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Abstract turbulence,for example,may lessen théhreat of a
dangerous wake vortegncounter,and thus allow a
A numericallarge-eddysimulation model is  tighteningup of wake vortex separation standards now
undemodificationand testing foapplicatiorto aircraft  in effect during instrumenineteorologicatonditions.
wake vortices. The model, havingnaeteorological
framework, permits thimteractiorof wake vortices with NASA-Langley theoretical modelling efforts are
environmentgharacterizethy crosswind shear, stratifi- expectedto play a major role in theevelopmeniof
cation,and humidity. As part dhe validatiorprocess, these algorithms. Awumericallarge-eddysimulation
model results areomparedwith measured field data model called the Terminal Area Simulation System
from the1990 Idaho Falls and the 1994-1995 Memphis(TASS) has been modified fapplicationto aircraft
field experiments. Cases areselectedthat represent wake vortex simulations. The TASS model, which is
differentaircraftand a cross section ofeteorological describedn section2, is believedo havean advantage
environments. Alsdncludedis one case with wake over other wake vortex modéts®678in that it has a
vortex generation irground effect. Themodel simula- meteorological reference frame, compressible non-
tions arenitialized with theappropriateneteorological Boussinesgequationset, subgridurbulenceclosure, a
conditions and a post roll-up vortex system. No amformulation for ground-friction, realistic boundary
bientturbulenceis assumed in ounitial set of experi- conditions, an option foeithertwo or three spatial
ments, althougkurbulencecan be selfeneratedy the  dimensions, andccurate- yetcomputationallefficient
interactionof the model wakes with the ground and-- numericalapproximations. In spite of the model's
environment. sophistication,it has relatively fast executiontimes,
which is animportant feature when taking on the
I. Introduction ambitious task okimulatingthree-dimensionaltime-
dependenaircraft wakes.The TASSmodel iscapable
In response to a continuitigend for increased of simulatingpost roll-up wake vortices in both two and
air travel that has led to more frequent delays andhree dimensions, for a wide range of atmospheric
increasedcosts to air carriers and theavelingpublic,  conditions that include: vertical wind shear,
NASA through itsTerminal Area Productivity (TAP) stratification,atmospherichoundary layerturbulence,
program is developing systems that will increasefog, and precipitation.Initial emphasis is being placed
efficiency, yet ensure safety to thevelingpublic. A on validation. Once this has beeaccomplishedwith
majorelemento this program is thdevelopmenbf an  sufficientconfidencethen TASS model output will be
automatedsystemcalled the Aircraft Vortex Spacing used to developarametricrelationships for vortex
System (AVOSS) -- which willeterminesafe operating transport andecay aselated to differenaircraft types
spacings betweearriving/departingircraftas based on (e.g., B-767, DC-10, etc.) amdeteorologicatonditions
the observed/predictesveather staté.At the core of (windshearstratificationambienturbulence humidity
AVOSS will be apredictoralgorithm that relatesthe  and precipitation). The model can also provide high
transport and decay dircraft wake vortices to the spatialresolution fields of wind, pressurgmperature,
present and future weather state. The presences ahd humidity, foanalyzingand understand the structure
strong crosswinds and vigorousnvironmental of wake vortices. Thgeneratedhigh-resolution fields
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will be valuablein the characterizationrand quanti-

Tablel. Salient Characteristics of TAS&BX

fication of wakesgeneratedn variousmeteorological
scenarios, as wedls for providing realistidata sets for
wake vortex sensatevelopment.

The purpose of this paper is to give an over-
view of the TASS model and to present results of its
applicationto wakevortex researchTwo-dimensional
simulations of cases from the 1990 FAA Idaho Falls
and from the Memphis 1994 and 1995 NASA/MIT-
Lincoln-Laboratorywake-vortex fielddeployments are
presented. Results from tbemputationasimulations,
including comparisons witmeasurementare presented
for the ldaho Falls cases in section 4 and for the
Memphis cases in section 5. Details of the TASS
model are described in the next section andrthial-
ization procedure is reported in section 3.

Il. Model Desaiption

The TASS model ismulti-dimensionallarge-
eddy code that has been used to studyamety of
meteorologicaphenomenon includingonvectivdocal
storms? microburst/windshea?:112.12 hailstorms'*
tornadic thunderstorms® nuclear cloud rise'® and
atmospheriboundary layeturbulencet”*® The TASS
model has beewalidated with observed data for a
range of micro- andloud-scalgphenomenaand was
highly successful in theompletedNASA-FAA wind-
shear program. Recentmodificationsto the initial
conditions allow for itsapplicationto aircraft wake
vortex phenomenon. Thus the model is narelya
"wake vortexmodel;' but canbe generically applied to
a diversity ofphenomenaThe model includes parame-
terizationsfor ground stresses that are a function of
surface roughness, allowing for "in-ground effect" wake
simulations withrealisticgroundinteractions.

The TASS model consists of 12 prognostic
equations: three equations faomentumpne equation
each for pressurdeviationand potentialtemperature,
six coupled equation®r continuity of water substance
(water vapor, cloud droplet water, cloud ice crystals,
rain, snow and hail) and a prognostiquationfor a
masslesdracer.The non-Boussinesiprmulation used
in TASS wagnitially developedo study tornadoes with
application to similar intense vortice$? This
formulation was subsequenthextendedto a com-

Primitive: equation / non-Boussinesq equation set
Time-dependent, nonhydrostatic, compressible

Meteorological framework: with- option: for either
three-dimensional or two-dimensional simulations

Liquid and ice phase microphysics -- can simulate
growth processes for cloud droplets, cloud ice
crystals, rain, snow and hail. Accomplished with
large set of microphysical-parameterization models

Inverse-exponential size distributions for precipitat-
ing hydrometeors

Large Eddy Simulation model with 1st-order sub-
grid scale turbulence closure -- scales of turbulence
larger than grid volume are resolved in the
simulation

Ground stress based on Monin-Obukhov Similarity
theory

Choice of lateral boundaries: may be either open,
mirror, or periodic -- open condition utilizes mass-
conservative, nonreflective  radiation boundary
scheme

Option for nonstationary domain -- movable,
storm/vortex centering mesh

Explicitnumerical schemes; guadratic conservative,
time-split compressible-- - accurate - and.. highly
efficient, almost no numerical diffusion

Arakawa C-grid staggered mesh, and vertical
coordinate stretching allowed

Filter and sponge applied to top four rows so as to
diminish gravity wave reflection at top boundary

Ambient atmospheric. conditions initialized - with
vertical profile of pressure or altitude, temperature,
dew point, and wind velocity

Model applicable to meso=y -and micro scale
atmospheric phenomenon. Initialization modules for
simulation of convective  storms, microbursts,
atmospheric boundary layers, and aircraft wake
vartices

pressibletime-splitformulation,andparameterizations

for numerousmicrophysical interactions were included model are listed inable1.

as an optiod. Salient characteristicoof the TASS
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The TASSequationset in standard tensor Conservation of Scalar Variablege.g., water vapor,

notation is as follows: cloud droplet water, etc.)
Momentum: 9Q _ 19Qp QI 1 05(Q) | s
ot ox: ox: OX:
oui H ap ou; u; Yj Po % Po 0% Po  OX
B +p_& B vl *9(H-1)3;5 where s, representscontribution from source terms.
o J J ot For precipitatingvariables(such as rain and snow), an
-2Q. (U — Uy )€ + 1% additional vertical flux term is added to the above
' K Py 0X; equationto accountfor fall out.
B T : . .
voyancy term Thedependentariablesn TASS ardreatedas
0 pC, averages over the grid volumes -- giving rise to subgrid
H :[9— - 1[1 +061Q, -Qy ~Ql Reynold's stress and subgrid eddy transport terms.
° o-p From first-order closure theory, the subgrid scalar
covariancesind subgrid stress arespectively:
Pressure Deviation:
5 S(Q ~poky X2
op S PO 5. o CpPdE %
- Po9Y; 6]3 L
ot Cy 0x C, 8 dt

ou; 2 0uy

o

0] =p, Ky D

ou.
. =p, K [i+ -2 %5. N
ij o M X, 3an ij ij
]

Thermodynamic Equation (Potential Temperature):
A modified Smagorinsky first-order closure is used for

00p u; op U 0S (6
06 __ 1 FPM | 6 %Pl | 1 1©) the subgrid eddy viscosity:

3 Py OX; Py 0X; Py 0%

G
+ —[L,s, +L¢St +Lgsd | Oup Ou; Ou 2 0u,,
Ky =1 () - _° x4/1-R
TGy M-S 0x; (axj axi) §( axk) f

with the Potential Temperaturdeing defined as:

The subgrid eddyiscosity is modified btratification
Ry through the Flux Richardson Numbe®, , which is
0T (E) c, approximatedrom the Richardson numbeRrj, as:

In the above equations; is the tensor component of R = Min[ 0.9998, Ri K, /Ky I,

velocity, t is time, p is deviation from atmospheric
press.ureP,lT IS atmo‘sphenctemperat_urep Is the air Ky = 3 Ky. The Richardson number for moist, but
density,Q is theearth's angular velocity; andC, are .

” . p v unsaturated air 8
thespecificheats of air at constant pressure and volume,

where the subgrid eddy viscosity for heatpgcifiedas

g is the earth'gravitationalacceleration,R; is the gas 1 9p 00(1+0.61Q, - Q)
constant for dry ailR,, is a constangquivalento 1000 0.0 ox i
millibars (10° pascals) of pressureQ, is the mixing Ri =_° k k

ratio for water vapor, an@; is the sum of the mixing Dij2

ratios for liquid and ice water substancg,is the latent
heatfor vaporizationfor water,L; is thelatentheat for
fusion for waterL is thelatentheat for sublimation
for water, ands, , 5, ands, are therespectivewater
substance source terntsnvironmentaltatevariables,
e.g., Uy, Q. P,,and B, are defined from the
initial input sounding and are functions of height only.

For saturatedair (i.e. 100%relative humidity) the
Richardson number is modified from above to account
for the moistadiabaticascent and descent of saturated
air parcels.Therefore, (1/6)06/0z is replacedwith:
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generatingaircraft. In the event of strong crosswinds,

el e wide domains are not needed since nihenericalgrid
p+_YV YV translates with thehorizontal advectionof the wake
106 g |, RyT vortices. The topof thedomain ischosenat least50 m
60z C,T 5|_V2ev above thealtitude of the generatingaircraft. In the
P+—2 following cases, th&orizontaldomain size is between
CoR, T | 150 m and 300 m wide and thvertical depth is be-

whereR, is the gas c-onstant for water vapers tween 100 m and 25®. The simulations use the open

RyR, , zis thevertical coordinate ande, is the vapor radiation boundary conditioroption at the twdateral
preSSL’Jre for liquid water. The subgrid length scale boundaries, allowinminimalinterferencend distortion
is determinedrom the grid volume and imatchedto  (© theinterior flow.

the appropriatdength scale close to the ground where

the flow is under-resolved. That is: Ambient Conditions

Each case idnitialized with its respective
verticaldistribution of observetemperaturegewpoint,
and windvelocity,that represents the air mass surround-

oA z = aA/k
aA[l+ (@aA/k2)™Y

I, = oAk > z > Az/2 ing the wake. Horizontal variations in the ambient
1+ (aA/k2)™ conditions are not considered.
kz z< Az/2
where k is von Karman's constant, and where meand Yortex Initialization , _
areinvariantconstants with values defined as= 2.5 As for theinitial wake field, the two-dimen-
and o = 0.155. Thdilter width is sional simulations araitialized with a simple vortex
system that isepresentativef the post roll-up, wake
A =[2Ax 20y 2Az7]3 velocity field. Thevortex systenis initialized withthe

superpositionof two counter-rotating vorticewiith the

whereAx, Ay, andAz are thenumericalgrid sizes in the velocityfield for each vortexaccordingo the Burnham-

respectivex, y, zdirection. Hallock modet! as:

The ground boundary isnpermeablgexcept " r
to precipitation)with nonslip velocity specifications. v(r) = n 2. 2
Surface stresses ammputedlocally from the near- re*r

ground windvelocity, Richardson number, and surface

X whereV is the vortextangentialvelocity, r the radius,
roughness height.

r. is the core radius (i.e. radius of petdngential
velocity), andrl", thecirculationatr >>r .. Appropri-
ate vorteximage conditions areappliedto theinitial
wake field to ensure consistency and nm@sginuity at
the model boundaries.

An abbreviateddiscussion of thenumerical
approximationgor the TASSequationset can be found
in the Appendix.

II.Initial Conditions The parametershat govern the vorteinitial-

ization are: vortex separation, core size, height, and
circulation. The height of the vortex systerg,, is
€eterminedrom the observed height of the generating
aircraft. The vortex coreadius is assumed be 5%of
thegeneratingircraft'sspan. Theemainingparameters
areaircraftdependenand can bebtainedrom aerody-

Grid/Domain Configuration

For the simulations presented in this paper w
have chosen th2-D option for allsimulations with Ax
= Ay = Az ,and haveotatedthe coordinatesystem
such thaty is along theaircraftflight path andx in the
cross trackdirection; z representslistanceabove the namic theory with the assumption of alliptically-
ground. The simulations ateme integratedwithin the |5 4ed wing? as:
two-dimensionak-zplane. In the cases presented here,
a constant grid size of 3/4 tometeris used. s 4Mg

S=-B Mo =
4 mpV,B

The computationadomain size for each case
simulationis governed by the size and height of the
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where S is the vortex separatiom is the span of the Atmospheric data were measured by the tower and a

generatingaircraft,V, is thetrue airspeed, antl is the  tethersonde. The tests werenductedn September

mass of thegeneratingaircraft. during mornings and extending into early afternoons.

The prevalentatmosphericconditions were dry and

This initialization procedure does not account stable withlocal drainageflows -- transitioningas the

for theaircraftconfiguration(i.e. flap settings, landing morning progressed -- to an unstable boundary layer that

gear,inclined flight path); however, results from this grew in depth due to sol&eating.

procedure were found to give good comparisons with

observations regardless of fligbbnfiguration. From this data set, seven cases were chosen
that represent a range afmosphericconditions and
Turbulencelnitialization aircrafttypes(table2). Characterizatioof the meteorol-

All of the following casesassume thahere is  ogicalconditions areepresentetly several parameters
nopreexistingambienturbulenceHowever, turbulence (also listedn table2), whichare: theverticalchange in
(and the effects oturbulence)can develop in the potential temperatureA8/Az (negativefor unstable
simulations from thanteractionof the wakes with either stratification positive for stable), mean crosswind shear
the ground oambientenvironment.This assumption of AU/Az , crosswind at flight leveU(z) , and a Bulk
no initial turbulenceis acceptabldor stably-stratified Richardson number based on the crosswind flow, i.e.,
environments, since thaffect of vortex generated
turbulencelikely overwhelms theaffect due to any Ri, = g_Aeinz.
preexistingturbulence.Currently, aninitialization for 0 (AU /AzZ)?
ambient turbulenceis being developed,and future
studies willevaluateits effectin both two- and three-
dimensionalwake simulations.

where the mean gradients in the lisfgtametersre
taken between 5 m AGL and 15 m above the flight
path.

ExecutionTime Model validation experiments were conducted
The TASS code can be run on any moderry, aach of the seven cases, with the input for ambient

computer oworkstation that is equipped with a fortran ¢, qiions constructed from the tower and tethersonde

compiler. However, the domain size and grid resolutionj,¢3 The tower provideexcellentambientwind and

will be limited by the hostcomputersmemory and  omperaturenformationup to 61 m. At higher eleva-

speed ofexecution. A typical two-dimensionawake i, the tethersonde data was used, whitortunately,
vortexsimulationwith a 1-m grid resolution takes about |, .- ¢ lessequality, being subject to errors frouery-

20 min of CPUtime on a Cray C-90 SUPErcomputer. ghq 1t averagingtimes and bobbing of the balloon.
For a fixed domain, thexecutiontime is inversely /565 for thenitial vortexparameteréalsoincludedin
proportional tahe cube of therid size. So a doubling 516 2) were determinedfrom aircraft dependent
(halving) of the resolution caimcrease(decrease}he  gnecificationsnd the reported weight, height, and speed
executiontime by a factor of eight. of the generatingaircraft. Comparison of the simula-
tions with the measured data wgenerallyvery good
with computed vortex trajectories having the best
agreementGoodagreemenivasobtained independent
of flight configurationandaircrafttype. Comparison of
model circulation values tended to upper-bound the
observations, withthe measurements indicatiggeater
decay rates after one or two minutes. This was better
Anthanexpectecl;ince théwo-dimensionasimulations do
not allow vortex stretching and do rnérmitdevelop-
ment of3-dimensionablecay processes such as vortex
bursting and Crowinstability. Three of the case
simulations (listed in bold irable 2) are presented
below.

IV. Results -- Idaho Falls

The first set of TASSalidation experiments
are from the 1990 Idaho Falls, Idaho (IDF) field
experiment. The principal aim of this FAA sponsored
field study wago evaluate Boeing57 and767 aircraft
wakes in a week-long series of tower fly-bys.
extensive data set wgsneratethy a DOT/NOAA team
containingwakevortex measuremengd atmospheric
data®®?* Vortex data wasollectedfrom a series of
low-level flights in various flight configurations by a
Laser DoppleVelocimeter(LDV), an array of Mono-
static Acoustic Vortex Sensing System (MAVSS)
sensors, and a 200 ft (61 nmstrumentedtower.

5
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B-757 Run-9

This particularcase waselectedby the FAA j b r, dr
as a standard against which all wake-vortex modelers rab - aT
could compare”® The field observationidicateda j dr

a

strong and persistent upwind vortex from a B-757 fly-by

at 0818 MST on 25 September. The B-757 was in ahere thecirculationis defined as
landingconfiguration anan alevel flightpath at 70 m

AGL. The ambientatmosphere for the early morning r :jgr V Ll
flight was characterizedby significantcrosswinds (5.8

m/s at flightlevel). The lapse rate f@mbientempera-  or equivalently,

ture was stableexceptbelow 20 m AGL due to the

influence ofthe ground beginnintp heat up.A strong r, = ﬂ ¢ dA
crosswind shear wasspeciallynoted between 20 and '
40 m AGL. where a and b are the radii of theeraginginterval,

and ¢ is theaxial component ofvorticity. Values for
As shown in Fig. 1, comparisons between fieldtheseparameterare easilydeterminedrom simulation
data and TASS model results asdremelygood. Both  data, but less so easily from observations.
observations and model results show that the vortices
initially descend due to thmutualinteractionof their Fig. 1 shows a comparison of the 10 m average
velocity fields. However, thevertical descent of the circulation (i.e. the averagecirculationfrom r = 0 to
downstream (portjortex is suppressed as it encountersr = 10 m) for TASS data, as well as that deduced from
moderatecrosswind shear of opposit®rticity; and it the tower, LDV and MAVSSmeasurements. The
eventually ascends upward with increasinigteral modeledl0 maveragecirculationsof the two vortices
separation from the upstream (starboard) vortex. Thare about equal imagnitudeand bound thestimated
upstream vortex descends to and remains near thrculation from field measurements. The average
ground, where it translates wlatively slower speeds circulationestimatedrom the MAVSS sensor seems too
due to the presence of weaker crosswinds. The mod&w, especiallywhencomparedvith the LDV and tower
results show several minor bounces of the upstreamiata. The MAVSS estimates were probaldw due to
vortex, resulting from the vorteteractionwith the  its poor resolution of the vortex cof®.
ground and production of secondary vortices.
Fig. 4 showsaveragecirculationvs averaging
The wind vector angotentiatemperaturéeld radius at twodifferent times from Run 9. The com-
at 90 sec are shown in Figs. 2 and 3, with Fig. 2 alsparison between TASS and LDV data are quite good,
showing the observed positions of the wake vorticeseven near the core region of the vortex.
Note thatpotentially warmer air iscarrieddownward
with the downwash between the vortices, potntially Comparisons in Fig. 5 from TASS data show
cooler air is transported around the periphery of thehatthe magnitudef the 5-15 maveragecirculation is
vortices.[Potentialtemperaturés conserved during dry closer to that of the initial circulation
processesand thus acts as a fluid trageAlso evident  [[(t = 0, r >> r )]. Alsoapparenfrom thenormalized
in Fig. 3, is the presence afomplex interactions curves in Fig. 5, the 10 mveragecirculationdecays
between the grounaind the upstream vortexcluding  faster than the 5-15 mveragecirculation.
the presence of an obvious secondary vortex.
The purpose of the above discussion on circula-
AverageCirculation tion is not toadvocateneparameteover the other, but
In order tocharacterizehe strength of wake to show that they can differ magnitudeand in rates of
vortices, previous field investigators have defined adecay. Whewalidatingmodel simulations and defining
parametercalled averagecirculation?* According to  separation standards based on vortex decay rates, one
reference2l, thisparameteis preferablesince it relates  should not assume, fexample that the 10 m average
to the rollingmoment ofan encountering aircraft aitd  circulationis (and decaysapproximatelythe same as
provides a more stabl@measurementhan circulation.  circulation.
The averagecirculationis defined as
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IDF B-767,Runs23 and 31

some of the 1995 cases set-up for measuring wakes

Contrasting with Run 9 are two cases from B-generatedn groundeffect.

767 fly-bysthat were flown irenvironments ofveaker
crosswind shear. In Run 23 th&craftwas in "take-
off" configuratiorwithin astably-stratifieégnvironment.
While in Run 31 theaircraft wasn "landingconfigura-
tion" within anenvironmentof unstablestratification.

Simulationresults and lidar data are shown in
Figs. 8 and 9 for four of the cases. Hwectedtases,
which are summarizedin table 3, represent a cross
section of aircraft commonly encountered at

Comparison between the TASS simulations and fieldnternationalkirports. One of the cases (#1475) is for a

data for these cases are shown in Figs. 6 and 7.

For run 23 (Fig. 6) there are no observations of
In the modetases are characterizas having light crosswinds with

the downstream vortex after 60 sec.

MD-11 wakegeneratedn groundeffect.

Themeteorological conditionfer the selected

simulationafter 80 sec, the downstream vortex dimin-weak vertical shear. Since the shear was light, the

ished in size and intensity, as it wesalescedwvithin
the larger-scalecirculationof the downstream vortex.

vortex pairs descend to the ground Witthe increasen

separation. The crosswinds for cases #1254 and #1475

are especiallyight, resultingin little lateralmovement

In run 31 (Fig. 7), the downstream vortex wasof the wakes (Fig. 9).

no longertrackedafter 40 sec, although the simulated

downstream vortexemainedintense.

In both of thesevents itis not known whether
the downstream vortex suddemnlgcayedr was lost by

Comparisons between thenodeled wake
trajectoriesand lidarmeasurementareexcellent,even
for case #1475, which is the MD-11 wadreneratedn
ground effect. Both the TASSsimulationand lidar

the LDV sensor. In each of the events, both upstreammeasuremerghow the MD-11 wake slowly rising from

and downstream vortices dehcounterthe tower, at
positions andimeintervals inagreemeniith the model
simulation.

V. Results -- M emphis

Thelast set ofTASS experimentare from the
Memphis field experiments. The NASA-Langley
sponsored field study wasonductedby MIT Lincoln
Laboratoriesin November anddecember of 1994 and
again in August 1995728 The purpose of the study
was to gather meteorologicalake vortexand aircraft
data at aroperationalairport, for use irvalidation of
wake vortex models and falirectuse in the develop-
ment of the AVOS®redictionsystem. Aircraft wake
vortexmeasurements weobtainedwith a 10.6 micron
continuous wave lasevith realtime identificationand
tracking algorithmg? Meteorologicaldata includeda
150 ft (46 m) tower with sensors for wingtlocity,
temperatureandhumidity; a radar profiler and acoustic
sodar for measuring windaloft; a radio acoustic
sounding system (RASS) for providitegnperatureata;

its generatioraltitudeof 17.5 m to arlevationof about
40 m (Fig. 8), with the starboard vortesmainingin
the vicinity of the flight path (Fig. 9). Unfortunately,
lidar measurements of the pedrtex were unavailable
for this case and two of the other Memphis cases.
VI. Summary
Two-dimensionalTASS wake vortex simula-
tions werecomparedwith field measurementfor a
range ofmeteorologicatonditions andaircraft types.
Successful validatioof two-dimensional TASS results
wereachieved withthe initialization ofthe appropriate
observedmeteorologicakonditions and a post roll-up
vortex systemExcellentagreemenis obtainecdbetween
TASS predictedtrajectoriesand measurementsGood
agreementvasobtainedwvhether thegeneratingircraft
was in landing or take-offonfiguration. Results from
the simulationgndicategreat sensitivity toneteorology,
especially vertical winghear A vortex encountering a
shear with opposite sens@rticity can bedeflected
upwards. Circulation values predictedby TASS are

and frequent rawinsonde balloon launches, for obtainingpper-bound for the observed values. The field data

the vertical profiles of windvelocity andtemperature.

indicatedagreaterdecay rate once the wake vortex was

Aircraft data, such as weight, type, and airspeed, asne to two minutes old. However, the future inclusion

well as aircraft beacon data wereollected. Lidar
measurementsvere limited to arriving aircraft, with
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dimensionsshould leado amore realistidreatment of

vortex decay.

Following successfwalidation, TASS para-
metric runs are to be used to quantify teffect of
weather conditions on wake-vortex transport and decay,
and provide data useful faevelopmenbdbf predictor
algorithms foraircraft spacing.

Table 2. Idaho Falls Validation Cases. Only those cases in bold are presented in this paper.
[AB/Az is the change ipotentialtemperaturewith height,AU/Az is the change in crosswind
with height, andJ(Z,) is the crosswind speed at theneratiorheight]

Initial Vortex EnvironmentalParameters
Parameters
IDF Aircraft Meteor-
Run# | & Con- | ological s S | z | Buk | A8iAz AUIBz | U(Z)
& date | figuration | Conditions|| (M7S) | (m) | (m) || Rich- | (°C per | (10°s7) | (m/s)
ardson| 100 m)
#6 727-222 stable / 320 26 79 1 8.5 5.2 5.0
9/23 landing moderate
shear
# 22 727-222 near- 300 26 76 .04 1 3.0 5.4
9/23 landing neutral/
moderate
shear
#9 757-200 stable / 365 30 70 .5 3 4.5 5.8
9/25 landing moderate
shear
# 30 757-200 | unstable / 360 30 70 -5.4 -0.9 0.7 2.8
9/25 landing low shear
# 45 757-200 stable / 355 30 79 1.9 5.9 3.2 2.8
9/26 takeoff low shear
#7 767-200 stable / 375 38 70 0.6 7.5 6.4 4.1
9/29 landing moderate
shear
# 23 767-200 stable / 370 38 76 16 5 1.0 1.7
9/30 takeoff low shear
# 31 767-200 unstable / 375 38 70 -15 -0.2 0.02 2.0
9/30 landing low shear
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Figure 1. Comparison of TASS results with field data for the Idaho Falls B-757 Run 9 case. The figures (left to
right) are:altitude of the vortex track witltime, lateral position (relative to tower) vstime, altitude vs lateral
position,and 10m circulation vs time.Upstream positions indicated by sdiigkes (simulation) and filled symbols
(measurementsylownstream positiongdicatedby dashed linegsimulation)and open symboléneasurements).

Right trianglessquaresand circles represent LDWJAVSS, and tower datagspectivelyThe average circulation
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of Volpe National TransportatiorSystem.]
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WIND VECTORS AT 90 SECONDS
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Figure 2. Cross section ofimulatedwind vector field for IDF B-757 Run 9, at 90 sec after vomgexeration.
Aircraft track at:x = 0 andz = 70 m , tower position atx = -95 m, both being to the right of the domain. Wind
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Figure 3. Same as Fig. 2, but for simulated potential temperature.
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Figure 6. Same as Fig. 1, but for IDF B-767 Run 23.
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Figure 7. Same as Fig. 1, but for IDF B-767 Run 31.

Table 3. Memphis Validation Cases (Symbols as defined ifable2)
O

MEM Date & Meteor- Initial Vortex EnvironmentalParameters
Run # Time ological Parameters
& (UTC) Conditions
Aircraft M S z, Bulk ABIAz AU/Az u(z)
Type (m?s) | (m) | (m) || Rich- | (°C per | (10?sY) | (m/s)
ardson| 100 m)

# 560 12/14/94| unstable/ 215 23 156 -800 -0.1 ~0 1.9
DC-9 0113 weak shear

# 586 | 12/14/94 stable/ 480 37 178 0.8 0.7 1.6 4.4
DC-10 0630 low shear

# 1254 | 8/16/95 | stable/weak 245 26 178 17 2 0.6 0.5
B-727 0319 crosswind

# 1475 | 8/25/95 stable/ 560 41 | 175 1.6 2 2 1.2
MD-11 0344 weak shear
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Figure 9. Same as Fig. 8, but féateral position of the vortex track vime.

TableA-1. TASS 6.x Numerics

Prognostic Variable Time Derivative Space Derivatives
Momentum and Time-split® -- smalltime step | CenteredQuadratic-Conservativbif-
Pressure for acousticterms, ferences -- with 4th Order Accuracy fpr

2nd-order Adams-Bashforth: | Convectiveterms,remainingterms
both large and smatime steps| 2nd Order Accuracy

PotentialTemperature, Third-Ordertime/spacewith Upstream-Biase®@uadraticinterpolatiori*
Water Substance, etc.

vorticity, and potentialand kinetic energy. Numerical
Appendix dissipation and/omoderate applicationsof explicit
filtering should be avoided ikomputationasimulations
TASS Numerics of wake vortex phenomenon, since it may result in the
Factors thatnfluencethe choiceof numerical artificial dilation of the vortexcore and irexaggerated
schemes should baccuracygeconomy, and long-term vortex decay rates. Thigne-derivative approximations
stability; truncation error should not allow the artificial in TASS (se@ableA-1) areexplicit (for computational
accumulation(or dissipation) of massmomentum, efficiency) with minimal numerical dissipation. The
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spatialschemes in TASS are QuadraticConservative
Scheme¥ -- which obeycertainintegral constraints
on quadraticquantities,such askinetic energy. The
convectivederivativesin the equationof motion are
approximatedon an Arakawa C-gritt (staggered in
space) with 4th-ordecenteredfinite differencesas
formulatedby Wilhelmsonand Cheff".

Using standardfinite difference operator
notation as

-1 L nAXy _ nAx
6nxQ(Xi) = W[Q(XI 2 ) Q(Xi —)]
Q)™ = Q0+ ")+ - )

thefinite differenceform for the flux component for the

u velocity is:

- 1_02-> (Ux W)
v u)
=0, (W u?)

(uu), + (vu) + (wu),
(—3x 3X) = 3X(—x
) - %%@“ w) +

- 28 U - 3Z(W3X W)

X) +

15
15

Similarly, thefinite differenceform for the flux compo-
nent for thev velocity is:

(o + (v + (), = D8,@ V)

1 — 10 —
- L5,@ ) - 15, V) + 205 @ )
NGO EE NCAD R 180 @ v

1 - 1 —
- géz(wy V3Z) - 5532(W3y VZ)

16

and thefinite differenceform for the flux component
for thew velocity is:

(un), + (v, + (), = 20 (UZ W)
15 (—z 3)() __53)((—32 X) + Y5 (—z Wy)
ga (7 W) 23,7 W) + 5,60 W)

o _62(W3Z W3Z) - 563Z(WZ w?)

The divergenceterm in theu-equation of motion in
finite differenceform is:

ufu, +vy, +w,] = u[%(éxu +d v +3,w)

1
- §(63)(u +Og Vv + 8,,wW)]

andsimilarly for v anw.
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