vortex pair, lead-
ing to a shorter mode breakup. We plan to explore more fully the
effects of varying atmospheric conditions in future work as well as
implementing some chemistry in the wake.
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