TWO DIMENSIONAL WAKE VORTEX SIMULATIONS IN THE
ATMOSPHERE: PRELIMINARY SENSITIVITY STUDIES

F.H. Proctor-and D.A. Hinton'
NASA Langley Research Center
Flight Dynamics& Control Division
Hampton, VA 23681-0001

J. Han*, D.G. Schowalte?, and Y.-L. Lin "
Department of Marine, Eart&k Atmospheric Science
North Carolina State University
Raleigh, NC 27695-8208

Abstract

A numerical large-eddy simulation model is currently being used to quantify aircraft wake
vortex behavior with meteorological observables. The model, having a meteorological framework,
permits the interaction of wake vortices with environments charactesizgddswind shear, stratifi-
cation, ad humidity. The addition of grid-scale turbulence as an initial condition appeared to have
little consequence. Results show that conventional nondimensionalizations work very well for vortex
pairs embedded in statdtratified flows. However, this relils basd onsimple environments with
constant Brunt-Vaisala frequency. Results presented here also show that crosswind profiles exert
important and complex interactions on the trajectories of wake vortices. Nonlinear crosswind profiles
tended to arrest the descent of wake vortex pairs. The member of the vortex pair with vorticity of
same sign as the vertical change in the ambient along-track vorticity may be deflected upwards.

[. Introduction behavior as related togremosphert conditions using
validated numerical simulations, as well as observed data
As an element of NASA’'s Terminal Area  from recent and on-going field studies. NASA-Langley
Productivity (TAP) program, a significant effois  theoretical modelling efforts are expected to play a major

underwg at NASA Langle to develop a systethat will role in the development of these algorithms.
provide dynamical aircraft vortex spacing criteria to Air
Traffic Control (ATC) automatin. The system, called Presented in this paper are resulis &o

the Aircraft Vortex Spacing Systéfm (AVOSS), will numerical large-eddy simulation model called the
determine safe operating spacings between  Terminal Area Simulation 8§stem (TASS) which has
arriving/departing aircraft bade on the been adapted for application to aircraft wake vortex
observed/predicted weather state. In order to develop this  simulatidite TASS model has a meteorological
system, research is being focused toward understanding reference feameympressible non-Boussinesq

how wake vortices interact with ehamosphere The  equation set, subgrid turbuéen dosure, and a
objectivesof this research aretquantify wake vortex  formulation for ground-fricth. The TASS modeis
capable of simulating post roll-up wake vortices in both

two and three dimensions. The model is applicable to a
wide range of atmosphericonditions tha include:

"Research Scientist, AIAA member

TAVOSS Team Group Leader vertical wind shear, stratification, atmospheric boundary
*Research Assistant layer turbulence, fog, el precipitaton. Ongoing

Svisiting Assistant Professor research using the two-dimensional (2-D) version of this
"Associate Professor model is presented in this paper while results using the
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three-dimensional (3-D) version are presented in an models that can reliably and accurately predict the time
accompanying papér. In a recent study we were able to required for the wakemfrp aircraft types to leave
achieve excellent comparisons of simulated vortex  the corridor, in a wide range of atmospheric conditions.
trajectories with field dathWe ae now using 2-D TASS In weather situations that cannot reliably remove the
to investigate how meteorolpgffects vortex transport --  wakes fnothe crridor in a pewd o about 1 to 2
knowledgeof which is crucidto the development and minutes, the AVOSS sysigll either rely on decay
implementation of the AVOSS system. The advantage of predictions to reduce separations or maintain separation
the 2-D systm s its ease in use and the relatively small atdirrent standards in use today. Provided there is
amount of computer resources required per run. Our early  assurance thatcanakmove back into the corridor,
investigation is primarily focused on understanding how  neither, the AVOSS systethe numerical models
stratification, crosswinds, andaymd poximity affect the need to predict wake motion outside of the corridor. In
trajectoy of wake vortices. We intend to use 3-D TASS determining wake sensitivity to various parameters this
to investigate vorte decay, vortex interaction with small range of motions must be considered. Application
atmospheric turbulence, and the onset of three  of AVOSS to parallel runway operations, however, may
dimensional instabilities. require study at a later date of wake drift over lateral
distances of 400 to 900 meters as well as more detailed
The TASS model results will be applied to the  vertical motion studies at very low altitude.
specific requirements of the AVOSS systdesign. In
particular, prediction of the motion of wake vortices from

initial generaton uril departure fron the gproach II. Previous Research
corridor is critical, while motin beyond tle gproach
corridor is less critical. The dimensions of the AVOSS Many investigations, including experimental,

approach corridor are described in HinténLaterally ~ theoretical, and field studies, of wake vortex phenomenon
the corridor i91.4meters wide along the runwand o have been conducté over the pais three decades.
to a distance of about 859 metersifiine runway. This Important processes that affect wake vortex transport are
is the location of the approach middle marker transmitter. well known and include stratification, turbulence, ground
The corridor lateral limits then widen to a width of 305 interaction, and ambient crosswind.
meters at a distance of 9272 metessnfn) from the
runway. This is a typical location for the approach outer Numerous theoretical and experimental studies
marker, where approaching aircraft transitiomfilevel have examined ¢hdfect of stratificaton on wake
flight to the glide slope. The approach corridor vertical ~ vorfice§.® 10.11.12.13. 1415 The pyrimarcesses of
dimension places a floor atgmdlevel along the runway  how stable stratification affects the descent of wake
out to the middle marker location. Currently two options  vortices is well known. As a wake vortex pair descends
exist for the AVOSS corridor floor, and may be altered due to the mindacton d its circulation fields,
basedon industry input The most conservative option temperatuned abugancy forces increase due to
provides a floor that begins at ground level at the middle  adiabatic compression. The positive buoyancy forces act
marker and rises at a shallower angle than the glide slope, to diminish the descent rate with time. The descending
so that the floor is 122 meters (400 feet) below the glide  volume of fluid that encompasses the wake vortex pair,
slope at the outer marker. No reduced separation credit  termed the vortex oval, develops temperature differences
is given for vertical wake motion wenear the runway, so  along its interface which tacgenera¢ cunter-sign
detailed wake bounce studies this location are not  vorticity. Unresolved issues remain, such as whether the
required at this time. There is no vertical corridor limit ~ spacing between the vortices increases or decreases with
above the glide slope, since vertical rising of the wakes is  time, and whether the adirtiting descent litude
not assumedot be a viable mechanis for reduced based on the magnitude of stratification.
separation of aircraft.
Another characteristic of the atmosphere which

The requirements for AVOSS simplifies our  can affect the motion of wake vortices is vertical shear of
task, somewhatby limiting the @plicaton d our  the ambient winds Although wind shear is ecomonly
experiments ta onfined regbn cefined by the flight  known 6 occur near the gund de to the dfects of
corridor. Ary vortex that has drifted outside these lateral surfirag, it exists at other altitudes due to vertical
or verticd limits is no longer considered a factor to a  changdwmgizontal gradients of atmospheric pressure.
following aircraft. The relationships determined with the In addition, significant vertical changes of the wind can
TASS model muslead to simple rules or analytical be found along fronts and inversiéios example,
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strong vertical shears can exist along typical nocturnal numerical schemes are used in TASS that are quadratic
inversions that divide stablar (produce by radiative  conservative, and have almost no numerical diffdion.
cooling d the ground) and the residual atmospheric ~ Ambient atmogpbenditions are initialized with a
boundary layer air thidies abové® Vertical change in  vertigadofile of temperaturedew point, and wind

the crosswid, a “crosswind shear” is knowrothave  velocity. The two dimensional simulations are initialized
some peculiar effects on wake vorticesFrom field  with a simple vortex syste representative of the post
measurements Brashears et’al. reported that crosswind roll-up velodadty Bietails of the TASS model and
shear acted to reduce the vortex sink rates. The reduction wake initialization can be found ifi Proctor.

in sink rate was usually greater for the downstream

vortex, resulting in tilting of the vortex pair. However, All ofetlitaes excepthose in Section VI

for strong shears there was appaite trend, with the assume that there is no preexisting grid-scale turbulence.
upstrea vortex sometimes seen to rise. Most numerical ~ As merdigneviously, subgrid-scale turbulence is
investigators have concentratenstudying the effects of  treated by first-order closure. Section VI examines the
crosswind shear when the wake vortices were generated sensitivity to grid-scale turbulence.

near the grounéf:’®® Generally they se atilting

(rotation) of the vortex pair in a direction opposite to that

of the shear vorticity, with the downwind (downshear) IV. Stratification
vortex being at greateltiaude than the upwind (upshear)
vortex. Laboratory experiments by Delisi ef%land The purpose of this set of experiments is to see

numerical experiments by Robins and D&lisi show that  how well TASS 2-D simulations compare with laboratory
strongly-stratified shear flow cdift the wake vortex pair  data for éhcae of wake vortices in a very stably

and lead to a solitavortex. The vortex having vorticity  stratified environmenThe second goal of thiset

opposite to that of the shear vorticity was dissipated experiments it see how normalized resdifécirent

leaving a strong solitary vortex with rotation in the same aircraft intercomp@he eperiments are run with

sense as the ambient shear. Robins and Delisi believed  dimensional variables with the results normalized for
that tre accterated weakening of one of the vortices was  space and time scales following Sarpkaya as:
responsible for the tilting of the vorepair. Recent r

numerical experiments by Schillifi)g and Proétor z - 2%, T - t_0°

suggest that the influence of stratification on the vortex b, ano2
trajectories is secondary to crosswind shear, at least for _ _ _ _ _ _
wakes generated below 175 meters. whereZ* is the nondimensional height, dimensional

height,b, initial vortex spacingT* nondimensional time,
t dimensionatime, and/} the initial circulaton. The
IIl. Numerical Model ambient lapse rate for temperauran be specified in
terms of the nondimensional Brunt-Vaisala frequency as:
The TASS model is a multi-dimensional, large- N 21N b2
edd/ code developed within a meteorological framework. N = °

Grid-scale turbulence is explicitly computed while the T T,

effects of subgrid-scale turbulem ae modelel by a where the dimensional Brunt-Vaisala frequemgy is

Smagorinsky closure mobetha is modified for lated 1o t t d pdentid t tured
stratification. The TASS model has parameterizations fo elated 1o temperature, and paentia temperatur
which is conserved for dry adiabatic processes):

groundstresses that are a function of surface roughness,

allowing for "in-ground effect" wake simulations with N2 - 990 _ grot +Q]

realistic ground interactions. The TASS model consists 0oz Tt 9z c

of 12 pognostc equations three euations for P

momentum, one equation each for pressure deviation anvhereg is the accéeration die to gravity, ana, is the
potential temperature, six coupled equations forspecific heat of air at constant pressure. Note, that if we
continuity of water substance (water vapor, cloud dropletassume the vortex separation remains constant, inviscid
water, cloud ¢e aystals, rain, snowral hail) and a theory predicts that a vorte pair will descend to a

prognostic equation for a massless tracéhe lateral  maximum depth of order:Z* =(9 (1/N*); and for neutral

boundary condition may be opear periodic, with the  gyratification the vorte pair descendZ* = 1 in time
open condibn uilizing a mass-conservative, Tx=1.

nonreflective, radiatin boun@ry scheme Explicit

(1)
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Table 1. Aircraft and paameters for N*=

comparisons.
Aircraft b,(m) I (m?s) N (10° sb) Results and Comparisons
Fokker 28 19.69 160.8 66 Results of the seven experiments are shown in
Fig. 1. The non-dimensionalizedescent rates for all
B 737-200 22.26 205.5 66 seven are nearly identical and agree well Sarpkaya’s
laboratoy measurements conducted in water at moderate
B 757-200 29.80 306.9 55
DC 10-10 37.18 573.0 66 ] —
DC 10-30 39.60 492.7 50
EA 330 46.78 378.1 27.5 . i
B 747-400 50.51 534.3 33.3 [ L. .
N N
o Sarpkaya Experimental data NS
DC 10-10 \,\
Initial Conditions 5 Ny
[ DC 10-30 \
The list of aircraft used in this set of experiments | =" il — 7Tl
is shown in Tablel. The initial circulations {}) are [ T e . . 1
basedon typical weights and approach speeds for each -3y~ ————("————F"————F—"——"—,
specific aircraft. [For th®C-10-10we assumed a higher ™

weight than averagebut within the maximm landing Figurg 1. Aircraft sensitivity.to nondimension_al height
weight.] Each case assumes a lapse rate of temperat@@d time for N*=1.. TASS simulations for 7 aircraft
such thatN*=1. AlthoughN* is fixed, the values of (lines) compared with Sarpkaya’s e'xp(.erlmental Hata
differ for each airplane due tdfferert initial vortex ~ (Sgquares). Curve for dZ*/dT*=1 (thin line) shown
spacingslf,) and circulations (e.g., see Eq. 1). The lapséiSO-
rate for potentintemperature needed to achieNe=1
ranges fron about 2.3 times greater than for isothermal Reynold’'s number for a delta-wing afrcraft. The results
conditions for theAirbus 330to over 13 times greater  indicate thahe vortex pair initially descend at
than isothermal for thEokker 28-4000Boeng 737200 dz*/dT*=1, as is true in Sarpkaya’'s data. However, as
andDC 10-10. Although the temperature lapse rates for  théoyancy forces increase due to compressional
someof the caes are unrealistically large, the set of  heating the descent rate slows, UrtR athe vortex
experiments is usefuin examining how non-  descent is hdlteThe lateral separat dstance (not
dimensionalized results compare for vortices generated by  shdetyeen the two counter-rotaginvortices
different types of aircraft. remained nearly constant in the TASS simulations, then
began to close together affer=2.5. This reduction in
The experiments also assema ompressible  separation forced the simulated vortices to descend once
atmosphere in which density and pressure decrease with again. Sarpkaya’s experiments, which were at moderate
height in accordance with the specified lapse rate for Reynold’s numbers, were unable track the weakening
temperature. The domain width and depthligand 6b,, vortex pair afterT*=3. Spalart®® recently published
respectively. The vortex genemt heigh is results frn 2-D laminar simulations, which showed his
approximately 3.9, above the ground. A constant grid  vortigemising then ascending aft€t=2.25, kefore
resolutionof b/50.5 is assumecdhibah vertical and again descending aftér=4. TASS simulation results
horizontal directions. The model environments contain presebyedchowalter et al. sugdesha three-
neither ambient wind nor grid-scale turbulence. dimensional effects begin to influence the vortex after
T*=3, and the vortex descent following ttiane might be
an artifact of the 2-D assumption.

Our model results fd*=1 show that the stable
stratification influences the descent of the vortex pair in
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following way. Air from near the generation heiglis V. Crosswind Shear

transported downward within the vortex oval (Fig. 2) and

heatsdue to adiabati compressin. The increase in Although a number of researchers have
positive buoyancy fran compressional heating has the  examinee #fects d crosswind shear on wake

most significah impact on the weaker tangential  vortices, they usualle tmfined their experiments
velocities & large radii. Eventually the tangential either to regions either close to thendra simple shear
velocities (and circulation) at radii greater thalare profiles. In te experiments presented here, we look at
diminished. This weakens the mutual interaction of the  the effect of narrow shear zones, such as one may find
vortices, and eventually causesrthe stall (at ~1.25b,

below the generation height fif=1). Furthermore, our 6

. . . T T T T
2-D simulations aiN*=1, show that eddies generated |
5 Potential Temperature __ _ |
Potential Temperature T*=1.5 (45 secs) i~ 131 ~
T T I g Cross Wind Component | ©
= Q
— (9]
£ 3 ] 4
T140 - & "+, Temperature a
S 130
o
Q1201 .
[} B
O B & m  ( E E
o
<100 I
[= = ey
g | ] 15 50 100 150 200 20
£ gl T N Altitude (meters AGL)
< . . ! .
‘ ‘ : ‘ ; . ‘ Figure 3. Initial profiles for ambient temperature,
60 -40 20 0 20 40 60 potential temperature, and crosswind, for the shear-
Lateral Position (m) layer sensitivity experiments. [Only the wind profile for

Figure 2. Vertical cross section of the potential the 3 m/s crosswind change is show.

temperature filed associated with a descending vortex aar a thermal inveri. In a second set of experiments,

pair in stratified fluid. Darker c_:olors represent we examine wake vortex sensitivity to seveypes of
warmer temperatures and delineate the vortex oval  ghear profiles. For both sets of experiments we assume
from the surrounding fluid. dimensional variables with initial wake conditions based

on aB-727-100aircraft (Table 2).
baroclinicaly at the vortex-oval periphgare transported
upward ad pnch the vortg pair closer together, Sensitivity to Shear Layers.
resulting in the downward acceleration seen aftes3.

The motivaton kehind the following set of
Another observation to be maderrthis set of  experiments was our observation of Memphis 1994 and
experiments is the sensitivivf aircraft type to lapse rate. 1995 field data. Following sunsety magke vortices
Although we have yebtdoan extensive sensitivity study  tended either to stall or to be deflected when penetrating
on the dfects of stratificationjt is obvious that wake a ragi rear the ¢op o a low-levd temperature
vortices producedydarge, wide-bog aircraft such as the inversiéh. This inversion separated the radiatively-
B-747 and EA-330are much more sensitive to stable  cooled air near the ground and the near-neutral residual
stratification than those producedrinaredium and light  boundary layer above. The measured levels of
commercial jetliners Mostly due to their smaller  stratification, alone, were too weak to cause the observed
wingspans, rather large lapse rates are needed for the levels of @eflddt postulate that pronounced shear
small and medion sized aircraft to achieve the same value  can exist in the inversion zone due to changes in airmass
for N* as that for the “Jumbos.” characteristics. Unfortunately, high resolution wind data
was not always available near thiitade of the inversion
to confim our suspicions.

In order to test the effect of shear zones on wake
vortex descent, several experiments e@nducted as
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follows. An isothermal temperature profile was assumedable 2. Assumed values for initial parameters.
below an altitude of 75 m, above which it transitions to
a slightly-stable profile. Wind profiles were assumed ta
have no crosswid lelow an altitude of 50 m
transitioning toa mnstant crosswind vatudove 80 m
(e.g., Fig. 3). Hence, the crosswind change over 30 mGeneration Height
was also equal to the crosswind above 80 m.

Initial Conditions

Parameter Value

175 m
250 nt &
26 m

Circulation )

Six experiments were run with the initial
conditions listed in table 2, with crosswind changes of: 0,
1, 2,3, 4and 8 m/s. In order to evaluate any effects that cqre Radius
the stable temperature stratification may be having, an
additional experimenis conducted assuming a neutral Numerical Grid Size
temperaturgrofile. An example of the profile for the
3 m/s crosswind change can be seen in Fig. 3.

Vortex Spacing (b )
1.75m
0.75m

A comparison of altitude vs lateral position for
this set of experiments shows the sensjtivftthe vortex
trajectories to the shear zone (Fig.4Jhe descending
wake vortices that encountered crosswind changes greater 175
than 1 m/s were deflected downstream. Stronger shears 159
also resulted in larger separations between the upstreang -

Port (Upstream) Vortex

N
o
o

Port-No Shear
Port-1m/s
* Port-2m/s
- Port-3m/s
Port-4m/s

e
=

(P) and starboard (S) trajectories are shown for each

T
E100F
[} E
R e e I e o g b
200F No Shear E £ E Shear Zone
FE == 1m/s ] < 50F
175 E_ zm;s 3s _E F
o m/s e 3 r
w 150 3 4mis _./""" E 25 E
2 E o7 3 S R AR R B B
5125; A 00 =20 20 60 80 100 120 140
%:, 100 _ N }_(:—// 4P_; Time (seconds)
% 75F et 3 Figure 5. Altitude vs time trajectory for upstream
F [ v v =~ . ™~ Sh E . . . .
: T < carZone vortices in shear zone sensitivity experiments.
S0 [ 3P E
F Vo - 2S ]
L A . -
25F g oNLs 2P 3
F L oP0s P 1S ]
-qOO 0 100 200 300 400 500 200 Starboard (Downstream) Vortex
Lateral Positon (meters) T T T T
. . . . . Star-No Shear ]
Figure 4. Trajectories for the simulated wake vortices 175 Star-1m/s 3 3
from the shear zone sensitivity experiments. Both port 454 © Star-2mis Jtciec
- Star-3m/s e E

=
N
(2}

shear profile. [The Starboard vortex (S) is downstream
from the port vortex.]

~
[¢)]

O [T T T

Altitude (meters)
S
o

and downstrea vortex. Crosswind changes of 3 m/s and 50 Shear Zane

larger were sufficiently strongptblock the downward 3

penetration of the vortices. The time height trajectories 25 E

in Figs 5 &d 6show that a 2 m/s or greater crosswind ob i
20 40 80 100 120 140

shear significantly suppresses the sink rate of the
vortices. Also, for a 3 m/s or greater shear the
downstrean vortex is deflected upwards.

6

Time (seconds)

Figure 6. Same as Fig. 5, but downstream vortices.
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The assumed crosswind shear profiles had the Crosswind Component___

most diret influence on the downstrea(starboard) 2sl T T ]
vortex. As indicated in Figs. 4-6, this vortex was more SHEAR 1
sensitive ad ceflectal to a higher altitude than its 24 - NO SHEAR ABOVE ]
upstrean counterpart. The deflection of the downstream 20}~~~ NOSHEARBELOW ]
vortex increased the sepatati dstance fron the % 161 1
upstream (port) vortex, thus weakening the mutual £~} 77T |
induction between the two vortices (see Fid). gl2r ]
Therefore, for the stronger shear cases the upstreamsz 8} 4
vortex was left to drift near thétisude of the shear zone. 4l 1
The mechanisi responsible for this deflection is of ]
unclear b us & this time The downstrea vortex 45— 15'0- - '1(|)0' - '150' - '2(I)o' ——

contains vorticity of opposite sign to that of the shear.
However, there waso cetectable preference for the

downstrean (or upstream) vortex to weaken at a greatef19ure 7. Crosswind profiles used as input for
rate. crosswind shear experiments.

Altitude (meters AGL)

An additional experiment was run with a neutral cordtarar shear case (Shear) has a crosswind profile
atmosphere rather than the temperature profile in Fig. 3. that increasesdmind & the groundd 30m/s at
It gave nearly identical results toetlxperiment which 250 m.This givesa @nstant magnitude of shear of
assumed the sounding in Fi§, which implies that  0.12% . Also examined are two transitional cases, which
stratificationplayed norole in the modificabn o the  assume an environment that transitions between constant
vortex trajectories. Note frmEq. (1) and assuming the  shear and no shear. The wind profile for the “No Shear
specifications in Table 2, the ambient temperature would ~ Above” case is identical to the linear-shear case, except
have to increase with altitude at 325 C per 35 meters in t it thansitions to a constant crosswind of 15 m/s above
order to suppress vortex descent within adhick zone. an altitude of 125 m.. On the other hand, the “No Shear

Below” case has no crossvd kelow 125 m bu an

A last point remainsat be maeé @ou the increasing crosswind above this height with the same
trajectories in Fig 4 for the 1 m/s ad 2m/s shear cases. magnitudieshear as in the linear-shear cada all
There is a continued cross track drift of the vortices after  cases the initial wake vortex is generated at an altitude of
they have descenddelow the shear layer intoghar 175 m, which is 5@n above the transition altitude.
mass wih noambient crossflow. This effect is due to the
downward transport of crossflow momemiwith the Time height profiles of the vortex trajectories are
descending vorteoval. Like potentid temperatue &  show for the port (upstream) vortex (FB) and the
shown in Fig 2,crossflow momentm s transported from  starboard (downstream) vortex (Fig. 9). The altitude vs
dtitudes near the generation height (i.e. flight path). The Igpesition trajectories are shown in Fig0. Note
consequence of this finding is that wind measurements  that the transitiosHear to no shear antte versa
near the sudcemay not always correlate with the lateral has enmurced effect on the descent rate of the vortex

transport of the wake vortices. trajectories. On the other hand, the descent rate for the
vortex embedded in the linear shear was nearly identical
Additional Crosswind Shear Experiments to that of the vorte pair embedded in the no shdao

crosswind) environment. The trajectories of the vortex
To provide further insight into the role that shear  pair in the linear shear environment (Fig. 10) are convex

may have on vortex transport, a second set of experiments in shape due to the decreasing wind lspesrds a
are presented. This set consists of four experiments that  altitudesiever, as fo reasons described in the
are designed to test wake vortex sensitivity to previous fseex@eriments, the vortepair & lower
environments with linear shear and transitioning shear. levels translates faster than the mean winds for which
As with the previos t, tte experiments assume the  theyeambeddd. Descent rates for the linear shear
initial parameters in Table2, bu with nreutral case were identical for lotipstrean and davnstream
stratification and with the wind profiles shown in Fig. 7. vortex. Tilting of the vortex pair was not apparent.
Included, is a baseline experiment with no ambient wind
(referred to as the No Shear case). As seen in Fig. 7, the
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Comparisonof Figs. 7 and 8 show tha the
upstrean vortex bourced highest when the shear is aloft,
while downstrem vortex bources highest when the shear
is near the ground. As indicated in Table 3, the bounce 175
of the vortex is related to the vertical change in ambient ¢,
shear (i.e2?U/J7) rather than th environmental shear
alone. In terms of the vorticity due toetrambient
crosswind (crosswind vorticity)U/dz, we see that the
vortex with a sign of vorticity opposite to the sign of the
vertical change in ambient vorticjitppources highest. £
From these experiments, we see that vertical changes it s
the along-track component of ambient vorticity can
preferentially reduce the descent rate of vortices, and may
lead to vortex tilting and vortex risingLinear shear 0
(constant ambient vorticity) has no impact on the vortex
descent rates.

200

125

75

titude (meters)
=
o
o

25

TTTTT

....

A,
[
O
\
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----------- No Shear —:

—————— No Shear Above Transition ]

JE— -No Shear Below Transition D
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Figure 10. Same as Fig. 4, but for crosswind shear
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Table 3. Sign d crosswind vorticg s vortex with
highest bounce for each experiment

Altitude (meters)
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Figure 8. Time-height trajectories for upstream vortex
. . . No shear above + - downstream
in crosswind shear experiments
No shear below + + upstream

200

Starboard (Downstream) Vortex
L e e e L B

175

=
)]
o

.......

=
N
(4]

~
ol

O T T T

Altitude (meters)
=
o
o

S0F .. No Shear
- -No Shear Above Transition
25 No Shear Below Transition

Linear Shear

PR S [N T T U S S [N T T A U S [T T T T T

20 40 60 80 100 120 140
Time (seconds)

o

IDF run 9 Case.

To give supporting confirmation to ¢hdbove
shear study, we havchosen a former TASS validation
casé which compase smulated with measured
trajectories. Input values for the simulation were based
on known aircraft parametersnd olserved vertical
distributions for ambientemperatue and wind. Field
measurementsf wake vortex generated frmoa B-757-

200 (sponsord by the FAA) wee taken &the Idaho
Falls Field Center. The test aircraft was on a level flight
at 70m above ground level (AGL) in an early morning

Figure 9. Same as Fig. 8, but for downstream vortex. fly-by. The observed environmental profiles for potential
temperature and crosswind are shown in Efly Note
from the sounding thiahere is a pronounced zone of
crosswind shear with a peak magnitude of 3.1 s located
between 25 r@d 50 m AGL. The magnitude of the

8
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crosswind chargacoss this zone is sliggtlnder 3 m/s. heighttahe top of this layer is of the same sign as the
Measureddata for this case was obtained rfrean  vorticity in the downstrea vortex. This interacton o
instrumented towe¥, Laser Doppler Velocimeter (LDV)  the downstrazatex with the crosswind vorticity shear
and a Monostatic Acoustic Vortex Sensing System of the same sign eventually causes it to rise upward with
(MAVSS) 2 % increasing lateral separation 1fto the upstream
(starboard) vortex.
Idaho Falls, 25 September 1990, 0818 MDT

AZ '|"'|"'|"'|"'|""27

é ol Potential Temperature VI. Sensitivity to Initial Turbulence

s | P

2 2 q Crosswind Shear _ In a large edy simulatbon o wake vortices,

f ‘ % Q turbulence can be divided into several categories which

24 e T o include: 1) subgrid-scale turbulence, 2) resolvable-scale

N LN e 24 § turbulence generated the interaction of the vortex pair,

g '6__ """" . = 3) resolvable-scale turbulence genedatdy the

5 | 123 interactionof the wake vortex with the ground and its

5 bl - environment, ad 4 preexisting resolvable-scale
105 LS50 turbglence. T.he S|mulat|on§ presented in the previous

Altitude (meters AGL) sections have ignored the existence of the latter category.

In order to evaluate its sensitivity, we have developed a
procedure for initiating background turbulence into our
model. Turbulence initialization is accomplished through
the use of a rande streamfunction field in conjunction
with a low-pass filter The use of the streamfunction
Both the TASS model prediction and measured ensures incompressibility of the turbulent velocity field
data show thiathe trajectory of the downstnea(port)  while the low-pass filter prevents the inittarbulent
vortex is deflected as it encounters the zone of crosswind energybfring concentratedt ghe smallest scales.
shear between 25-58 AGL (Fig. 12). The crosswind  The three-dimensional streamfunction and velocity
vorticity in this shear region has opposite sign to that of  vectors are defined as:
the downstrea vortex, while the change in vortigitvith ¥ - (b, ¥, V)

V = Ux{
VV = V-V = 0

Figure 11. Input sounding for Idaho Falls Run 9.
Curves are for potential temperature (dash dot),
crosswind (dotted) and crosswind shear (solid).

B757-200, IDF, 25 Sep 1990, 0818 MDT
T T T T T T AT

70
FoN In two dimensions, this reduces to:
60 —
VD = (0,y,,0
~ 50 \ | q} ( ll‘ly )
| \ P
Q \‘I:| U/ - _ y
e ® -] oz
S 30l b aon = JRUPLIRERR N oy
=] »  upiov? 1N e W/ = _Y
.7 AN e 3 ol ]
oL S FRE ] o
= dn-TASS
WER™ wms _ whereu’ andw’ are the alded crosswind and vertical
r 9. wIOWER | | | 1 velocity fluctuations due to grid-scale turbulence.
0 -100 0 100 200 300 400 500
Y (meters) At each grd pant, ¢, is assigned a random
Figure 12. Comparison of TASS predicted trajectories NUmber with a prescribed standadeviaton. It is
with filed data for Idaho Falls. B-757. Run 9 case. desirable to avoid having the largest velocity variations
Field measurements are delineated by open concentratedtathe smallest scales, since that energy is
(downstream vortex) and filled (upstream vortex) quickly dampené by subgrid turbulence Thus, a nine

symbols. Model predictions are delineated by solid _poin_t filter i_s used to smooth 'Fhe streamfunctipn before it

(downstream) and dashed (upstream) lines. is differentiated. An approximate relationship between
the standat deviation d the streamfunction and the
turbulence kinetic eneyds used to prescribe the latter as
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a function of height. After an initial development period,
two-dimensional vortices are initialidety adding the
usual initial vortex field to the background turbulent
velocity field.

TKE profile for weaker background turbulence
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Figure 13. Turbulence kinetic energy profiles for
background turbulence at several model simulation
times.

In an initid test, we avoid the complicating
effect of background wind shear and stratificatiby
assuming that the atmosphere is neytslible and there
is no ackground mean wid. We hae diosen two
strengthsof turbulence for this case The first case,
labeled as “weaker turbulente,employs turbulence
which is typical of convectir nditions in the

atmosphere (Stulf, pp. 359 and 371). The second case
uses a ader magnitude stronger turbulence than the

first. The temporal variabn d the turbulence kinetic

energy profiles for the weaker case is shown in Fig. 13.

In each case, the profile becasnenooth ad rearly

vorticesltéaua spiral pat o the primary vortices.
Four different randonumber generations were used in
separate runs for both the weaker and stronger turbulence

cases. Because of thersgetric nature of the flow in
these caes wih no ackgoundwind, this results in eight
vortex trajectories for each turbulence strength from
which we cdculated averages and stardiaeviations.
Time histories of lateral position, and altitude for the
weaker turbulence case are shown in Fig. A single
curve is shown for the case without resolved turbulence,
while three airves are shown for the turbulent case
representing the mean, the megus one standard
deviation, and the mean minus one staddimviation.
We see fron the figure thathe resolvd background
turbulence has velittl e effect on the vortex transport in
an ensemble sense The main effec is a smaller
amplitude of the oscillations cawkdy the secondary
vortices. Although na shown, tle dfect on average
circulation fram including the initial background
turbulence is even smaller.

Fig. 15 shows the same plots for ten times
stronger turbulence. Here the results are similar but with
two exceptions. The fitsis a larger spread for the
positions for the turbulent runs. This indicates than any
individual vortex history could be significantly different
with very strong turbulence, but the average behavior is
neary the same. The second exception is a tendency for
less lateral transport with westrong resolved turbulence
after two minutes.

These resut sugges tha two-dimensional
backgmdturbulence does not play a significant role in
vortex decay. Some well-known geoachanisms, such
as Crow instability and vertbursting, are highly
three-dimensional and cannot occur in a two-dimensional
flow. Regarding wake transport, the turbulent eddies
appear to cause stochastic variations in the vortex
motions which become signifigaiatr detle times and
very strong turbulence. In additioe, difiect of the
ground-induced secondary vortices appéars t
somewhat weakened.

steady in time after about three minutes. It was at three

minutes that vortices were initialized in the turbulent

runs.

A vortex pair without background turbulence

initialization (baseline run) descends initially due to the

mutual interaction of their velocity fields with a constant
initial separatbtn. When they approach the ground,

secondary vortices are induced due to the production of
countersign vorticity at no-slip boundaries and force the

The turbulence field initialization was applied
to several of the validation casesrfrthe Idaho Falls
field study Values for the initia turbulence were
estimated based on the turbulence velocity scale for the
convebtivmchry layer” as derived fim the observed
sounding for each &ases wear dso un wsing 10
times the estimated value for turbulence. In these cases,
no appreciable improvement washganetuding
resolved two-dimehtiobalence The strendt of

primary vortices to rise up. Interactions with secondary

10
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Altitude vs Time
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Figure 14. A comparison of wake vortex behavior with
and without weak resolved background turbulence.
The mean (turb.), the mean plus the standard deviatio
(upper std.), and the mean minus the standard
deviation (lower std.) are shown. (@) Altitude vs time ;
(b) Lateral position vs time

Lateral Position (metersp

the turbulence had virtually no effect on the 10-meter
average circulation history.

In summary of the turbulence initiation
experiments, moderately
background resolved turbulence has, in general, a minor
effect on wake vortex transport. Very strong turbulence,
however, can result in significant chaotic motion of the
individual vortices. Background resolved turbulence has
insignificant effects on the 10-meter average circulation.
However, ve exped to sese amuch more pronounced
effect wherit is included in 3-D simulations of the wake
vortices, since turbulence is more realistically treated and
3-dimensional vortex instabilities would be permitted.
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VIl. Summary

Two-dimensional TASS simulations are shown

Altitude vs Time

to be useful for investigating the effects of stratification,
wind shear, and turbulence on wake vortex transport.
Simulations presented in this paper confir that

conventional nondmensionalizations work well
stratified environments in ¢hasence of shear The
usefulness of their application to ma& mplex
environments is yet to be evaluated.

for
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180

strong two-dimensionalFigure 15. Same as Fig. 14, but for strong turbulence.

Our sedudiv that wake vortex trajectories
are very sensitiveetadbhsflow component of the

wind. Changes in crosswind with altitude can affect the
wake vortex trajectories in severalAsagsvortex
descends through a sheared crossflow its lateral speed is

affectbdt may be different frm the sped o the
crossflow at a lower TBvsl is partly due to the
downward transport of crossflow monfeoru its
generatiompaint. Nonlinear shear of crossflow affects
the vortex descent rates andymestt in vortex tilting or
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rising. The member of the vortex pair with vorticity of 3. Proctor, F.H., “The Terminal Area Simulation
same sign as the vertical change ia #nbient along- System. Volume I: Theoretical Formulation,” NASA
tradk vorticity, may be deflected upwards. These effectsContractor Rep. 4046, DOT/FAA/PM-86/50, |, April
appear ® be more sensitive thanedhdfects of stable 1987. [Available fron NTIS]

stratification. Zones with sharp vertical changes in the

crosswind, like that associated with fronts or inversions4. Proctor, F. H., “Numerical Simulation of Wake
may be quite effective in altering the vortex trajectoriesVortices Measured During the Idaho Falls and
Detection of crossflow distributions may lwritical to ~ Memphis Field Programs,” 14th AIAA Applied
AVOSS and other similar prediction systems. This will Aerodynamics Conference, Proceedings, Part-1l, New
require special sensor to monitor the windstalofthe  Orleans, LA, AIAA Paper No. 96-2496, June 1996,
terminal area. pp. 943-960.

Our results also suggest that stable stratificatiorb. Schowalter, D.G., DeCroix, D.S., Switzer, G.F.,
must be quite strong in order to have the same affect d3n, Y.-L., and Arya, S.P., “Toward Three-Dimensional
crosswind shear Aircraft such as the large wide-body Modeling of a Wake Vortex Pair in the Turbulent
jetliners may be more susceptible to the stratificatiorBoundary Layer,” AIAA 97-0058, January 1997.
effect than small and mediurange jet aircraft.

6. Turner, J.S., “A Comparison Between Buoyant
A procedure for initiating wake vortex Vortex Rings and Vortex Pairs). Fluid MechVol 7,
simulations with grid-scale turbulence was described1960, pp. 451-464.
For the caes examined, ¢haldition o background
resolved-scale turbulence had only minor effects on two7. Scorer, R.S. and Davenport, R.S., “Contrails and
dimensional vortex transport However, in three- Aircraft Downwash,”J. Fluid Mech.Vol 43, 1970, pp.
dimensional simulations with unstable atmospheres, wé51-464.
expect significant sensitivityotbackground, resolved-
scale turbulence. 8. Tombach, I., “Observations of Atmospheric Effects
on Vortex Wake BehaviorJ. Aircraft, Vol 10, 1973,
pp. 641-647.
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