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Foreword

Air travel delay and traffic congestion at major airports, projected increases in air
travel, and environmental restrictions on new airport construction, together with
associated costs to the traveling public and to the air carriers, have led to an increased
interest in maximizing the efficiency of the national airspace system. The National
Aeronautics and Space Administration (NASA) is responding to this interest through
its Terminal Area Productivity (TAP) program led by the NASA Ames Research Center.
The major goal of the TAP program is to develop the technology which allows air traffic
levels during instrument meteorological conditions to approach or equal levels
presently achievable only during visual operations. Presently, a degradation in
weather conditions which causes a loss of visual approach capability reduces capacity
due to numerous factors. These factors include reducing the number of available
runways and the longitudinal wake vortex separation constraints used by air traffic
control (ATC) in the spacing of aircraft to a runway. Two major initiatives under TAP
are the enhancements of basic ATC automation tools and the development of a wake
vortex spacing system to improve terminal area efficiency and capacity. The NASA
Ames Research Center is developing enhancements to the Center/TRACON
Automation System (CTAS). Enhanced CTAS automation will provide an opportunity
to dynamically alter the longitudinal wake vortex separation constraint as a function of
both the weather effects on wakes and aircraft leader/follower pair types.

The Reduced Spacing Operations (RSO) subelement of TAP, led by the NASA
Langley Research Center, is developing the Aircraft Vortex Spacing System (AVOSS).
The purpose of the AVOSS is to integrate current and predicted weather conditions,
wake vortex transport and decay knowledge, and wake vortex sensor data to produce
dynamic wake vortex separation criteria. By considering ambient weather effects on
wake transport and decay, the wake separation distances can be decreased during
appropriate periods of airport operation. In a manual ATC system, a simplified form of
the AVOSS concept may be used to inform ATC when a fixed alternate, reduced wake
separation standard becomes safe. With the appropriate interface to CTAS, spacing
can be tailored to specific leader/follower aircraft types rather than just a few broad
weight categories of aircraft.

The AVOSS development program has as its target a field demonstration of a
prototype AVOSS system in the year 2000. To support this goal, current plans include
three increasingly complex AVOSS field deployments to be conducted at the Dallas-
Fort Worth International Airport (DFW). The first deployment is scheduled for the
September 1997 time frame.

The NASA First Wake Vortex Dynamic Spacing Workshop, conducted at the NASA
Langley Research Center on May 13-15, 1997, focused on the AVOSS research and
development underway to support the initial AVOSS deployment at DFW. Workshop
sessions examined wake vortex characterization and physics, wake sensor
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technologies, aircraft/wake encounters, terminal area weather characterization and
prediction, and wake vortex systems integration and implementation. A final workshop
session surveyed the Govermment/industry perspectives on the AVOSS research
underway and related international wake vortex activities.

The Proceedings of the NASA First Wake Vortex Dynamic Spacing Workshop contain
the presentations from the workshop. The workshop discussion on each presentation
has been transcribed and included immediately following the subject presentation.
The wrap-up panel discussion has also been transcribed and included following the
workshop presentations.  For additional information, contact Brad Perry, RSO
Manager, at 757-864-8257; Leonard Credeur, Deputy RSO Manager, at 757-864-
2021: or David Hinton, AVOSS Principal Investigator, at 757-864-2040.
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Overview =

Rose Ashford
AST Level Il Deputy Manager
Ames Research Center

Challenge - The Capacity Gap
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AERONAUTICS

“Sixty-six of the top 100 airports have proposed
new runways or runway extensions to increase
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Technology Benefits

AERONAUTICS

| TERMINAL AREA PRODUCTIVITY .

Achieve safe clear-weather airport capacity in
instrument-weather conditions

Objective:
With the U.S. airline and Aircraft Industries,
the Airport Owners/Operators, and the FAA:

- Increase current non-visual operations
for single runway throughput 12-15%

- Reduce lateral spacing below 3400 feet

for independent operations on paraliel
runways

- Demonstrate equivalent instrument/clear
weather runway occupancy time

- Meet FAA guidelines for safety

— | TERMINAL AREA PRODUCTIVITY .
AERONAUTICS
: Approach
More Operations per Runway
Buffer due to
Bufter due to wake voriex
imprecise / uncertainties
flight management

-
\ : \ ': V724 /’////////n ,,,,,,,,
TP
%‘ : :\\\\\\\\'\\v\\m.\,~ % ;

o

Runway
/ ' occupancy time
and ground taxi
Gap due to inefficient
metering & sequencing

More Runways per Airport

Corridor based on
G N & C performance

1

Separation requireme
for parallel runwaym\

operations

o == )

Required for:
- Time delay in comm..
- Wake vortex corridor
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AERONAUTICS

MAJOR END DELIVERABLES

* Technology to reduce lateral and longitudinal spacing in non-visual

conditions

- Aircraft Vortex Spacing System (AVOSS)
- Airborne Information for Lateral Spacing (AILS) system

{ TERMINAL AREA PRODUCTIVITY '

* Automation/display aids to provide advisories to ATC controllers for
optimal, conflict-free sequencing, scheduling, and control
- CTAS/FMS (Center-TRACON Automation System/Flight Management System)

Integration
- Dynamic Spacing
- Dynamic Routing

* Sensor/display/G & C technology to permit expeditious airport surface

operations in Cat lll conditions

- Roll Out and Turn Off (ROTO) system
- Taxi Navigation and Situational Awareness (T-NASA) system
- Dynamic Runway Occupancy Measurement System (DROMS)

* Integrated technology validation for clear-weather capacity in instrument-

weather conditions

- Cost-benefit analyses

- Procedure and Safety Substantiation (PSS)
- Integrated technology demonstrations

Management Structure

— | TERMINAL AREA PRODUCTIVITY '
AERONAUTICS
AST Program Office
Level | Industry/Government
NASA Langley |- - - -~ Steering Committee
L. Beach {Acting)
T
FAA I
Level il Terminal Area Productivity Lead Center .
NASA Ames Research Center NASAFAA ’Al,PT&
— ATM Executive
R. Jacobsen Steering Committee
R. Ashford sonng
Level Il ]

Ames Research Center

* Air Traffic Management

* Aircraft-ATC Systems
integration

Langiey Research Center

* Reduced Spacing Operations

* Low Visibility Landing and
Surface Operations




Program Elements

— wel TERMINAL AREA PRODUCTIVITY '

AERONAUTICS

Aircraft-ATC
Systems Integration

Low Visibility
Landing &
Surface Ops



Reduced Spacing Operations
Overview

NASA First Wake Vortex Dynamic Spacing Workshop
May 13-15, 1997
NASA Langley Research Center

R. Brad Perry
Manager, Reduced Spacing Operations
NASA Langley Research Center

Reduced Spacing Operations

Terminal Area Productivity

Reduced Spacing Operations (RSO)
Research Areas:

* Flight Management System as
(FMS)/Center TRACON i HEETY

Automation System (CTAS) FMS w

¢ Airborne Information for

Ml Reduced Separation

Lateral Spacing (AILS) for MC
L meeseesioe. .
* Aircraft Vortex Spacing ==
System (AVOSS)

ANANMSR TS TR

‘4—-| Buffer due to wake vortex uncertainties
TAP/Reduced Spacing Operations



Reduced Spacing Operations

B-757 FMS/CTAS
Simulation

* Experiment will test
trajectory, data link, new
approach procedures in
FMS, pilot and controller
procedures in TRACON.

* Modifications to B757 FMS
include new approach
procedures and FANS-like

data link. seen by
N ] controller on
* Modifications to CTAS CTAS
include “frozen” route for display.

FMS aircraft and data link
capability.

arrival traffic

arrival path
seen by pilot
on Navigation
Display

Reduced Spacing Operations

Terminal Area Productivity

FMS - CTAS Integration

CTAS FMS

Ground-based Airborne

measurements.

measurements.

Computes
conflict- free
trajectories for
all traffic.

Computes cost-
efficient aircraft
trajectory.

Provides discrete
advisories to
controller for ali
tratfic to achieve
desired arrival
sequence and
spacing.

Continuous
airborne
guidance for
individual
aircraft
(improved arrival
accuracy over
CTAS alone).

VHF Voice

and CPDLC Trajectory
data link and preference
data
Radar data
CTAS

TAP/Reduced Spacing Operalions



Reduced Spacing Operations

NASA Parallel Runway
Operations Concept

> Gl
| ors S
3 ;““ ‘\‘\'l\‘
oops 7 D ]
S ek ye ,% ' A=Y |

¢ Primary responsibility for lateral separation
resides in the flight deck. ATM has
supporting role.

« Airborne conflict detection and alerts
determined from ADS-B and DGPS
information

TAP/Reduced Spacing Operalions

Reduced Spacing Operations

Terminal Area Productivity

NASA Parallel Runway
Results and Focus

« Positive simulation results for parallel
independent runway operations in
IMC at spacings of 3400’ and 2500’,
and 1700’ independent of wake
vortex considerations NASA B-747-400 Simulator

* Economic benefits and safety
analysis studies being performed

e Future simulations to include the ‘
B-757 and B-747 simulators utilized |
in independent and dependent
approaches in IMC

+ Flight tests and demonstrations
in the NASA B-757 planned

NASA Boeing 757

TAP/Reduced Spacing Operations



Reduced Spacing Operations

Terminal Area Productivity

AVOSS Design AVOSS Subsystems

* NASA research supporting TAP
goal of improving instrument

Predictions
operations capacity 12-15%
while meeting FAA guidelines
for safety Weather
* Ground-based dynamic wake State
vortex spacing capability for
capacity-limited airports*
Detection
* Separate aircraft from wake -
vortices (transport rules)*
* Also provide an option to AVOSS |ntegration
separate aircraft from wake '
vortices of an operationally
unacceptable strength (decay
rules)*
*NASA Wake Vortex Research for Aircraft
Spacing, AIAA 97-0057

Reduced Spacing Operations

Terminal Area Productivity

Memphis Anatyt:c::: Vr\:imai‘
Deployment Tunnel, Flight,
Simulation Tests

\

\
TASS Wake Acceptable

Predictor Encounter

DFW-1 DFW-2 DFW-3
Deployment| > Deployment ’ Deployment

-7
FY 97 \4 FY 98/99. -~~~ FY 00
| -
e TAP

AVOSS Development | JFK Sensor Den\}gp;g:tion
Tests
Process

TAP/Reduced Spacing Operations



Reduced Spacing Operations

AVOSS Development and Demonstration Schedule

1994-1996

Concept development and research tools implementation

¢ CFD development and validation

« Memphis meteorological and Lincoln Laboratory CW lidar field systems
« Wake vortex wind tunnel experiments, flight tests, and simulations
Present

Initial AVOSS version development (transport separation only)

* CFD parametric runs underway

* NASA pulsed lidar validation underway

« Initial system deployment scheduled at DFW in August/September 1997
1998-1999

Second AVOSS version deployment at DFW (transport & decay separation)
2000

TAP demonstration of AVOSS at DFW (refined transport & decay
separation, DROMS and laboratory CTAS interfaces)

TAP/Reduced Spacing Operations



Questions and Discussions Following R. Brad Perry’s Presentation
(Manager, Reduced Spacing Operation, NASA LaRC)

Buck Williams (Lockheed Martin)
How far from the airport is the AVOSS system supposed to cover?

Perry

That's a very good question. We are looking at the final approach corridor or what
portion of that we need to cover to do the job, and do it well. AVOSS itself will be
resident on the airport grounds. It's possible some of the supporting sensors will
have to be adjacent to the airport property.

Williams
And how far out does the final approach corridor extend?

Perry
Typically 5 to 6, sometimes 7 miles, and we're going from an altitude of ground level
up to 1500 ft. above the ground.

Bob Zoldos (Air Transportation Assoc. America)
Who is funding this research?

Perry
It is a NASA funded effort.

Zoldos
If you had more funds available, would that expedite the operations?

Perry
Simply yes. This is a clear situation where more is better.

Zoldos
How much more money do you need?

Perry

| will have to get back to you. We did have a joint activity with the FAA early on and that
funding went to zero, so we are carrying this program entirely on NASA funding. The
main resource limitation right now is the human resource. We are very limited in the
number of NASA researchers that are on this effort. AVOSS will need further iterations
and prototyping beyond our fixed focus program completion in the year 2000 before it
can become operationally real. Ability to work more closely with the FAA to prototype
and implement it would expedite operational deployment.
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Aircraft Vortex Spacing System /¥"
(AVOSS) Concept and SI8LOS
Development

David A. Hinton
NASA - Langley Research Center
First Wake Vortex Dynamic Spacing Workshop
May 13-15, 1997

d a hinton @ larc nas,
{757) 864-2040

AVOSS Goal

* Support TAP goal of improving instrument operations
capacity 12-15 % while maintaining safety.

* Provide dynamical aircraft wake vortex spacing
criteria to ATC systems at capacity limited facilities
with required lead time and stability for use in
establishing aircraft arrival scheduling.

* System development and concept demonstration.
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AVOSS System Concept

» Separate aircraft from encounters with wake vortices
of an operationally unacceptable strength.

* Define protected corridor from outer marker to runway
and predict time for vortex to clear. (“Transport Time™)

» Define operationally unacceptable wake strength and
predict time to decay. (“Decay Time”)

» Combine and provide to ATC automation.
(“Residence Time”)

* Monitor safety and provide predictor feedback with
wake vortex detection subsystem.

AVOSS System Architecture

| t
Prediction ! ! Manual
Subsystem | TRACON
|

- Transport & Decay - Traffic
- Predict Hazard Management
WSetatther OR Position
ate
- Integrated /:/‘ - Adaptive TRACON
Terminal Detection ' . .
Weather I Separation Automation
System (ITWS) Subsystem : - Tactical Safety ‘
- Dedicated - Locate ! 1 -CTAS
sensors - Track | |
(sodar, ...) - Quantify : :
| |
. Integration \ ATC
I 1
Subsystems  and |
t
t

. ATC Interface
|

d a hinton@lare nasa gov
(757) 864-2040
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AVOSS Corridor Geometry

e R
Option 2 . N Option 2
701t betow Glide Slope, \ 200 ft. below
Glide Slope

at Intercept

Glide Slope
at middle marker _

= Option 1
Corridor Floor 400 ft. bel
NN \ (Approach] Glide S|§p(;w

at Intercept

Runway *
Middle Marker

l Corridor Lateral Limits

(Approach
A Localizer
300 feevt ----------------------------------------------------- 1000 feet
\] l
* All distance values are preliminary and will be

refined by research process and industry consensus.
* Departure separations based only on lateral motion and decay.

David A Hinton
d a hinton @larc nasa gov
(757) B64-2040

Corridor Prediction Windows

Predict wake motion/decay at multiple approach windows:
« Differing winds, turbulence, thermal lapse rates.
« Differing aircraft navigational accuracy.

-
-
-
Y
Window [ X
Runway Window Quter Marker
Threshold Middle Marker Window

Window Window
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Wake Prediction and
System Stability

* Wake prediction is of possible range of wake motion/decay
based on: N

» Weather parameter statistics. separation

calcutations.

120

° SynOptIC Weather' g T Egimaedtimeto clear +- 150

* 30 to 60 minute statistics. & | e
= B-747-200B )

* Nowcast. é

. . &

* Vertical atmosphere profile.  F
o]
§ 40/ Time used in

«&— separation

calculations.

Large transport time uncertainty

due to small crosswind
Figure based on Aircraft Wake measurement error and variance.
Vortex Characteristics from Data / 44

Measured at John F. Kennedy 0 10 12 14 16 18 20

) ; Small transport time uncertainty &7 2 6C;rotiq;;vind(ft/wl)
International Airport, due 1o same crosswind

Eberle, Brashears, Zalay, Shrider, measurement error and variance.
Love FAA-RD-78-47, 1978

Wake Sensor Feedback

* Track actual vs. predicted transport and
decay times.

* Modify predictor variables or buffers to
minimize errors & prevent encounters.

Spacing
given to
 ate
A X
Decay or | X
X Buffer
Transport X X
Time PR 2 X _ X
X X Xi___ > X o .
X Wake Prediction
[x = observation| Time of Day
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Technical Challenge, General

* Safely provide meaningful separation
reductions, to values in range of 60
seconds, in presence of atmospheric
parameter uncertainties.

* Provide this reduced spacing in adequate
domain of airport operations to justify cost.

* Provide architecture that can accept
improved systems and knowledge base
post-TAP.

U.S. Separation Standards

After July 1996
Reduced ROT Documented.

(Distancesin Nautica Miles)

Following Leading Aircraft
Aircraft |Heavy|B-757 | Large | Small
Heavy 4 4 2.5 2.5
Large 5 4 2.5 2.5
Small | 5, 6T 5 3,4T | 2.5

Weight Classes
41,0001b 255,000 b (Max Takeoff Gross Weight)
Small Large Heavy

15




Approximate Separation Time Intervals

Based on Standard Separation, Constant Airspeed of
120kt (Small), 140 kt (757/Large) & 160 kt (Heavy).

Following Leading Aircraft
Aircraft |Heavy |B-757 |Large | Small
Heavy 90 - 106 - 72 - 94 -

90 90 56 56
Large 129 - | 103 - 64 - 86 -
145 103 64 64
Small 150 - | 150 - 90 - 75 -
188 171 120 75

Time spacing at Outer Marker -
Time spacing at Threshold, seconds

Risk Assessment, Weather
Systems

* Low risk of current weather sensing for AVOSS
testing and concept demonstration.
- ITWS
— Sodar
— Radar Profiler with Radio Acoustic Sounding System.
— Meteorological tower.

* High resolution Nowcast is a significant advance
in forecasting technology:
— Ongoing research is encouraging.
— FAA Aviation Weather involvement appropriate.
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Risk Assessment, Predictor
Algorithms

* Wake motion can be reasonably estimated in most
situations.

* We must understand the exceptions, i.e., shear-
induced wake rising, for safety.

* Decay modeling is less mature.

* Predictive algorithms are not the “tall-pole” for
AVOSS. Ability to estimate motion & decay will
likely outpace supporting weather system
development and acceptable wake strength
consensus.

Risk Assessment, Acceptable
Wake Encounter Definition

Low probability of consensus on acceptable wake
encounter, validated models, and completed fleet
assessment by year 2000.

HOWEVER: ATC systems and industry will not be
ready for decay-based reduced separation by the
year 2000 either.

AVOSS provides hooks for decay-based separation
reduction as well as switch to disable this feature.
This effort is critical to establishment of minimum
wake sensor requirements, even for a system based
only on wake motion.
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Risk Assessment, Wake Sensors

Concept demonstration sensors are available. All-
weather operational sensors not yet available. Low
risk to a concept demonstration.

Current sensor abilities will enable wake monitoring in
substantial subset of instrument operations (haze,
light fog, ceilings between 600 and 2000 feet....).

A foul-weather or in-cloud sensor capability may well
have significant benefits for a post-TAP operational
test bed system.

First-order observable wake strength parameter
definition and fleet thresholds required to establish
minimum wake sensor performance.

Dynamic Spacing Systems
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The Challenge

What useful knowledge can each discipline provide
today, to build dynamic wake spacing system?

What knowledge gaps must be filled for a minimally
useful system?

What features can/should be introduced as
enhancement to an operational system (i.e., decay-
based spacing reduction)?

Will the community (ALPA, APA, ATA, FAA, NTSB)

accept less than full approach path predictions &
monitoring given current data?

Is there a simpler/better system concept?
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Questions and Discussions Following David Hinton’s Presentation
(AVOSS Principle Investigator, NASA LaRC)

Jerry Robinson (Boeing CNS/ATM Research)
Do you envision that the size of the corridor could be reduced through improved
navigation such as DGPS?

Hinton

Yes. There was a little footnote at the bottom of my corridor slide. That is a proposal
based on PRM monitoring data, navigational accuracy as it exists today. We must
consider in that corridor size how far away from airplanes does the wake have to be.
Airplane wing spans are getting so big that they may have to stick out both sides of the
corridor. The aviation community has to feel comfortable, ALPA, APA, airlines, etc. |
plan to perform sensitivity studies as function of corridor size by year 2000 and let
industry and FAA decide on width. | do agree size should decrease with bettter
navigation.

Jerry Robinson
| have a second question. Which ATC facility would receive information from AVOSS.
Is it TRACON facility or both TRACON and Center?

Hinton

| can’t answer that question completely since | don't design controller interfaces. We
will have the Ames people, Barbara Kinki and Rhonda Siatery, here Thursday to
discuss ATC aspects in more detail. However, it is my belief that TRACON position is
the one that needs it. Center may want it for advance information to anticipate
TRACON operation.

Dennis Bushnell (NASA Langley)

Have you considered the airport sites specific roughness distributions as they affect
both the weather and the subsequent affect on the vortex, and possibly altering the
sites specific roughness to help you in this matter?

Hinton

We are aware that the AVOSS architecture with specific sensor compliment will be
site specific. We are doing some studies at the 10 TAP airports and we are starting to
look at things like ceiling probability distribution.

Bushnell

The roughness is put in specific motions which will alter the vortex in very specific
ways which wchvill not have included in your similar spetra modeling of the
turbulence affect?

Hinton

We have to take this in stages. There will be a concept demonstration at Dallas.
There will be validation of our predictions. If our predictions of first order effects are
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not right, we are going to prove it at Dallas, then there will be post-TAP efforts required
for site specific adaptation for this system. There are airports with ravines off runway
or large bodies of water nearby which have implication more for sensor system and
weather system than prediction system.

Alexander Praskovsky (National Center for Atmospheric Research)

You said you are satisfied by current meteorological observations. What are the
parameters and range that you would want to get in real time or nowcast that would
be sufficient for your system?

Hinton

We are looking at a profile from the surface to the glideslope intercept point which is
roughly 1600 ft. above the ground for wind, speed and direction, temperature, wind
gradients and may need turbulence statistics. But at this point we don't know the
scale length or how high they would be required.

Praskovsky
What parameters of turbulence do you need?

Hinton
I will leave that to the wake vortex experts. | don't think there is an answer to that yet.

Praskovsky

| have a second question. In your last transparencies, the last question was what is a
better alternative? What is your purpose, to understand physics of wake vortex or do
you want to create real time operation system? These are two different purposes.
Which is your goal?

Hinton

The purpose is to gather the data or knowledge required to build a real time system.
It is not necessarily to understand every nuance of wake behavior and to understand
the first order effects and effects that will most rapidly increase capacity.

Praskovsky
What kind of logic do you use in your system integration decision?

Hinton

Initially we are looking at an approach corridor with pre-defined windows at multiple
stations along the approach. We are taking the weather profiles, the statistical
uncertainty in the weather data, predicting the wake motion out of those corridors, the
range of possible motions, putting together a separation matrix that, if followed, will
provide the spacing at each window for all the aircraft. There are other layers that
have to be put on top of that such as hysteresis. If separation changes to lower value,
we can't go back three minutes later and give ATC another value. There will also be
safety logic. For example convective activity within so many miles which could affect
our atmospheric parameters. There are many layers to that question.
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David Shedrinick (Transport Canada)
Do you have any intention of incorporating flight data monitoring and getting
appropriate weather met information data linked to ground?

Hinton

We would like to do that, | don't know that it's feasible for our concept demonstration.

The Integrated Terminal Weather System has the capability to ingest down link data.

One problem is currently the data comes down every 1000-2000 ft. We need wind
data more on the order of every 100 ft.

Jan Demuth (FAA - Flight Standards)
You indicate that getting consensus on an operationally acceptable strength is a key
piece. Why can you not incorporate a concept of no encounter in your system?

Hinton

We can, the question is what is no encounter. If we are tracking a wake, and it's
decaying and decaying and finally it is hiding in the atmospheric turbulence, but we
are still tracking it, is it a hazard? If we want to track the wake completely out of the
corridor we have to tell the sensor what it's operation requirements are and what to
consider a vortex. We have to understand some minimal strength below which it is no
longer considered an event. In terms of thresholding, let's say it stalls right on the
center line, we could have a system down the road that a DC10 can penetrate this
level, B727 has a weaker level and a B737 even weaker level and when wake has
decayed sufficiently we can let the DC10 through. That is an issue and | understand
that is a difficult consensus to come to. But there is another issue that says we are
going to track it out of the corridor and let planes through once it has left. But if the
sensor is losing the wake while it is still considered a threat, then we don't know
where it's gone, or how to validate our predictions. So we have to understand what is
considered an event to the pilot one way or another.
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HISTORY OF WAKE VORTEX

RESEARCH: PROBLEMS AND 3/§¢ o(o
ACCOMPLISHMENTS o

GEORGE C. GREENE

NASA First Wake Vortex Dynamic Spacing Workshop
May 13-15, 1997

OUTLINE

* History and accomplishments

- Wake physics
- Other areas

* Remaining problems

23



EARLY WIND TUNNEL
AND FLIGHT TESTS

Produced:
* Operational guidance for wake avoidance

e Excellent flow visualization
 Mixed results for wake alleviation

» Refinement of decay wake theories

B747/ SMALL AIRCRAFT WAKE HAZARD

Ground facility data Flight data
¢,
Py ‘ . o 40 4%

Induced |O E]O o ¢
rolling &)
moment - ®) o i ‘ ."
o +* o

Approximate hazard level

| ] | 1 | i

-

0 1 2 3 4 5 6
Separation distance, n. miles
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WAKE VORTEX VORTEX ATTENUATION
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JOHN YATES’ ANALYSIS

» Betz rollup model often used to estimate
vortex structure from wing lift distribution

* Betz model uses “invariants’” of motion

* Yates’ analysis evaluates changes in
“invariants” during rollup

* Yates’ analysis provides insight for wake
modification studies

CURRENT UNDERSTANDING
OF WAKE ROLLUP AND
DECAY

John Yates’ eqn.

el S ’ (zi)%zly:(,dz +2vl

where I, varies with vortex core size
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“CROW” INSTABILITY

* Crow’s analysis described an instability
mechanism observed in the atmosphere

* It suggested that wake decay could be
enhanced through some form of instability

* It started a research thrust in vortex stability
that continues today

VORTEX “BOUNCE”

* Vortices do not always descend and may
occasionally “bounce” above the flight path
of the generating aircraft

e The cause of vortex “bounce” in ground
effect is understood although “worst case”
conditions are not known

* Vortex “bounce’ at altitude is not well
understood
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Lrt

TOWER FLY-BY TESTS

» Attempted to measure decay of “peak”
velocity in wake for different aircraft types

e Test technique is of questionable value

e Tests demonstrated conclusively the
importance of atmospheric environment

FAA 727—100, UAL 727-220, UAL T87 - 200, & UAL 787200

AL CONFGURATIONS
OONFGUAVITOMS :
‘ a a W
© L :
*
) Ty~ 277 XAGE + 2499
%»-&G!MOM

IE'W)- -15.4 x AGE + 2084

AVERAGE CIRCULATION W9e)

NEEREER
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VORTEX AGE (8)
Figure 58. Average vortex circulation (I') for a radius of 15 ft as a function of vortex age. Red, blue, and green

symbols and lines indicate B727-100/-222, B757-200, and B767-200 data, respectively. The lines indicate the outer
bounds of the data envelopes as specified by the corresponding colored equations.
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SIGNIFICANT EVENTS

Establishment of the UK Wake Vortex
Incident Reporting System

Development of the Vortex Advisory
System (VAS)

Establishment of the US government/
industry team

REMAINING QUESTIONS

What are we doing now in VMC?

How do we quantify safety/capacity
changes in the system?

How do we best use “science” in an
operational system?

What criteria will we use for “REALLY
BIG” aircraft?
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SUMMARY

« Significant progress has been made in
understanding vortex behavior but much
remains to be done

* The primary challenge is to bring “science”
into operational use

 Success will require cooperation from a
diverse group of organizations
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Questions and Discussions Following George Greene’s Presentation (NASA LaRC)

Tim Dasey (MIT)

| would like to put a challenge to the FAA or other people in the audience about what
the U. S. could and should be doing about wake vortex reporting systems. | see no
evidence of a system that can be used by scientist to analyze incident rates. | would
like to know where FAA is going with such a system. | feel that an operational system
will not come unless we can at least measure how safe the current system is.

Greene
| am not sure what the question was, but the answer is yes.

Robert Ash (ODU)
In your view, where did the models in the wake vortex have the biggest weakness?
What do you see as the problem?

Greene

For many years we concentrated on trying to calculate how the wake rolls up behind
an airplane and what you can do to modify it. In my view there has been very little
progress in that computation capability in 50 years. It is difficult to know how the rollup
is affected if you move an engine or change a flap system. We said weather has a big
effect on top of this, and we try to add weather effects. | think we have turned the
corner in bringing meteorology in at the get-go. It is an extremely difficult problem and
a three dimensional problem. These codes have shown us some phenomenon we
either forgot about or hadn't thought much about. For example, the effect of wind
shear and other weather phenomena. One of the challenges is that can we bring
those codes to a point that you have confidence in them, enough confidence to use for
operational situation.

Amolak Jain (STC)

Unless you understand each of the many pieces, | don't know if you can solve the
complete problem. We must spend the time understanding the physics of the many
pieces to get answer.

Greene

I agree it is a difficult problem that takes a long time to solve. | would like to comment
on Reynolds number effect as an example. Whenever you have a difficult problem to
solve, we often think of it as university research problem. In universities, facilites often
have low Reynolds numbers. You want to simplify the problem and look at one vortex.
I'm not sure research that looks at a single vortex is revelant to the problem, period. |
think that some of the thing “learned” in low Reynold number experiments will have to
be unlearned for real operational use. | agree that it is something that takes a long
time, | think you have to be very careful to make sure that you are studying it in the
environment that will give you an operational answer. Let me illustrate that. At
approach speed, a B747 will fly across this room in one second and has a Reynolds
number of 50 million, and if you slow the airplane down so the Reynolds number was
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50,000, it would take 15 minutes to fly across. | think you have to be very careful in the
long-term studies that you do it in the right facilities and right framework
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WAKE-VORTEX PHYSICS: THE GREAT

CONTROVERSIES
‘ 2 - =
P. Spalart, Boeing Commercial Airplane Group =

® Do vortices decay? . e

* Why does ATC work today?

¢ Do wakes ever rise? O o COU)

o What is the cffect of stable atmospheric stratification? /CQ P
/.

* Arc the vortices bathing in turbulence?
¢ How much can happen to ONE vortex?

* Passive or active control strategy?

e Ground rules: I tried to clearly summarize conflicting opinions. They

;inzlw] appear extreme, but I believe each is held by serious people in the
eld.

DO VORTICES DECAY?

e Position A:
- The strength of the vortices (peak velocity, circulation) immediately
hegins a predictable gradual decay, exponential or even linear.
~ The hazard potential decays significantly on the time scales of
interest (say, two minutes).

— Atmospheric effects (ambient turbulence, stratification) often
accelerate the decay, again at a predictable rate.

— The Navier-Stokes Equations could be missing something.

e Position B:
~In a quiet unstratified atmosphere, the vortices preserve circulation,
and lose very little kinetic energy or hazard potential in two minutes.
— They turn into rings by Crow instability, and then collapse.
— The collapse time is stochastic, with a wide scatter, and sometimes
exceeds the regulatory separation.

— Ground effect and stratification create opposite vorticity and thus
drain the kinetic energy, but the initial vortices remain distinct.
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WHY DOES ATC WORK TODAY?
¢ Position A:
— The leader airplane has a characteristic decay curve: wake strength
as a function of time (or distance).
— The follower has a characteristic wake strength, which it can tolerate.
— Heavier leaders have higher curves.
— Heavier followers have higher tolerance.

— The two give a matrix of separations for model pairs, which is lumped
into a few classes for ATC purposes.

¢ Position B:
— Wakes in a quiet atmosphere have much too little decay to explain
the current empirical matrix.

— We AVOID the wakes, for many reasons: natural descent, side winds,
carly collapse.

— The frequency of encounters depends on the far “tail” of some
probability distribution, and will be very difficult to predict.

— The Rebound Question will become paramount as navigation
becomes more accurate.

DO WAKES EVER RISE?

o Pilot training: “you will not encounter the wake unless you fly below
the leader’s flight path” (modified in ground effect).

e Exhibit I:
— Lidar measurements at LHR by Vaughan, Brown, Constant, Eacock,
& Foord of DRA.
— Not far out of ground effect, but still climbing through 110m AGL.

— Authors state “extremely rare event, but not isolated” (other events
the same morning), and invoke buoyancy.

e Exhibit II:

— OV-10 Stereo-Camera + GPS measurements by Vicroy, Brandon,
Greene, Rivers, Shah, Stewart, & Stuever of Langley.

— Out of ground effect.

— Authors invoke “local variations in the vertical wind, temperature,
or turbulence”.
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WHAT IS THE EFFECT OF STABLE
ATMOSPHERIC STRATIFICATION?

e Position A:

The wake oscillates, roughly at the Brunt-Vaisala
frequency N

e Position B: The descent stops and the vortices have decayed after
about 1/4 Brunt-Vaisala period.

e Position C: The descent continues, faster and {aster.

¢ Position D: The descent slows for about 1/2 period, then continues,
faster and faster.

e Position a: The non-dimensional stratification number N* = 1/F =
N2mb;/T is < 1; the effect can be neglected.

e Position 3: N often exceeds 0.02s7'; 27b3/T often exceeds 30s; N*
can exceed 1; in rare cases, the wake rebounds to the flight altitude.

Wake descent
Very large airplane, strong stable stratification
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ARE THE VORTICES BATHING IN
TURBULENCE?

e Position A:
- The “oval” of fluid which generally follows the vortex pair in its
descent is “full of turbulence”.

= The turbulence diffuses vorticity, causing gradual cancellation on the
centerline, and detrainment across the oval boundary.

¢ Position B:
— With high wing aspect ratio, The vortical regions do not reach the
centerline or oval boundary.
— Fine-scale “nibbling” turbulence does not exist without vorticity.

— “Fossil” turbulence from the boundary layers is damped by
stretching and rotation, axial-flow differences rapidly diminish.

— The vortices are so segregated that they become axisymmetric and
nearly conserve their individual “angular momentum” 77w 1? dydz:
they cannot grow.
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HOW MUCH CAN HAPPEN TO one VORTEX?

¢ Position A:

— “Alleviate™ the vortex; reduce its peak velocity.
= Use turbulence fueled by thrust or drag (engine or parachute).
— Trigger instabilities of the core, spiral or varicosc.
— A vortex can be “destroyed”, “cut”, or “burst” by itself.
- Flight tests show a vortex (smoke tube) disappear, often by the
“sausage-and-pancake” process, and the other one last for minutes.
¢ Position B:

— A vortex can change its identity only by merging with or cancelling

another vortex (or vorticity created by ground separation or
stratification).

— Coustraints on circulation, impulse, and angular momentum severely
restrict how much a vortex can change.

— “Sausage-and-pancake” is unexplained.
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[Figure 8: Sketch of vortex burstir)g;, from a videotape of a NASA flight
M
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PASSIVE OR ACTIVE CONTROL STRATEGY?

¢ Position A:
— “Passive” defined as: immobile devices such as winglets, fences,
porous tips, feathers, blowing, and tip turbines.
—~ Concept 18 to directly reduce the peak velocity, or to foster an
mstability that will.
¢ Position B:
- A passive modification cannot change the “big picture” (rolling
moment) unless it also changes the circulation or induced drag a lot.
— "Active” defined as: cyclic motion of control surfaces.
— Proposed by Crow in 70’s, not used.

- Simulations suggest the Crow instability is not fast enough for a
collapse in 2 minutes (need to account for ring life).
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Questions and Discussions Following Philippe Spalart’s Presentation (Boeing)

Pal Arya (NCSU)

| have a comment on your question. Are vortices bathed in turbulence? Of course
they are, and not just small scale turbulence, but turbulence eddies which are much
larger than vortices, especially in day time in the convective boundary layer. If you
consider vertical movement of some for these thermals or updrafts, they are strong
enough to make vortices move up and would explain some of the phenomena that
has been observed.

Spalart

| wasn't quite clear. What | meant was are they bathed in turbulence they themselves
sustain. Given if the atmosphere were completely quiet, there would be turbulence
that the vortices have created and are sustaining. That level would be scaling with the
circulation of the vortices, not with anything the atmosphere is doing.

Arya

If the vortices are near the ground, the turbulence are always there.

Spalart

Some days the wind velocity will be a foot per second and we have peak velocities of
two or three hunrdred feet per second. There will be days when atmosphere
turbulence is too weak to matter. The question is, is there turbulence supported by
the vortices by their core or the oval? Is there turbulence they always create
themselves?

Arya

If you consider the turbulence that are the same size or larger, they are likely to distort
or destroy the eddies. | have a question on the slide that showed vortices that came
down and then up — was that day time in unstable condition, or more stable
condition?

Spalart
The people who took measurements are in the room.

Dan Vicroy - (NASA Langley)

That was during the day time. | want to point out in that slide that there was a C130
flying at about 150 knots and an OV-10 was making measurements flying about 130
knots. We were continually falling farther and farther behind the C130 but we were
moving forward so we are not moving through a constant chunk of atmosphere. The
atmosphere is changing as we move forward. There may have been a local updraft in
the region of 110 second or so.

Fred Proctor - (NASA Langley)
Dan, what were the atmospheric conditions?
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Vicroy
| have temperature profile as well as TKE value which | think is about 0.3. | have that
data and will bring it in tomorrow.

Proctor
In other words, it was a nice sunny day inside the planetary boundary layer.

Vicroy
Yes, they were all sunny days because we did our flights in pretty good visual
conditions. | will bring in data so we can look at it tomorrow.

Susan Ying (McDonnell Douglas)

In your last slide you showed some passive and active control devices. Greene in his
talk mentioned these designs should go into earlier stage rather than trying to correct
after. In future aircraft, especially in megaliner where aircraft are becoming heavier
and heavier, how would you forsee some design going into these aircraft? Would it
have many segments of flaps, would it be extra devices?

Spalart

Well, you are not part of Boeing yet. Seriously, it must be said there is no official
regulatory position on this, so we don't know what would please the FAA or the CAA
when certifying the airplane.

Bob Ash (Old Dominion University)
You talked about peak velocity in core. |s the core breakdown a consideration also,
that is peak velocity affect breakdown.

Spalart

| don'’t think we are sure. If it didn’t exchange vorticity with its partner then circulation
wouldn’t change. In fact, if you stretch a vortex you increase the velocity in it. It would
seem that a thin piece of smoke has more hazard than a fat one. | agree that a peak
velocity would probably control the propagation velocity of these fronts but | can't
explain the fronts, | don't think anybody can. That would be a good Ph.D. research
subject. | might add in video often it happens to one vortex but the other lasts for
another minute completely unchanged then it decides to have a crisis. It doesn't
appear to be collaborative or the atmosphere because if that were the case both
would have to kick in at about the same time.

Kenny Kaulia (Ariline Pilots Association)
The Boeing Company is currently planning new models of the 757 and 767. Are there
any plans to do any certification flight testing or wake vortex testing?

Spalart
Not to my knowledge.
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PAST WAKE VORTEX INVESTIGATIONS
AND
DYNAMIC SPACING SYSTEMS

Ed Spitzer
James Hallock
David Burnham
Bob Rudis

PAST WAKE VORTEX INVESTIGATIONS

THE EARLY YEARS (late 1960’s to early 1970’s)

- tower flybys (anemometers)
- flight tests (aircraft response, pilot judgment, LDV)

- wind tunnels (movies)
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PAST WAKE VORTEX INVESTIGATIONS

THE ACTIVE YEARS (mid-1970’s to early 1980’s)

- tower flybys (anemometers)
sensor calibrations

- flight tests (aircraft response, LDVs)
- wind tunnels and water tunnels (movies, LDV)
- airport measurements (anemometers,
acoustic radar, LDV)
BOS
Mojave (Edwards, Rosamond Lake)
JFK
DEN
Moses Lake
LHR
YYZ
ORD

PAST WAKE VORTEX INVESTIGATIONS

THE LEAN YEARS (mid 1980’s to early 1990’s)

wind tunnels and water channels (movies, LDV,
rolling moments)

- airport measurements (MAVSS, LDV)
DFW

- tower flybys (anemometers, MAVSS, LDV)
IDF

- flight tests (helicopter) (LDV, probe)
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PAST WAKE VORTEX INVESTIGATIONS

THE CURRENT YEARS (early 1990’s to present)

- wind tunnels (rolling moments)

- airport measurements (anemometers, LDV)
JFK
MEM

PAST WAKE VORTEX INVESTIGATIONS

« VORTEX PHYSICS

- vortex motion and decay
- aircraft effects
- meteorological effects
- decay modes

 SAFETY
- separation standards very conservative
most of the time
~ guidance material for pilots

« HAZARD DEFINITION

- roll moment
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PAST WAKE VORTEX INVESTIGATIONS

* SAFETY ANALYSIS

- comparative analysis

» VORTEX AVOIDANCE SYSTEMS
- vortex advisory system (VAS)
- vortex warning system (VWS)
- wake vortex avoidance system (WVAS)

- parallel runway vortex advisory
system (P-VAS)

PAST WAKE VORTEX INVESTIGATIONS

WAKE VORTEX BIBLIOGRAPHY HAS BEEN UPDATED
TO EARLY 1997 AND WILL BE FOUND AT:

www.volpe.dot.gov/wv
PLEASE REVIEW YOUR DOCUMENTS AND SEND

ADDITIONS, CHANGES, ETC. UPDATES WILL BE
DONE PERIODICALLY.

Hallock@volpel.dot.gov
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PAST WAKE VORTEX INVESTIGATIONS

THE FUTURE YEARS (present to...)

- JFK test site
test sensors
special vortex studies

- DFW support for NASA/Langley

- Government/Industry team support
classification

- Documentation of past efforts

- Databases (vortex and wind) on CD-ROM

DOCUMENTATION OF PAST EFFORTS

Wind Criteria to Relieve Wake Vortex Effects on Departure
Wake Vortex Characteristics of the Boeing 757

1990 Idaho Falls Wake Vortex Measurements
Vol.1: Vortex Transport and Decay
2: Analysis Methods
3: Sensor Intercomparisons
4: Databases

Data Base of Ground-Based Anemometer Measurements of
Wake Vortices at Kennedy Airport
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Wind Ellipse, Heavy Aircraft, T, >=40, 0 <= H <=150
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Wind Criteria to Relieve Wake Vortex

Effects on Departure
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DOCUMENTATION OF PAST EFFORTS (continued)

Analysis of Stalled Vortices
Requirements for Ground-Based and Airborne Vortex Systems
Analysis of Long Distance Motion of Vortices in Ground Effect

Study of Vortex Bouncing
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DYNAMIC SPACING SYSTEMS

Administrator Goldin has set ambitious goals to:

... provide technology ... reduce aircraft accident rate
by a factor of 5 with 10 years

... triple the aviation ... throughput, in all weather
conditions in 10 years.

Safe, decreased wake vortex separations will be
needed to reach these goals.

DYNAMIC SPACING SYSTEMS

How assess safety of proposed changes in
separation standards?

A safe separation model can be derived from an
encounter hazard model and a vortex decay model*

*Burnham, D. and Hallock, J., “Wake Vortex Separation
Standards: Analysis Methods”, DOT/FAA/ND-97-4, May 1997
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DYNAMIC SPACING SYSTEMS

Today, we have two vortex-avoidance methodologies:

VER operations
IFR operations

DYNAMIC SPACING SYSTEMS

VORTEX ADVISORY SYSTEM (VAS)

Determines when 3nm separations may be
used for all aircraft

Based on wind measurements near the
runway threshold

Wind criterion based on 70,000 landing aircraft
Most critical constraint - minimize number of

transitions between reduced separations and
normal separations
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DYNAMIC SPACING SYSTEMS

VORTEX WARNING SYSTEM

* Like VAS, but employs vortex sensors to verify
that vortices not a problem for uniform 3 nm
separations

* Most critical constraint - real-time vortex tracking
and forecasting decisions.

DYNAMIC SPACING SYSTEMS

WAKE VORTEX AVOIDANCE SYSTEM

* Dynamic spacings depending on lead and
following aircraft

* Needs to be integrated with ATC systems

* Need real-time vortex tracking and strength
measurements, along with forecasting

* Most critical constraint - detailed hazard model
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PARALLEL RUNWAY VORTEX ADVISORY SYSTEM

* Determines when parallel runways could be
operated independently vortex wise.

* Stagger of runway thresholds critical.

* Have data on long distance vortex motion in
ground effect.

* Germans have developed system for Frankfort
Airport

* Most critical constraint - Forecasting crosswinds
at least 10 minutes in advance

DYNAMIC SPACING SYSTEMS

OPERATIONAL IMPLEMENTATION REQUIREMENTS

* Coverage (TH, MM, OM, terminal area, ... )

* Missed approaches

* IFR/VER usage
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Questions and Discussions Following James Hallock’s Presentation (Volpe)

Dennis Bushnell (NASA LaRC)
What is the state of using aircraft load aleviation to reduce the hazard?

Hallock
It's an area | haven't thought about. You would have to design it for the worst case.

Lakshmi Kantha (University of Colorado)
Glad to know your are putting together a database on CD-ROM. | presume the data
would be digitized, not scanned in.

Hallock
The answer is yes.

Kantha

The second question is do these impressive 70,000 measurement on wake vortex
decay, transport, etc. also have adequate measurements of meteorologist conditions
so one can connect the two?

Hallock

Initially, we only had wind. We had to go through a learning curve to appreciate
meteorological impact. Some of the earlier measurements don't have complete data
but later measurements include stratification, boundary altitude, etc. Some of the data
is complete, some isn't.

Sydney Rennick (Transport Canada)
In your research of rolling moments and definition of danger area have you come up
with percentage value of rolling moment capability?

Hallock

There were some tests done at NASA Dryden in the late 70's. The number that was
come up with, if you can come up with the roll moment capability, is pretty good. We
use half that value to be conservative. So the number is somewhere between half
and full capability.

Rennick
Is anyone aware of any international standard that is being developed relative to roll
moment defining value such as 50 percent or say 60 percent?

Hallock
| am not aware of it.

George Greene (NASA Langley)

Not only is there no standard but a given pair of airplanes will have different spacing in
different countries.
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Fred Proctor (NASA Langley)
You show significant decay, while in another plot position you show no significant
decay followed by sudden demise.

Hallock - Most of what we see is that onslaught is driven by turbulence.
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Decay of Wake Vortices of Large Aircraft /Y

T. Sarpkaya
Mechanical Engineering, Code: ME-SL
700 Dyer Road
Naval Postgraduate School, Monterey, CA 93943
Ph: 408-656-3425, Fax: 408-656-2238, E-Mail: sarp@nps.navy.mil

Introduction

A finite wing has three vortices: bound vortex, starting vortex, and the
trailing vortex. It is primarily the trailing vortex/wake that can be very
hazardous to following aircraft during cruise and especially during take-off
and landing. This, in turn, gives rise to complex air-traffic-control and
aircraft-handling problems. The safe longitudinal separation distance
between consecutive aircraft is in part determined by the time interval the
vortices require to decay and dissipate, or to breakup due to the onset of
catastrophic instabilities (vortex linking or burst), or to be convected out of
the flight path of the following aircraft by the combined action of their self-
induced velocity and wind. These processes are strongly influenced by the
meteorological conditions such as ambient turbulence, wind shear,
stratification, humidity and precipitation which can considerably effect the
lifetime of the trailing vortices. The elimination or the reduction of the
intensity of trailing vortices has the added advantages of reducing drag and
increasing the aerodynamic efficiency of the wing.

For an aircraft in landing configuration, extended flaps will result in
variations in the spanwise circulation distribution, which will result in a
multi-vortex wake topology. The proximity of the ground, cross winds,
ground heating, etc. have profound effects on the development of this already
complex problem. Suffice it to note that, vortex decay in the atmosphere in
cruising conditions is significantly different from that in landing/takeoff
conditions. Near the ground, the vortices strongly interact with the ground
boundary layer, may acquire non-circular cross-sections, cause flow separation
on the ground, give rise to oppositely-signed vorticity (with additional
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ground-vortex images) and rebounding (by forming a vortex dipole between
the heterostrophic and homostrophic vortices).

Clearly, the determination of a safe aircraft separation is a very difficult
problem and requires careful measurements in the field, meteorological data,
and the reliable evaluation and interpretation of the results. The uniqueness
of the problem comes not so much from the strong interaction between a
man-made structure and the environment (normally, a bluff body problem),
but rather from the interaction of the byproducts of this interaction with
other bodies in a partially altered environment. It is also unique among the
many complex and industrially challenging aerodynamics problems in the
sense that the answer lies within a surprisingly small range of numbers (three
to ten miles!), depending on who is following the leading aircraft.

Methods of Hazard Reduction

Two possible avenues have been pursued to alleviate the wake vortex

hazard:
(a) Avoidance: Installation of systems at terminal areas to warn aircraft
of possible hazards. This is an expensive undertaking and can be

implemented only at large airports where it is most desirable to increase the
airport capacity by safely reducing the wake-hazard-imposed aircraft
separations through intelligent instrumentation and numerical and physical
experiments. Currently, an Aircraft Vortex Spacing System (AVOSS), based
on the observed/predicted weather state, is being developed by NASA to
determine the safe operating spacings between arriving/departing aircraft. It
is in conjunction with this effort that a numerical model (TASS) is being
devised. The field data (e.g., from the Idaho Falls and Memphis programs)
are to be used for the validation of TASS to acquire sufficient degree of
confidence in the power of prediction of the numerical model and,
subsequently, in the development of parametric relationships for vortex
transport and decay for a variety of aircraft (Perry et al., 1997; Proctor, 1996;
Proctor et al., 1997, Vicroy et al., 1997).
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(b) The modification of the trailing vortices and the overall wake of the
aircraft in an effort to minimize their effects on the following aircraft and to
improve the aerodynamic characteristics of the generating aircraft. In other
words, if every aircraft cleaned up its own wake, there will not be a wake-
hazard problem! This requires the accurate modeling of the evolution of the
vortex structures with full account of the other vortex of the pair, the
environmental conditions, and the ground proximity. If the vortex can be
accurately modeled, then the possibility exists that the vortex may be tamed,
for example, through the use of instabilities introduced into the flow or
features added to the wing tips which control the size, velocities and the
motion of the vortices, or features added to the landing strips. However, the
work of the past few decades has proven that it is nearly impossible to modify
the wake of the generating aircraft in such a manner that it becomes less
hazardous to following aircraft, without affecting the performances of either
aircraft. The relationship between the vortex rollup and the spanwise
distribution of circulation is highly indirect and nonlinear. Thus, the changes
in the aircraft geometry and changes in the topology of the vortex wake are
not directly related. This unfortunate fact does not lead to any
encouragement for wake-hazard alleviation through aircraft-design
modifications. Our critical assessment of the known active and passive wake-
vortex minimization devices has suggested that the numerous attempts
made (e.g., the injection of additional vortices, the addition of devices to
reduce or recover the swirl of the tip vortices, and changes in the geometry of
the wing tips) did not result in benign vortex wakes.

In recent years, considerable laboratory experiments, and numerical
simulations have been undertaken to assess the effect of the initial
conditions, initial turbulence, stratification, sensitivity to shear layers (cross
wind shear), ground effects, and the mutual interaction of a number of
vortices. Most of these otherwise very valuable physical and numerical
efforts are handicapped by several factors:

(a) Scale effects: too low Reynolds numbers, too low Mach numbers,
tunnel-blockage or numerical-domain effects, inappropriate ambient
turbulence in the tunnel or unreliable turbulence models in the codes.
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(b) Lack of accurate data at realistic Reynolds numbers about the
lifetimes of the vortex pair in a relatively clean environment, particularly at
later times, after the onset of an instability or catastrophic event, such as
vortex bursting or Crow instability;

(c) The lifespan of vortices was taken not to the times where the
vorticity became almost uniformly distributed over a large area but rather to
the times where the vortices have just undergone Crow instability and just
touched and/or to the times where the vortices (one or both) have just
undergone Burst. Thus, the final stages of the demise of vortices have been
quantified only subjectively, through the use of a time-honored diagnostic:
the flow visualization.

(d) There has been a confusion regarding "vortex breakdown" and
"vortex burst”. When we have first identified “burst” on a trailing vortex
(Sarpkaya 1983; Sarpkaya & Daly, 1987), we have noted that it is a form of
vortex breakdown, but not the breakdown observed in tubes. There are
significant differences between the two. The bursts often remain stationary
and the vortex filaments upstream and downstream of a burst remain
practically unaffected. The core bursting in trailing vortices does not signal a
transition from supercritical to subcritical flow. The causes and the structure
of the bursts remain at best unknown. It may indeed be the manifestation of
axisymmetric viscous modes of instability associated with an individual axial
vortex. It often occurs in a periodic fashion while the vortex remains intact
for long spatial distances which suggests that the expansion is taking place
outside the viscous core. In short, the underlying mechanism of core
bursting is not well understood. It is possible that one could induce them at
will, accelerating the demise of the trailing vortices, if their causes were
understood. However, this remains only a very remote possibility.

(e) Lack of reliable turbulence models, particularly for swirling flows.
This point does not need further elaboration since the greatest road-block to
CFD is agreed to be turbulence. Nevertheless, the idea is to solve the problem
in spite of the lack of understanding of the physics of turbulence.

(f) Flight tests have usually been limited in both quantity and quality
of information that can be extracted from them because of the difficulty in
specifying the atmospheric conditions. In recent years, however, Lidar
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measurements, coupled with the simultaneous recording of the
environmental conditions, provided the most reliable data base so far from
which one could extract accurate enough information on velocity, circulation
distribution, displacement, decay, angular momentum, kinetic energy, and
life-times of the vortices and on the effects of wind, ground, stratification,
humidity and precipitation . It is strongly hoped that this would lead to the
careful assessment, validation, and improvement of the numerical
simulations. Finally, it might be possible to compare the physics of the full-
scale numerical and physical data with the results of the sub-scale wind-
tunnel experiments to ascertain the differences (or surprises?) in the physics
of the laminar and turbulent trailing vortices.

Present Work

The recent studies dealing with the decay characteristics of wake vortices
from jet transport aircraft used averaged circulation data, based on the Lidar
velocity measurements (e.g., Hallock & Burnham, 1997). It has been
concluded that turbulence can cause decay of the outer regions of the vortex;
the overlapping regions of the vortex pair may enhance the decay; the
countersign vorticity resulting from the Rayleigh instability (the change of
sign of the circulation growth at some radial distance) may effectively
annihilate the outer vorticity; the classical interpretation of vortex decay
(viscous core diffusion with constant circulation) is inconsistent with the
high Reynolds number turbulent vortex data; in the case of full-sized jet-
transport aircraft, the vortex core often remains stable while the outer portion
decays; the decay starts at the outer edges of the vortex due to counter-sign
vorticity (resulting from buoyancy, wind shear, and ground boundary layer,
generation of oppositely-signed vorticity, and vortex rebounding) and moves
into smaller vortex radii; and that the outer vorticity may be both diffused
and annihilated.

Even though, the explanations advanced came closer to the
understanding of the physics of the underlying mechanisms, they fell short of
providing a clear enough picture which could be used for numerical
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simulations (e.g., LES) and code validation. It is this objective that forms the
essence of the present paper.

Representative data obtained in Memphis Field Program have been
analyzed in as much detail as possible, without resorting to averaging. Each
velocity profile (obtained at frequent intervals during a time period of about
four minutes each) has been corrected for wind, shear, the proximity effects
due to other vortex, and gently smoothened using a five-point smoothing
scheme (sample plots are shown in Figs. 1-2). Then the circulation I'(r) was
calculated at each radius (sample plots are shown in Figs. 3-4). In addition the
evolution of turbulent vortices in a turbulent environment (a high-speed
water tunnel) was investigated in detail for the sole purpose of understanding
the mechanisms leading to the decay of vorticity at the peripheral region of
the turbulent vortex (see Fig. 5).

The results have shown that (a) the vortex core is not a benign solid body
rotation; (b) the core radius does not remain constant (a small increase in core
radius leads to a sizable spread of vorticity because of high velocities near the
core), (c) vorticity is present at all radii and the vorticity flux from small to
large radius is an ongoing process at all times, (d) the vorticity transport by
turbulence in all regions outside the vortex first leads to a circulation increase
and then to a circulation decrease, (e) the outer region of the vortex is
subjected to centrifugal/helical instability which leads to numerous tentacle-
like vortex sheets of finite length, thrown away from the outer edges of the
vortex core (resembling a spiral galaxy). The vortex peels off randomly and
sheds vorticity along its length. This process may be enhanced by
atmospheric turbulence surrounding the vortex, by the interaction of
oppositely-signed vorticity in overlapping regions of the vortex pair,
buoyancy effects, wind shear, and ground effects. However, the basic process
remains effective even when some of these additional enhancement factors
are absent. Figures 6-10 show representative plots of the evolution of
circulation as a function of time at various radii. The fundamental
differences between the decay of laminar and turbulent vortices are that (a)
for a laminar vortex, diffusion is viscous and slow and, in the absence of
turbulence, there is no decay-enhancing factors at the outer edges of the
vortex; (b) for a turbulent vortex, the diffusion (near the edge and beyond the
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nearly-laminar core) is much larger, there is practically no region of the
vortex which may be called potential (i.e., there is a continuous vorticity flux),
and most importantly, a turbulent vortex sheds vorticity at its outer edges due
to helical instability. A numerical model must strive to predict these
observations and measurements. Furthermore, any attempt to enhance the
decay of vortices must strive to intensify the turbulence near the core and the
helical instabilities at the edge of the vortex. These may not lead to Crow
instability, but may help to reduce the separation distance between leading
and following aircraft.
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Circulationvs. r Port vortex
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Fig.5 Shedding of vorticity from the outer edges of a turbulent vortex.
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Questions and Discussions Following Turgut Sarpkaya’s Presentation
(Naval Postgraduate School)

Alexander Praskovsky (NCAR)

Thank you very much for a nice presentation. My question is, what do you call
turbulence? Because when you say atmospheric turbulence can affect vortex, if scale
is fine, it would be one effect, if scale is large it would be another effect. So how would
you characterize atmoshperic turbulence?

Sarpkaya
I think chaos exists at some time because it involves men, computers, and nature
playing a joint game of dice behind man’s back when we try to reduce separation

distance. In my slide, turbulence is characterized by a parameter called n. It like
2n(e)3(b o)}

n‘.:—._—

r (editors note - see AIAA 87-0042)

However in the studies shown on tape, characterized turbulence by two quantities.
1

O3k
One the intensity of turbulence is Ums  plus the integral length scale of turbulence.
The integral length scale in our experiments varied from 0.1 time the core radius to
entire core radius. Then turbulence intensity varied from about 0.1 percent to as much
as 10 percent. This is how we quantify turbulence.
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The LaRC Wake Vortex Modelling Effort

FRED PROCTOR o

NASA-LANGLEY RESEARCH CENTER
Flight Dynamics and Control Division
HAMPTON, VA

NASA First Wake Vortex Dynamic Spacing Workshop
LaRC, Hampton, VA
May 13, 1997

Abstract

The purpose of the modelling effort at NASA Langley, including goals, is
outlined in this presentation. Included, is a description of the numerical model
that is used for the NASA wake vortex modeling effort and the approach that is
taken in order to achieve the stated goals. Also shown are: 1) a demonstration of
using the model in a fog environment; 2) preliminary results from a 3-D
simulation in a nonturbulent and thermally-stable environment with comparison
to a comparable 2-D simulation of the same event; and 3) several validation
cases from the Idaho-Falls and Mempbhis field studies where results from the 2-D
version of the model are compared with Lidar and tower data.
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Presentation Outline

|. Purpose of Numerical Modelling
lI. Description Of Model

I1l. Modelling Approach

IV. 2-D Validation Cases

V. Summary

AVOSS SPACING CRITERIA DEPENDENT ON:

1.) Vortex Lateral Transport — e.g., Strong
Crosswinds Will Quickly Transport Wake out of
AVOSS Corridor

2.) Vortex Pair Descent Rate — affected by
Stratification, Vertical Gradient of Crosswind Shear,
Turbulence, Vortex Decay Rate, etc.

3.) Vortex Decay — Affected by Turbulence

(both ambient and internal), Ground Interaction,
Stratification, Dynamic Instabilities.
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NASA WAKE VORTEX MODELLING

PURPOSE

1.) To Use Validated Numerical Models For
Contributing to Development of Parametric Model
for AVOSS. To Derive Relationships Between
Vortex Behavior and Atmospheric Conditions (NASA-
LaRC, NCSU, Univ. South Alabama)

2.) To Develop A Short-Term Weather Forecast
System For Predicting AVOSS Needed Parameters

in Terminal Area (NCSU)

Terminal Area Simulation System (TASS)

* Micro-scale/Meso-gamma Scale Atmospheric
Model

* Large Eddy Simulation Capability

* Adapted for Use in Wake Vortex Program
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Wake Vortex Modelling Goals

Evaluate TASS Model Utility for Investigating Wake Vortex
Transport and Decay

Evaluate Utility of 2-D vs 3-D Numerical Simulations
Validate Model for Wake Vortex Transport and Decay

Parametric Study of Wake Vortex Transport vs Meteorology
with 2-D TASS

Parametric Study of Wake Vortex Decay vs Meteorology
with 3-D TASS

Provide TASS Generated Data Sets for Sensor Trade-Off
Studies

TERMINAL AREA SIMULATION SYSTEM (TASS)
3-D LARGE EDDY SIMULATION (LES) MODEL (WITH 2-D OPTION)
METEOROLOGICAL FRAMEWORK
PROGNOSTIC EQUATIONS FOR:

3-COMPONENTS OF VELOCITY PRESSURE

POTENTIAL TEMPERATURE RAIN

WATER VAPOR SNOW

LIQUID CLOUD DROPLETS HAIL/GRAUPEL

CLOUD ICE CRYSTALS DUST/INSECTS/TRACERS

1st-ORDER SUBGRID TURBULENCE CLOSURE WITH RICHARDSON
NUMBER DEPENDENCY

SURFACE FRICTION LAYER BASED ON MONIN-OBUKHOV SIMILARITY
THEORY

CLOUD MICROPHYSICS
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TERMINAL AREA SIMULATION SYSTEM (TASS)

Three-Dimensional, Time-Dependent, Nonhydrostatic, Time-Split
Compressible Model (may be collapsed to 2-D)

Primitive Equation / Non-Boussinesq Equation Set

Lateral Boundaries -- Either Periodic or Open -- Open Condition Utilizes
Mass-Conservative, Nonreflective Radiation Boundary Scheme

Option for Nonstationary Domain -- Movable, Storm/Vortex Centering
Mesh

Explicit Numerical Schemes, Quadratic Conservative, Time-split
Compressible
-- accurate and highly efficient, almost no numerical
diffusion

Arakawa C-Grid Staggered Mesh, Vertical Coordinate Stretching
Allowed

TERMINAL AREA SIMULATION SYSTEM (continued)

Ambient Conditions Initialized with Vertical Profile of Pressure,
Temperature, Dew Point, and Wind Velocity

Options for Surface Heat Flux Based on Latitude and Time of Day —
Used for Simulating Diurnal Evolution of Atmospheric Boundary Layer

Initialization Systems for Injection of Aircraft Wake Vortices
(Does not model roll-up)

TASS Model Applied and Validated Against a Wide Range of
Atmospheric Phenomena -- History of FAA Acceptance, used in
Windshear Certification
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TASS Numerics

Prognostic Time Derivatives Space Derivatives
Variable

Momentum and Time-split with small Centered, Quadratic-

Pressure time step for acoustic Conservative Differences --
terms with 4th Order Accuracy for

Convective terms, remaining

2nd-order Adams- terms 2nd Order Accuracy
Bashforth: both large
and small time steps

Potential Third-Order time/space with Upstream-Biased Quadratic
Temperature, Water | Interpolation
Substance, etc.

TASS -- HISTORY

Development Began in 1983 For NASA/FAA Windshear
Program:
-- Cumulonimbus Convection

Tornadic Storms & Supercell Hailstorms
-- Microbursts & Microburst Producing Storms
Reconstruction of Microburst Windshear Encounters
Windshear Data Sets Generated for:

1) flight simulation

2) sensor development and certification

Over Past 4 Years, TASS Extended To:
-- Atmospheric Boundary Layer Studies
-- Wake Vortex Studies
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C5A IN ADVECTION FOG
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APPROACH — WAKE VORTEX SIMULATION

DNS (Direct Navier Stokes) — Sometimes Useful for
Understanding Flow Dynamics, but not Practical for Atmospheric
Simulations due to Reynolds Number Limitations

*

Large Eddy Simulations — Allows Computation of all
Resolved Scales with affect of Turbulence from Unresolved
Scales Parameterized. Success Depends on Accuracy of
Closure Model

* Domain Configuration: 2D vs 3D-Perodic vs 3D-Open

APPROACH — WAKE VORTEX SIMULATION

2-D
Advantages/Capabilities:

*

Excellent for Examining Wake Vortex Transport Vs Meteorology &
Aircraft Type
Capable of Simulating Important Interactions with Ground

Can be Simulated at High Resolution with Minimal use Computer
Time

Disadvantages:

The Rate of Vortex Decay Upper Bounded — Thus Underestimated
Does not Permit 3-D Coupling between Axial and Tangential Flow
Does not Permit 3-D Instabilites such as Crow Instability
Resolved-scale Turbulence is 2-D with Energy Cascading Upscale.

* * % »
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APPROACH — WAKE VORTEX SIMULATION

3-D Perodic Wake Vortex

Advantages/Capabilities:

*  Relatively Easy To Implement.

*  Allows Vortex Interaction With Three-Dimensional Turbulence

*  Permits Three-Dimensional Simulations Such As Crow Instability
*  Requires Periodic (Cyclic) Lateral Boundary Conditions

Disadvantages:

*  Much more Expensive to Run than 2-D

*  Prior to Linking, Vortex Pair has infinite Length.

* Vortex Ages (decays) at Roughly the Same Rate
( Real Trailing Vortex Ages (Decays) as Distance Downstream From
Generating Aircraft)

*  For Reasons Above, Does not permit 3-D Coupling (via Axial Flow)
Between Older and Newer Sections of Trailing Vortex

APPROACH — WAKE VORTEX SIMULATION

3-D Wake Vortex

Advantages/Capabilities:

*  Most Realistic Approach

Allows Transport of Vorticity Via Axial Flow Between Newer and
Older Sections of Vortex

Permits 3-D Coupling Between Older and Newer Sections of
Trailing Vortex

Allows Vortex Interaction With Three-Dimensional Turbulence
Permits Three-Dimensional Simulations Such As Crow Instability

*

»

*

More Difficult to Implement
Requires Large Computer Resources — Pushes Current
Supercomputer Capabilities

*  Requires Open Boundary Condition on Downstream End

Disadvantages:
*
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“Jet” Axial Flow

INITIAL / BOUNDARY CONDITIONS

north = open

flightpath

west = AIAA - east = open

south = mirror

» Upstream boundary (west) fixed to AIAA vortex profile

* No axial flow allowed thru upstream boundary

* Vortex profile assumed on boundary extends thru domain
along direction of travel

* Initial profile is independent of variation along the flight-
path

* Domain moves at speed of aircraft
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PERSPECTIVE VIEW OF INITIAL DOMAIN

Domain Moves at the Speed of the Generating Aircraft

TASS COMPARISON OF CIRCULATION
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VORTEX TRACK COMPARISON
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WAKE COMPARISONS

3-D TASS VO.:T;%ITY 2-D TASS

Max=.59 Min=-2.34 s Max=.63 Min=-2.49

7
t

80 [~

ALTITUDE (Meters)
[@)]
o
ALTITUDE (Meters)

20 40 60
X (Meters) X (Meters)

TASS 2-D VALIDATION CASES

INPUT DATA / ASSUMPTIONS

PHYSICAL DOMAIN SIZE
O HORIZONTAL (X):  150-300 meters
O VERTICAL (2): 100-250 meters

COMPUTATIONAL RESOLUTION
O HORIZONTAL and VERTICAL 3/4 - 1 meter

INITIAL VORTEX SYSTEM -- Post Roll-Up Vortex Pair
Velocity field for each vortex according to Burnham-Hallock model with:
Initial height -- from observed height of generating aircraft
Vortex core radius -- assumes 5% of generating aircraft's span
Initial circulation and separation -- based on weight, span, and airspeed of
generating aircraft (assuming elliptically loaded wing)
Ignores Flight Configuration

AMBIENT CONDITIONS
O Vertical Profiles of Wind and Temperature from Meteorological Tower, and
other atmospheric sensors -- near time of event
O Not Initialized with Preexisting Ambient Turbulence
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Table 2. Idaho Falls Validation Cases.

Initial Vortex Environmental Parameters
IDF Alrcraft & Mateorological Parameters
th
: ‘:;;t: Contiguration Conditions I‘z Generation AB/Az Crosswind | Crosswind
(m*/s) Height {°C per Shear at Z,
(m) 100m) | (10257 (m/s)

#9 75%7-200 stable 365 70 3 45 58
9/25 landing moderate shear
# 23 7687-200 stable 370 76 5 1.0 1.7
9/30 A takeoff low shear
#3 767-200 unstable 375 70 -0.2 0.02 2.0
9/30 landing low shear

TASS vs IDF CASE-9 DATA -- B757-200, 25 Sep 1990, 0818 MDT
(Stable with Moderate Shear)
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Table 3. Memphis Validation Cases

MEM Date & Meteorological Generation Crosswind
Run # & Time Conditions Helght
Alrcraft Type (uTc) (m) Crosswind Uat
Shear Generation
(10?5 Height
(m/s)
# 580 12/14/94 unstable 158 ~0 1.9
- DC-9 0113 weak shear
# 386 12/14/94 stable 178 1.6 4.4
DC-10 0630 low shear
#1254 8/16/95 stable 178 0.6 0.5
8-727 0319 weak crosswind
#1475 8/25/95 stable 178 2 1.2
MD-11 0344 wéak shear ’

TASS vs MEMPHIS LIDAR MEASUREMENTS

Altitude of the Vortex Track vs Time

DC-8, 14 Dec 1994, 0113 UTC (#560) ,.DC-10, 14 Dec 1994, 0630 UTC (#586
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TASS vs MEMPHIS LIDAR MEASUREMENTS

Lateral Position of the Vortex Track vs Time
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SUMMARY

Atmospheric Modelling System Adapted For Wake Vortex
Problem

Both 2-D and 3-D Approaches

Two-Dimensional Simulations Excellent Tool For
Investigating Wake Vortex Transport vs Meteorology

Comparison Between Observations and Results from 2-D
Simulations Show Good Agreement

Three-Dimensional Simulations Necessary For Investigation
of Vortex Decay
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Questions and Discussions Following Fred Proctor’'s Presentation (NASA Langley)

Susan Ying (McDonnell Douglas)

In the simulations, do you always have two vortices from the upstream boundary
conditions? And if so, how do you address the differences between different
airplanes?

Proctor

What we assume for our initial condition is that the vortex is already rolled up and we
don't try to model the roll-up process. That is beyond the model’'s capability. As far as
what parameter are used to characterize aircraft, we take wing span, weight, and air
speed using equation of elliptical loading to define initial circulation and use profile of
Burham & Hallock's model.

Ying
So an airplane that doesn’'t have elliptical loading would not be useful.

Proctor

We have run quite a few cases in 2-D; different aircraft, different environment, some
are takeoff, some are landing, some are flaps up, some are flaps down, and we get
good agreement. So | can say in 2-D it doesn’'t seem to make any difference. | can't
yet say that in 3-D because in 2-D | am talking of transport. In 3-D decay might be a
different issue because takeoff or landing may affect core size which may affect decay.

Neal Fine (Engineering Tech Center)

Could you comment on occurrence of spurious losses of vorticity due to artificial
viscosity either implicit or explicit, as well as finite grid size and how you dealt with
those problems in your models?

Proctor

It is always a concern when doing numerical modeling that we may generate
numerical artificats. In our numerical approach we used explicit numerical
techniques because we wanted them to be very efficient timewise and we used
quadratic conservation numerical techniques which conserve not only first order
movements such as mass and momentum but energy as well. We did tests using
analytical solutions, say Beltrami flow, which is a series of nonlinear vortices to look at
possible problems of numerical dissipation. Essentially, we saw no dissipation.
There is almost no loss of kinetic energy.

Fine
If | am not mistaken, Beltrami flow neglects the primary nonlinear term in equation of
motion which is cross product of vorticity and velocity. Correct me if | am wrong here.

Proctor

it is a nonlinear problem which is simplified some to get an analytical solution. We
have a report on that which | can give you if you are interested.
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Alexander Praskovsky (NCAR)
What resolution or grid dize do you have?

Proctor

in 2-D simulation we run on the order of about 1 meter to 3/4 meter grid sizes. In 3-D
simulation | would like to run the same, but because of computer limitations we are
about 1.75 meters. Domain sizes were large enough to encompass wake system
and for cases where there is strong cross wind, our model allows the domain to
move with vortices.

Praskovsky
How are you going to incorporate atmospheric conditions with a domain of 60 by 120
even if it is good core? Atmospheric conditions start in kilometer range.

Proctor

Our approach of compiling this with atmospheric boundary layer will be discussed
this afternoon and will be done with nesting techniques.
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Abstract

Results from parametric runs using two-dimensional TASS are presented.
First, a set of experiments are presented that examine the sensitivity of the aircraft
initiation height for an “in ground effect” case with weak crosswind. Interaction
between the ground and the wake vortex produces an oscillatory rebound whose
phase and amplitude are a function of the generation height. A second set of
experiments are presented which examine the influence on crosswind shear.
Shear layers, such as may be found between the nocturnal stable layer and the
residual layer, can act to deflect vortices upward. Further investigation reveals
that the second derivative of the crosswind can differentially reduce the descent
speed of each member of a vortex pair, causing tilting of the vortex pair. If
sufficiently large, the second derivative of crosswind can deflect the vortex pair
upwards, with the sign of the second derivative determining which of the two
vortices rises to a higher altitude. Linear shear, on the other hand, caused no
change in the descent speed of the vortices; thus having no effect on the
orientation of the vortices. Observed and model data from an actual case are
presented in support of the conclusion reggrding the influence of shear on rising
vortices.



PRESENTATION OUTLINE

I.  Ground Effect Sensitivity Experiments

Il. Crosswind Shear Sensitivity Experiments
A. Shear Zone
B. Parametric Runs based on Polynomial Profile
C. ldaho Falls Run 9

. Summary

GROUND EFFECT SENSITIVITY STUDIES

MD-11 on 25 AUG 1995, Memphis
Case # 1475 at 0344 UTC on Runway 27
Environment: Stable with Weak Crosswind

Lidar Data for Starboard Vortex

O Sensitivity of Generation Height
Initiation heights: 10, 17.5, 25, 41, 51.6, 81.2 m AGL

Initial Vortex Separation: S,;=41m
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Speed (m/s)
N

Environmental Input Sounding for MEM-1475

Memphis, 25 August 1995, 0344 UTC

6 L] T T T T T T T T T T T L) T T T T

lllllllllllllllll\

30.0

295

29.0

28.5

28.0

—127.5

o L d
- td
5 Along-Track Wind Component _ »
C e
o - L d
4F .-
s -
B -
3 [ Potential Temperature
[/
1 v
s
B Cross Wind Component
[ l Al ' A L 1 A A L
_2 1 1 'l 2 l 1 1 L 1 870
0 25 50 75 10

Altitude (meters AGL)

(Degrees C)

Altitude (meters)

TASS vs LIDAR MEM-1995
MD-11, 25 Aug 1995, 0344 UTC (#1475)

L] L] L l L4 T T ' L) L I L L) L] l T L4
",\ O starLpar
75 A S— Starl-TASS
N ————— STAR2-TASS
KN = = = STAR3-TASS
- \ = == == STAR4-TASS
i \ STARS-TASS
kY = STARG-TASS

Time (seconds)

95




Lateral Position (meters)

Model Sensitivity to Wake Generation Height
MD-11, 25 Aug 1995, 0344 UTC (#1475)
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SUMMARY OF

GROUND EFFECT SENSITIVITY STUDIES
(valid for weak shear environments)

Amplitude of Vortex Bounce Increases with Increasing Generation
Height

Phase or Oscillation Time of Bounce Increases with Increasing
Generation Height

For Generation Height Above /nitial Separation Distance, S, Vortex
Core Descends to Height z= 72 S, and Bounces upwards to z=S,

For Generation Height Below z=S, Vortex Core Descends to Height
Lessthanz=% S,
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SENSITIVITY TO ENVIRONMENTAL
CROSSWIND SHEAR

Wake Vortex Sensitivity to Ambient Vertical Shear

Conditions
Experiments Assume Idealized Environment
Shear Contained Within Layer 10 m Thick between 60-70 M AGL
Winds Calm Below Shear Layer and Uniform Above

Temperature Isothermal Below Shear Layer and near Adiabatic Above

Aircraft: B-727-100 at 175 m AGL

Experiments:
Crosswind Velocity Change of: 0, 1, 2, 3, 4, and 8 m/s
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TASS SHEAR LAYER SENSITIVITY EXPERIMENTS

Input Sounding for 3 m/s Crosswind Change
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Table 2. Assumed values for initial parameters.

Initial Conditions

Parameter Value

Generation Height 175 m

Circulation (I")) 250 m? s’
Vortex Spacing (b,) 26 m
Core Radius 1.75 m

Numerical Grid Size 0.75 m
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TASS SENSITIVITY TO CROSSWIND SHEAR LAYER

0Vortex Trajectory vs Magnitude of Crosswind Change
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SUMMARY OF
SHEAR-LAYER SENSITIVITY EXPERIMENTS

O In Experiments, Thermal Inversion at 60 m AGL Almost No Effect on
Descending Wakes

O Crosswind Shear Layer Acts to Decelerate the Descent of the Wake Vortex
Pair

O Cross Wind Change Greater than 1 m/s Suppresses the Downward
Descent of the Vortex Pair Produced by B-727

O Optimal Bounce with Crosswind Change of about 3 m/s for Vortices
Produced by B-727

O Winds Measured Near Ground May Not Represent Wake Vortex Motion

O Due to Momentum Transport from Aloft, Wake Vortices May Move at
Different Speed and Direction Than Surrounding Air
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TASS PARAMETRIC RUNS
Parametric Runs for Crosswind Shear Only
Polynomial Profile — crosswind a function of height according to:
UE(z)=C,+C,z2+C,2°

A. Linear crosswind profiles — assumes C,=C,=0
(wake generation height at 175 m)

B. Nonlinear profiles (wake generation at z=100 m)

i.with C,=C,=0
i. withonly C, =0
Aircraft Type:

B-727 with: [, =250, b,=26m (W, = 1.53 m/s)

Stratification: '
Slightly stable with N = 0.21

Table 3.4 TASS Run Profile Parameters

Constants in Shear Profile Shear Vorlgx
Grouping Run name ] Profile '"'F‘a'
Co C, &5} (eq #) H(elght
m)
Non-Linear 727517 0 0 4] 1 100
Shear 727521 0 0 382757E-03 | 1 100§
727518 0 4] 765515E-03 1 100 J+
727525 0 0 - 765515E-03 1 100 §»
727519 0 [} J153103E-02 | 100 #«
727520 0 0 229654E-02 | 100 v
727522 0 0 382757E-02 | 100 §
dc10-30.51 0 0 .100475E-02 | 100§
72751 0 | -765514E-01 | 382757E-03 | 100
727.59 0 -.153103 765515E-03 I 100 §.
727524 4} 153103 765515E-03 | 100
727510 0 -.306206 J153103E-02 1 100 § .
727512 0 -.459308 229654E-02 1 100 '
727.523 ¢ -.765144 382757E-02 | 100 R~
727.513 0 [ -568674E-01 | .382757E-03 | 100 4+
727514 1} - 131094 765515E-03 1 100 -
727515 0 -.2847 A53103E-02 1 100 |
727516 (¥} -439436 229654E-0 | 100
Step Shear 727.shz2 20 2 175
727.shz3  [3.06 - 2 175
727shzd  14.59 - 2 175
dc10-30.shzd {3.01 2 175
dc10-30.shz4 1402 2 175
dc10-30.shz5 |5.02 2 175
dc10-30.5hz6 {6.01 2 175

3.3 Dala Base Format

The data base is comprised of three Microsoft Excel files Each file contains one of the

three crosswind profile group. The three files arc: Linear Shear Cases, Nonlinear Shear Cases.

and Step Shear Cases
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TASS PARAMETRIC RUNS
Parametric Runs for Crosswind Shear Only
Polynomial Profile — crosswind a function of height according to:
UE(z)=C,+C,z+C, 2

A. Linear crosswind profiles — assumes C, = C,= 0
(wake generation height at 175 m)

B. Nonlinear profiles (wake generation at z=100 m)

i.with C,=C,=0
ii. withonly C,=0
Aircraft Type:

B-727 with: [, =250, b,=26m (W, = 1.53 m/s)

Stratification:
Slightly stable with N'= 0.21
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Table 3.4 TASS Run Profile Parameters

Constants in Shear Profile Shear \[/::-:lca::
Grouping Run name S ¢, ¢ l:zﬁnh): Height
(m)
Non-Linear 727517 0 [¢] 0 1 100§
Shear 727521 0 0 382757E-03 | 1 100 §.
727518 0 0 765515E-03 1 100 §~
727.525 0 ¢ - 7655 5E-03 } 100§+
727519 0 ¢} .153103E-02 1 100 B«
727.520 0 0 229654E-02 | 100 |
727522 0 0 .382757E-02 1 100 |«
dc10-30.st [y} 0 100475E-02 | 100 | -
72751t 0 | -765514E-01 | .382757E-03 1 100
72759 0 -.153103 765515E-03 I 100 E.
727524 0 .153103 .765515E-03 1 100
72710 0 -.306206 153103E-02 ! 100 ¥ .
727512 0 -.459308 229654E-02 1 100 §
727523 0 - 765144 382757E-02 1 100 |«
727513 0 | -.568674E-01 | .382757E-03 1 0o |
727514 0 -.131094 .765515E-03 1 100 §o
727515 0 -.2847 A53103E-02 t 100
727516 0 -.439436 .229654E-0 1 100
Step Shear | 727.shz2 2.0 - - 2 175
727.shz3 3.06 - 2 175
727shzd 1459 - - 2 175
dc10-30.shzd (3.01 - - 2 175
dc10-30.shzd [4.02 - - 2 175
dc10-30.shz5 [5.02 - - 2 175
dc10-30.shz6 {6.01 - - P2 175

3.3 Data Base Format

The data base is comprised of three Microsoft Excel files. Each file contains one of the
three crosswind profile group. The three files are: Linear Shear Cases, Nonlinear Shear Cases.

and Step Shear Cases,
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Altitude (AGL)

Altitude (AGL)

727 Non-Linear Shear Cases
Port Vortex C2>0 120 +

/
80 +
60 +
40 +
20 +
-10 -8 -6 -4 -2 0
Environmental Wind Speed (m/s)
727 tvs 2 (c1=0)
727 Non-Linear Shear Cases
Port Vortex C2>0
120
100
80 -
60
40
20
0 | | i ‘
0 20 40 60 80 100 120

Time (s)

103

=—=s21
—518
=819
—S20
—S822

==Baseline
_Ss21

S18
——=s19
=Ss20
—Y4



Altitude (AGL)

Altitude (AGL)

727 Non-Linear Shear Cases
Port Vortex C1<0 and C2>0

140 T
s10
s9
812
s13
514
515
523
20 T+
} o t t t i
-1 0 1 2 3 4
Environmental Wind Speed (m/s)
727 Non-Linear Shear Cases
140 Port Vortex C1<0 and C2>0
120 +
100
=Baseline
—S15
80 L —S1d
=-—S13
—_—S23
60 + —_512
m—S10
-39
40+
20 +
0 $ $ } $ $ —
0 20 40 60 80 100 120
Time (s)
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Table. Sign of crosswind vorticity vs vortex with highest bounce for
each experiment.

Ambient oz
Crosswind Vorticity: = Vortex with Highest Bounce
w=2u/d7 | FPul/dz?
No Shear 0 0 Same (no tilting of pair)
Linear Shear + 0 Same (no tilting of pair)
Nonlinear Shear 0 - Starboard (vortex containing
negative vorticity' )
Nonlinear Shear - - Starboard (vortex containing
negative vorticity' )
Nonlinear Shear + - Starboard (vortex containing
negative vorticity' )
Nonlinear Shear + + Port (vortex containing
positive vorticity)

*Vortex with counter-clockwise rotation -- generated on right side of airplane
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Altitude (meters)

Shear (10°s™) or Speed (m/s)
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TASS WAKE VORTEX SIMULATION -- IDF RUN-9

RELATIVE WIND VECTORS AT 90 SECONDS
(horizontal motion of vortex subtracted from fiow)

observed vortex locations are denoted by filled circles
100

ALTITUDE (Meters)

SUMMARY

Wake Vortex Trajectories are Very Sensitive to Crosswind Flow

Nonlinear Shear of the Crosswind Component Affects the Vortex
Descent Rate and may Result in Vortex Tilting or Rising

The Member of the Vortex Pair with Same Sign Vorticity as the
Vertical Change in Along Track Vorticity Rises Highest

Zones With Sharp Changes in the Crosswind are Quite Effective
in Altering Vortex Trajectories

Stable Stratification Must be Quite Strong in order to have the
Same Effect on Vortex Descent as Nonlinear Crosswind Shear
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Questions and Discussions Following Fred Proctor’s Presentation (NASA Langley)

Unknown

When you have both shear and radiation in shear with vertical distance, if the profile is
monotonic, like for example in ones near the ground sometimes, which vortex, the
upstream or downstream vortex, bounces higher?

Proctor

The linear shear itself has no effect on bouncing. | can change signs, reverse the
mean flow, and the vortex which bounces highest is always based on the second
derivative of the cross wing velocity.

Unknown

In neutrally stratisfied atmosphere the Monm Obukhov Similiarity says that the second
derivation of the velocity should go like 1/2° where z is distance from the ground.
Under those conditions which vortex would bounce higher?

Proctor

Since Z is increasing with altitude the one with position vorticity would bounce
highest. Normally, that would be the downstream but a profile could be configured to
have the upstream have positive vorticity. Normally, near the ground the wind would
be such that the downstream vortex would bounce higher. By the way, | am
rediscovering this. A paper by Burnham in ‘72 showed this effect.
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) sy 8 07/
Toward Understanding Wake
Vortices and Atmospheric 2181 1
Turbulence Interactions using Do
Large-Eddy Simulation
D. DeCroix, Y.L. Lin, S.P. Arya,
C.T. Kao, S. Shen
North Carolina State University
(',:C 2% —

\}lzne

% Background
+ Meteorological considerations
< LES Model
+ Results
% Future Work
% Conclusions
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Aircraft Wake Vortices and Atmospheric Turhulence
A Large Eddy Simulation Approach to Investigate Their Interaction

by

David S. DeCroix, Y L. Lin, S.P. Arya, C.T. Kao, S. Shen
North Carolina State University

The vortices produced by an aircraft in flight are a complex phenomena created from a “sheet of vorticity’
leaving the trailing edge of the aircraft surfaces. This sheet tends to roll-up into two counter-rotating
vortices. After a few spans downstream of the aircraft, the roll-up process is complete and the vortex pair
may be characterized in a simple manner for modeling purposes. Our research will focus on what happens
to these post roll-up vortices in the vicinity of an airport terminal.

As the aircraft wake vortices descend, they are transported by the air mass which they are embedded and are
decayed by both internal and external processes. In the vicinity of the airport, these external

influences are usually due to planetary boundary layer (PBL) turbulence. Using large-eddy simulation
(LES), one may simulate a variety of PBL conditions. In the LES method, turbulence is generated in the
PBL as a response to surface heat flux, horizontal pressure gradient, wind shear, and/or stratification, and
may produce convective or unstably stratified, neutral, or stably stratified PBL's. Each of these PBL
types can occur during a typical diurnal cycle of the PBL. Thus it is important to be able to characterize
these conditions with the LES method. Once this turbulent environment has been generated, a vortex pair
will be introduced and the interactions are observed. The objective is (o be abie to quantify the PBL
turbulence vortex interaction and be able to draw some conclusions of vortex behavior from the various
scale interactions.

This research is ongoing, and we will focus on what has been accomplished to date and the future direction
of this research. We will discuss the model being used, show results that validate its use in the PBL,
and present a nested-grid method proposed to analyze the entire PBL and vortex pair simultaneously.

Numerical Modeling studies of Wake Vortices in the
Planetary Boundary Layer

NASA Cooperative Agreement

Dr. Yuh-Lang Lin, Associate Professor of Atmospheric Science, Numerical
Weather Prediction, Mesoscale Analysis and Modeling.

Dr. S. P. S. Arya, Professor of Atmospheric Science, Turbulence and
Diffusion

Dr. Michael Kaplan, Visiting Associate Professor, Numerical Weather
Prediction, Mesoscale Analysis and Modeling

Dr. Chung-Teh Kao, Scientist, Vortex Dynamics

Dr. Shaohua Shen, Visiting Assistant Professor, Planetary Boundary
Layer Turbulence

Mr. David S. DeCroix, Ph.D. Graduate Student

Mr. Jongil (Martin) Han, Ph.D. Graduate Student
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+ Adapt TASS to study Atmospheric
turbulence (DeCroix)

+ Adapt TASS to study 3-D aircraft
vortices (Han)

+ Combine and get best possible
simulation of interactions

“

\Ayeorology

+ Meteorological scales
- Synoptic, meoscale, microscale
% Planetary boundary layer

- Part of the troposphere that is directly
influenced by the presence of the earth’s
surface, and responds to surface forcings

with a timescale of about an hour or less
(Stull, 1993)
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2000

\Tyical PBL Evolution

Free Atmosphere

1000

Height (m)

Convective

MixedLayer Mixed
L ayer

Surtace Layes

Noon Sunset Midnight Sunrise »

Local Time

- Superadiabatic D Nearly Adabaic

- Strongly Stable Weak Iy Stable

PB}. Classifications

« Convective
- Unstable stratification
- Eddies range from km to mm
- Vigorous turbulence due to

¢ buoyancy and shear
o Ri <0.25, N is undefined
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PR, Types

< Neutral
- No stratification
- Turbulence due primarily to shear
+ N=0, Ri=0
< Stable
- Stable stratification (night-time)
- N>0, Ri<0.25 for turbulence
- Low-level Jets

\beulence in the PBL

+ Responds to forcings
- Surface roughness
- Surface heat flux
- Wind Shear

- Mesoscale effects
¢ Fronts, severe storms, etc.

¢ Topography
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** hTu ulence in the PBL

<+ Length scales
- O(1 km) to O(1 mm)
¢ Integral length scale (Large eddies)

¢ Taylor microscale (Small eddies)
+ Kolomgrov microscale (Dissipation scale)

< Time scales
- O(hours) to O(seconds)

TASS - Terminal Area

Wulation System

+ Nonhydrostatic
< Fully compressible
+ Large-eddy simulation
- Smagorinsky type closure
+ Microphysical interactions
< 2 or 3 Dimensional simulations
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Medifications for PBL

\”y}ﬂulation

<+ Surface heat flux or temperature
- Spatially uniform
- Temporally variable

+ Pressure gradient via geostrophic wind
- Variation with height

< Initial random temperature
perturbation

<+ Upper horizontal velocity

- Time dependent, given by observations

\M}del Initialization

+ Vertical Profile of horizontal winds,
temperature, dew point

- Horizontally homogeneous
+ Surface Heat Flux/ Temperature
+ Geostrophic Wind (pressure gradient)

« At t=0, random temperature
perturbation in 1st 3 vertical levels
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\Boy—ndary Conditions
¢ Periodic in X and Y directions
« Upper BC

— No vertical motion, sponge

& Lower BC
— No-slip

\T ASS Simulation Comparisons

+ Instantaneous Fields

+ Ensemble Averages

— Variances, Fluxes, and Spectra
¢ Nieuwstadt et. al. convective pbl comparison
¢ Andren et. al. neutral pbl comparison
+ Evening Transition to stable pbl
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\Cyvective PBL simulations

+ Wangara Day 33
- Deardorff 1973 results
~ Classical case
+ 1973 Minnesota Experiment

- Comparison to other models

- Comparison to observations
¢ Mesoscale influences?

- Model initialization suspect (?)

3-D Wangara Simulation

W Time = 4 hours
20

-
n

1.0

Altitude (KM)

X (KM)
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3-D Wangara Simulation

Time = 4 haurs

‘Wind Vectors
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@trum of Turbulence

% Instantaneous fields

+ Power spectrum of CBL

- Significant Peaks
¢ 9.3E-4 1075m pbl height
¢ 1.6E-3 625m downdrafts
¢ 2.6E-3 380m Thermals
¢ 4.0E-3 250m begin ISR

- Dissipation 1.E-3 to 1.E-4 m?2/s?

Velooity Spectiim
Watigara Day 33 10:00

K*Suu (m*2/s*"2)

0.0001 0.001 0.01
Kappa (cycles/m)
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\T rgnsitioning PBL simulation

< Memphis, Tn. August1995
~ Comparison to observed PBL structure
+ 90x90x100 Grid Mesh
+ 62m Horizontal Resolution
¢+ 1.6km Initial Inversion height

Heat Flux vs. Time
0.10

<w’0,’>; (mK/s)
=
=]
B

0.00

-0.02 A : : : : ' ‘
1600 1700 1800 1900 ) 2000 2100 2200 2300 2400
Local Time (GMT-5)
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\que Deficiencies

+ Insufficient resolution
— Increase surface layer resolution

< Inaccurate model initialization

— Need for more ‘realistic’ mesoscale
modeling

+ Sub-grid Closure

— Always a suspect
¢ No backscatter, etc.

\YyS Nested Grid Version

+ Allows one to customize domain
- Model entire PBL

- Telescope down to vortex scales
—- Allows for interaction between nests
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¥
ES
v _____________ .. PBLIvesion
; Q@ 0
----------------------------------------------------------------- ‘
—— Coarse Mesh ---- Nest | - Nest 2

@55 Implimentation

+ Digest additional B.C. info for its nest
+ Take time-steps to CM stopping point
<+ If 1-way nesting

- Each nest (job) may run simultaneously
< If 2-way nesting,

- Average its ‘fine-grid’ fields to parent
‘coarse-grid’ resolution

- Pass updated fields to parent
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Ty

\N?ted Grid Flow

—— Large At, —— At

1 | [ L | L Coarse Grid

N R B I B B

S

— Large Atp;—— Aty

I i i I Fine Grid #1
/ — T
— Lg Atp, — Atg,

]

—— i — | { Fine Grid #2

Pass averaged data back to parent after large At of parent

Boundary Condition

\Mﬁdifications

+ Lateral
— Periodic (Full domain in X and/or Y)
— Non-reflecting (Nested)

+ Vertical

— Surface
¢ Monin-Obukhov Similarity
+ Non-reflecting (Nested)
— Top of domain
¢ Sponge
¢ Non-reflecting (Nested mod. Klemp-Durran)
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\St}us of Grid-nesting

< Implemented and tested interpolation,
averaging, and BC’s

« Initial test cases
- Need to modify filters for nested grid

- Upper BC seems to work for neutral
+ Modifications needed for unstable

- SGS turbulence of nested mesh
¢ ‘Blending’ procedure needed in vertical

- Modify mesh communication time?

\T w&bulence Closure

(>

» Is increasing resolution enough?
+ Possible Closures

— Stochastic Backscatter (Mason)
— 2-Part model (Sullivan)
— 3-Part model

¢ 2-part plus vortex core treatment?
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\Fyure Investigations

+ CBL surface layer

- Nesting to resolve detailed structure
- Vortex pair in ground effect

¢ Compare to neutral stratification
+ Compare to specified turbulence level

< CBL Mixed Layer

- Vortex behavior aloft

\Fyﬂ’e Investigations (cont)

< Stable PBL

- Vortex bouncing

- What range of conditions produce
bouncing?
+ Effect of stratification
+ Effect of wind shear
¢ Combination

% Is there a range of R, or R;?
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\Fytre Investigations (cont)

< Model initialization
- Vertical sounding

- Mesoscale model (eg. MASS)
¢ Interpolate fields and BC’s for TASS

- Run 5-6 nested domains?
- Meso Beta to vortex scales
- i.e. 1km to 1m resolution

\Cb/clusions

+ Importance of Meteorology
- PBL turbulence greatly varies

¢ Convective, neutral, and stable conditions
¢ Wind shears and jets

< TASS simulates PBL turbulence

- Can analyze particular conditions
- Characterize effects individually
- Provide more realistic spectra
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\Cyclusions (cont)

+ Nesting strategy

- Allow greater resolution within larger
domain

- Embed vortices in PBL

<+ Continue PBL and vortex-only
simulations

+ Combine PBL/vortex simulations using
grid-nesting technique
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Questions and Discussions Following Dave DeCroix’s Presentation
(North Carolina State University)

Unknown
How close to the ground do you plan to approach before you rely on Monin-Obukhov
itself to do parameterization of turbulence?

DeCroix

That is a good question. That is something we need to investigate. As we increase
the resolution we are obviously going to be resolving finer scales and it is not clear
what the threshold is. It is something we plan to look at.
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Large Eddy Simulation of Aircraft Wake ./, 2 —
Vortices: Atmospheric Turbulence Effects

3185615~

I~/
J. Han, Y. -L. Lin, S. P. Arya, and C. -T. Kao

North Carolina State University

Ambient Atmospheric Turbulence Effects

* Initiate three-dimensional instability such as Crow instability and
vortex bursting

* Increase vortex decay by three-dimensional vorticity stretching

* Strong and large turbulent eddy motion can transport wake vortices significantly
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* Dimensionless measure of turbulence

n=(eb,)" /(T,/2mb,)
€: TKE dissipation rate, I'y: circulation, b,: vortex pair spacing
V,=T'/(2mh,) : Descent speed of vortex pair in inviscid fluid

T=V,i/b, : Dimensionless time

* In the middle of Atmospheric Convective Boundary Layer (CBL)
1.0x10™* (m¥s*)< € < 1.0x10? (m%s®) (from LES results)

From Idaho Falls and Memphis observation data (Proctor, 1996)

T, (m%s) b (m) M
IDEF/B727 300 26 0.075 ~ 0.161
IDF/B757 360 30 0.075 ~0.163
IDF/B767 375 38 0.099 ~0.214
MEM/DC-9 215 23 0.089 ~ 0.191
MEM/DC-10 [480 37 0.075 ~ 0.162
MEM/MD-11 |560 41 0.074 ~0.159

Previous Studies

* Atmospheric observations (Tombach, 1973)
- The vortices are never observed to decay away due to viscous or turbulent dissipation, but are always
destroyed by some form of instability

- Crow instability appears at all levels of turbulence except a very calm and stable atmosphere

- Vortex bursting is the dominant mode
* Water tank experiments (Sarpkaya and Daly, 1987)
- Crow instability in weak turbulence (n<0.1)
- Vortex bursting in medium to stronger turbulence(n>0.1)
* Direct Numerical Simulation (DNS)
- Spalart and Wray (1996)
* Crow instability in weak turbulence (17<0.1)

* Chaotic deformations in stronger turbulence (11>0.1)

- Corjon ct al. (1996)

* The stretching exerted by the vortices create lubes of intense vorticity rolling up the vortices

and produces strong axial velocity
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The model

* Terminal Area Simulation System (TASS) LES model

* Domain size: 20hX5bx5bh, =324mx84mx84m (by=16 m)
Grid points: 324x112x112, Grid size: Ax=1m, Ay=Az =0.75m

Periodic boundary condition is applied at all boundaries

* Vortex system: Burnham-Hallock (1982) model
r r
2rr+r’

V(r)=

V': vortex tangential velocity, r:radius, r.: core radius (= 2 m)
I'): circulation at r>>r,

Ambient atmospheric turbulence initialization

ou Hdp  duu ou 19t .
Tt o=y —L+gH-1)§ +-—_" 4
a pa o o, TEH IO G IR)
where H="P

Jol

A constant amplitude forcing is added every time step in the range of
k =|k|< 3.0 using three-dimensional Fast Fourier Transform

133



0.1

0001 Frla}
- == Falx)
0.67(k,bg) 7
0.89(k,b,) >
1100
Time (sec) 0 000»0 o 0.1 1
kyba/(2n)

* Integral length scale: ¢ = [ (u(x)u(x +r))/udr = 13.5 m
* Large eddy turnover time: 1 = /(') = 50.2 seconds
* Isotropy: 1=[u)/(v)]"'= 0.93

* TKE dissipation rate: <e>=<K,, D,;> = 7.43x10* (m¥s®)
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Numerical experiments

Dimensionless | p I, (m¥s) | Vo (m/s)
turbulence level

Moderate 0.143 160.0 1.59
Strong 0.5 43.2 0.43
Weak 0.068 320.0 3.20

MODERATE TURBULENCE
TOP VIEW SIDE VIEW

in .
A s ok, 5o 2 5 P e S i g

TN S o 2 Ty

a0 JLALE ORGP R S
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STRONG TURBULENCE
T TOP VIEW SIDE VIEW

0.27 W
0.54 W :

o KPR ﬁ%)\c.ww

1.34

WEAK TURBULENCE
T TOP VIEW SIDE VIEW
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H E———
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ugg b-«? o
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Dimensionless maximum axial velocity
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CIR160

ENSTROPHY

TOP VIEW OF MAXMUM VALUE AT TIME=39 SECONDS
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TIME=29 SECONDS

CIR160
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Summary and Conclusion

* Crow instability can develop in most of atmospheric turbulence
level, however, the ring vortices may not form in extremely strong

turbulence case due to strong dissipation of the vortices
* It appears that a strong furbulemce tends +o accelerote the occurevce

D‘f Crow 1'445{0\5:'/«"/’3
* The wavelength of the most unstable mode is estimated to be about

5b,, which is less than the theoretical value of 8.6b, (Crow, 1970)
and may be due to limited domain size and highly nonlinear

turbulent flow characteristics.

* Three-dimensional turbulence can decay wake vortices

more rapidly.

* Axial velocity may be developed by vertical distortion of
a vortex pair due to Crow instability or large turbulent eddy

motion.
* More experiments with various non-dimensional turbulence levels
are necessary to get a useful statistics of wake vortex behavior due

to turbulence.

* Need to investigate larger turbulence length scale effects by

enlarging domain size or using grid nesting.
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Questions and Discussions Following Martin Han’s Presentation
(North Carolina State University)

Fred Proctor (NASA Langley)
In your plots of vortex decay of circulation, it seems you were seeing more of a linear
decay rather than a sudden transitioning decay.

Han
| averaged along direction. The individual vortices may be more random.

Philippe Spalart (Boeing)
Do the left and right vortex touch on the centerline?

Han
They do.

Spalart
What was the circulation Reynolds number?

Han
Reynolds numbers were quite high. Order of about 10’

Spalart
You were plotting average circulation. Can you explain what that is?

Proctor
Isn't it a 10 meter circulation you are plotting?

Han
| averaged along axel direction. This is at 10 meters radius. This one is at 5 meters.

Spalart
Since your vortices are developing waves, and your average circulation is dropping,
the true circulation around the vortex is not.

Han
I find the location over every vortex, then at some radius average slice of vortex along
the vortex axis.

Spalart

if you were to draw a contour around the vortex, with contour coming down the
centerline and if you took circulation around that large contour, would that circulation
decay or not?

Han
Yes, if you took large radius, | think | would be no different from 2D simulation. | think
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atmospheric turbulence diffuses vortex strength.

Proctor
Does core size change much with time?

Han

Yes, | think core size changes and becomes larger. | need to look at this in more
detail.

144



S0~

1st NASA Wake Vortex Dynamic Spacing Workshop

Large Eddy Simulations of Rebound and
Aging of Three—Dimensional Wake Vortices

Within the Atmospheric Boundary Layer

Alexandre CORJON, Denis DARRACQ
and
Frédéric DUCROS

NASA LaRC, Hampton (VA)
May 13, 1997
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OUTLINE
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e MFLAME Project
o Real test-cases

» Idaho Falls experimental data

~ Increase or decrease of the descent velocity
o Idealized test-cases

~ Aging due to turbulence

v Ground effect with 3D wind

» Crow instability near the ground
e Theoretical modelling
e Lidar Simulation
e Concluding remarks

o5 Yaaht CIRELC)
: MFLAME project BE-1541 L

e T eI
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MFLAME PROJECT

MFLAME: Multifunction Future Laser Atmospheric Measurement Equipment
(Industrial and Materials Technologies — Brite/Euram 1)

® Task objectives:
v wake vortex, dry windshear, clear air turbulence, volcanic ash, gust
alleviation, mountain rotors and dry hail predictive detection,
v Demonstrate wake vortex detection by means of a series of ground
and flight tests of a 2pm LIDAR system.
v Improve the techniques and technologies for a cost effective equipment .
v Investigate operational aspects (integration, certification,...).
¢ Consortium comprises:

SEXTANT Avionique and GEC Marconi Avionics, SOFREAVIA, CERFACS, DLR,
University College of Galway, University of Hamburg, INESC

and a "User Club" attached to the project as "associated partners" (Airliners,
aircraft manufactures, airports, and official authorities).

4 et CLC)
. MFLAME project BE-1541 z

COMPLEX MODELLING

e Decay due to atmospheric turbulence

« Donaldson and Bilanin 1975
r(t)=f(u”d0sr)
e New model by means of complex modelling and
experiments

« DNS too viscous flow but no approximation
« LES more realistic flow conditions

e Two types of problems
« Convective boundary layer: turbulence effects
« Stable boundary layer: rebound effect

— -
i ~) )| MFLAME project BE-1541
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SIMULATION PROCESS

Idaho-Falls Experiment

Y

Idealized MESO-NH
CQSGS ABL Simulation

oA
NTMIX MESO-NH
Vortices Vortices
| LIDAR

\ v /
Simulation

e CRELCS
@ @ MFLAME project BE-1541 L

LAMB OSEEN VORTEX

e Lamb-Oseen Vortex (Lamb, 1932)
v~ Core radius r,
~ Maximal velocity V,,
Un(ritV =t (relr)(1-eMrre?)

e Q-Vortex (Lessen & Paillet, 1974)
~ Lamb-QOseen
» Axial velocity W,
UA)IW =e Ml and W= /i g v,

- CERnLes
= )| MFLAME project BE-1541 | §°
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MESO-NH

Amospheric Simulation System (CNRM and LA)

- large meso—-alpha scale down to micro-scale

-+ flexible file manager

- facilities to prepare initial states (idealized or interpolated)
-+ post-processing and graphical facility

e Hypothesis
» Reynolds system with anelastic and Boussinesq
approximations
dp/dt=0 and wdp/dz=0
+ Wall function

Nkt CIRFLCS
' MFLAME project BE-1541 L

IDAHO FALLS

Vortex measurements:
» LDV and MAVSS
+ anemometers

Meteorological data:

+ anemometers

~ thermometers

(tower & tethersonde)

oS . CRELC)
> MFLAME project BE-1541 z
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1 BOEING 757 — RUN 30: ABL SIMULATION
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RUN 30: 2D TURBULENCE EFFECTS
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t=15s (23s)

t=30s (38s)

OO

RUN 30: 3D SIMULATIONS

MFIL.AME project

CEWLO

BE-1541 L

t=15s (23s)

oo

RUN 30: Iso—Surface of A,

MFLAME project

CERELC)
BE-1541 | &~
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" RUN 30: TRAJECTORIES and DECAY
12 : . :
60.0 ’

1O --——
bt .
 §
1 \‘ -
E 400 " 08 S m . |
{::_1 -~ & . L \\ I
R
20] i ove . <lEsa0 v |
DO LES 3D - VI (106 m) . 0.4 !
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= LES WD - V1 (130 nve) ‘
A=A LES DL V2 (130 miv) ‘ |
%06 ' 200 C T a0 - %200 10.0 20.0 300
Vonex age (s) Vortex age (s)
]
N’ ‘ CRILC
MFLAME project BE-1541
NTMIX3D

e Fully compressible 3D Navier—Stokes

e High-order compact scheme (Lele 92)

e Third order Runge-Kutta

e New way to define boundary conditions
~ NSCBC (Poinsot-Lele 92)
- Periodic assumption no more required

T

MFLAME project

BE-1541

CIRLC)
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y COMPUTATIONAL DOMAIN

SUBSONIC INLET
Axial wind ___—

Crosswind

" IMAGES &

PRIMARY VORTICES

4 )

PERIODIC in Z

MFI.AME project

CEMLC)
BE-1541
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THREE-DIMENSIONAL REBOUND
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108 VORTICITY MAGNITUDE
t=30s
| -
t=60s
| "
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o N CRHLO
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t=0s

AXIAL VORTICITY
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CROW INSTABILITIES NEAR GROUND

e

\ S
\ ///

@ @ MFLAME mit,
. { project BE-1541

B ‘ CROW INSTABILITIES NEAR GROUND
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NEW THEORETICAL MODEL

s cam

o Principles of the simulations

A

e New model developed with C. Vassilicos (Cambridge Univ.)

['(t)= f(u’,A,'Q()arc,dl)’F)

5\ *—
\ - MFLAME project BE-1541

CELC)

SINGLE VORTEX

e
> MFLAME project BE-1541

158




| VORTEX PAIR

MFLAME project

BE-1541
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LIDAR SIMULATION
M

21 range gates

75x21 lines of sight

o CERFACS
- : MFLAME project BE-1541 L

t=15s (23s)

t=30s (38s) | ™.

RUN 30: LIDAR SIMULATIONS

. ’ ) \l(‘ﬂ' \‘ - ‘ « ’ "‘,
/ vt~ CERELC)
- - MFLAME project BE-1541 z i
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CROW INSTABILITIES

t=18s

t=30s

e s gy e T T {425
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g MFLAME project BE-1541 L
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SIMULATION OF PULSED LIDAR
University College Galway (IRL.)

Case 1: Head on Vortex Encounter (plan view)

800m 2700m

Case 2: Proposed Flight Test Scenario (side view)
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SIMULATION OF PULSED LIDAR
University College Galway (IRL)
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SIMULATION OF PULSED LIDAR
2400 University College Galway (IRL.)
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CONCLUDING REMARKS
e Development of avnew aging model
e 2D simulations => 3D mandatory

o 3D simulations compared to experimental cases
v Convective ABL: completed, two aircraft types
» Stable ABL: in progress
e 3D simulations in idealized cases
» Atmospheric turbulence effects
» Effects of ground and wind
» Crow instability near the ground
e New theoretical model of turbulent aging in development
F e LIDAR simulations: up to 21 range gates (= 2.7km)

v CERWLC)
2 = MFLAME project BE-1541 L

CONCLUDING REMARKS

e

e Participation to EUROWAKE (Brite/Euram III - basic
research program for the near field wake)
e Thematic Networks "Wake Vortex"
e New proposal "WAVENC"
WAke Vortex Evolution in the far wake region and
WAke Vortex ENCounter
(NLR, AS, RED Scientific, DLR, ONERA,
CERFACS, IST, TsAGI)
¢ European Commission is waiting for a letter of FAA
"Wake Vortex" could be selected as a US-CEE
l common research project

08 Naake’ 3 CORFLCS
» ‘ MFIL.AME project BE-1541 L
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Alexandre Corjon (CERFACS)

Leo Staton (Research Triangle Inst.)
Can you go back up to the slide you showed of lidar simulation, what are we seeing?

There is a lack of velocity in the core.



Questions and Discussions Following Alexandre Corjon’s Presentation (CERFACS)

Leo Staton (Research Triangle Institute)

Could you go back to the color slide you showed of lidar simulation, and describe
what lidar target is? What are we seeing on this chart? Is that a chart of intensity
returned to lidar?

Corjon

It is velocity measured by lidar. What you see is absence of velocity in core of vortex.
In doing simulation we assume there is no velocity in core and all the velocity we find
is between the vortices.

Staton
So these are axial velocities we are looking at?

Corjon

Axial velocities is between two vortices. We think that is due to the eddies that
surround primary vortices and create axial velocity. Also, there is axial velocity due to
curvature of vortices.

Greg Winckelmans (GSW Consulting Services)
In 3-D computation near the ground that you showed, is there a no-slip ground or is it
a slip ground?

Corjon
No-slip ground.

Winckelmans
So the computation is not periodic with respect to ground?

Corjon
Not periodic. There is only one direction periodic, the axial direction.

Winckelmans
Why do you have images then?

Corjon

Only at initiation. | always put image vortices because you have to pay attention near
the ground to properly initialize vortices to put slip conditions of the world and put
damping functions on velocity.

Winckelman

If you are interested, | can show you a numerical way of putting proper vortex sheet on
the ground that will ensure no slip without funny games of image. There is a way of
doing it exactly, analytically.
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Alexander Praskovsky (National Center for Atmospheric Research)

Again the same color slides of what lidar sees. This is continuation of the previous
question about lidar. How did you simulate? Did you take into account moving
aircraft? What was your scanning pattern, speed of lidar scanning, and so on? How
can you produce such a nice picture?

Corjon

| don't do this job. It was the University of Gerwach. | did the 3-D simulation of wake
vorticity. There is no effect of speed of aircraft. We do not move grid like Fred Proctor.
We look at two vortices that descent at us. We look at constant age vortex.

Praskovsky
How does the lidar look? This is an extermely important question.

Corjon
This one looks in the actual direction in the axis of vortices.

Praskovsky
But lidar can only see radical not normal velocity component.

Corjon
We have profile and afterward we compute the radial velocity and the velocity of sight
along lidar.

Klaus Sievers (Germans Pilot Association)

You work seems to consist of two parts. First, a big part is simulation and the second
part is development of something airborne. | would like to know something of the
time scale. When can | expect to have something in the aircraft? What warning time
will it be able to provide to me in the cockpit? WIill it be able to look through haze?

Corjon

You want the official time scale. The project will end in 1989. | don't think airborne
systems will be available then. There are also problems of certification of this type of
system which takes a long time.
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AIRCRAFT WAKE VORTICES IN THE ATMOSPHERE

o0 2
Thomas Gerz, Frank Holzipfel
Institute of Atmospheric Physics R AR RN >~
DLR, Germany / (p P

Abstract ‘2 / S:L{o/ //

By means of large-eddy simulations dynamics are discussed which control the decay of the
wake vortices of a subsonic aircraft under cruising conditions. The period between 1s and
several minutes of wake age is considered. The method is briefly introduced. Emphasis is put
on the effect of turbulence on the decay process of the wingtip vortices; thereby it is distin-
guished between background atmospheric turbulence and turbulence stemming from the bo-
undary layer of the aircraft.

To introduce ongoing work at the Institute of Atmospheric Physics related to the current topic,
some results of wake vortices measured during flight campaigns as well as results of large-

eddy simulations of the convective atmospheric boundary layer are presented.
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Deutsche Forschungsanstalt fir Luft- und Raumfahrt e.V.

AIRCRAFT WAKE VORTICES IN THE ATMOSPHERE

Thomas Gerz, Frank Holz&pfel

Institute of Atmospheric Physics

DLR Oberpfaffenhofen, Germany

B The new wake vortex group

B Motivation

B Methods and Initialization

B Jet Regime

B Vortex Regime

B Flight Measurements

B Convective Planetary Boundary Layer

B Conclusions
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48.

The wake of a B-747 aircraft after 1s (initial fields for LES) in terms of swirl-

velocity components (v, w) (left, full domain) and potential temperature excess # of the

exhaust jets (right, close-up ) in span-height cross-sections. Vectors are displayed every

fourth gridpoint between 1 and 13m/s. The black contours of 4 range from 0.2 to 3K

with increment of 0.2K and can be attributed to the bypass region; the white kernels

inside approximately mark the jet cores with 8 between 3 and 15K. The horizontal line

represents the flight level. The Figure labels are in units of m and s for length and time.
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1-7 sec 7-157 sec

L, [m]| 160 408
L, [m]| 192 256
L, [m]| 180 540

1-7 sec 7-157 sec

Ax [m]| 2.5 6.4
Ay [m]| 0.5 1.0
Az [m]| 0.5 1.0

At [s]| 0.004  0.024

CPU time and memory on CRAY-J916:

70 hours and 1 GByte

(&f 45-(‘401 L‘(q_ﬁ‘M )
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Iatialization of LES (after 1s):

Aircraft-Induced Flow ( from, VFT)

1 sec 3 sec 6 sec
VFT LES |VFT LES |VFT LES
Vortex separation [m]| 53 53 | 49 49 | 47-18-47
Core radius Rg [m]| 40 4.0 | 40 4.0 | 35 3.5
Swirl velocity Vo  [m/s]| 8.4 8.4 |103 10.7| 9.8 104
Downwash velocity [m/s]|-11.6 -11.6|-11.8 -12.2|-11.5 -12.1

B%Layer Turbulence cuases B A

(VR. WR)(X,y,2) = 0.16 Vcexp !r—(l — R—rc—)2 x ranf(x,y. 2]
Vex= 467 V. |

Atmospheric Conditions (POLINAT case)

————

Height [km]| 11.3

Pressure [hPa] 216

Density [kg/m3]| 0.35

Temperature [K]| 214.3

Pot. Temperature [K]| 332.1

Stratification [1/s]{ 0.014 — Cafes NG, A

Turbulence h/v [m/s] | 0.38/0.21 = Q_Q_.}%c} A

Eddy size [m] 50... 4100

tgv = S mdrates Re : = J\:’-— - oo?oo-ooo (V)
Rzeﬁ:: Ve { o.000 (A)
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96.

The early wake of case A in span-height cross-sections in terms of u after 1 and

7s (top); 8 and c after 7s (bottom). All quantities are averaged over meshes in axial (flight)

direction z. Contour increments: 0.1 m/s starting at + 0.05m/s for u; 0.1K starting at

+0.1K for 6; 2 x 107 starting at 0.05x 107 for c. Negative values are marked by dashed

lines.
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time [s]

60 80 100 120 140 160
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time [s]

G e m Rl |
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1 J_ 1 1

NI |

;
3
L

1 L
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Timeseries of wake and jet flow quantities in a stably stratified atmosphere. N:
no turbulence; B: aircraft boundary-layer turbulence; A: boundary-layer and atmospheric
turbulence. Velocity maxima v, w [m/s]; pressure deviation minimum p (< 0) [dPaj;

downward travelled distance h [dm]; velocity maximum u {m/s]; maximum of absolute

temperature deviation T [K].

time [s]
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The instantaneous non-averaged wakes of case B (top) and A (bottom) after 87s
in span-height cross-sections in terms of swirl velocity (v, w) with magnitude > 1 m/s;
axial velocity u with increment 0.5 m/s; and temperature deviation 6 with increment 0.2K.
Negative values are marked by dashed lines. The horizontal line represents the flight level.

The Figure labels are in units of m and s for length and time.
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The wakes of case B (top) and A (bottom) after 146s. Legend as in the previous
Figure.
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Span-axial cross-sections of axial vorticity w, for wakes B (top) and A (bottom)

for several instants of time and vertical positions. Contour interval is 1s~!. The left vortex

(dashed contours) rotates clockwise.
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110.

Hoéhe in m

-160. 1

408. 204. 0.
Streckenabschnitt in m

Exhaust distribution of a B-747 in side view. Top: Foto of a con-
trail. Bottom: Axial-height cross-sections of the simulated exhaust
concentration after 146s in the symmetry line of the aircraft.
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SULFUR 4, March 15, 1996 (Falcon Flight #2829), ATTAS case
2 NM distance, 13:34:30-13:34:40

wind components transformed to coordinate system with u parallel to mean heading
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of the (onvective Boundary Layes (&)
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Deutsche Forschungsanstait fiir Luft- und Raumfahrt e.V.

Conclusions

B LESs of the vortex wake dynamics were
performed

B Boundary layer turbulence can not be neclected

B Weak atmospheric turbulence has the strongest
capabilities to destroy the wake structure

: i DLR
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Questions and Discussions Following Frank Holzapfel’s Presentation (DLR)

Turgut Sarpkaya ( Naval Postgraduate School)

Just a suggestion that in the future, not only in your case, but in all LES studies, when
one concludes that weak atmospheric turbulence has such and such effect, | believe
that one should show graphs of the intensity and integral length scale of the
turbulence so one knows what is the quote “weak” atmospheric turbulence.
Otherwise, it can be very low intensity large scale or the cther way around. | believe
neither boundary in particular, whether it is length scale or intensity, or combination
thereof will have far reaching consequences.

Holzapfel
The length scale of the most energetic eddies was 50 to about 100 meters and you
had impression of the actual velocity when we started the calculations at one second.

Fred Proctor (NASA Langley)
Did you notice any added buoyancy effects from the heat of the jet engines?

Holzapfel
Yes, of course, the distance between the cores decreased and in the core without
turbulence, the descent velocity was accelerated. There was an acceleration of the
descent.

Proctor
By how much? Significant? Minor?

Holzapfel
I don’t really know since these are not really any results.
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Effects of Stratification on 3-D
Trailing Vortex Evolution

- - 9 ;——-
- . <
Robert E. Robins o474 € s

Donald P. Delisi /)r

NASA Langley Research Center 3 3)(9 / SJ

May 13, 1997

Abstract

Two studies are presented. First, the effects of stratification on Crow instability
are examined numerically. Results from calculations for Froude number, F, equal
t0 2, 4, and 8, are shown at non-dimensional times of 4, 6, 8, and 10. Stratification
is seen to accelerate the onset of linking due to Crow instability and to suppress the
downward migration of the vortices. It is also seen that for low stratification, such
that F > ~8, Crow instability results in the formation of downward propagating vortex
rings. For higher stratification, such that F < ~4, the ring formation is suppressed. In
a second study, laboratory and numerical results, in good agreement, show the
occurrence of a small-scale instability for strong stratification, such that F < ~2. These
results may be relevant to airport operations because of the possibility that stratification
effects and small-scale instabilities may result in trailing vortices remaining near the
flight path of following aircraft.
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Outline

* Effect of stratification on Crow instability
- Numerical study

» Small-scale instability in high stratification
- Laboratory results
- Numerical results

¢ Conclusions
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116. Instability of a pair of trailing vortices. The vortex
trail of a B-47 aircraft was photographed directly overhead
at intervals of I5 s after its passage. The vortex cores are
made visible by condensation of moisture. They slowly
recede and draw together in a symmertrical nearly sinu-

soidal pattern until they connect to form a train of vortex
rings. The wake then quickly disintegrates. This is com-
monly called Crow instability after the researcher who ex-
plained its early stages analytically. Crow 1970, courtesv of
Meteorology Research Inc.
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Froude Number

*F=V,/Nb,
where V, =T, / 2n b, and
N? = (g/©,) / (d©/dz)

« Example: B-747 in inversion (or stratosphere)

by=50 m, V, =2 m/sec,
d®/dz =1°C/ 100 m (N = 0.02 rad/sec)

mp F-2

Numerical Approach

* Solve 3-D N-S equations (Boussinesq)
* Projection method for time stepping

* Pseudo-spectral and compact methods
for spatial derivatives

* Computational domain:

» Initial vortices composed of a spectrum
of slightly perturbed vortex components
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Numerical Study of Stratification
Effects on Crow Instability

* F=2,4,8

* T=4,6,8,10

TOP VIEW, T=4
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TOP VIEW, T=06
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TOP VIEW, T=8
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TOP VIEW, T=10

F=§

F=4

SIDE VIEW, T=10
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Stratification Effects on Vortex Migration

Summary

» Stratification causes faster linking and suppression of
vertical propagation
* Low (or no) stratification (F > ~8) results in

formation and propagation of vortex rings
* Moderate stratification (F < ~4) results in

suppression of ring formation
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Small-Scale Instability
in High Stratification

* Laboratory visualizations

e Numerical visualizations
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Conclusions

Stratification causes faster linking and suppression of
vertical propagation

Low (or no) stratification (F > ~8) results in
formation and propagation of vortex rings

Moderate stratification (F < ~4) results in
suppression of ring formation

High stratification (F < ~2) results in small-scale
instability
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Questions and Discussions Following Bob Robbins’ Presentation
(Northwest Research Assoc.)

Philippe Spalart (Boeing)

I think we have a great controversy here. We are all getting a reduction in spacing in
stable stratification. | don’t think any experiment has shown that. What do you think of
it?

Robbins

One point which | didn’'t make, which | should have made while talking and I'll get to
what you said to, is that what we have seen for some of the two-dimensional results
is that the vortices come together and they sometimes accelerate and they
sometimes oscillate. We presented four different phenomena. What is looking from
these results is that when you include the third dimension you get instabilities that
supress the vertical motion and maybe give you a supression of what you see in 2-D.
It looks like 3-D effects might give you a different phenomena from what you are
observing in 2-D. Could you repeat your question?

Spalart
Has anyone in the audience seen vortices come together?

Robbins
No one is jumping up.

Tim Dasey (Lincoln Labs) - | am not going to volunteer that | have seen it. But
operationally and in field measurement it is difficult to separate the influences of
stratification from those near the ground. | am assuming in these cases there is no
discontinuity in the level of stratification. In other words it is uniform stratification.

Robbins
It is idealized uniform stratification case.

Dasey

Which you hardly ever see in atmosphere, at least in the ranges where people have
gone to airports and measured vortices, there is generally the top of an inversion or
strong discontinuity and also happens fairly close to ground. | think that there is room
for field data in that area.

Robert Neece (NASA Langley)

| have some video tape of an experiment where we had smokers on a C-130. |
believe we observed as the Crow instability developed, as the vortices came together
they did dip down. I'll try and look at the tape and we can show it tomorrow if people
are interested.
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Robbins

| think what has also been observed in that experiment are the kind of vertical
oscillations that we see in small scale instabilities as well Some of these cases
should also be looked at.

Neece
| might add | have copies of those video tapes that | could make available if people are
interested.

Pal Arya (North Carolina State University)
| have a question about what kind of simulation did you use. Is it large eddie
simulation or DNS?

Robbins

There was no turbulence, no formal LES assumption made. | used the smallest
possible viscosity | can to get the simulation on the machine. The actual Reynolds
number was about 3,000. | have also run 4,000 and 6,000. It turns out once you get
to 3,000 because you are maintaining vorticity in respected cores, you don't get much
different results from going higher. Although the Reynolds number sounds low, you
are getting behavior much like what you would see at higher Reynolds number.

Arya

You don't have any shear, you have uniform flow?

Robbins
Well it is just 0. | have actually done a few preliminary shear calculations that show
some very interesting effects, but | am not ready to present that yet.

Arya
Somewhat inconsistent. The atmosphere with stable stratification will always have
strong shear you know.

Robbins
That's true, the intent was to focus on the stratification physics and isolate on that and
learn as much as we can. The next step is to include more realism.

George Greene (NASA Langley)

Can you comment, sort of as a follow-up to Philippe’'s question, on what sort of
percentage reduction in spacing are we talking about? Did they decrease their
spacing by a factor of 2, or just 10 percent?

Robbins

You should be able to see it. Let's go back. Each of these tic marks is equal to
separation. The separation here at Froude number 2 at time 4 is probably between
3/4 and 1/2 of B, before they link. | am not sure that answers your question.
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Greene
| think people have seen numbers of about 10 percent at low Reynolds number. Ifit is
about 1/3 we should be able to pick that up in a flight test.

Robbins

It would be interesting to see, for example, in the Wallops Island tape if that can be
observed.
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Initialization and Computation of 3-D Wake Vortices

Z. C. Zheng Dby e G
University of South Alabama LY o 4 /
Mobile, Alabama,

Outline

Axial velocity effects on 3-D vortices

Initial 3-D computational simulation with axial flow

Zonal computational method

Conclusions
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Three-Dimensional Vortex Characterization

Vortex stretching effects
Axial velocity profiles
Stability and breakdown

Turbulence

Coordinate System for a 3-D Vortex
(fixed with flying speed)
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Axial Vorticity Transport

0 1 ,0VEG) | 0W(,)
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Axial Velocity Profiles

(1) Jet type (2) Wake type (3) Combined
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Influence of Axial Velocity Profiles

Table 1: Change of vortex strength with downstream growth vortex
core (under the influence of small ')

Axial velocity type

Total circulation

Tangential velocity

Axial vorticity

Uniform Unchanged Decrease Decrease
Jet, Decrease Decrease Decrease
Wake Increase Decrease Decrease

Axial Velocity Propagation (Uy = 60 m/s)
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Axial Vorticity Distribution

(1) Atx=0 (2) At x = 638m with wake (3) At x = 638m with jet

Core Increase vs. Vorticity Decrease

e Wake: core increase 13.3%, vorticity decrease 15.2%
e Jet: core increase 6.7%, vorticity decrease 17.9%

e For Rankine vortex:

i(_x_ B _2Cx( 1 )d'rc
dr =~ 1. 1—% [(cu'rdr’ dz
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Zonal Grid

Axial Velocity in Two Zones
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Conclusions

Initial axial velocity profiles influence the 3-D vortex
decay behavior

Axial velocity deviation can change the effects of
vortex core growth on total circulation, axial

vorticity and maximum tangential velocity

Computational results are in agreement with the

trend predicted in the analytical study

The zonal method can be utilized to extend far
downstream 3-D simulation
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Questions and Discussions Following Charlie Zheng’s Presentation
(University of South Alabama)

Steve Lewellen (West Virginia University)
You can’t handle atmospheric turbulence in this frame of reference. Is that true?

Zheng
Do you mean it can’'t be included in computational models?

Lewellen
Yes

Zheng
Yes it can. ltis in test code. It is large eddie simulation. We used the same code as
Fred used and large eddie simulation is in that code.

Lewellen
The turbulence will have to move through your frame at the speed of the aircraft.

Fred Proctor (NASA LaRC)
Yes, we can do this through a nesting procedure or specifying at the boundary, some
way. ltis a little difficult.

Lewellen
| am concerned with the speed at which the turbulence will have to move through your
frame.

Zheng
You mean the turbulence when you move your computational domain with the
airplane, the turbulence is no longer steady state?

Lewellen
Turbulence is in the frame of the atmosphere. So you have got the speed of the
airplane between the two.

Proctor
If you have got good numerical techniques what difference does it make? It is a lot
more expensive.

Zheng
Yes, we are thinking about this.

Proctor
Have you looked at change in circulation along the vortex?

210



Zheng

For the total circulation in the simulation, | used two vortices along with the ground
effect so the total circulation doesn’'t mean anything. Because you have two vortices if
you calculated total circulation of whole domain that came out to be zero. So the only
“circulation” that is meaningful for wake vortex is average circulation which you
mentioned in an earlier paper in Reno. | have not done that. Get the average
circulation based on the 3 dimensional calculation.
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TWO-DIMENSIONAL SIMULATION OF
WAKE VORTEX INTERACTION

FROM MULTIPLE AIRCRAFT Zogt

George Switzer” 51869

* Research Triangle institute

ASA First Wake Vortex Dynamic Spacing Workshop May 13, 1997

Abstract

This numerical experiment investigates the significance of wake interaction
from multiple aircraft in the region of the runway threshold. The study is
chosen from the 1995 Memphis observations of cases 1493 to 1496
because of close spacing and varied strengths of the wake vortex systems.
The observed environmental input conditions are of weak crosswinds winds
with a mean value of 1 m/s. The model vortex systems are injected at times
and altitudes corresponding to that of the actual aircraft. A video of potential
temperature and vorticity shows the dynamics of the vortex interaction. The
observations from the video are that vortex movement may change direction
from downwind to upwind due to influence of other vortex systems and vorti-
ces from different aircraft may couple to produce new vortex systems. How-
ever, the interaction from multiple vortex systems did not create significant
departures from what was predicted with an isolated vortex system. Finally
the trajectory of altitude and lateral position is compared for Memphis case
1494 and 1496 showing good agreement.
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OUTLINE

* Purpose

* Description of study

* Results

* Summary

PURPOSE

* Numerically simulate wakes from successive aircraft

* Investigate significance of multiple wake interaction
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GENERAL DESCRIPTION OF STUDY

» Environmental conditions and aircraft parameters taken
from 1995 Memphis cases #1493 - #1496 -- runway 27
threshold

» Multiple vortex interaction in ground effect with weak
crosswinds

» Cases chosen due to closely spaced aircraft and varied
strengths of wake vortex systems

* Results obtained for the two-dimensional wake vortex
interaction and are compared with observations

MODEL INPUT PARAMETERS

e Two-dimensional domain size:
lateral - 600 meters
vertical - 90 meters

e Uniform grid size of 1 meter

* Aircraft generation heights: range from 10 to 25 meters

* Environmental input sounding:
25 August 1995, 0428 Z
crosswind about 1 m/s
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Memphis, 25 A

Environmental Input Sounding

ugust 1995, 0428 UTC

6 — : —129.0
5|
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r Cross Wind Compolnenl I N
- L L 1 A 27.0
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Altitude (meters AGL)

AIRCRAFT INPUTS

* Four aircraft: three B727-200’s and one DC10-30

* Wakes from four successive aircraft injected into
simulation over ~5 minute period

- Initial

Memphis . , Z; vortex

Casz 4 Aircraft Time (n”:) (mz(js) spacing

(m)

1493 B727-200 0:00 | 25 291 25.8
1494 DC10-30 2:30 | 10 467 39.6
1495 B727-200 4:02 | 20 313 25.8
1496 B727-200 5:09 | 25 302 25.8
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TASS COMPARISON OF STARBOARD VORTEX POSITION
Memphis 1494 DC10-30
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TASS COMPARISON OF STARBOARD VORTEX POSITION
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SUMMARY

* Wake vortices from succeeding aircraft may affect the
transport of vortices for conditions of low crosswind in
ground eftect

- Vortex movement may change direction from
downwind to upwind due to influence of other
vortex systems

- Vortices from different aircraft may couple to
form new vortex system
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Questions and Discussions Following George Switzer’s Presentation (RTl)

Turgut Sarpkaya (Naval Postgraduate School)

| have one question and one comment. The question, do you know the velocity and
circulation distribution at various times as these vortices interact in a very complex
manner with each other? That is scientific question. The practical question, that is
why we are here, | would suggest that an average circulation be calculated from R
core (radius of vortex) to 1/2 of the separation of the vortices at the time of landing.
That number should be given in every paper, calculated, or evaluated because | think
this group, for its usefulness to the industry, will need a number like this and there are
internal limits that are the most usable rather than theoretical separation, half the
actual separation distance. Your comments please. Thank you.

Switzer

I think you have a good comment there. We need to have standardization so we can
compare results. Looking back at Idaho Falls we have started using 10 meter
average circulation. For these cases due to complexity of interaction, | have not
calculated circulation. All | looked at was trajectory so | don't have any strength values.

Phil Hogg (United Airlines)
What was cross wind component and what were the initial separations, in time and
distance?

Switzer

The cross wind component was approximately one meter per second, about 1/4 to 1/2
meter per second at ground to 2 meters per second at 80 meters altitude. The
vortices were separated by 2 minutes and 30 seconds for the first two, 1 minute 32
seconds for the next, and 1 minute and 7 seconds for the last.

Alexander Proskovsky (NCAR)
You put vortices one after another. But it seems the influence of the aircraft itself if
there is still vortex from the previous one. When a new aircraft flies it would be
physically different quantitatively and qualitatively from simply injecting vortices. How
can you handle this problem?

Switzer

I was looking at the first cut of how we can estimate what is the effect of multiple
interactions. | can't do a wake roll-up. If | did it right | would need to do roll-up of DC10
at 2 minutes 30 seconds. | injected a fuller rolled-up vortex.

Proskovsky

I didn’t mean that, when the aircraft flies it changes the flow jets from the engine, etc.
How can you put that influence in the simulator?
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Switzer

You're talking about a 3-dimensional effect that a 2-dimensional simulation would not
be capable of simulating. | don't know how to initialize this. | am open to
suggestions.

Gregg Winchelmans (Transport Canada)

The second pair of vortices was injected after 2 minutes, | am wondering from an
operational viewpoint of an AVOSS, what was left of the circulation of the first vortex
system? Was it below 100 meters per second? Was the vorticity left there a hazard?

Switzer

That is a good question. However, with the 2-dimensional simulation | do not trust my
results, and | have not calculated them for the circulation value. | was looking strictly
at transport, not decay. Of course, transport will be affected because decay may not
be what real world is, but that was not the focus of my study.

Pal Arya (North Carolina State University)
| wanted to comment on the last discussion of multiple interactions. You can put
idealized wakes in but have such multiple wakes been observed? | suspect that the
following aircraft would destroy the wake.

Switzer
There could annihilation or coalescence of vortex system.

Tim Dasey (MIT Lincoln Labs)

| would point out we are spending a lot of time on how we model what a vortex looks
like after a plane encountered it. The point of AVOSS is to set up separation so
planes don't encounter vortices at hazard levels. This is a nice esoteric exercise but |
am not sure it's relevant. On the other hand, it does show how wakes of previous
aircraft disturb the meteorological condition in the boundary layer that may be present
for the next set of wakes that come by.

Philippe Spalart (Boeing)

You are doing a lot of 2-D large eddie simulation, and | don’t know what that is. The
subgrid scale models you are trying is 3-D to do small eddies from Kolmogorov
cascades so what you have is nonlinear, well, nonuniform viscosity. What is the
typical level of that viscosity? What is your effective Reynolds number?

Switzer

| don't know. | have not looked into that. Again | am trying to look at transport getting a
quick way to simulate what transport would be. From the simulation and the
comparison with the lidar data | showed reasonably good agreement. As Dasey
pointed out where the wakes are going when are they getting there? I don’t have an
answer for Reynolds number.
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Proctor (NASA LaRC)
Reynolds number is infinity for LES.

Winkelmans

I would like to follow up on what Phillipe Spalart just said. 2-D LES in principle you
cannot do, so if you do it and you want decay out of it, which obviously, you don't, but
let us assume you want decay out of it, you would have to change the Smagorisky
constant by probably a hugh factor in order to capture these vortex decays. You
should certainly not run a 2-D LES using the same constant as the one you use in a
3-D LES. LES by definition has to be 3-D to work. So maybe you can fool around with
the Smagorisky constant to get proper decay.

Switzer

I don’t want to play curve fitting games. As you may recall from Proctor's presentation
of Idaho Falls comparison, the decay of the 2-D system was a conservative estimate
of real-world. | am effectively looking at a worst case to quickly look at multiple
interactions due to closely spaced operations.

George Greene (NASA LaRC)

| wanted to reinforce this. It seems this discussion went a little afield. As |
understand this, from an AVOSS perspective you are looking at special situations
which you have to look out for such as rising vortices, or whatever. This was more of a
pilot study to assess situations.

Sarpkaya

In defense of the value of this paper. It may have occurred to other people, at any case
it will occur now. In the case we can increase the frequency of the aircraft, providing
they are landing safety, the landing of every successive aircraft will be safer than the
previous one because of the mess that the aircraft turbulence has created.
Scientifically speaking, the character of the turbulence around the airport would have
been changed and the small-scale turbulence had been increased. Among one of
the few things we know for certain in this business is that turbulence helps to decay
the vortices. Thus, it is not all danger that we want to decrease the separation
between aircraft. Atthe same time we are in the business of increasing the intensity
of turbulence, restructured it in the airport if you will so as to create a more conducive
environment for the landing of the other aircraft. In this sense, any study that makes
the interaction of vortices between the aircraft following aircraft, wind shear, etc. gives
one ideas if not numbers about circulation, numbers about the strength of average
vortices. Thank you.

Steve Campbell (Lincoln Labs)

I thought it was really interesting and fascinating to see these interactions. |
remember when we took all those measurements. These are all Fed Ex planes and
they are landing one after the other every 2 minutes. Have you thought of looking at a
longer simulation where you run a whole set of aircraft? You might see something
strange happening. On the other hand, they do this every day without suffering any ill
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effects. Have you considered doing something along those lines?

Switzer

In this particular push there was only one other aircraft that was even close. It was
one earlier aircraft, a B727-200. | chose not to do it just because | did not know what
the computational resources would entail. It passed by at a minute 47 seconds
earlier. This was the best data sample we had right at threshold.

Jim Hallock (Volpe Center)

In the extensive measurements we have made there are many times when we have
been able to see the remnants of the vortices of one, two, and in one case three
aircraft preceding. The other thing we did notice was in time of low density the wake
lasted a certain time, then with meteorological conditions not changing, suddenly get
a higher density of aircraft, the average life of the vortices did go down. So there truly
is an effect. | hope nobody interprets that we fly at 1-minute intervals and there would
be no problem, but it is a measurable effect.
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Wrap Up Discussion and Questions of Day One Presentations Trarl

Unknown

| understand everybody wants to go home. ['ll keep it short and simple. | never did get
a degree in physics, so | am approaching it from a planning perspective. | heard three
things that were new to me perhaps not new to you folks. Number one, vortices stall
on runways and can stay there for a while. Number two, they have been observed to
stay together up to 12 nautical miles. Number three, the fact that they can move
upwards. For all the panel members who are in here throughout the course of the
research going on, have any of you thought about the possibility that as a result of this
research we may actually increase separations.

Jim Hallock

We did, when we did the measurements in the 70’s. We were looking primarily at
commercial airlines and came back and said separations then in effect for them were
fine. At the same time we said we were worried about small aircraft. That is when the
4 and 6 miles separations came in. So sometimes you don’t get the results you first
thought you were going to get.

Tim Dasey (Lincoln Labs)

We have seen a lot of simulations. The 2-D simulations especially with TASS model.
| guess | am a little bit curious how the model in 2-D doesn’t estimate circulation
correctly but positions are right on. Is there a weaker coupling between position and
strength than | thought there was or is there some other explanation of this that the
model takes care of?

Fred Proctor (NASA LaRC)

| guess the answer, the decay of circulation especially at the radius which influences
the other vortex, which is 20 to 50 meters, probably does not decay at fast rates, such
that it doesn't affect transport much until it reaches the ground. That is what | assume
at this point.

Question not recorded.

Proctor

When you talk about circulation, there are a number of ways it can be described. An
average circulation, or circulation at a specific radius. | think in the AVOSS program
we are primarily interested in the relationship with hazard. A circulation value at 30 or
50 meters, which is very important to descent of vortex, probably plays no role in
hazard definition.
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Judy Turner (U.K. Meteorological Office)

About earlier questions about separations being increased, and a very much earlier
question about reporting systems in existence in the U.S. at the moment, | would like
to bring to your attention a talk | will give Thursday which will describe the new system
that will soon be operating in Europe actually recording incidents at various airports
across Europe which have a capacity problem. This is the problem we will be
addressing. Anyone in the modeling community who will not be here on Thursday, |
have some information on that and | would like your views or inputs and | can give you
the information if you would see me. Otherwise stay tuned until Thursday.
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Wake Sensor Technologies
Session

NASA First Wake Vortex

Dynamic Spacing Workshop
Session Chairperson - Ben C. Barker/LaRC

Wake Sensor Technologies Session

*8:00am - Wake Sensor Technologies (Chairperson - Ben Barker, NASA LaRC)
—8:05am - Wake Sensor Subsystem Requirements Overview (David Hintoo/NASA LaRC)

—8:15am - Wake Vortex Measurements Using a CW Lidar System (Rick Heinrichs/MIT
Lincoln Laboratory)

-8:40am - Overview of Pulsed Lidar Measurements at LaRC (Phil Brockman/NASA LaRC)

—9:00am - Pulsed Coherent Lidar Wake Vortex Detection, Tracking and Strength Estimation in
Support of AVOSS (S. Hannon/CTT)

-9:30am - Estimation of Aircraft Wake Vortex Characteristics from Coherent Pulsed Lidar
Measurements (Les Britt/RTI)

* 10:00am - BREAK

—10:15am - A 1000Hz Pulsed Solid-state Raman Shifted Laser for Coherent Laser Radar
Measurement of Wake Vortices (Grady J. Koch/NASA LaRC)

—10:45am - Overview of Wake Vortex Radar System Development at LaRC (Robert T. Neece/
NASA LaRC)

—11:15am - Simulation Results for Wake Vortex Radar Systems (Rob Marshall/RTI)

~11:45pm - Wake Sensor Evaluation Program and Results of JFK-1 Wake Vortex
Sensor Intercomparisons (Ben Barker/NASA LaRC, D. C. Burnham/Scientific & Engineering
Solutions, Inc., Robert P. Rudis/Volpe Center)

+12:20pm - LUNCH
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Wake Sensor Technologies

®  Ground Wind Vortex Sensor System (GWVSS)
Voipe Center Workshop
®  Light Detection And Ranging (LIDAR)
CW Lidar System - MIT Lincoln Laboratory
Pulsed Lidar Systems - LaRC/CTI {Coherent TechnologiesyRTT i Research Triangle
Institute)
®  Radio Detection And Ranging (RADAR)
- LaRC/USAmy Missile Command/Phase IV
RTI

B Radar Acoustic Sounding System (RASS)
WILR Research
B SOnic Detection and Ranging (SODAR)
- BFG Tech Integralion
B Scintillometer
Scientific Technology, Inc. (ScT1)
B Scanning Microwave Radiometry AVSWG
- Battelle Pacific Northwest Laboratories
® Infrared Imaging
Vortex Imaging. [nc
m  Bistatic Sodar Measurements
Aeravironmenl

®  Ultrasonic Tomographic Imaging
- Tufts University

AVOSS Sensor Working Group
(AVSWQG)

Objectives
~ Evaluate New Wake and Weather Sensor Technologies
- Guide Future JFK Test Programs

— Synthesize AVOSS Sensor System Approaches and Make Appropriate
Recommendations to RSO

Membership

- Government Agencies

t

National Laboratories
~ Industry
- Academia
Meetings
— Dates - As Required
- Place - Volpe Center, Boston, MA

- Next Meeting - Following this Workshop in the Pearl . Young Theater. Parties
Interested in Attending Please Register With Ben Barker Prior to the End of Day 2.
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The Wake Sensor
(As the AVOSS Principle Investigator Sces 1)

“Wake Vortea Mugele Sensor”

Smaller than a breadboy!

Cheaper than the Tatest PC from CompUSA!

Covers all airport ranways with a single sensor!

Covers the entire glide slope!

Sces through tal buildings. and all weather & terrain conditions!
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o F s
X Sensors
Wake Vorte . 5184
Requirements Overview iy

David A. Hinton
NASA - Langley Research Center

First Wake Vortex Dynamic Spacing Workshop
May 13-15, 1997

Primary Wake Vortex Sensor
Requirement

* To provide data products that allow AVOSS to
validate predictions of the elapsed time from

aircraft passage through an approach window
and either:

— Exit of the generated wakes from the corridor
or

— Decay/demise of the wakes to an acceptable strength.
* Safety Monitor.
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System Requirements Evolution

Model
R & D System Operational
Test Bed Operational
System
| Requirements | Requirements
! ! ”
1997 2000

* Wake vortex sensor requirements to vary with
evolution of the system.

» Each system generation needed to generate/refine
sensor requirements of the next generation.

Wake Vortex Sensor Evolution

R & D System Operationey
Test Bed Operational
@
Requirements ,
Requirements

L
' |

I
1997 2000
Reliability, —
Automation I
Self-test,

Safety Critical,
Duty Cycle,

Weather Types
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Wake Vortex Sensor Evolution

R & D System

Operational
Test Bed Operational
W System

Requirements

Requirements
| |

I l
1997 2000

\j

Simultaneous
Approach

Coverage \

(% of path, >

Outer Marker
to Runway)

Site Specific Sensor Tradeoffs

Composite Ceiling Distribution in Weather < 1400/4
(From Hourly Observations, 1961-1990)

100 : { |
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—e—ATL
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Wake Vortex Sensor Evolution

R & D System Operational

Test Bed

Operational
System

Requirements .
1 1 Requirements

I !
1997 2000

\J

Wake Vortex \
resolution.

|

Research & Development System

* Wake Sensor Functions:
— Numeric wake model validation.
~ Detailed wake behavior studies.
— Support development of real-time wake prediction tools.
— System-level integration and testing.
— Provide near real-time wake strength & position.

e Deployment Considerations:
— Short period deployments, 2 to 4 weeks.

— No actual aircraft separations changed, minimal self-test or
safety implications.

— Little automation required.

— May scan different regions of approach path on different days.
— Clear weather sensing adequate.
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Operational Test Bed System

e Wake Sensor Functions;

— Ensure system safety for reduced separations.
— Detect, track, and quantify wakes until corridor exit or decay.
— Provide real-time position/strength to AVOSS.
— Prove or disprove need for full approach coverage in a wide
range of weather types and events.
* Deployment Considerations:
— Long-term operations required, > year.
— Limited aircraft separations changed.
— Significant safety and automation implications.
— Simultaneous coverage of entire defined approach corridor.
— Sensing in instrument-operations weather (IMC and VMC).

Operational System

* Wake Sensor Functions:

— Detect, track, and quantify wakes until corridor exit or decay.
— Provide real-time safety monitoring to AVOSS and manual or
automated ATC systems.
* Deployment Considerations:

— Continuous operation.

— Significant sensor safety, automation, and reliability
implications.

— Provide coverage of TBD regions of the approach path.
— Provide coverage in TBD % of IMC and VMC weather.
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Additional Sensor Requirements

Compatibility with real-world siting limitations.
Environmental impact and public nuisance.
Detection of wakes potentially returning to corridor.

Unattended, highly reliable operation in a wide range
of environmental conditions.

Tracking wakes in presence of ambient turbulence and
shear. Very low probability of premature track loss.

Removing false detections.

Discrimination of simultaneous presence of wakes
from multiple aircraft.
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Questions and Discussions Following Dave Hinton’s Presentation (Langley)

James Hallock (Volpe Center)
I loved your chart on visibility and cloud cover, etc. When | look at that, DFW is down
on your list, so why is that your number 1 test site.

Hinton (Langley)

There are a number of reasons for going to Dallas-Fort Worth. One is we are co-
located with ITWS testbed. We are co-located with Ames Center TRACON Automation
System (CTAS) testbed. There are systems we need to interface to. Secondly,
actually the Dallas-Fort Worth line is basically a straight line which means equal
probability of each of those ceilings at Dallas. That chart did not show the total
occurrence of IFR conditions. What it showed was among those conditions what is
probability distribution of these ceilings. Dallas actually gets quite a bit of instrument
condition in the Winter/Spring area. Certainly Logan gets more.
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Wake Vortex Measurements with a CW 10.6-um

" i L
Coherent Laser Radar

R.M. Heinrichs A /5)(9 N —
f o
M.L.T. Lincoln Laboratory
/D7,

NASA First Wake Vortex Dynamic Spacing Workshop

May 14, 1997

NASA Workshop 1 MIT Lincoln Laboratory s

AMH 8121097

- Outline

* Overview of Lincoln role in AVOSS program

Lidar description

Vortex range determination

Vortex circulation determination

¢ Summary

NASA Workahop-2 MIT Lincoin Laboratory s

RMH 5/12/1997
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L@T Requirements for Instituting a Wake
Vortex Advisory System

Field Measurements U
Program Wake Vortex Vwatke Air-Traffic
. Prediction i ortex | Control
(Vortex motion, decay, Model Hazard Interface
and associated Model ’ L
i meteorology) / \ L__ —— ] B
Real-Time
Real-Time Vortex
Meteorology Motion &
Decay
r— MIT Lincoln Laboratory s

AMM 5:121199/

WAKE VORTEX INSTRUMENTATION

VORTEX

METEOROLOGICAL




METEOROLOGICAL INSTRUMENTATION

150' TOWER

JFK WAKE VORTEX MEASUREMENTS
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DFW WAKE VORTEX SYSTEM

ATMOSPHERIC BEHAVIOR
DIAGNQOSIS MODEL
& PROGNOSIS
ITWS ! i AVOSS

ADAPTIVE SPACING

; Lincoln Laboratory CW Coherent Laser Radar

TRUCK LAYOUT OPTICAL BENCH CONFIGURATION
12m-300m
.. 45" RANGE 20W-CW
SCAN Ly CO,LASER
MIRROR s ELECTRONIC 33cm
@\’_%] IZACKS Ai"ERTURE /

WORK-STATION e’

. OPTICAL ! M2

N y 1
/ % BENCH { : Hg-Cd-Te
Ll et 7 DETECTOR
« M4  VARIABLE
FAST FOCUS
¢ SCANNING
MIRROR

QUT OF GROUND
EFFECT
(150 - 200 m)

DATA COLLECTION
REGIMES

IN GROUND
EFFECT

\O (15 m)

™02 1-2km

THRESHOLB

MIT Lincoln Laboratory s

NASA Workshop-4
RWH 5/12/1997
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CW Lidar Vortex Signal
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MIT Lincoln Laboratory s

NASA Workehop-5
AMH §/12/1997

Vortex Scan Strategy

N a—
1
« o rv—o
» Initial acquisition » Vortex tracking
— Scan region around glide path — Conduct finer scans in region of
— Identify vortex locations and space where vortices are located
choose which vortex to track — Maintain scan region large enough

to allow for vortex motion
(predicted from wind velocity
meas. and vortex strength)

NASA Workehop8 MIT Lincoln Laboratory s

RMH 5/1211497
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VORTEX TRACKING EXAMPLE
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Vortex Range Estimation

Lidar range

Vortex signal contribution

weighting

function F(R) ‘

Backscatter
region,A, contributing
to signal at velocity

v
For a 1/R vortex velocity

field:

aF(R)

A= %'spect(v) = V3

Integrate vortex signal over scan angle Algorithm:

« Calculate %Ispect(v) =8(V)

> an I

F Vv F for each vortex scan

| Ve F(R)

4 e B o

2 /—\ % + Simultaneously solve S(V)= b
for a running set of 3
sequential vortex scans

Scan angle ¢
N:‘s':”\::r;;mv MIT Lincoln Laboratory —
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Vortex Range Results Compare Well
with Windline Measurements

JFK - 11/20/96 A-330

Vortex Lateral Positions (meters)
150+

. CW Lidar

| Windline
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G ol
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WASA Workehop MIT Lincoln Laboratory s

RMH 5121297

Vortex Circulation Estimation

Raw spectral data Spectral maximum velocity
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Circulation Estimate Bias Due to
Neighboring Vortex

Scan Geometry

¢ Circulation calculated from

spectra on both sides of core
averages out bias due to

uniform velocity fields

* Nonuniform flow from neighboring
vortex results in residual bias

Circulation bias looking up a

t vortex pair

Comparison with model
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Use Theoretical Velocity Fields to Test
Circulation Algorithm

LIDAR GEOMETRY

z

20 - 40m

}+

— Actual circulation
100 * Results from algorithm

CIRCULATION (m'/s)

P L R S R R S S S

o 20 40 60 80 100
TIME (s)

NASA Workehop-12 MIT Lincoln Laboralory —

AMH 5121997

Summary

e CW coherent laser radar provides detailed vortex
measurements at ranges < 400 m

e Lincoln Laboratory has collected simuitaneous
wake vortex and meteorological data at Memphis
for validation of vortex behavior models

+ Vortex range estimated from angular integral of
velocity spectra versus velocity
— Results compare well with windline data

* Vortex circulation estimated from spectral maximum
velocities

— Circulations (especially of smaller aircraft) can be biased
due to flow from neighboring vortex
— Results agree well with theory when bias is considered

NASA Workahop-13 MIT Lincoln Laboratory s

AMH 51211897
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Questions and Discussions Following Rick Heinrichs’ Presentation
(MIT Lincoln Lab)

Frank Cheshire (American Airlines)
On one of your earlier slides you had real time meteorology. Could you describe what
you mean by that?

Heinrichs

I mean for any kind of wake vortex advisory system. |was afraid people would read
too much into it What | mean is that in any kind of advisory system you have to
measure the weather and you have to predict what the weather is going to be in order
to predict what the vortices are going to do. So you have to measure the weather in
realtime. At Dallas-Fort Worth, as part of the AVOSS demonstration, we will have
Lincoln wake vortex sensors as well as with the Integrated Weather System which
was developed by Lincoln Laboratory that will feed in.

Klaus Sievers (Vereinigung Cockpit)

What is the reliability of the automated vortex tracking function that you have
implemented? Would it be suitable in the role to know that no vortices exist in an
approach pass?

Heinrichs
Yes, | believe so. Sometimes we will lose vortices out of range, but we can say there
is not a vortex.

Sievers
So that would be a very important component of any system like AVOSS.

Heinrichs

| don't think there is any question that a CW lidar can make detailed measurements of
wake vortices. As far as eventual use of monitor system in AVOSS, the real problem
because of the range, means you would need at least one system, maybe even more
than one system per runway. That is one of the major considerations there.

Pal Arya (North Carolina State Univ.)
Have you calibrated lidar against another standard sensor and do you have any idea
of measurement uncertainty of velocity and the circulation?

Hienrichs

As far as coherent lidar calibration, what that refers to is calibrating the sensitivity of
the lidar, not velocity measurements themselves. The calibration on velocity
measurement is clock calibration. We use a temperature control crystal clock that is
highly accurate. The velocities themselves usually have less an uncertainty, where
the uncertainty exists is in interpretation of that data. We have not done that kind of
calibration because it is in a sense, if we know velocities, we know that. As for us
comparing it with other sensors, that is one of the purposes of the JFK field test in the
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comparing of lidar with other sensors. The comparison seems to have been very
positive based on preliminary data, giving good comparisons when looking at the
same vortex.

Tom Holbrook (Virginia Tech.)
Is your weighting function similar to a sample volume and can you increase your
resolution by increasing the angle intersection between your beams?

Hienrichs

The weighting function to the first order is Lorentz for those who are electrical
engineers. It is basically a function with long tails, unlike sample volumes that radar
or pulse lidar have in which the sample volume is well defined. Because of these
long tails we can get contributions from ambient wind or even clouds that happen to
be far away. That is why we use the algorithm we do to estimate vortex range. In
order to increase the resolution, one way is to decrease range to the vortex since
resolution goes as square of range. The other way is to increase the aperture size
because resolution goes as square of aperture diameter.

Ben Barker (Langley)
On one of your slides you compared position measurement with that of the wind line
and showed how that compared. | didn’'t catch what the X's were.

Hienrichs

One is the port vortex and the other is starboard. The X’s in this case are the other
vortex. The small X being the wind line, the large X's being the CW lidar. | highlighted
the squares, not only because they read a little better, but also because it was
tracking this particular vortex, so you would expect to have better results because the
focus was centered around that vortex as opposed to other.

Barker
Thank you Rick. [ expect people to do the same to our data when we present it.

246



—

2/ 7-0 2~
WAKE VORTEX LIDAR SYSTEM .
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OVERVIEW OF LARC PULSED LIDAR MEASUREMENTS
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PHILIP BROCKMAN

March 14 1997

WAKE VORTEX
LIDAR PROJECT
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WAKE VORTEX LIDAR

TEAM:

NASA-LARC, LESC/NYMA, STC, SAIC.

RTIL, CTI, CLEMSON UNIV., UNIV. OIF S. FLA.
AGENDA:

* TRAILER FACILITY

* LASERS/TRANSCEIVERS

» SCANNERS

* DATA SYSTEMS

* DEPLOYMENTS

LaRC Lidar Trailer
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LIDAR TRAILER LAYOUT
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Table .

c1] Data Acq Area

Bench/Storage

Post Processing '
& Ops Area

LASERS/TRANSCEIVERS

* LARC/ARPA-LOCKHEED SANDERS/AIRFORCE
2 um, 3 mJoule, 20 pps, 180 ns

+ CTI SBIR
2 um, 7 mJoule, 100 pps, 380 ns

* LARC/LITE CYCLES INC.
1.5 um, 10 mJoule, 1000 pps, 100 ns

SCANNERS

* DI'M
2 Hemispherical, 20 cm dia., A/10 @ 633nm
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.. Transceiver Hardware (Enclosure Removed)

W OHERFN T

XﬁECHNOI OGIES, INC

—— e e —ﬂl

HACA YIAKE S Final Reuiew
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Environmental Enclosure

- COMERENI ‘:ﬁ,;_lu HNCH OGIFS, INC
i88%,

X
Bae

Pressure vessel back-filled with dry air to 16 psiA, capable of
operation in vacuum.

e e S e,

Mobile Lidar Test Facility
Optical Bench and Scanner Installation
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DATA SYSTEMS

« NASA/LESC/RTI

8 C-40 DSPs

105 MHz IF 75-135 MHz sampled at 500 Msamples/second
Doppler frequency (measured from laser pulse frequency) and
spectrum calculated in DSPs, other products in PC

-Digital filter bank front end being developed for 1000 pps system

« CTI SBIR

14 C-40 DSPs

~105 MHz IF (measured from laser pulse) downconverted to
25MHz. 0-50 MHz sampled at 100 Msamples/second. All
products calculated in DSPs.

CTi LIDAR
TRANSCEIVER

ATMUSFHERIC RETURN 100 PPS MONTTOR  PULSE
IR MHr 4 30 MH2 109 MHz

1

3 DB 1 DR
SPLITTER SPLITTER

\ \ \
FREQ TRANSLATOR GAIN CONTROA
ANALOG SIGNAL ANALOG SIGNAL
CONDITIONING CONDITIONING }
25 MHz +/- 25 MH cn . LaRC 105 MHz /- 30 MH7
DATA SYSTEM DATA SYSTEM v

SCANNER CONTROL.

SCANNFR CONTROL.
ANCILLARY DATA

DATA ACQUISITION
DATA ARCHIVING

DATA ACQUISITION PC

17 C.40 DSPs PC BASED EXPERIMENT CONTROL

VELOCITY ESTIMATION
VORTEX DET. & TRACKING
DATA ARCHIVING

GUlI COMPUTER

SCRAMNE]
NETWORK

REAL-TIME PROCESSOR

VORTEX DET & TRACKING
REAL TIME DISPLAY

DISPLAY COMPUTER

8 C-40 DSPs VME BASED
REAL-TIME DISPLAY
EXPERIMENT CONTROU

GUl COMPUTER

REAL-TIME PROCESSOp

LaRC AND CTI SBIR DATA SYSTEMS IN DUAL OPERATION
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DEPLOYMENTS

* NOMINAL TRAILER POSITION BEHIND BD. 1202
LOW ANGLE VIEWS BLOCKED BY TREES, WATER
TOWER PROVIDES 700 m HARD TARGET.

* LANGLEY AFB
11/96 3 WEEKS. SYSTEMS TESTS USING 3mJ LASER.
POSITION CLOSE TO TOUCHDOWN POINT.

* NORFOLK AIRPORT

2/18-3/20 97 SYSTEM TEST USING BOTH LASERS AND
DATA SYSTEMS. 445 m FROM FLIGHT PATH 509 m FROM
THRESHHOLD RUNWAY 5. GROUND VIEW AT FLIGHT
PATH BLOCKED BY VEGETATION

« JFK LATE MAY 97 *DFW SUMMER 97

253



LANGLEY AIR FORCE BASE
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Frame  =149263.

HM/S = 21 /82 /52.9
Z-Max(m)= 221, B gedrz 702 0.8

VORTICITY

TRACK ING

255

X-Mintn)= 192, X-Max (m)= BBy,
Z-Min(n)= -97,

208 .

-200.




Laser Traller / Norfolk Airport Runway Geometry

|
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NASA-RTI DATA SYSTEM
MD-80 LANDING AT NORFOLK

FFTs vs VERTICAL SCAN ANGLE AT 4 RANGE CELLS

VELOCITY RANGE +/-16 m/s

T

it

-‘:‘t"’;fg'i UL

| Menker Prapntus -~ - i
i Cont[ T tug [0

nlme R e
Pasdy

b9 @ Noass.x
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Types of Aircraft
Observed at ORF

OMD-80

B MD-88

mDC-9

I DASH-8

B Fokker-100
m727

W737

J-41

M Med. Prop

B Undetermined

Research Triangle Institute ZB ! I 05/14/97
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Norfolk International Airport Deployment Data det

. Data
Number of . i ! s ols
Date | Data Files Conﬁgfrahon_ ‘« Weather Acsq;sxz:‘oni
| 6 Take-offs on 23 _iclear, sunny {LaRC
2 Take-offs on 23 [clear, sunny (CTI
| 16 Landings on 5  ‘[clear, sunny ;[LaRC
B 8 | Takeoffson23 |rain,cloudy |LaRC,CTI
| 8 [ Landingson 5 clear, sunny LaRC,CT1
5 | Landingson5 jclear, sunny |LaRC, CTI
7 Take-offs on 23 ;L’:g/ LaRC
10 Landings on 5 {lrain, cloudy i(LaRC
8 Landings on 5 |[mist, cloudy |[LaRC
8 Landings on 5 |[partly cloudy][LaRC
- 10 Landings on § irovcrcast ICT1
-19- 12 Landings on 3 [rain, cloudy {LaRC, CTI
[3-2097 3 [ Takeoffson23 lcloudy  |LaRC

)
moming.

Bk t» e
Wnin Pagn

This page was last update byChi Nguyes on May 2, 1997,

March 19, 1997

The CTT transceiver was used.
Landings were made on Runway 5
Weather conditions were rain and mist. The data was taken through the CTT RASP and LaRC DAS.

Data files ending with "raw”™ were recorded on the CTI RASP.

AL 1:10 p.m., weather reports indicated winds blowin

Visibility was 6 miles with overcast skies.

These are the files that were taken that day.

The local media was invited out today to cover the experiment story. No data was taken in the

g out of magnetic direction of 040 at 13 knots.

Thus page was last update N,

on May 5, 1997

Data File Name ?IAircrall Type jl'ly through time |Scan Parameters .
03191434raw  IDC9 {Unknown JAZ-168EL3w 12 |
[031915200aw ii_%.g {20:21:04 IAZ-168EL3w 12
j03191616.raw pc- {Unknown (AZ -168 EL 310 12

v319971.615 % Unknown AZ -168EL31012
03191620 raw , Dash 8, Fokker-100 [Unknown AZ-168EL31012 |
v319971.619 737 {Unknown AZ -168EL3w 12
v319971.621 Y {Unknown AZ-168FL3w12 |
v319971.628 _JFokker 100 [21:24:52 AZ-168EL3w012
103191628 .raw 137 21:29:07 AZ-168EL 30 12 j
v319971.627 237 21:29:07 AZ -168EL3 10 12

03191636.raw MD-88 21:37:32 AZ -168 EL 310 12 i
V997163  MD&s 1213732 __JAZ-168EL31012

‘ JACK ]




Questions and Discussions Following Phil Brockman’s Presentation (NASA LaRC)

Buck Williams (Lockheed Martin)

A pulse width of 100 nanoseconds was the shortest pulse you showed. That results
in a range resolution of about 30 meters. Are there any plans to get better range
resolution?

Brockman

There is a trade here between the pulse length and the accuracy of the velocity, which
is basically Fourier Transform limit. The best you can do is 1 over 2I1. If you have
enough signal to noise you can do processing every few nanoseconds into the pulse
and separate things that appear to be overlapping in the pulse. You can use a shorter
pulse but the velocity accuracy goes down. It isn’'t as sharp a trade as you would like.
As the wavelength goes shorter you do better and the 100 nanoseconds at 1.5
microns we can do a little better.
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.&‘ECHNOL OGIES, INC.

318¢, 29
Pulsed Coherent Lidar Wake Vortex Detection, Tracking
and Strength Estimation in Support of AVOSS / 9 y:

NASA First Wake Vortex Dynamic Spacing Workshop
May 13-15, 1997

Stephen M. Hannon, Mark W. Phillips,
J. Alex Thomson, Sammy W. Henderson

Coherent Technologies, Inc.
Lafayette, Colorado

WakeVorlexWorkshop - SMH - 5/14/97- 1

Overview

WS COHERENT ﬁECHNOLOGIES’ INC.

+ Technology background

« Phase Il SBIR development efforts
— Transceiver
— Real Time Signal Processor
» Real-time vortex algorithm overview
» Validation efforts
— Air Force Program: C-5, C-17, C-141, C-130
— Norfolk Airport: 727, 737, F-100, DC-9, DASH-8
o Summary and prognosis
~ Dedicated vortex measurements
—~ Local environment assessment

WakeVortexWorkshop - SMH  §¢14:97. 2
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CTI Development Team

o,
&‘I‘ECHNOL OGIES. INC.

« Transceiver Development
— Mark Phillips, Pete Wanninger, Sammy Henderson
» RASP Development
— Jerry Pelk, Pat Kratovil, James Junkin, Matt Osminer
« Air Force Model/Lidar Comparisons
— William Blake, Wright Laboratory Flight Dynamics Directorate

WakeVorexWorkshop - SMH - 5/14/97- 3

gplsed Coherent Lidar Technology Background

—-— consnem%{ iﬁ'r‘scmvm.omss, INC. N ———
. CW lidar sensors primary ‘vortex’ lidar before 1990
— limited in range to < 300 m
« Initial pulsed measurements with 1.06 um sensor
— Vandenberg AFB, 1992
. Eyesafe pulsed lidar for vortex detection and tracking

— 2.09 um pulsed lidar at Stapleton Airport in 1993
— low PRF (5 Hz) limits to single scan plane (25-50 LOS)

— emergence of high PRF diode-pumped sensors
— 100-1000 Hz PRF, 1-20 mJ pulse energies
- multiple scan plane ‘imaging’
- robust (flight-hardened) designs at near-IR wavelengths

WakeVortexWorkshop - SMH - 9/14r97- 4
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Height (km)

Height (km)

0.10

0.08 -

0.06|

0.04

—— s
5

0.02 ¥

oool .
0.50

Scanning Geometry - Glide Slope Imagin

:kﬁECHNOLOG’ES' INC.

ase H
1 Hii 1-4 k
1 hi
> HiH - m
0.2 ki @ fiiiro]
ks
0.5-1km

Radial Velocity Measurement of DC10 Vortices
Time Slice 2: T+20 Seconds

e e I R e

0.70 0.80
Range (km)

Time Slice 4: T+40 Seconds

' {

0.60 '0.70 ‘ 0.80 ‘ 0.30 o 1.00 1.10
Range (km)
Max 6.00: Min -1.50: Delta 0.500: all m/sec
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Velocity Res or Value (m/s)

e COHERENT |

Pulsed Lidar Resolution Capability

";‘}X\;ECHNOLOGIES, INC

S
- | I I
o
© Characteristics of a
N 400 m¥/s vortex
o - N
2um 8
Lidar
o - N
(30 m¥/s) \
CTIUSAF
- {I’I/Langley_ >
A
™ | Lo al
© 4 3 10 30 100

300

Range Resolution or Spatial Extent (m)

Pulsed lidar:
ARc,=0.15¢cA/n

Weak pulse length trade expected relative to
resolution of an isolated vortex

.. Transceiver Development and Specifications

TECHNOLOGIES, INC.

i

Developed under Phase Il SBIR funding from NASA/Langley

— P. Brockman, technical monitor

Diode-pumped, 2.0125 um Tm:YAG
7 mdJ, 100 Hz (10 mJ, 100 Hz)

380 nsec (300 nsec) FWHM intensity pulse duration

10 cm clear aperture
Hardened, flight worthy enclosure
Turnkey operation

264
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Environmental Enclosure

Pressure vessel back-filled with dry air to 16 psiA, capable of
operation in vacuum.

NASA WAKES Final Review

-Algorithm and Signal Processor Development

SRS COHERENT &\;ECHNOLOGIES, INC. il

« Phase Il SBIR sponsorship from NASA/Langley
— P. Brockman, technical monitor
« Real time algorithm development
— spectral-space algorithm
— Kalman-hydro algorithm
« Real time signal processor development
— Real Time Advanced Signal Processor (RASP)

WakeVortexWaorkshop - SMH - 5:14:47 11
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SPECTRAL SIGNATURES FOR DC10 WAKE VORTICES

RANGE-RESOLVED DOPPLER SPECTRUM (T + 2 sec)
{+30m/sec to -30 m/sec)

1e+00
1.767

1.44
0.34
a ym - .60 a.u 0.6
oty FREQUENCY (MHz)
Jun 17 1993 9:55:27 0045 AZIM 270.002 ELEV 5.019
5 . e
PSD MAGNITUDE (dB)
BCAN RATE = QF feac PULSE WADTH - 186 nwec:
RANGE GATE = 100 m PULSE ENERGY = B m)
Noates - 128 St o, sc.
Navg -3 D-8om

ML Estimation of Circulation Strength

ElﬁECHNOLOGIES, INC.

. Observable is Doppler spectrum ¢, as a function of x, y, v (and t)
. Vortex model parameters: I" (circulation strength) and a (core size)
« Spectral-space likelihood ratio

max PDF(¢\‘ (x, .V)\-"w)'a ; I".a) PDF(Vortex Present)

LR = -
(x,.v,.Ia) PDF((Z)V (x, ,\v)ll“ = 0) PDF{Vortex Absent)

max \
(v, Ta) {Z [¢..(.r, vy MFy (x.v.Ta )]+ L[,,,(F.u)l[

t !

DATA FILTER

« Dependence on Vortex Model Prescription

— Ground effect distortion limited through spectral high-pass filter
— Circutation strength dependence on pulse duration must be quantified
— Track performance less sensitive to model prescription
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Spatial Resolution Enhancement Using
Spectral Processing

._}’ECHNOLOGIES. INC. .. —}}J
m} LOS Doppler Spectra

WS COHERENT

L0s Rang®

AR correct

Pulse Response Function [" correct

High positive radial velocitig

Lidar Lines of Sight
—

High positive velocities AR correct

[ correct

Exterior LOS: Higher velocity regions confined to localized
regions and resolved by high transverse resolution
Spatial resolution maintained by filtering, even for long range gates

Interior LOS: Overlap of pulse response functions biases separation low, circulation high

ML Solution: Iterate and search for vortex pair

[

WakeVortexWarkshop - SMH - 514:97- 14
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Real Time Spectral-Space Algorithm
Specifications

&’ECHNOLOG'ES. INC. S

Multiple azimuth plane scanning
- 2-3 sec per scan plane
— 2 pos, 2 neg voriex tracks per scan plane
. 64x64 data grid for each analysis window
— 50-500 m spatial extent for analysis window
. ML search over circulation strengths

— Rankine vortex veiocity distribution
(alt models possible) with user-specified core size

. Muiltiple hypothesis tracking algorithm for ML output

W COHERENT |

. Vortex Products:
— x-position, y-position, circulation, sink rate, advection rate, age
— likelihood, data quality flag
— in-plane velocity, mean radial velocity, spectral width

WakeVorexWnrkshap - SMH - 5:14197 19
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Algorithm Validation Efforts

oo
MW COHERENT 3gj:scmvo:.oa/ss, INC.

|
=

o Track precision
— simulated lidar vortex data
— least squares analysis in out of ground effect
— comparison with wind-state estimates and model predictions

» Circulation strength
— simulated lidar vortex data
— predictions based on weight, wingspan, speed, wing loading
— comparison with sink-rate-inferred strength estimates

» Real data sources
— Air Force deployments (1995-1996)
— Norfolk airport deployment (March 1997)

WakeVorlexWorkshop - SMH - 5/14/97 21

U.S. Air Force Program

.'lﬁ’ECHNOLOGIES, INC.

« Army mission: Strategic Brigade Airdrop
— Seizure of a small, austere airfield in a third world area

« Drop requirement:
— 2552 troops (26 shiploads)
— Over 200 "wheeled vehicles", howitzers and tanks
— Single drop zone in minimum time at night

« Aircraft flying in single file with FAA type spacing:

— nearly 3 hours to complete the mission, which far exceeds the Army
requirement

« Need exists to develop optimal ship formations to minimize
seizure time and maintain paratrooper safety

Courtesy William Bilake, Wright Laboratory

WakeVortexWorkshop - SMH - 5/14/37- 22
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Paratrooper Vortex Encounters

‘vl‘TECHNOLOGIES, IN¢. I

-— cousnsur;&\) g 7
i ‘;

« Jumpers from a formation of aircraft car encounter a vortex
from a ship upstream (AIAA paper 96-3387-CP)

Courtesy William Blake, Wright Laboratory

WakeVortexWorkshop - SMH - 5714/97. 23

« Improve airdrop tactics to minimize probability of wake
encounter

— change formation geometry within operational constraints
» Requires knowledge of wake vortex descent, decay and

lifetime
— LIDAR investigation of wake vortices under airdrop
conditions*
Passes Weight (Kib) Location Dates
C-130 23 123-147 Edwards AFB Sept 6-9, 1995
cC-141 22 175-270 Edwards AFB Sept 6-9, 1995
C-17 74 326-512 Edwards AFB Sept 6-12, 1995
C-5 32 475-671 Wallops Island Feb 7-8, 1996

* Edwards tests sponsored by ASC/YC, Wallops test sponsored by AMC

WakeVodexWorkshop  SMH 51497 ¢4

272



Descent Track Performance Comparison

ECHNOLQGIES, INC.

m UDAR Measured Vortex Tracks
C-17, GW=384K b, V=139KTAS, AR=1000% AGL, Edwards AFB, 9/11/95 dats
0
100 -
=
£ 00
»
£ w00
§ L
@)
B s00f
; / &% o
500
3 L Prediction (AFFDL-TR-79-3060) %ﬁ)\
g 500 OO0
> :
700 |-
800 " i n N 1 N n L " N | " n n N
0 80 120 180

Vortex Age, sec

Courtesy William Blake, Wright Laboratory

WakeVortexWorkshop - SMH - 514!97- 26

Sample C-17 Wake Vortex Tracks Measured
: with 2 um Pulsed Coherent Lidar

ﬁECHNOLOGIES, INC. e _{]J
Height versus Time Strength versus Time
400; T e T ] 800 T - '
3 T or
300« 1 260l °
"é“f EE' :Db s<>¢:, . ® .
—_ ° £ < O . ..
£ ~‘fl,§°¢.°. il g b"sw"g L5 0.
£ 200} T IR R SN E 400F , ¢ °*° R T .
o % &% 0. %, o 080 2 & e * o 8 il DA
© Pk pPtoe e F . so0e 20t
£ 2T 0.8 o 13 . «Ste % ‘o
N A % ¢ 0 0% gl A:o .
- o © T
100 i E g 200 ¢ ‘ .
o
|
(1] SR I s L 1 V] 1 L s .
0 50 100 150 200 0 50 100 150 200
Vortex Age (sec) Vortex Age (sec)
Date: 9/11/95 © = Upwind Vortex
Location: Edwards Air Force Base, California + = Downwind Vortex
Aircraft: C-17
AGL Passage Height: 300 m
WakeVorexWorkshop - SMH - 5:14/97. 27
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Additional Air Force Measurements

— consnfwré ﬁscwomams, me. &
- Lidar data used to develop a C-17 personnel airdrop
formation suitable for IFR (nighttime ops)
« Tested at Ft Bragg, June 96-January 97
— Over 3000 mannequins and personnel dropped from final
formation geometry
— No vortex encounters
- Cleared by USAF, case number ASC-96-2918
Courtesy William 8lake, Wright Laboratory
Core Separation Distance Estimation
- spectral-space algorithm -
= COHERENT & CHNOLOGIES, INC. . __ljJ
Aircraft Predicted! Vortex Measured RMS
Separation (m)  Separation (m) Variability (m)
C-5 53.3 48.92 9.52
C-17 39.5 44.6° 9.12
C-141 38.3 32.12 8.72
8-737 227 15 n/a
DC-9 224 20 n/a
F-100 220 10-15 n/a
Dash-8 20.3 10 n/a

! Assumes elliptical wing loading
2 CTI/USAF sensor data: 165 nsec pulse duration (N>25)
3 CTI/NASA sensor data: 380 nsec pulse duration (N=1 or 2)

- Core separation estimates reasonable for larger aircraft
- Longer pulse operation appears to sometimes underestimate core
separation for smaller aircraft (more analyses/runs required)

WakeVorexWarkshop - SMH - 5/14:97- 29
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Large Aircraft Position and Strength
Performance Summary

' &_rscwowalss. INC. . ’ ol

« Position (track) information to less than 3 m RMS

» Strength estimates rely on model-based matched filter algorithm

— reasonable estimates when compared to both predicted and sink-rate-inferred
estimates

Sink-Rate-Inferred Model-Based Direct Estimate
Aircraft  Estimated/Predicted Strength Estimated/Predicted Strength

C-17 0.79 0.77
C-5 0.96 1.16
C-141 0.88 1.26

C-17: 46 Runs (Edwards AFB - Sept 1995)
C-5: 28 Runs (Wallops Island - Feb 1996)
C-141: 13 Runs (Edwards AFB - Sept 1995)

WakeVortaxWorkshop  SMH - 614 4748

$maller Aircraft Circulation Strength Estimation

W COHERENT | !BTECHNOLOGIES, INC.

. Limited data analyses thus far: consider 5 cases @ Norfolk

Measured' Predicted
— B-727: 326 m¥sec cf 295 m?/sec (180 kibs, 140 kis)
- DC-9: 220 m?/sec cf 195 m?/sec (90 kibs, 140 kts)
— B-737: 209 m%sec cf 192 m%/sec (90 kibs, 140 kts)
— F-100: 210 m?%sec cf 186 m?/sec (85 kibs, 140 kts)
— Dash-8: 100 m?sec cf 71 m%sec (30 klbs, 140 kts)

1 Core radius of 0.75 m

« With Air Force database, these results indicate:
— reasonable prediction of circulation strength over 100-600 m?/sec
— minimum detectable circulation below 100 m?%sec

WakeVodexWorkshaps - SMH - S14:167 42
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Summary and Prognosis

}B‘TECHNOLOGIES, INC.

Pulsed coherent lidar sensor and algorithms appear to
provide accurate track information
— 3 m RMS precision, depending on analysis parameters

— track performance shows weak dependence on pulse duration over
100-400 nsec range

— multi-sensor validation measurements needed to better quantify
accuracy

Circulation strength estimation achieved through
parametric ML algorithm

— reasonable strength estimates over 100-600 m?/sec and multiple
aircraft types; possible bias (high) for smal!l a/c or long pulse
— 10-15% accuracy expected

Alternate algorithms require additional development and/or
modified implementation

— Kalman - hydro: wake/vortex model ‘independent’
— Two vortex matched filter to account for range overlap

WakeVortexWorkshop - SMH - 5/14/97- 33

Summary and Prognosis (cont.)
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Turnkey lidar transceivers delivered!
Real-time algorithm implemented in RASP

— ML spectral-space algorithm

— multiple azimuth planes

— position, strength and transport rate estimates in real-time
Puised lidar roles for AVOSS:

— vortex detection, tagging and tracking

— local wind state estimates
- mean winds
- turbulence levels
— spatial variability
— input to AVOSS prediction

WakeVortexWorkshup  SMH - 5:14:97 34
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Turbulence Measurement Along Single LOS
- benign turbulence conditions -

WmE COHERENT

. 1007
Velocity structure function: {
DRy = <[u<

Lidar estimate:

N
. I
Dtk ¥y

il

Related to eddy dissipation rate:

o1l ... .1
DR = C et PR