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Using tower � yby data for validation, we have developed a two-dimensional numerical simulation of
the in� uence of surface weather conditions on wake vortex motion and decay for representative com-
mercial aircraft. Our simulations support the conjecture that the ratio of eddy viscosity to kinematic
viscosity, appropriate for modeling aircraft wakes, scales linearly with circulation, which yields a nomi-
nally constant equivalent Reynolds number for all commercial aircraft sizes. We have tested the constant
eddy viscosity approximation for three different aircraft types and six surface weather states, showing
the utility of the approach in predicting wake vortex motion and decay. Subsequently, we have shown
how data from one aircraft � ight test can be used to infer the decay behavior of another, and we have
examined the in� uence of the six surface weather states on the vortex decay behavior predicted for a
large commercial aircraft. Based upon these simulations, we have determined that the two-dimensional,
constant eddy viscosity approach can be useful in assessing the in� uence of surface weather conditions
on wake vortex decay.

Introduction

U NANTICIPATED encounters with residual aircraft wake
vortices during terminal � ight operations are highly un-

desirable. Not only do they impose severe � ight control de-
mands on aircraft that are � ying in limited airspace, but the
need to avoid such encounters is a primary consideration con-
trolling aircraft spacing speci� cations around congested air-
ports.1,2 If the aircraft spacing speci� cations are too conser-
vative, substantial reductions in passenger throughput result at
busy airports. On the other hand, if the spacing standards are
overly optimistic, potentially dangerous vortex encounters can
occur.2 The present study was concerned with developing nu-
merical models for the wake vortex behavior of representative
commercial aircraft types to better understand how their gen-
erated axial vortices behave in response to weather conditions
in the lower atmosphere. In that way, different aircraft and
surface weather combinations can be investigated systemati-
cally to assess the conditions under which wake vortex hazards
either persist for longer periods or are dissipated more rapidly.

The initial strengths and locations of the two primary axial
vortices produced by a particular airplane in � ight can be es-
timated rather accurately using classical aerodynamic theory.3

However, prediction of the subsequent motion and decay his-
tory of the vortex system requires modeling techniques that
include viscous and turbulent effects along with atmospheric
wind and temperature distributions.4 Those considerations are
outside of classical aerodynamic theory. Furthermore, when
the aircraft is in terminal � ight, coupling of the vortex system
with the ground must be included, and the classical exclusion
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of surface viscous effects produces completely different long-
term vortex trajectory predictions.

Aircraft wake vortex behavior has been an important safety
consideration in air traf� c control for some time. Donaldson
and Bilanin5 provided a comprehensive summary of the re-
search prior to 1975, while amore recent overview of current
research is contained in the proceedings of the 1991 FAA In-
ternational Wake Vortex Symposium.6 Aircraft spacing stan-
dards during terminal � ight operations are based on rather em-
pirical data. Although anecdotal information implies that
surface weather alters wake vortex hazard conditions, there are
no allowances for surface weather conditions in the spacing
standards, other than the differentiation between instrument
and visual � ying rules.1

Our goal has been to model numerically the wake vortex
behavior of different types of commercial aircraft subjected to
a range of surface weather conditions. However, rather than
using numerical models with restricted Reynolds number lim-
itations, we have exploited the recent study of Zeman,7 which
determined that high Reynolds number turbulent axial vortices
are controlled more by localized viscous effects than by tur-
bulent phenomena. In that way, we have been able to develop
an equivalent eddy viscosity for a particular aircraft wake vor-
tex system and model subsequently the motion and decay of
that system under different types of weather conditions. The
constant eddy viscosity model causes the simulated vortex
cores to dilate relative to the observed behavior of actual air-
craft wake vortices, but our simulations show that the overall
rates of decay are consistent with actual � ight data. Although
the actual upset potential for a small general aviation aircraft
resulting from an encounter with the wake of a large com-
mercial aircraft will be underestimated via the present eddy
viscosity approximation, we have found that the expanded vor-
tex cores produced by the numerical simulation do not in� u-
ence appreciably the predicted upsets represented by other
commercial aircraft whose wing spans are comparable with the
generator aircraft.

Zheng and Ash8 have discussed the numerical model and its
accuracy. The aircraft wake vortex system has been treated as
a two-dimensional, unsteady � ow using vorticity and stream
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Table 1 Summary of tower � yby simulation cases

Aircraft
type

Run number
(date) Con� gurationa

Height
above

ground, ft

Nominal
crosswind
speed, kn

Bulk
Richardson

no.
Meteorological

state

B 757-200 9 L-30-135 230 11 0.5 Stable/moderate shear
(calibration) (9/23/90)
B 757-200 30 L-25-136 230 8.5 25.4 Unstable/low shear

(9/25/90)
B 757-200 45 TO-20-142 260 5.5 1.9 Stable/low shear

(9/26/90)
B 767-200 7 L-25-140 230 8 0.6 Stable/moderate shear

(9/29/90)
B 767-200 23 TO-15-140 250 3.5 16 Stable/low shear

(9/30/90)
B 727-222 22 L-30-118 250 9 0.04 Near-neutral/moderate shear

(9/23/90)

a
Tests were � own nominally at constant altitude; aircraft were con� gured either for landing (L) or take-off (TO ). The middle number

represents the � ap setting in degrees, and the last number is the indicated air speed in knots.

function as the dependent variables. The wake vortex pair has
been initialized using aircraft weight, wing span, � ight speed,
and altitude to prescribe a pair of vortices of given strength
and location, based upon classical theory.3 Atmospheric
weather effects have been treated as steady-state conditions,
with spatial variations occurring only in the vertical direction.
The Boussinesq approximations have been used to incorporate
temperature and density effects in the equations of motion,9

but because of the limited vertical region being considered for
aircraft vortex � ow simulations, it was not necessary to employ
the potential temperature.10

Turbulence effects in wake vortex core regions represent
unusual modeling problems caused by the complex � ow phys-
ics associated with axial vortices. The very strong centripetal
forces that exist along the vortex axes damp out turbulent � uc-
tuations in the central region of the vortex cores, while tur-
bulence in the outer swirling � ow regions tends to be more
like a passive scalar effect than a directly coupled � ow effect.
However, in the annular region between the vortex core centers
and their outer swirling � ows, turbulent � uctuations are be-
lieved to be controlling.11 As characteristic vortex Reynolds
numbers are increased, the region over which these turbulent
processes are dominant becomes very small in comparison to
the region over which the vortex pair is operative. Hence, a
very important aspect of aircraft wake vortex � ow becomes
unresolvable using conventional numerical techniques, even at
vortex-based Reynolds numbers that are well below those
characterizing commercial aircraft � ight conditions. The con-
stant eddy viscosity model smears that turbulence zone delib-
erately, to represent overall vortex decay correctly. However,
the appropriate eddy viscosity level must be calibrated with
actual � ight data.

The idea of an equivalent eddy viscosity model for turbulent
axial vortices is very old. Squire12 proposed that eddy viscosity
should be proportional to circulation in an equivalent laminar
vortex model he developed in 1954. That idea was explored
subsequently by others.13– 15 Unfortunately, the controlled ex-
periments used in the earlier studies only spanned the circu-
lation-based Reynolds number range 103 < G/n < 106, and typ-
ical commercial aircraft wake vortices generate Reynolds
numbers that are approximately one order of magnitude larger.

Owen13 and Iverson15 attempted to correlate � ight data, but
the available experimental data were either for very small air-
planes or their results were inferred indirectly from other � ight
measurements with uncertain associated errors. Furthermore,
the only way the equivalent eddy viscosity could be estimated
was by assuming that the shape of the actual wake vortex
velocity pro� le was similar to the pro� le employed by
Squire.12 In the vicinity of the ground, where the earlier � ight
measurements were taken, the vortex trajectories were altered
and their associated velocity pro� les are known to become
asymmetric, departing from Squire’s model.

To avoid invoking a nonphysical symmetry condition asso-
ciated with the unknown measurement errors of the earlier
� ight experiments, we have combined the controlled experi-
mental decay results, compiled by Owen13 and Lezius14 at
lower Reynolds numbers, with our simulations of data from
the more recent commercial aircraft � ight experiments con-
ducted by the National Oceanic and Atmospheric Administra-
tion (NOAA) at Idaho Falls, Idaho,16 to develop an eddy vis-
cosity vs circulation correlation. Because the wake vortex
experiments conducted at Idaho Falls were measured in ground
effect and were subject to local surface weather, which
changed with each � ight, we have used a single, well-docu-
mented vortex decay � ight experiment as our calibration case17

to estimate eddy viscosity for one aircraft at one � ight con-
dition. Then, we have extended Squire’s constant eddy viscos-
ity model12 across the commercial aircraft circulation range.
Because Squire’s assumption of a linear relationship between
eddy viscosity and circulation yields a constant equivalent
Reynolds number for all commercial aircraft, parametric stud-
ies of other � ight conditions were justi� ed. Subsequently, we
have employed the eddy viscosity correlation to simulate � ve
additional aircraft– weather combinations and compared those
simulations with actual � ight measurements. Finally, we have
discussed how the techniques developed in this study can be
generalized to other aircraft/weather combinations and then
showed how surface weather in� uences decay for a large com-
mercial aircraft.

Idaho Falls Data Sets
A total of 241 tower � yby tests were reported in the Idaho

Falls test campaign.16 The � ight tests utilized B 757-200, B
727-222, and B 767-200. Many of the tests produced incon-
clusive or incomplete data, but a wide variety of aircraft/
weather combinations were recorded. Working at NASA Lang-
ley Research Center, six � ight measurements sets were chosen
to test our numerical approach. Those measurement � ights are
summarized in Table 1 and involved all three aircraft types
� ying in both landing and takeoff con� gurations in a variety
of surface weather conditions. Initial circulation levels were
estimated using the aircraft weight and airspeed data tabulated
by Garodz and Clawson.16 Because fuel was being consumed
during the � ight, the aircraft weights were considered to be
nominal estimates. The surface wind and temperature pro� les
for the six � ight tests are displayed in Figs. 1 and 2. The
meteorological measurements were made primarily on a
200-ft (61-m) tower, and were combined with weather balloon
measurements above that height. Also shown in Figs. 1 and 2
are the polynomial curve � ts that were used to represent that
corresponding velocity and temperature distribution in the nu-
merical simulations.
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Fig. 1 Measured surface wind velocity pro� les for the six Idaho
Falls � ight tests de� ned in Table 1. The corresponding curves rep-
resent the polynomial data � ts used in the numerical simulations.

Fig. 2 Measured and � tted surface temperature distributions for
the six Idaho Falls � ight tests.

Eddy Viscosity Calibration Test
To date, the most thoroughly documented � ight measure-

ment case during the Idaho Falls test series has been informally
called run 9, as indicated in Table 1. That test17 utilized a
Boeing 757 aircraft, designated UAL-B-757-200, � ying in
level � ight at an altitude of 230 ft (70 m) above the ground,
and was used to calibrate our numerical simulations. The air-
plane was trimmed for landing (� aps deployed at 30 deg), with
a nominal gross weight of 192,000 lb (87,000 kg), � ying with
an airspeed of 135 kn. That condition corresponded to an in-
itial circulation level G` of 3900 ft2/s (365 m2/s) and a circu-
lation Reynolds number G` /n of 2.6 3 107. The surface
weather during that � ight was classi� ed as stable with a sur-
face air temperature of 477F (8.67C) and a nominal crosswind
speed of 11.1 kn.

Strati� cation effects are included in the numerical simula-
tions through the Brünt – Väisällä frequency N, given by

du2N = g u(z) (1)Ydz

where g is the acceleration of gravity (acting in the z direction),
and u is the potential temperature related to local absolute
temperature T(z) and ambient pressure p(z) by

(g21)/gu(z) = T(z)[p(z)/p(0)] (2)

where g is the ratio of speci� c heats. In the cases studied here,
p(z)/p(0) ’ 1, so that u(z) ’ T(z).

If we de� ne an equivalent eddy viscosity-based Reynolds
number as

R = G /« (3)`

where « is the eddy viscosity, the objective in calibrating our
simulation of run 9 was to estimate an « that best represented
the circulation decay measured in the actual � ight test.

Circulation histories have been extracted from tower � yby
measurements with great dif� culty. Because instantaneous
weather and the location and symmetry of the primary wake
vortices are neither known nor controlled, the velocity histories
measured from a � nite number of discrete sensor locations
must be used to extract and reconstruct the entire wake vortex
velocity � eld in a two-dimensional vertical plane. Typically,
symmetry is enforced by combining the measured velocity data
from one side of the vortex axis with data from the opposite
side, and the ambient winds are assumed either to be constant
or to cancel. Then, instantaneous circulation can be inferred
by using

G(r) = 2prV (r) (4)u

where Vu is the local tangential velocity component, and r is
the radius with respect to the vortex center. However, circu-
lation only asymptotes to G`(t) for a very large radius, and the
simultaneous dif� culties of measuring very small velocities in
a turbulent atmosphere coupled with superposition of other
(nonsymmetric) vortex � ow contributions make the extraction
of G`(t) very dif� cult and inaccurate. Because the average cir-
culation, de� ned by

rmax
1

Ḡ [ G(r) dr (5)Ermax 0

asymptotes toward G` for large r (in an inviscid � ow), average
circulation levels are used to estimate G`.

On the other hand, circulation can be computed directly
from the numerical simulations because vorticity can be inte-
grated over an arbitrarily prescribed area to make the calcu-
lation without any ambiguity. By choosing a circular integra-
tion contour that is substantially larger than the vortex core,
G`(t) can be estimated rather accurately. To compare experi-
mentally measured circulation decay with calculated decay, it
was decided that comparing the normalized (with respect to
initial circulation) ratios of instantaneous circulation was pre-
ferred to matching the simulation output using the approxi-
mations required for the extraction techniques employed in the
experimental measurements. Hence, we have used the com-
puted instantaneous vorticity data in our simulations to locate
the centers of the primary wake vortex cores, and the com-
puted instantaneous circulation was normalized at a radius of
30 ft (9.1 m) about the located vortex center for the reference
case. Subsequently, instantaneous circulation was normalized
with respect to its initial maximum value.

Our two-dimensional, unsteady numerical simulations of the
wake vortex � ow� eld were initiated at heights above the
ground that corresponded to the actual aircraft � yby altitude
for the particular � ight test. That initial height assumption is
in error because it implies that the aircraft wake rolls up im-
mediately behind the generating aircraft18; however, that level
of approximation is consistent with the accuracy of the current
model. In addition, we have used asymptotic techniques to
initialize the vortex � ow� eld, assuming that the atmosphere
was quiescent and isothermal19 to minimize numerical oscil-
lations at the beginning of the simulations. The speci� c surface
weather conditions were introduced in the simulation as a su-
perimposed, uniform (horizontally) strati� ed cross� ow where
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Fig. 3 In� uence of equivalent Reynolds number on computed
decay rate of wake vortices when subjected to run 9 weather con-
ditions represented. C, measured upwind vortex circulation; n ,
measured downwind circulation; ——, R = 800; – – – , R = 3000;
............, R = 300. Comparison of a) upwind and b) downwind vor-
tices.

the surface boundary layer velocity and temperature pro� les
were assumed to vary only with height (z). Hence, during a
brief simulation time interval (approximately � ve dimension-
less time units, which were de� ned as the initial circulation
divided by the square of the initial vortex half-span), the su-
perposition of the simpli� ed initial vortex � ow� eld with the
imposed, horizontally uniform weather produced a nonphysical
� ow relaxation transient. While the initial vortex � ow was al-
lowed to merge with the prescribed surface weather conditions,
the atmospheric speci� cations were only imposed subsequently
as in� ow and out� ow boundary conditions at the extreme lim-
its of the numerical grid, which approximated in� nite distances
using the nonuniform grid system. To maintain the regions of
very � ne grid spacing in the vicinity of the vortex cores (in
addition to the surface boundary region), it was necessary to
convect the nonuniform grid horizontally using a constant
crosswind velocity. Each simulation history required approxi-
mately 4 h of CPU time on the NAS Cray-90 machine and
used 20 Mwords of memory. The numerical solutions were
executed using dimensionless variables, and the only quantity
that was in� uenced by changes in eddy viscosity was the
equivalent Reynolds number. After the instantaneous vortex
centers were located, the vorticity within r = 9.1 m was inte-
grated numerically to obtain G(t). It was then possible to com-
pare G(t)/G(0) with the dimensionless experimentally measured
circulation histories for run 9. Three of the equivalent Reyn-
olds number calibration tests, R = G` /« = 3000, R = 800, and
R = 300, have been presented here as a basis for discussion.
The normalized decay histories for upwind calibration vortices
at the three equivalent Reynolds numbers, in an ambient en-
vironment that represented run 9 in the Idaho Falls test, along
with the measured normalized decay history associated with
the actual upwind vortex,17 is shown in Fig. 3a. Similarly, the
downwind vortices are compared with the experimental mea-
surements in Fig. 3b.

The limitations of a constant eddy viscosity model are dem-
onstrated in Fig. 3. It can be seen that the R = 800 approxi-
mation produces a very good representation of the measured
decay for the upwind vortex, but underpredicts the decay rate
for the downwind vortex. Furthermore, the nonphysical effect
resulting from superposition of the initially symmetric vortex
� ow representation with a horizontally uniform initial surface
weather approximation is apparent in Fig. 3, especially for R
= 3000. The R = 3000 decay curve exhibits an increase in
upwind circulation at the beginning of the simulation, resulting
from the superposition of the initial wake vorticity with the
crosswind vorticity. Because vorticity is associated with the
crosswind velocity pro� le, the vortex circulation levels are in-
creased for the upwind vortex and decreased for the downwind
vortex during � ow coupling for the � rst few dimensionless
time units. That coupling transient is hidden for R = 300, be-
cause viscous decay occurs so rapidly that the circulation
buildup for the upstream vortex cannot offset the decay. Be-
cause an aircraft in nonrolling � ight produces equal but op-
posite sign circulation at both wing tips, regardless of the
weather (assuming the pilot can respond perfectly to gusts,
etc.), the superposition adjustment is inconsistent with the � ow
physics. Aside from that inconsistency, the R = 800 approxi-
mation was considered to be the best representation of the run
9 data because it produced the best representation of the
stronger upwind vortex circulation history for the B 757 and
was conservative in predicting the decay rate for the weaker
downwind vortex circulation history.

Two methods were identi� ed for eliminating the circulation
inconsistencies resulting from the relaxation of the superim-
posed initial � ows: 1) adjustment of the initial upstream and
downstream circulation levels so that the relaxed upstream and
downstream vortex circulations matched after the � rst few time
units, or 2) neglect of the � rst few (initialization) time units,
starting the circulation decay histories at the time that corre-
sponded to the maximum circulation around the upstream vor-

tex. The second approach was selected as the most realistic
and practical approach. The logic for selecting that method was
based upon the fact that the trial and error adjustment of the
initial upstream and downstream vortex circulations produced
a nonsymmetric initial � ow� eld that violated the assumptions
that had been used to initialize the vortex � ow� eld. Further-
more, because viscous decay had also occurred during the re-
laxation time interval, the upstream and downstream vortices
would not necessarily have matching circulation levels at that
(arbitrary) time. Hence, the circulation decay histories used to
examine the in� uences of surface weather conditions in this
paper have been normalized in terms of the maximum circu-
lation levels that were produced (either at the initial time for
the downstream vortex or at the offset dimensionless time cor-
responding to the maximum circulation for the upwind vortex),
rather than by assuming that the reference or maximum cir-
culation levels occurred at t = 0.

If R = 800 is taken as the equivalent Reynolds number for
a B 757, the corresponding eddy viscosity ratio is given by
«/n = 33,000. Conversely, we could have proceeded by adopt-
ing a priori Squire’s12 assumption that eddy viscosity scales
with circulation, which yields

G /« = const [ S (6)` q

and attempted to determine the universal constant Sq, which
we have called Squire’s constant. That was the approach used
by Owen,13 but he contended that the eddy viscosity should
not scale simply with circulation, because it implied that the
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Table 2 Comparison of Sq measurements
for different experiments

Experimenter G` /n Sq

Dosanjh et al.23 2 3 103 200
Newman22 2 3 104 500
Templin21 5 3 104 710
Mabey20 5 3 104 670
Run 9 (present test) 2.6 3 107 800

Fig. 6 Comparison between measured and simulated circulation
decay histories for the B 727 tower � ytest designated as run no.
22.

Fig. 5 Comparison between measured and simulated circulation
decay histories for two B 767 tower � yby tests.

Fig. 4 Comparison between measured and simulated circulation
decay histories for three B 757 tower � yby tests. See Table 1 and
Figs. 1 and 2 for more details.

equivalent Reynolds number was the same for all aircraft. He
developed a logical argument to support his contention that
G` /« scaled with the square root of G` /n, and tested his model
against most of the known experimental data available at that
time.20– 24 However, Owen’s comparisons13 did not justify the
more complex approximation, showing instead that there was
scatter in Sq. To the contrary, if the � ight experiments of Rose
and Dee24 are excluded from Owen’s comparisons,13 Sq values
are consistent and can be tabulated. As shown in Table 2, Sq

is nearly constant for circulation-based Reynolds numbers var-
ying by three orders of magnitude. Those data suggest that the
experiments of Dosanjh et al.23 exhibit low Reynolds number
effects.

Although not tabulated, higher values of Sq have been esti-
mated from other experiments. The experimental measure-
ments of Lezius14 yield Sq = 2000 6 500, for 4 3 104 < G` /
n < 2 3 105, while Owen13 estimated that Sq = 5000 at G` /n
’ 107 for the experiments of Rose and Dee.24 Similarly, Iver-
son’s15 nonlinear eddy viscosity model was � t through a
slightly different data set that produced Sq ’ 10,000 at Re =
G` /n = 2.6 3 107. As previously noted, � ight-test experiments
are extremely dif� cult to control and to analyze. Furthermore,
ground coupling causes signi� cant departures from Squire’s
axisymmetric velocity distribution model.12 While the Lezius14

tow tank experiments were not � ight experiments, the � nite
cross section of the tank likely altered the vortex trajectories
and decay behavior, therefore affecting his estimates of eddy
viscosity. The higher estimates for Sq appear to result from
discrepancies between the model � ow and the experiments
rather than from Reynolds number in� uences.

Our numerical experiments do not support Sp > 1000 in
modeling decay (see the R = 3000 plot in Fig. 3), and the
simulations have also shown that actual wake vortex behavior
in � ight experiments is more complex than that predicted by
a constant eddy viscosity model.8 However, the assumption
that Squire’s constant12 is only varying slowly and is approx-
imately 800 over the Reynolds number range characterizing
commercial � ight appears to be consistent with the measure-
ments of others and the limitations of the eddy viscosity
model. Hence, Sq = 800 was used for all of our subsequent
simulations.

Representative Aircraft /Weather Simulations
Using R = 800 for all six test cases, we investigated the

ability of the constant eddy viscosity model to predict wake
vortex motion and decay in comparison with the experimental
measurements. The circulation decay histories for the three B
757 tests are shown in Fig. 4, and the circulation decay his-
tories for the two B 767 cases and the B 727 case are shown
in Figs. 5 and 6, respectively, along with the corresponding
experimental data. Note that although the experimental data
points are scattered, the simulations appear to be reasonably
good in predicting the upwind decay histories and conservative
in predicting the downwind circulation decay histories for all
three aircraft types in all six weather states. The rapid decay
at later times in many of the downwind vortices was partially
because of a loss in numerical resolution as the downwind
vortex convected rapidly out of the computational domain.

A two-dimensional simulation cannot accurately predict a
three-dimensional � ow� eld. However, when the wake vortex

generating aircraft is � ying at constant altitude and speed, it is
possible to assume a three-dimensional quasi-steady-state ap-
proximation where the third coordinate is generated perpen-
dicular to the two-dimensional plane by multiplying the nu-
merical time step by the aircraft speed. That approach has been
used to develop three-dimensional vortex trajectory represen-
tations for the six � ight tests. The horizontal paths followed
by the upwind and downwind vortices are represented in Figs.
7 – 9 for the three different aircraft types. The x direction is



ASH AND ZHENG 23

Fig. 12 Comparison between measured and simulated vertical
vortex (center) position histories for B 727 tower � yby test des-
ignated as run no. 22 (see Fig. 6 for legend).

Fig. 11 Comparison between measured and simulated vertical
vortex (center) position histories for B 767 tower � yby tests (see
Fig. 5 for legend).

Fig. 10 Comparison between measured and simulated vertical
vortex (center) position histories for B 757 tower � yby tests (see
Fig. 4 for legend).

Fig. 9 Comparison between measured and simulated horizontal
vortex (center) position histories for B 727 tower � yby test des-
ignated as run no. 22 (see Fig. 6 for legend).

Fig. 8 Comparison between measured and simulated horizontal
vortex (center) position histories for B 767 tower � yby tests (see
Fig. 5 for legend).

Fig. 7 Comparison between measured and simulated horizontal
vortex (center) position histories for B 757 tower � yby tests (see
Fig. 4 for legend).

perpendicular to the aircraft line of � ight (y direction), and
x = 0 corresponds to the meteorological tower base. One B
757 � ight test (run 30) was conducted with the wind blowing
in the opposite direction to the other tests; thus, the aircraft
� ight path was on the opposite side of the tower and the vortex
axes traversed from initial positive locations to negative po-
sitions.

The vertical position histories of the upwind and downwind
vortices are shown in Figs. 10 – 12 for the three aircraft types.
Those trajectories are remarkably varied and the simulations
are in reasonable agreement with the measurements. Overall,
we have concluded that Sq = 800 produces useful simulations
of the � ight-test data.
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Table 3 Commerical aircraft characteristics

Aircraft type
Wing

span, ft

Maximum
landing weight,

1000 lbs
Landing
speed, kn s0, m G`, m2/s G` /s0, m/s

B 737-200 93.0 103.0 129 11.13 253.0 22.73a

B 727-200 108.0 154.5 133 12.92 316.9 24.53a

B 757-200 124.5 210.0 137 14.90 362.8 24.35
A 310-200 144.0 271.2 139 17.24 278.8 16.17
B 767-200 ER 156.1 285.0 139 18.70 387.0 20.70
A 300-600 147.1 308.7 135 17.60 457.9 26.02a

DC 10-10 155.3 363.5 128 18.60 536.8 28.86
A 330 195.4 383.6 137 23.40 422.2 18.04
L1011-500 164.3 368.0 149 19.66 468.5 23.83a

DC 10-30 165.4 421.0 145 19.80 517.3 26.13a

B 777-200 199.9 445.0 138 23.90 465.2 19.88
MD 11 169.5 430.0 148 20.30 505.0 24.88a

B 747-400 211.0 630.0 153 25.30 575.0 22.73a

a
Characteristic velocity is within 10% of B 757 value.

Fig. 13 Representations of circulation decay histories for three
aircraft types subjected to surface weather conditions represented
by run 9.

Generalized Wake Vortex Weather Effects
The numerical simulations that were used to produce the

graphs in Figs. 4 – 12 were produced for R = 800, using di-
mensionless variables. Velocity was scaled by G` /s0, where
2s0 is the initial vortex spacing and is related to the wing span
b of the particular commercial aircraft. Similarly, length was
scaled by s0 and time by . If s0 is assumed, given by32s /G0 `

s = pb/80

we can tabulate the velocity, length, and time scales for char-
acteristic commercial aircraft using the database developed by
Stuever.25 The data shown in Table 3 represent a range of com-
mercial aircraft types and can be considered to be represen-
tative of the commercial aircraft � eet.

To the accuracy of the Sq = 800 approximation, the data in
Table 3 can be used to develop estimates of the in� uence of
surface weather on wake vortex behavior for a variety of air-
craft types. The universal aspects of the constant eddy viscos-
ity model can only be used in terms of the dimensionless rep-
resentations of the aircraft and surface weather data. For
example, the magnitude of the measured crosswind is not in-
� uenced differently for the seven aircraft types indicated by
asterisks in the table. However, the strain rate associated with
the crosswind changes substantially between a B 727-200 and
a B 747-400, because the initial vortex half-spacing varies by
almost a factor of 2. Hence, if one refers to the weather con-
ditions for the B 727-200 � ight test utilized in this study (run
22 in Figs. 1 and 2), the weather conditions that are simulated
for a B 747-400 would have essentially the same velocity mag-
nitude, but the vertical variation would occur more slowly for
the corresponding B 747-400 case (where the velocity and
temperature that characterize the vertical location of 150 m in
the � gure would correspond to a vertical location of 290 m
for B 747).

The circulation history, which was computed for an integra-
tion radius of 30 ft for the B 757 reference case (in dimen-
sionless variables), corresponds to an integration radius of 26
ft for a B 727 circulation history and a radius of 51 ft for a B
747 circulation history. Because the circulation histories are
normalized with respect to their maximum levels, these vari-
ations in integration radius are relatively unimportant. In ad-
dition, although these scalings alter the local variations of the
Richardson number and Brünt – Väisällä frequency associated
with the surface weather, in� uences as a result of those effects
are rather small because of the strong coupling of the ground
plane boundary.8 Consequently, the weather cases that have
been simulated for a B 757 at Sq = 800 are somewhat different
than the corresponding weather for other aircraft types with
different characteristic lengths and velocities. Furthermore, be-
cause the circulation decay times scale with , the circu-2s /G0 `

lation histories decay at somewhat different rates, depending
on the aircraft characteristics. However, as long as a single
aircraft type is being investigated, the surface weather and de-
cay histories are all represented by the same scales, and the
effects of weather on vortex behavior can be examined to the
levels of the approximations used in this study.

Generalized Circulation Decay Predictions
To the accuracy of the two-dimensional, constant eddy vis-

cosity approximations, we can use our six � ight test simula-
tions to study how surface weather can in� uence wake vortex
motion and circulation decay for different aircraft types. Using
the simulation of run 9 as an example, we can examine the
circulation decay histories for different aircraft types subjected
to similar surface weather conditions. Here we mean similar
in the sense that the surface wind pro� les have the same var-
iational magnitudes, but the vertical axis in the surface weather
plot (of Fig. 1, for example) is true height only for one aircraft
con� guration (a B 757). The vertical axis of the weather data
for other aircraft types represented by that simulation must be
scaled for each aircraft type by the ratio of the particular value
of s0, from Table 3, to the actual reference value of s0, i.e.,
14.90 m, in the run 9 case for B 757. Hence, we can approx-
imate the circulation decay behavior for B 727, B 757, and
A 300, subjected to surface weather conditions that are similar
to run 9 (Fig. 13). Here the in� uence of characteristic time is
obvious, but the associated variations in surface weather con-
ditions are more subtle.

Of greater interest is the question of how different surface
weather states in� uence the wake vortex hazard conditions re-
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Fig. 14 Simulated upwind vortex circulation decay histories for
B 747 wakes subjected to the surface weather conditions repre-
sented in Figs. 1 and 2 (see Table 1 for run number and meteor-
ological data summaries).

Fig. 15 Simulated downwind vortex circulation decay histories
for B 747 wakes subjected to the surface weather conditions rep-
resented in Figs. 1 and 2.

sulting from a particular aircraft. Subject to the limitations re-
sulting from our two-dimensional, constant eddy viscosity ap-
proximations, we can address that issue. Here we consider a
hypothetical B 747-400, because it is one of the largest air-
planes in the commercial � eet. The surface weather data pre-
sented in Figs. 1 and 2 can be used for a 747 representation
if they are scaled by multiplying the vertical heights by 25.30

, where is the characteristic wake vortex half-spanm/s s0 0ref ref

for the particular aircraft represented by the simulation (B 757,
767, or 727). Because the circulation strength is higher for the
upwind vortex than for the downwind vortex, we can compare
the upwind circulation decay histories predicted for a 747 sub-
jected to the six different surface weather states (Fig. 14).
There each decay history is designated by the run number in-
dicated in Table 1. The decay histories of the downwind vor-
tices for a B 747 subjected to the six weather states are shown
in Fig. 15. The in� uence of weather on the downwind vortex
decay is more dramatic; however, much of the rapid decay
effect (exhibited for runs 22 and 23) is because the vortex is
convected out of the high-resolution portion of the computa-
tional domain rather than an actual physical effect.

Figure 14 shows that decay of the upwind vortex is nearly
the same for the weather conditions represented by runs 9, 30,
45, and 22. However, during the � rst 2 min, the upwind vortex
associated with run 23 remains much stronger than the other
vortices, whereas the vortex associated with run 7 decays more

rapidly than any other case over the entire time history. Be-
cause runs 7 and 23 are both associated with the same aircraft
type (B 767), the differences cannot be attributed to scaling
effects. Even more problematic is the fact that runs 7 and 9
can be characterized as almost identical weather states from a
meteorological standpoint, and run 9 has a vortex decay his-
tory that can be called nominal with respect to the cases that
were tested. However, a more careful examination of the
weather conditions in Figs. 1 and 2 for run 9 as compared with
run 7 reveals that run 7 has a nearly uniform crosswind shear
and a much larger temperature variation away from the ground
than does run 9. Run 9 also has virtually no wind shear away
from the ground. Hence, even though the gross atmospheric
features of the two runs can be described as stable with mod-
erate shear, the details of the variations have exhibited signif-
icantly different in� uences on the rate at which the upwind
vortex decays. These differences emphasize the utility of the
constant eddy viscosity, two-dimensional simulation approach.

From the perspective of hazard forecasting, we can look at
the e-folding time for each of the decay histories, observing
that it takes the vortex associated with run 22 approximately
180 s to reach the 63.2% decay level, whereas the vortex as-
sociated with run 7 has decayed to that level in approximately
152 s. Using a B 747 landing speed of 153 kn, that difference
in decay rate translates to a difference in spacing requirements
of 1.2 n mile. More speci� cally, on days when the weather
conditions are represented by run 7 (stable, with moderate
shear and with nominally constant vertical temperature and
velocity gradients), aircraft can be spaced more closely to-
gether without incurring any increase in hazard. Similarly,
when the wind levels near the surface are nearly uniform (with
almost no shear), as represented by the weather associated with
run 23, the initial vortex decay rate is very slow, and increases
in separation speci� cations are desirable when the crosswind
causes either vortex to remain in the terminal � ight corridor.

Finally, the actual airport layout must be considered before
any of these results can be used. Because the rate at which
aircraft wake vortices decay is only important during the time
interval when one of the vortices is within or very near aircraft
approach corridors, the actual locations of the runways must
be considered. If a single runway is being used, then it is only
necessary to consider upwind vortex behavior because the
downwind vortex is convected away almost immediately. The
downwind vortex, as well as the upwind vortex, must be con-
sidered for parallel runways.

Conclusions
Our simulations have shown that the two-dimensional con-

stant eddy viscosity numerical model can be useful in assess-
ing how different combinations of aircraft and surface weather
conditions alter the wake vortex hazard conditions. Obviously,
the constant eddy viscosity model cannot predict details of the
wake vortex trajectory with great accuracy because of the in-
herently diffusive character of the approximation. However,
gross motion and circulation decay can be predicted with ac-
curacies that appear similar to those associated with other types
of empirical correlations.

In addition, these simulations have shown how the natural
dimensionless groups associated with length, time, and veloc-
ity can be used to scale � ight-test data from one aircraft to
another around airports. Near the ground, where buoyancy ef-
fects are damped strongly, shifts in Brünt– Väisällä frequencies
associated with different aircraft exert only small changes in
decay rate, even though vertical vortex position histories vary
signi� cantly. On the other hand, as demonstrated in the dif-
ferent decay rates between two very similar meteorological
cases (runs 7 and 9), differences in shear and in temperature
gradient in the upper portions of the surface zone can strongly
in� uence wake vortex lifetimes.
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