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FOREWORD

This international conference on aircraft wake vortices was sponsored by the
Transportation Systems Center and supported by the Federal Aviatior. Adminis-
tration, U.S. Department of Transportation.

Twenty-nine papers were presented in five sessions. The titles of the sessions
and the respective session chairmen were:

Session I:  The Wake Vortex Hazard; James Andersen, Director, Office of Air
and Marine Systems, Transportation Systems Center

Session II:  Vortex Sensors and Data: Robert Wedan, Deputy Director, Systems
Research and Development Service, Feéeral Aviation Administra- ;
tion 3

Session III: Vortex Structure; Alfred Gessow, Chief, Fluid and Flight Dynamics
Branch, NASA Headquarters

Session IV: Vortex Alleviation; Joseph Tymczyszyn, Special Projects and Ad-
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vanced Planning, FAA Western Region ]
Session V:  Vortex Behavior and the VAS; James Hallock, Traffic and Opera- 5
tions Branch, Transportation Systems Center. ]
[ wish to express my appreciation to my fellow session chairmen for helping to 3
give some semblance of order to a diversity of papers. ?
James N. Hallock
Conference Chairman E
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WELCOME

JAMES P. ANDERSEN
Acting Director of Air and Marine Systems
U.S. Department of Transportation
Transportation Systems Center
Cambridge MA 02142

On behalf of Dr. Costantino and the
staff, f would like to welcome you to Cam-
bridge, to the Transportation Systems
Center, and to this Conference on Aircraft
Wake Vortices. Dr. Costantino could not be
here teday as he is in Washington appearing
before a Congressicnal subcommittee on
programs of DOT and TSC.

This three-day meeting is sponsored by
TST and supported by the Federal Aviation
Administration. It is designed to bring to-
gether in one place transportation and
aeronautical specialists from other countries,
our own government, the aircraft industry,
and universities to discuss the progress being
made in analyzing wake vortices and the ex-
perimental systems and alleviation devices
developerd to cope with the vortex problem.
We are most pleased with the outstanding
papers that you wil] be hearing during the
next three days.

The Transportation Systems Center it-
self has been analyzing the wake vortex phe-
nomenon for some years and has collected a
large amount of data on vortex behavior.
This work, guided by Bill Wood, Head of our
Traffic and Operations Branch, has culmi-
nated in the Vortex Advisory System now
being tested at Chicago’s O'Hare Airport. A
paper will be presented on this system on
Thursday.

To give you a broad overview of our role
here in Cambridge, this Center is DOT's
major research and development facility for
air, highway, rail, and marine transportation.
We carry out, with a 60-million dollar annual
budget and staff of about 650 people, major
parts of the R&D programs for the Office of
the Secretary of Transportation and for all
major administrations within DOT, including
Federal Aviation, Federal Railroad, National
Highway Traffic Safety, Urban Mass Trans-
portation, Federax Highway, the Office of
Deepwater Ports, Saint Lawrence Seaway

Development Corporation, and the Coast
Guard. We provide DOT, state and local
governments, and private industry with key
transportation statistical information and en-
gineering. economic, and environmental
planning informatior. We are involved with
problems of urban, intercity, rural and na-
tional passenger and freight transport, and
provide analytical support to the entire De-
partment with a skilled professional staff of
engineers, community planners, economiss,
mathematicians, lawyers, sociologists, and
computer specialists.

We are engaged in a unigue diversity of
projects. They include vehicle research on
fuel use, emissions, noise, testing of rubber
tires; bus scheduling and routing: public
transportation needs for the elderly and
handicapped; subway station design and
construction: studies of rail passenger ser-
vice between Bost~n and New York and
Washington — the so-called Northeast Cor-
ridor; railroad safety research to detect flaws
in tracks and rail equipment; antihijack-
sensing devices to detect explosives and
weapons; air traffic control in the air and on
the ground; evaluations of energy use and its
economic implications; and the forecasting
of transportation systems needs. We also
work on very specific problems, like answer-
ing the questions ‘‘why are the new GE
SPD-40 locomotives derailing?"", and *‘what
is the true noise and vibration effect of the
Concorde SST flying into the U.S.A.?"

These are just some of the 120 on-going
projects that the Transportation Systems
Center has in progress.

In summation, we are here to integraiz
transpoitation technology through state-of-
the-art research and development, always
taking into consideration the social and eco-
nomic ramifications of our work. The results
of our work lead directly to nationai deci-
sions and policy implemented by both the
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Secretary of our Department and the Presi-
dent.

Our extensive agenda for this conference
reflects, I believe, the state-of-the-art re-
search and analytical developments on wake
vortices. It includes some 30 presentations
divided into five major sections.

Our Opening Remarks Speaker today is
someone well known to you and to us at
TSC, Mr. Robert W. Wedan, Deputy Direc-
tor of the Systems Research and Develop-
ment Service of the Federal Aviation Admin-
istration. Prior to his work for the FAA. Bob

Wedan was Director of Transportation Sys-
tems Development here at TSC. Bob has
heid high-level management positions also
with the NASA Electronics Research Center
in Cambridge, and before that, worked for
Honeywell in Minnesota and St. Petersburg.
He received his Bachelor's and Masters™ De-
grees from MIT. Bob is the owner of a Beech
Bounanza and is a very expert IFR pilot, both
single and twin. It's my pleasure to welcome
back to TSC and Cambridge and introduce to
you Bob Wedan.
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OPENING REMARKS

ROBERT W. WEDAN
Deputy Directe., Systems Research and Development Service
Federal Aviation Administration
Wushington DC

The growth of aviation is progressing at a
rapid rate, and current projections indicate
that aviation activity will continue to rise
over the next decade. For example, the
number of passengers carried by scheduled
U.S. carriers is expected to increase from the
212 million carried in 1976 to 388 million in
1986. That represents about an 83 percent
increase in activity. General aviation activity
is also projected to have a similar vigorous
growth, with general aviation intercity car-
riage growing from 156 million in 1976 to an
estimated 233 million in 1986, and that repre-
sents about a 50 percent expected increase
over the decade. These numbers, by the
way. were put together by tlie aviation-
forecasting group in Washington.

These increases establish a great demand
for airport facilities to accommodate the traf-
fic flow not only safely but also efficiently.
This in turn dictates that every possible ef-
fort be expended to develop automatic
capabilities to aid the human or manual activ-
ities or capabilities in the National Airspace
System to achieve optimum use of these
existing facilities. The system planned for
use in the 1980’s to about the end of the
century is known as the Upgraded Third
Generation Air Traffic Control System. This
is the system whose component parts are
under development by the FAA at this time.
It is intended and designed to meet the goals
of maintaining or improving safety, of con-
straining or reducing costs of operating the
system, of increasing or improving perfor-
mance and, finally, to meet energy conserva-
tion and environmental needs. One of the
major features of this Upgraded Third Gen-
eration System deals with the subject of this
conference — Aircraft Wake Vortices. The
vortex problem must be dealt with before the
potential benefits of the Upgraded Third Sys-
tem can be realized.

The most critical element of the National
Airspace System is the airport, and the air-

port is capacity-limited. Present and pre-
dicted demands being placed on airports
cannot be met by indiscriminate construction
of new runways and airports in the preseni
economic and social environment. To make
matters more difficult, in recent years run-
way capacity has actually declined at the Na-
tion’s airports. Noise restrictions and wake
vortex separation standards have resuited in
significant increases in delays and delay-
related fuel consumption. A number that was
given to me before I came here was that we
are experiencing a reduction in capacity at
O'Hare due to increasing the separation
standards of the order of 4 to 8 percent. This
may not sound like a lot; but when you con-
vert this to delay, delay is increased 8 to 10
percent. That gives you some sort of a feel
for the magnitude of the probiem as it exists
at O'Hare; please don't extend that in your
own thinking to all airports: but at that one
airport, this is what we're seeing now with
the present separation standards.

Now in spite of this, over the next few
years, the FAA has accepted as a broad de-
velopment objective the need to double air-
port and airway systems in the decade ending
in 1980. It appears that airports can achieve a
twofold increase in capacity with such im-
provements as dual-lane runways, the mi-
crowave instrument-landing system, an im-
proved beacon system, the automation of the
terminal radar vector service, a reduced sep-
aration to 2500 feet between independent
parallel IFR runways, and reduced longitud-
inal separation of aircraft on final appreach.
The operational capacity of the limited
number of runway options that exist must be
increased if airports are to meet the increase
of traffic in the next few years. Today, there
exists the technology to develop the landing
aids which will substantially increase runway
capacity; that is, by employing these planned
techniques of the Upgraded Third System,
but until the wake vortex problem has been
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alleviated, these improvenicnts cannot be
used to their full potential.

The vortex problem has been recognized
for a long time — the Wright brothers are
known to have studied vortices in their wind
tunnel. Of course, it is well known that the
wake vortex is a phenomenon that is a direct
result or a direct consequence of the genera-
tion of lift. But ir was the introduction of the
wide-bodied jets with their increased weight
and hence stronger vortices which rekindled
our interest in the phenomenon.

Vortex strength measurements made by
the Transportation Systeins Center for the
FAA led to the revised separation standards
which were promulgated in November 1975
for lighter aircraft following heavier aircraft.
History and measurements have shown that
the present separation standards are safe.
However, the time has come 10 examine
these standards to determine if we have been
in some circumstances and under some con-
ditions exce sively conservative. The overall
objective of the aircraft wake vortex program
is the increasing of capacity at the major
high-density air terminals. Thus, the problem
is gaining capacity without sacrificing the
present level of safety.

There are two major approaches to the
solution of the problem of minimization or
elimination of the impediment on air traffic
flow caused by aircraft vortices. One ap-
proach is the use of various techniques to
break up or appropriately to alter the charac-
teristics of the vortices to decrease the
hazard caused by them. The FAA has recog-
nized, of course, the expertise that exists
within NASA and has supported the Office
of Aeronautics and Space Technology in
their efforts to accelerate vortex decay or
dissipation at the source: that is, by the air-
craft itself or modifications to the aircraft.
The second approach is the development of a
wake vortex avoidance system: that is, to
detect the presence and to prevent following
aircraft from entering into the vortex caused
by the leading aircraft. In concept, this sys-
tem will insure that the aircraft will avoid an
inadvertent encounter with a hazardous vor-
tex by tailoring interarrival aircraft spacings
commensurate with the vortex hazard. With
the assistance of the Transportation Systems
Center, the FAA has pursued the latter

O T TR T T D T S N SR R R N TR S R T

approach. A first-generation wake vortex
avoidance system has been deplayed at the
Chicago O'Hare International Airport for
demonstration and testing. This system,
known as the Vortex Advisory System, uses
a measurement of the ambient winds in the
approach corrdors to decide when it is safe
to decrease aivcraft separations to a uniform
three nautical miles.

The Chicago O’Hare Delay Task Force
Study has pointed out that O’Hare annually
processes about 9 percent of the United
States air passengers and that the airport is
experiencing significant annual delay-related
costs: over 44-million dollars to aircraft
operators, 67-million gallons of fuel, and
over 4%-million hours of passenger delays
(that is, approximately 525 years of pas-
senger delay). The task force also foresaw
that a wake vortex avoidance system as well
as upgrading the air traffic control automa-
tion in the form of automated metering-and-
spacing can have a majcr favorable impact
on O'Hare’s capacity and delay.

Now we come to the specifics of this
conference. The conference was convened
because the FAA felt that the time was right
to share insights on the wake vortex work
that has been underway these past few years.
The first symposium on the subject was held
in September 1970. This was sponsored by
the Air Force Office of Scientific Research
and the Boeing Company. In the summer of
1971, the FAA sponsored a conference on
turtulence, both clear air turbulence and
wake turbulence, in Washington DC. In July
1974, the Air Force conducted a two-day
workshop on the phenomenon at Wright-
Patterson Air Force Base. NASA conducted
a review of the minimization concepts in
February 1976 in Washington DC. Over two
and a half years have passed since the last
get-together of the entire wake vortex tech-
nical community, so for this reason we felt
it's time we should meet agein.

The first session we'll hear today deals
with the wake vortex hazaid. Everyone has
an in’ ..tive feeling for the seriousness of an
inadvertent vortex encounter, but it is impor-
tant to quantify these feelings. What is the
problem? How often does it occur? Are there
specific aircraft which are involved more
often than others? How does the phase of
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flight affect pilot response? What is the ex-
tent of the hazard? These are the kinds of
questions that will be addressed in this first
session.

The second session is about vortex sen-
sors and data collection. It would seem thata
swirling mass of air would lend itself to sim-
ple measurement techniques. However, the
elusive vortex requires specialized detection
devices and data-processing methods. Nu-
merous schemes have been devised and
many tested. Practically the entire elec-
tromagnetic spectrum and various mechani-
cal techniques have been examined for their
applicability to the remote sensing of vor-
tices. As the sensors and sensing techniques
become available, the data on vortex be-
havior expanded. The laser-Doppler ve-
locimeter has become an important research
instrument in the study of wake vortices as
each of the papers in session two will refer-
ence. Most of the data, however, has been
collected using less sophisticated sensors.

Vortex structure is the subject of the
next session. The status of some computa-
tional methods will be discussed as well as
results applicable for the near term in the
near wake. The importance of modeling is
acknowledged, particularly when theory
agrees with experiment. Perhaps we are re-
ally beginning to comprehend fully the phe-
nomenon of wake vortices from their birth all
the way through to their death or demise.
Knowing how vortices form can also be used
to good advantage in the design of future

s At ot e R R R T b

aircraft. In an operational system, to make
the system available at the largest number of
airports, it is important that we find ‘ow-cost
techniques; you will be hearing in this ses-
sion about indirect methods of obtaining the
same information that one would obtai.i by
direct measurement and, of course, hope-
fully at a considerable reduction in cost.

Alleviation techniques will be discus.~d
after that. Various devices have been te-:.:d
in wind tunnels, water channels and flivhts
using fuli-scale aircraft. Splines, mass { -~ -
tions, wing modifications, differe..-..; tlap
settings, spoiler deployment, and .- un have
been considered. The fourth sa<sion will ex-
amine some of these technigi:vs as well as
how the alleviation systems affect the
vortex-generating aircraft. i‘Jight test inves-
tigations of the alleviation schemes will be
discussed.

The final session is on vortex behavior
and the Vortex Advisory System. The at-
mosphere has a profound effect on how vor-
tices move and die. The papers will point out
the effects of meteorology on vortex be-
havior and describe how this knowledge was
used to develop the first wake vortex
avoidance system now being tested at
Chicago’s O'Hare International Airport.

I now add my welcome to all of you to
the conference. The problem is a real one,
and the need for the solution to this problem
is of paramount importance, so let us share
our thoughts on the subject in the best inter-
ests of the aviation community.
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COLLECTION OF OPERATIONAL DATA ON
WAKE VORTEX INCIDENTS IN THE UK

OLIVER B. ST. JOHN
Civil Aviation Authority
London, England

ABSTRACT: Data relating to pilots’ reports of a total of over 300 incidents have been collated and

analyzed covering a 5-yzar period.

INTRODUCTION

The Civil Aviation Authority (CAA)
wake vortex incident reporting scheme was
formally initiated in July 1972; reports had
previously been collected on an informal
basis and reasonably complete information is
available on incidents occurring from
January 1972 onwards. Pilots who believe
their aircraft to have encountered a wake
vortex are asked to complete a detailed ques-
tionnaire. Whenever possible, the reports are
supplemented by spacing data supplied by
the air t-affic controllers and by meteorclogi-
cal data; this extra infiemation is received as
a matter of course when incidents are re-
ported in the neighbourhood of London
Heathrow airport. In some cases it has been
possible to examine flight data recordings
from aircraft involved in reported incidents.
No accidents attributable to wake vortices
occurred.,

This paper presents some of the data col-
lected during the five-year period 1972-1976,
concentrating on the reported incidents oc-
curring on the approach to London Heath-
row airport, which account for about 70% of
the 316 reports received, Particular attestion
is paid fo the altitude at which the incidents
occurred, the reported wind conditions at the
time of occurrence, and the effect of the
change in separation standards introduced in
March 1974.

CLASSIFICATION OF
REPORTED INCIDENTS

Between January 1972 and December
1976, a total of 316 reports were received,
excluding those which, on further investiga-

tion, did not appear to have been caused by
wake vortices or where insufficient data was
available for analysis.

Classification by Phase of Flight.

Table 1 shows the total numbeis of inci-
dents reported during the period, classified
according to the phase of flight of the two
aircraft involved; cases where the aircraft
generating the wake {the ‘leader’) was in a
different phase of flight from the aircraft en-
countering it (the ‘follower’) are classified as
‘other’. About 70% of the reported incidents
have occurred to aircraft approaching Lon-
don Heathrow airport, and these incidents
have been subdivided into those occurring at
or below 3000 ft (‘‘final approach’’) and
those occurring above 3000 ft (*‘intermeaqiate
approach™).

Table 1. Summary of Reported Incidents

1972]1973{1974]1975]1976| Total

Intermediate approach

at Heathrow 41 61 3] 9 11 33
Final approach

at Heathrow 40 149 |18 |27 | 59| 193
Approach elsewhere 41 3| 3| 3] 4] 17
Take-off 5] 81 21 4119 38
En route 3] s 1 5] 6 20
Other 3130 210 31 44 15
TOTAL 59| 74129 |5t {103]316

Classification by Severity of Disturbance.

The characteristic effect on an aircraft
encountering a vortex wake is a sudden upset
about the roll axis. The severity of the dis-
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turbance is measured by the reported niag-
nitude of this upset, on the assumption that
the pilot is taking corrective action. When a
large disturbance is reported, the flight data
recording (if available) is consuited 1o estab-
lish the precise nature and magnitude of thc
upset. In general, the flight data recording
shows a roll angle somewhat less than was
estimated by the pilot, though in vne en-
route case a roll reported by the pilot as
40°-60° was found to have been 69°.
Reported incidents are divided into
three classes as shown in Table 2, accoiding
to the angle of bank reported by the pilot.
The actual hazard involved in any incident
depends on several factors, particularly on
the altitude at which the encounter occurs.

Table 2. Classification of Incident Sesverity

Class Reported Roll Excursion
A Severe 30° or more

B Moderate Between 10° and 30°

C Slight Less than 10°

‘Table 3 shows the numbers of incicents re-
prted in each class.

Table 3. Reported Incidents Classified by Severity

All Incic2nts
A B C Total
1972 14 24 21 59
1973 14 30 30 74
1974 7 13 9 29
1975 9 17 25 5t
1976 15 39 49 103
TOTAL| 59 123 134 316

LN

Classification by Aircraft Weight.

The magnitude of the effect that the
wake of one aircraft can have on another
aircraft is a complex function of the aircrafts’
relative weights, spans, etc., and of the con-
trollability of the following aircraft. Initial
experience, however, hus shown that it is
helpful to classify reported incidents accord-
ing to the weights of the two aircraft in-
volved. For this purpose, aircraft are
grouped into broad categories according to
their maximum certificated takz-off weight
as shown in Table 4.

L e YTy AT TIETIRACTY T AT I T

Table 4. Aircraft Weight Groupings

Maximum Centiticated Take-off
Waght
(kg (1b)

B747-group Over 170.000 Over 375.000
B707-group 136.000 - 1700491 300,000 - 375.000
B720-group 100.000 - 136,000] 220.000 - 300.000
Trident-group 40,000 - 100.000[ 88.000 - 220.000
Viscount-group 10.000 - 40.000] 22.000 - 88.000
Learjet-group 7.000 - 10.000| 15.000 - 22.000
GA-group Below 7,000 Below 15,000

ANALYSIS OF INCIDENTS REPORTED
ON APPROACH TO HEATHROW

Analvsis by Severity and Altitude.

Table 5 gives the number of incidents in
each class of severity reported on approach
to Heathrow in the whole five-year period in
various altitude bands. excluding 21 inci-
dents for which the altitude of occurrence
was not recorded.

Table S. Heathrow Approach Incidents by Severity
and Altitude

Altitude Severity
(fi) A B C Total
0- 200 S 134 ] 2 60
201 - 500 I 3 3 7
501 - 1000 0 5 3 8
1001 - 2000 1 13 18 39
2001 - 3000 121221 32 66
above 3000 7 10 8 25
TOTAL 36 | 87 | 82 208

Table 6 gives details of the six severe
incidents which have occurred at altitudes
below 1000 ft.

Analysis by Prevailing Wind Conditions.

Figure | shows the incidents reported at
1000 ft or below on approach to Heathrow,
plotted against the headwind (or tailwind)
and crosswind component recorded at the
time of the incident by the Meteorological
Office anemometer positioned about 220
metres south of the threshold of runway 10R.
The MkS Munro anemometer measures the
wind at [0 metres above ground level and the
measurements are averaged o [0-minute
period. It should be observed that the wind
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Table 6. Details o' Severe Incidents Cecurring Below 1000 ft

HEADWIND CROSSWIND

INCIDENT AIRCRAFT

ROLL KEFEIGHT Component

Componeni SEPARATION

No. Leader | Follower | Degrees} Feet

Kts

Kis nm REMARKS

53 B747 | Trident IE 30 200

86 B707 | Viscount 30 100

97 B747

Viscount 30 300

126 B747 | Viscount — 300

187 IL62 |Viscount as 70

228 VCi0 {HS1S 36 200

0

Ne natural turbu-
lence — B747 had
landed and turned
off runway. Separa-
ticin should have
be=n § nm (1972).
B707 just cleared
runway as Viscount
was over »pproach:
lights when roll was
experienced.
Viscount experi-
enced very strong
rolling moments
both directions from
300 ft to 100 ft agl.
B747 just cleared
runway. Pilot was
too busy to assess
roll angle, but turbu-
lence was so bad an
overshoot was con-
sidered.

11 62 just cleared
runway. Sharp right
wit:g drop required
full corrective aie-
ron. Turbulence
ceased 20 ft agl.
VCI10 had cleared
runway when
HS12S5 encountered
wake turbuleitce at
200 ft agl.

0 4

speeds recorded in this way are not always
represeniative of the conditions at the point
where the vortex encounter took place.
Also shown on Figure 1 is the “wind
ellipse”” derived by the US DOT Transporta-
tion Systems Center as a result of mea-
surements at Heathrow and elsewhere.
When the wind conditions, as measured by
an anemometer |5 metres above ground level
close to the threshold of the runway in use,
and averaged over | minute, lie outside this
ellipse, it has been observed tha: vortices of
landing aircraft do not remain active for more
than 80 seconds in a zone of unlimited height
extending to a distance of 45 metres on each
side of the extended runway centreline, Al-

though it is of interest te relate reported inci-
dents to this wind ellipse, the difference be-
tween the two types of wind measurement
used must be kept in mind.

The figure shows that almost all ingi-
dents (70 out of 73 when the wind was re-
corded) occurred when the reported wind
conditions lay inside or on the boundary of
the ellipse. All severe incidents occurred in
wind conditions well inside the ellipse. The
three incidents which occurred in wind con-
ditions outside the ellipse all occurred on
approaches to the northern runway, and the
two substantially outside the ellipse occurred
4t an altitude of 1000 ft. It is interesting to
note that many incidents occur above 1000 ft
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Figure 1.  The winds for the incidents reported at 1000
feet or below on approach to Heathrow.

in wind conditions outside the ellipse: during
the five year period a total of §1 such inci-
dents. including 9 severe incidents., were re-
ported ~1 final approach to Heathrow.

Incidents where the Leading Aircraft was in
the B747 or B707 Weight Group.

Out of the 726 reported incidents (37 se-
vere) on the approach to tieathrow. 190 (29
severe) occurred behind aircraft in the B747
or B707 weight group. Tables 7 and 8 give the
pumbers of irfcidents reported behind aircraft
in these groups, together with estimates of
the annual numbers of lzndings of these air-
craft types at Heathrow.

Analvsis of the Relative Frequeries of
Repored Incidents.

In March 1974, following analysis of the
early results from this programme, the spac-
ing giveu in the UK to aircraft in UK group 2
(10,000 - 170,000 kg) on approa.k behind UK
gioup I (over 170,000 kg) was increased from
5 to 6 nautical miles. Thus it is interesting, in
analysing the frequencies of reported inci-
dents, to ¢compare the perinds Januaty 1972
to March 1974 and April 1974 to December
1976.

Table 9 shows the number of severe in-
cidents reported for selected lezder-follower
pairs in the two periods and also the frequen-
cies of these incidents expressed as the

ST. JOHN

Table 7. Incidents Behind Aircraft Above 170,000 kg

% all % all
Year A B C TOTAL incidents landings landings
1972121 8} 81 18 41 77006 6
wn3ps 6] 71 22 Y 9600 7
197401 | 5{ 2 8 38 9800 7
1975111 6{ 9 16 44 13500 10
19761 3 1 8120) 31 4 16000 12

Table & lIncidents Behind Aircraft Between 136,000

and 170.000 kg
% alt % all
Year A B C TOTALincidents landings landings
197214 § 9§ 71 20 45 26600 19
197311 121 8] 2 38 23500 I8
19743 } 3 2 8 38 24400 17
1975021 3171 12 3 23600 18
1976 47 1181121 34 48 21900 16

number per 10° occasions on which each
leader-follower pair occurred. The frequen-
cies are expressed in this form to take ac-
count of the different and changing propor-

tions of landings at Heathrow by the varicus
aircraft types.

CONCLUSION

The analysis of over 300 reported wake
vortex incidents received during a period of 5
years shows considerable fluctuations, as is
to be expected from what is statistically a
small sample, but also some consistent fea-
tures. For example, although the total
number of incidents reported annually has
ranged from 29 in 1974 to 103 in 1976, the
proportion occurring on approach to Heath-
row has always been about 70%, and the
proportion of these Heathrow approach inci-
dents attributable to aircraft in the B747
weight group has remained close to 40% de-
spite the increasing numbers of these aircraft
in service, The frequency of severe incidents
reported behind his' group on approach to
Heathrow dropped from 35 per 100,000 land-
ings before April 1974, when the separation

behind such aircraft was changed from 5to 6

0
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Table 9. Numbers and Relative Frequencies of Heathrow Approach Severe Incidents for Various Leader-Follower

Combinations
Leader's Follower's Jan ‘72 - Mar '74 Apr "74 - Dec '76
group group Total per 10° landings Total per 10° landings
Trident 3 30 4 20
B747 Viscount 4 300 1 30
All 7 35 5 s
Trident 2 6 7 20
B707 Viscount 4 80 4 70
All 6 10 11 15
Al All 18 5.6 19 49

miles, to 15 per 100,000 landings thereafter.
Since the frequency of severe incidents re-
ported behind other large aircraft (above
136,000 kg) ose slightly from 10 to 15 per
100,000 landings, the change in separation
would appear to have teen fully justified op-
erationally as having led to a more consistent
level of safety behind all large aircraft.

It is difficult to make a convincing esti-
mate of the absolute level of safety being
achieved. An attempt to do so was made in
1973 by a small group comprising representa-
tives of NATS, Directorate of Flight Safety,
Airworthiness Division and Chief Scientist’s
Division from CAA, and of RAE Bedford.
This group examined all the severe incidents
reported up to that time and came to the
conclusion that the likelihood of an accident
could be assumed to be of the order of 1/100
of that of a severe incident, this being re-
garded as a pessimistic assumption. On this
basis, the figures given in Table 9 for fre-
quencies of severe incidents per 100,000
landings would represent the number of oc-
casions 1n 107 landings on which an accident
might be expected. The generally accepted
target level of safety is represented by a fig-
ure of une fatal accident in 107 flights; con-
sequently some of the figures in these Tables
couid be seen as giving rise to a measure of
concern.

Subsequent to March 1974, the highest
frequency of severe incidents, 70 per 10°
landings, has been experienced by aircraft in
the Viscount weight group behind those in

10

the B707 group (136,000 - 170,000 kg). The
number of movements by Viscount group
aircraft is comparatively small — less than
10% of all movements at Heathrow — and is
declining as the Viscounts themselves retire
from service and are only partially replaced
by newer aircraft in the same weight group.
In addition, only a proportion of the severe
incidents occurred in the height band where
the risk of an accident is thought to be sig-
nificant. Thus the figures by themselves may
not be a reliable guide to the importance of
this problem.

Virtually all incidents below 1000 ft on
approach to Heathrow take place in wind
conditions lying inside the ‘wind ellipse’
shown in Figure 1. This implies that, when
the wind conditions lie outside this ellipse,
the separations applied currently are greater
than is necessary to ensure adequate safety
in this phase of flight. However, it must be
noted that a substantial number of incidents,
including some severe incidents, occur at al-
citudes between 1000 {t and 3000 ft in wind
conditions outside the ellipse and a reduction
in separations could be expected to increase
the frequeucy and severity of such incidents.
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ESTIMATION OF VORTEX-INDUCED ROLL EXCURSIONS
BASED ON FLIGHT AND SIMULATION RESULTS

BRUCE E. TINLING
NASA Ames Research Center
Moffett Field CA

ABSTRACT: The results of flight measurements at altitude were combined with an analytical procedure
to estimate the wake vortex roll excursions for aircraft ranging in size from small business jets to jumbo
jets. The roli excursion ¢stimates were compared with a bank-angle boundary developed from piloted
simulation. The estimates indicate that if the vortex from a jet transport of medium size or larger should
be encountered out of ground effect at current separation ditance standards, the resulting maximurm
bank angle exceeds the boundary for all following aircraft except the large heavy transports. The
possible bank-angle excursion for small aircraft. even though their separation distances aie greater,
exceeds the boundary by a large amount. [n view of this apparent hazard. it is reasoned that the current
extremely low accident rate exists because the specified separation allows sufficient time for the vortices
to be removed fror the path of following aircraft by winds and by their mutual induction, and because
the vortex strength is dissipated at low altitudes by ground effect.

NOMENCLATURE

AR =aspect ratio. b¥/S
b = wing span
C,,C, = constants
g = gravitational acceleration
p =roll rate
p = roll acceleration
S =wing area
V = airspeed
V, =maximum vortex tangential
N yelocity
W = aircraft weight
X = downstream distance
o ~ lurge radius <iuculation
At = vortex encounter duration
p = air density
o = radius of gyration

¢ = bank angle.
Subscripts
f = following or encountering
aircraft

g = vortex generating aircraft.
INTRODUCTION

A solution 1o the wake vortex problem
that permits airport capacity to be increased
with no reduction in safety is essential to the
success of the upgraded third generation air
traffic control system proposed for the 1980s
[1]. Research is in progress o two different

approaches to the solution of this problem.
One is to develop a wake vortex avoidance
system for the terminal airspace. Such a sys-
tem is being developed by the DOT Trans-
portation Systems Center. The other ap-
proach to the wake vortex problem, finding
an aerodynamic means to reduce the hazard,
has been the subject of a NASA research
program for several years. A number of al-
leviation techniques were developed in the
NASA ground-based research facilities, and
several have shown sufficient promise to
warrant evaluation in flight.

Within the last year, the research pro-
grams have provided sufficient information
to estimate the maximum roll excursions that
can be imposed on following aircraft by jet
transports and to determine if such excur-
sions are likely to represent a potential
hazard during the final phases of the landing
approach. This information can be used to
evaluate the roll excursions under current
separation standards in the event of a vortex
encounter for a variety of aircraft pairs, to
evaluate the roll excursions of acrodynami-
cally alleviated configurations at reduced
separations, and to estimate the level of
acradynamic aflsviatior required if an en-
counter is to be nonhazardous.

The procedure for estimating the roll ex-
cursions is outlined in Figure 1. The follow-
ing are key elements of this procedure:
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Figure 1.

. Verification of calculations of rolling
moment on aircraft that encounter a
wake vortex by making flight mea-
surements of upsets and vortex veloc-
ity fields:

. Correlation of flight results to obtain
vortex decay histories for jet trans-
port aircraft in terms of correlation
parameters given by lversen [2]:

. Estimation of the maximum duration
of an encounter from flight-test data:

. Calculation of roll time histories using
a pilot response mode! developed
from moving-base simulation results;

. Evaluation of the roll excursion in
terms of a bank-angle boundary de-
veloped from simulation results.

DATA ANALYSIS

The flight data on vortex-induced rolling
moments and maximum vortex tangential
velocity were obtained at altitudes of several

thousand feet or more.

The estimated

maximum excursions, therefore, correspond
to those that might occur out of ground ef-

fect,

that is, at an altitude greater than one

|l o _MAB’;\"&“:M COMPARE )
ANGLE
t

TIME
HISTORY

EVALUATE

Procedure for estimation and evaluation of vortex-induced roll excursions.

span length of the aircraft that generated the
vortex. The key assumptions in the analysis
of the data are;

I.

Rolling moments are computed for a
worst-case situation where the air-
craft is centered in a vortex, The en-
velope of vortex-induced rolling mo-
ments measured during intentional
encounters during flight test repre-
sents this condition.

. The large radius circulation is invar-

iant with increasing separation and is
equal to that for an elliptically loaded
wing.

. The velocity distribution within the

vortex is that given by the variable
eddy-viscosity solution by Iversen
{2l

. The duration of unintentional encoun-

ters by any aircraft can be repre-
sented in the worst case by the
maximum for intentional encounters
by the small probe aircraft used in
flight test.

. The bank-angle boundary determined

from piloted motion-base simulation
separates possibly hazardous encoun-
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ters from nonhazardous encounters.
Exceeding the boundary, therefore,
does not necessarily imply a hazard-
ous situation.

CORRELATION OF FLIGHT-TEST
RESULTS

Rolling Moment and Maximum Vortex
Tangential Velocity.

The principal method employed by
NASA to evaluate vortex alleviation tech-
niques is to measure the rolling moment on a
following aircraft. This method has been
used in ground-based facilities as well as in
flight where the rolling moments are inferred
from the measured time histories of aircraft
motion following an intentional encounter
with a marked vortex. Many encounters are
made and it is assumed that the envelope of
the rolling-moment variation with distance
represents the maximum. A limitation of
such results is that they cannot be gener-
alized for direct application to other aircraft
pairs. This is because the vortex core en-
larges as the decay progresses, and the effect
of a change in core size on roiling moment
varies nonlinearly with the span of the pene-
trating aircraft. This limitation can be cir-
cumvented if the vortex velocity field can be
inferred from the rolling-moment mea-
surements and vice versa. A method of infer-
ring velocities was developed and the resujts
compared with velocity measurements made
in flight. These were obtained with a hot-
wire anemometer as a probe aircraft
traversed the vortex wake. Reference 3 gives
a more complete description of the flight-test
techniques used in making both the velocity
and the rolling-moment measurements.

The estimation of vortex velocity from
measured rolling moments is based on the
work of Rossow et al. [4] and Iversen [2].
Rossow et al. compared maximum vortex-
induced rolling moments measured in the
wind tunnel with those estimated by several
methods. He demonstrated that a method
based on simple strip theory yields results
that agree with experiment as well as more
elaborate lifting surface methods. Iversen
demonstrated that a procedure based on a
variable eddy-viscosity solution for the

13

decay of a single line vertex leads to
parameters that successfully collapse the
maximum vortex velocities from a number of
data sources to a single curve. In Iversen's
vortex model, the large radius circulation is
assumed to be constant and dissipation oc-
curs in the vortex core. His model was com-
bined with the rolling-moment calculation
proposed by Rossow et al. to allow vortex
velocities to be inferred from the rolling
moments. The inverse calculation obviously
is also feasible; that is, the rolling moment
can be estimated from the peak tangential-
velocity correlation for arbitrary vortex
generating and penetrating aircraft.

A time history of a vortex encounter typ-
ical of those from which estimates of peak
velocity were made is shown in Figure 2.
This particular record is unique in that it
represents the only instance known to the
author where a large upset has been mea-
sured at approach speeds on a 3° glide slope.
The generating aircrait was Boeing-727 and
the probe aircraft was a Lear Jet-23.

ag O
26 100
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de9 OE EQUIVALEWT‘—\\—‘——‘
-2 26} IMPULSE
Prortex. " .
rad/sec?
-2.5 3 | 1
0 1 2 3
TIME, sac
Figure 2. Time history of i roll response of Lear

Jet-23 encour._ " -y ¢ vortex of a B-727
on a 3° approach _a. - with a separation
of 2.7 n. mi.

The recorded roll acceleration for any
encounter is typically oscillatory, as shown.
This high-frequency oscillation is believed to
be structural in origin and was ignored in the
estimation of peak vortex-induced roll accel-
eration. The procedure used in this estimate




was first to correct the measured accelera-
tion for aerodynamic moments caused by
control inputs and by aircraft motion. The
principal contributions to this correction
come from aileron deflection and roll damp-
ing. The peak vortex-induced roll accelera-
tion was then chosen as shown in Figure 2,
with the peaks caused by structural oscilla-
tion averaged.

The peak tangential velocities calculated
from the rolling moments determined in flight
are presented in Figure 3 in terms of the
correlation parameters developed by lver-
sen. The data presented include results ob-
tained during tests of B-747 and B-727 air-
craft in the landing configuration with the
Lear Jet-23 used as a probe aircraft. Also
shown in Figure 3 are results of direct veloc-
ity measurements made in the wake of the

B-747. 1t can be seen that the results of the
two types of measurement are in reasonable
agreement with each other and with lver-
sen’s correlation for values of the dimension-
less downstream distance parameter of less
than about 900. This implies that the method
of computing rolling moment from the known
vortex field yields reasonable results.

2 3 4
8727 et
F 4 56
B47 A
Nautical miles
.5[\ IVERSEN'S
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Vi . b Q @ VELOCITY MEAS
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Figure 3. Correlation of maximum vortex tangential

velocity determined from respoimse mea-
surements and by direct velocity measure-

ment.
At values of the downstream distance
parameter greater than 900, the data can be
bounded by a line with a slope of ~2, rather
than —1/2 as in Iversen’s original correlation.
This rapid decay has also been observed in a
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correlation of in-flight measurements of the
wake velocities of the C-5A. For purposes of
this analysis, the vortex decay for the B-747
and B-727 with landing flaps has been as-
sumed to be as shown in Figure 3. However,
there is no reason to believe that the dimen-
sionless distance parameter, as developed by
Iversen for decay of a line vortex, will also
correlate with the point where rapid decay
occurs. It should also be recognized that the
point for rapid decay will be influenced by

atmospheric turbulence and possibly by
ground effect.

One aerodynamic alleviation technigque

that proved promising from results obtained
in ground-based facilities is modification of
the span-ioad distribution. In particular, a
sizable reduction in rolling moment was
realized when only the inner segments of the
flaps of the B-747 were lowered. Unfortu-
nately. the flight tests showed that the alievi-
ation was nearly eliminated when the gear
was lowered or when small amounts of side-
slip were introduced. The results from flight
tests of this modified flap configuration with
the gear retracted have been included here
because they represent the highest level of
aerodynamic alleviation achieved to date.

The results given in Figure 3 show two
beneficial effects of lowering only the in-
board flap segments as an alleviation tech-
nique. The first is the lowering of the peak
tangentia} velocity at relatively small separa-
tion distances. This effect. observed in tests
in ground-based facilities, led to the flight-
test program. An equally important effect,
not evident prior to correlating the flight-test
data in terms of Iversen's parameters, is that
the distance at which the rapid decay occurs
is reduced. As shown in Figure 3, this effect
causes reductions in peak vortex velocity of
the order of 4 at values of the dimensionless
distance parameter, (x/b)(T'/V b)AR?, great-
er than about 900 in contrast to about 2 in the
near field.

The apparent sensitivity of the distance
at which rapid decay of the wake vortex oc-
curs to the aircraft configuration is not un-
derstood. The discovery of the fundamental
factors or parameters that influence this dis-
tance might lead to the development of more
effective vortex alleviation techniques.
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Encounter Duration.

The ultimate objective of the data analy-
sis is to obtain sufficient information to cal-
culate the time history of the aircraft motion
following an encounter. This requires that
the time history of the rolling moment in-
duced on the encountering aircraft be repre-
sented. Examination of the flight records in-
dicated that there is no typical rolling accel-
eration time history. The strategy adopted
was to integrate the rolling-moment accelera-
tion due to the vortex to obtain the total
impulse. An equivalent impulse having the
same area was then specified as indicated in
Figure 2. The amplitude was chosen to be
equal to the maximum acceleration because
of the vortex, and the rise and decay times
were always assumed to be 0.1 sec.

The duration of a large number of en-
counters is shown in Figure 4 as computed
by the method described. Data from many
more encounters are included in this figure in
contrast to Figure 3 where only data repre-
senting the largest upsets at a given separa-
tion distance are shown. The encounter du-
ration data show no correlation between p
and At, and that, with one exception, the
encounters last less than | sec. The excep-
tion is the encounter shown previously in
Figure 2 which was obtained with the probe
aircraft in the landing configuration and at
approacl. speed. All other encounters were
made with the probe at an airspeed about
40% greater with the probe either clean or
with partial flaps. It is likely that the lower
airspeed typical of the approach increased
the duration of the encounter. There are in-
sufficient data to determine if the size of the
generating aircraft influences encounter du-
ration. The few points that are available from
tests of the B-727 — Lear Jet combination are
distributed from about 0.4 to 1.27 sec.

On the basis of the data in Figure 4, the
duration of the encounter was chosen to be 1
sec. In view of the airspeed of the probe
aircraft, this encounter duration might be
shorter than would normally be experienced
during a landing approach. Selection of an
increased duration will cause a nearly pro-
portional increase in the calculated maxi-
mum bank angle.
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Figure 4. Duration of sortex encounters.

BANK-ANGLE BOUNDARY

Piloted simulations were conducted on
the Flight Simulator for Advanced Aircraft at
Ames Research Center to determine hazard
criteria for vortex encounters. A bank-angle
boundary was determined for jet aircraft in
the 10,000-1b class (Lear Jet-23) and for the
150,000-1b class (Boeing 707/720) (see refer-
ence 5). In both simulations only the final
approach flight condition was considered.
The pilot control task was to fly an approach
on a 3° glide slope in an environment of calm
air or light turbulence and an occasional
wake vortex encounter. Both VFR and IFR
approaches were simulated.

To achieve the most realistic simulation
results, several things were done to enhance
the element of surprise so that the pilot could
not anticipate the vortex upset. Although the
pilot knew he was flying a vortex encounter
simulation, he could not anticipate the upset
because the altitude of the encounter, the
magnitude of the vortex strength, and the
direction of vortex flow (clockwise or ¢coun-
terclockwise) were all varied in a random
manner from one approach to the next. In
addition, during some approaches, there
would be no vortex encounter. To further
surprise the pilot, the encounter upset fea-
tures were varied so that he could not adapt a
standard response once he determined an
encounter was occurring. This was done by
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simulating encounters from any one of sev-
eral directions which caused different condi-
tions to be associated with each upset occur-
rence. For example, encounters at a shallow
entry angle from beneath the vortex result in
a monotonically increasing bank angle in the
absence of pilot control, and shallow angle
encounters directly from the side result in a
roll in one direction followed by a larger roll
in the opposite direction in the absence of
pilot control.

The pilots were asked to rate the encoun-
ters as either hazardous or nonhazardous.
An encounter was to be rated ncnhazardous
only if the possibility of an accident due to
the upset was considered by the pilot to be
extremely low. The analysis of the data indi-
cated that the best separation of the data into
nonhazardous and possibly hazardous re-
gions could be made on the basis of
maximum vortex-induced bank angle. Typi-
cal results are shown in Figure 5. The bank-
angle boundary is drawn to separate the data
into nonhazardous and possibly hazardous
regions. On the basis of similar results for
both aircraft for VFR and IFR approach
conditions, the boundary for purposes of the
analysis was chosen to lie between 8° and 10°
of bank angle.

NONHAZARDOUS
BANK-ANGLE BOUNDARY
POSSIBLY HAZARDOUS
600 A 11

a

<
& 500 ;% a°g, 2 FILLEDSYMBOLS {160 €
‘5: ° DENOTE 3‘
=) HAZARDOUS 3

400 120
E 9 ENCOUNTERs '¢0 &
5 e piLOT R
I 300 o A Hio &
w ¢ ¢ W
E . v D s
S 200 . A E 160 2
g8 o F 3]
z NG z
Y 100t 4 H 430
1 1 ]

i 1 i 4
0 0 2 30 40 60 60 70
MAXIMUM BANK ANGLE, deg

Figure 5.  Bank-angle boundary determined from pi-
loted, moving-base simulation of Boeing
707/720/1FR.

Pilot Model.

A model for the human pilot response to

wahl s Fe
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a wake vortex encounter was developed
from the simulation results by Systems
Technology, inc., under contract to the FAA
[6]. The model is limited to those encounters
in which the rolling moment is in one direc-
tion only; ths is typical for the landing ap-
proach where the vortex would be entered
from above.

As an example of the use of the pilot
model, the response was calculated to the
vortex acceleration time history shown in
Figure 2. The results are presented in Figure
6. The computed bank angle is considerably
less than experienced in flight where the pilot
purposely heid the controls fixed during the
encounter. The phases of pilot activity perti-
nent to the computation of maximum bank
angle are termed A through C. In phase A,
the pilot is responding to normal turbulence,
if any, with aileron response to roll rate and
roll angle governed by derived gain constants
with a time delay of about 0.4 sec. After
encountering the vortex, the switching logic
of the model enters phase B once a threshold
roll rate of 0.05 rad/sec or about 2.9°/sec is
exceeded. During phase B, the pilot applies
lateral control to produce roll acceleration
proportional to roll rate, also with a 0.4-sec
time delay. When the aileron input rate
reaches zero, the model switches to phase C
which represents a period during which the
pilot waits for the bank angle to start decreas-
ing.

2r
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Figure 6. Typical response to a vortex encounter
according to human pilot model.
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During phase C, the pilot applies
“additional aileron control at a rate propor-
tional to the wheel deflection. ‘the change in
aileron input is small in this phase and may
be slightly positive or negative. During phase
D, the pilot applies lateral control propor-
tional to bank angle to effect his recovery
with some roll rate gain to generate lead to
offset his time delay. Phase D, however, is of
negligible importance in determining the
maximum bank angle which is of interest for
this analysis.

The magnitude of the maximum bank
angle will be influenced by the size of the
gain constants assigned to phases B and C
and the magnitude of the time delay. As Fig-
ure 6 shows, variation of these constants and
the time delay within the limits observed dur-
ing the simulation experiments can change
the maximum bank angle between limits of
about +20% and -10%.

EFFECTS OF AIRCRAFT SIZE

Before proceeding to the results of the
computations of vortex upset, it is instruc-
tive to consider the importance of aircraft
size to the vortex upset problem. Aerody-
namicists consider the upset in terms of
rolling-moment coefficient and measure
progress toward reducing upset in terms of
this parameter. However, when the voriex
upset is considered in terms of rolling accel-
eration or maximum bank angle, the impor-
tance of the variation of moment of mertia
with size of the encountering aircraft be-
comes evident.

Consider the various parameters of im-
portance to the vortex upset problem as illus-
trated in Figure 7. The circulation in the vor-
tex system shed by the generating aircraft is
proportional to the weight per unit span, For
geometrically similar aircraft having equal
wing loading, weight will vary as the square
of the span; therefore, circulation will vary
as some constant, designated K, in Figure 7,
times the span. The rolling moment induced
on the following aircraft is somewhat more
complicated and depends on the circulation
of the generating aircraft, the square of the
span of the following aircraft, and some func-
tion of separation distance and the spans of
the aircraft pair. This function expresses

[PV
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how much the vortex has decayed and how
much the resulting expanded core affects the
rolling moment of the encountering aircraft.
As the sketch in Figure 7 indicates, the
change in rolling moment on the larger air-
craft because of vortex decay would be ex-
pected to be much smaller than on the
smaller aircraft where the core enlargemunt
has reduced the vortex velocity over much of
the wing span. Ignoring this factor for the
moment, it is shown that the rolling moment
is proportional to the span of the generator
multiplied by the square of the span of the
follower,
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WofS,  Cr WS- €
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[
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Figure 7. Variation with aircraft size of quantities

affecting response to a vortex encounter
by geomettically similar aircraft.

The moment of inertia of the encounter-
ing aircraft is the most significant factor, de-
pendent on aircraft size, that determines the
severity of the upset due to a vortex en-
counter. The volling moment of inertia can be
expressed as the uircraft mass, W/g, times
the square of the radius of gyration. For air-
craft having identical wing loading, the mo-
ment of inertia is found to vary roughly as the
fourth power of the span. This corresponds
to the case when all the mass is uniformyy
distributed in a plane. Differences in engine
location will cause some differences in this
variation.

Finally, the rolling acceleration is shown
to be proportional to the span of the
generator Jivided by the square of the span
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of the follower, multiplied by the function
that expresses the effect of vortex decay. It
is eéxtremely interesting to consider the re-
sults when a series of aircraft pairs, each of
ever decreasing size, are assumed to be at a
common separation distance. Igncring the
decay function for the momeat, the expres-
sion indicates tha! if the aircraft have identi-
cal wing loading, the bank-angle excursion
should become more severe as the aircraf’
pairs become smaller!

Results of calculations to study this ef-
fect of aircraft size, based on the ceorreiation
of experimental data discussed earlier, are
shown in Figure 8. The expected variation of
rolling-moment coefficient and p, without
considering the effects of vortex decay, are
shown as the solid lines, assigning the value
of 1t a pair of B-747"s with a separation of 3
n. mi. The rolling-moment coefficient on the
aircraft following would be expected to re-
main constant as size is reduced, and the
rolling acceleration would be expected to in-
crease as byy;/b. The actual values computed
for the pairs of B-747's, B-727's, and Lear
Jet-23's have been compared on the same
basis. In making these comgputations, the
variation of vortex velocity with distance
implied by Figure 3 was assumed to appiy to
all aircraft. The calculated value of p for the
pair of B-727's exceeds the expected value
because the placement of engines on this air-
craft causes a smaller moment of inertia thar.
given by the assumed variation.

1

bt = by
SEPARATION = 3o mu,

———— EXPECTED - NO DECAY

[ 8727
n]

LEAR JET \
\)w?

1t Q
O—'——-’L ROLLING MOMENT COEFFICIENT, C¢

Figure 8.  Variation with aircraft size on the severity
of the encounter for identical generating

and following aircraft,

The calculated rolling-moment coeffi-
cient for the Lear Jet-23 pair is considerably
less than the expected value because of vor-
tex decay. However, even this much lower
calculated value exceeds what our experi-
ence indicates will occur. The calculation of
rolling moment, in this case, depends on the
estimation of the rolling moment at dimen-
sionless downstream distances that exceed
by about 50% the limits of the data on which
Iversen's correlation is based. The data
available from flight tests indicate a rapid
decay in this region. Further, the decay may
be more rapid than the slope of —2 shown in
Figure 3.

In other words, extrapolation of the re-
sults to predict upset for small aircraft pairs
1s questionable. However, there is evidence
that the decay of the vortex from the B-727 is
sufficiently close to that of the B-747, in di-
mensionless terms, to expect that the
rolling-moment coefficients would be very
nearly the same, as shown in Figure 8. In this
event, the rolling acceleration will vary
roughly inversely as the span, and the upset
to a B-727 eacountering a vortex from
another B3-727 would be expected to be moie
severe than the upset of a B-747 caused by a
B-747 at the same distance.

CALCULATED BANK-ANGLE
EXCURSIONS FOR CURRENT
SEPARATION STANDARDS

Iversen’s correlation has been shown to
collapse vortex decay daia from many
sources to a single curve. On the basis of this
result, the vortex decay data shown in Figure
3 would be expected to apply to the B-727 as
well as to the B-747 in the range of dimen-
sionless downstream distances where the
slope of —1/2, as given by lversen, applies.
However, the point at which the decay pro-
cess apparently changes and is better repre-
sented by a slope of —2 might not be the
same for both aircraft. The two data points
shown in Figure 3 for the B-'27 represent the
most severe encounters obtained during the
flight tests reported in reference 7. A slope of
—2 drawn through these points would reduce
the peak tangential velocity at separations of
3 and 4 n. mi. by about 40%. The correspond-
ing reduction in rolling moment will depend
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on the span of the penetrating aircraft and
will be considerably smaller than 40%. How-
ever, for purposes of this analysis the solid
lines in Figure 3 were assumed to apply to
both the B-747 and the B-727.

The calculated maximum bank angles
are shown in Figure 9. Also shown are esti-
mates of bank angles made by Nelson (8].
Nelson's calculation used a different vortex
model, a simpler pilot model, and the calcu-
iation consisted of a six-degrees-of-freedom
digital simulation of the encounter with the
encounter duraticn determined by the path of
the aircraft. Nelson’s estimates are for dif-
ferent aircraft pairs and cannot be compared
directly with those made herein, but when
the effects of aircraft size are considered his
procedure appears to result in somewhat
greater values of maximum bank angles.

wr
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401~ BANK-
ANGLE
BOUNDARY
14 .
ol

scranation o m] 4 s HCE RN ER [ [3]
rocoatn e "”x'.n’ll":'n Pr{?l“{‘!"'“ oco foce oce{:uma e
GtntRATOR 827 s Jocolera oce’
Figure 9.  Calculated upset magnitudes for current

separation standards.

Both sets of calculations show the domi-
nant effects of aircraft size and that the
maximum bank angles for the small aircraft
exceed the bank-angle boundary by factors
of from 4 to 7 even though the separation
distances for these aircraft are greater. This
relatively large estimated response of the
small aircraft to a vortex encounter is consis-
tent with the trend of accident statistics re-
ported in reference 9 where it is stated that
the vortex-related accident rate is lower by
an order of magnitude for air carriers than i;
is for general aviation.
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In view of the large estimated bank an-
gles, it is logical to ask why there have not
been more wake vortex accidents and inci-
dents. Landing accidents attributable to the
wake vortex, for instance, are reported in
reference 9 to be only about one in 3 million
landings. Reasons for the low accident rate in
view of the apparent hazard are: (1) the low
probability of a ‘‘maximum’ encounter in
which an aircraft penetrates the center of the
vortex; (2) the wake vortex in ground effect
is considerably weaker than at the altitudes
where the data for this study were obtained;
and (3) the bank-angle boundary drawn on
the basis of the simulation results is very
conservative.

*‘Maximum’’ encounters of the type
considerasd in this study can be shown to be
extremely rare events. Surveys of the pres-
ence of the vortex in an area 46 m on either
side of the runway centerline [10] show the
vortex to be present about 1% of the time ata
separation of 3 n. mi. (see Figure 10). At
separations of 4 n. mi. or more, the occur-
rence is reported to be less than 0.1%. For a
maximum encounter, the aircraft must be
centered in the vortex core, which is of the
order of a few meters in diameter. Thus the
probability of a core penetration is consider-
ably lower than that stated above.
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Figure 10.  Resuits of surveys by DOT near runway
threshold to determine vortex presence
within 46 m of runway centerline.
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The effect of the proximity of the ground
on vortex strength possibly also influences
the frequency with which the vortex will lie
within the landing area. It will also have a
large effect on the severity of an encounter if
an encounter should occur. Surveys by the
DOT using acoustic radar in the regior of the
runway threshold [11] have indicated circula-
tion strengths that are lower than would be
expected out of ground effect by a factor of 2
or more at a separation of 2 n. mi. Further
reductions would be expected as the separa-
tion is increased. This is extremely important
since the vortex tends to lie well below the
flight path until its descent is arrested by the
ground. It is in this region that the 10-year
statistics reported in reference 9 indicate
that more than 70% of the encounters leading
to accidents occur.

Finally, the bank-angle boundary is very
conservative. The pilots participating in the
simulation program were instructed to rate
an encounter as hazardous if there was more
than a “*very low” probability that an acci-
dent would result. The boundary was then
drawn as a lower bound to all of the
maximum bank angles for encounters rat:d
as hazardous. The boundary therefore iden-
tifies a nonhazardous region, but exceeding
the boundary by a modest amount does not
necessarily imply a hazardous situation.

AERODYNAMIC ALLEVIATION OF
THE WAKE VORTEX HAZARD

In the previous section it was demon-
strated that a vortex encounter under current
separation standards can exceed the bank-
angle boundary and that the bank angle for
small aircraft can be of the order of 70°. From
this it can be concluded that the cutrent ex-
tremely low wake vortex accident rate is a
consequence of the vortex usually being re-
moved hy ambient winds or, at extremely
low aititudes, dissipated by ground effect. A
reduction in separation distance, which is the
goal for the aerodynamic alleviation pro-
gram, will allow less time for these favorable
effects to occur and is therefore likely to
cause increases in the number of vortex en-
counters. For instance, the cumulative prob-
ability of vortex presence over the runway
increases markedly when the separation is

s

decreased (see Figure 10). The possibility of
encouniering the vortex outside of ground
effect, where it is evidently stronger, will
also increase. This is important for IFR op-
erations where the bank-angle boundary was
determined to be at about 10° even at an
altitude of 160 m. One reason for the in-
creased encounter probability is that the
downwash will have less time to carry the
vortex pair below the flight path of the fol-
lowing aircraft. Hence, the probabiiity of en-
counters caused by glidepath errors of either
aircraft or by the presence of large scale tur-
bulence is increased.

To assess the progress of the aerodynam-
ic alleviation program toward producing be-
nign encounters, calculations were made of
upsets that could be caused by the wake of
jet transports with only the inner segments of
the flaps lowered (30/1). This particular con-
figuration has produced the greatest allevia-
tion in flight observed to date. The r.aximum
tangential velocity is shown in Figure 3 to be
about halved at 3 n. mi. for the B-747 and
reauced to possibly 1/4 for the same
modification to a B-727. Estimates of the
maximum bank angles for various aircraft
encountering the wake of this alleviated con-
fizuration are shown in Figure 11.
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Figuie 11. Comparison of upsei magnitudes of al-
leviated configuration at 3 n. mi. separation
with unalleviated configuration at standard
separation distance.

The modified flap configuration (30/1) is
shown to be effective in reducing the
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maximum bank angle to a level that is less at
a separation of 3 n. mi. than it is for the
standard flap configuration (30/30) at current
separation distances. However, the only air-
craft combinations for which the maximum
bank angle lies within the boundary are the
B-747 and the B-727 encoumering their own
wake. As noted previously, the bank-angle
boundary is conservative. Another important
reference is the bank angle for the B-727 with
30/30 flaps encountering its own wake. In
view of the large number of operations oc-
curring daily for this and the other combina-
tions of aircraft of this class without any ac-
cidents, it must be concluded that the level of
maxirmwum bank angle and encounter prob-
ability associated with a separation of 3 n.
mi. is representative of an adequate level of
safety. The maximum bank angle for this
situation is shown to be about 18°. This is
exceeded by several degrees when the B-727
encounters the wake of the B-747 with 30/1
flaps and by a factor of about 3 when the
Lear Jet encounters this wake at the reduced
separation. The maximum bank angle for the
Lear Jet is only slightly less than it is for the
unmodified flaps at a separation of 6 n. mi. In
viev of the magnitude of the maximum bank
angle, safety must be provided for the small
aircraft through other means, such as en-
hanced flight control characteristics or by a
very low encuunter probability afforded by a
large separation distance. Therefore, even
though the wake alleviation technique makes
it possible to obtain roughly the same bank-
angle magnitudes at half the separation dis-
tance for small aircraft, it does not follow
directly that a significant reduction in separa-
tion distance is possible without reducing the
level of safety.

CONCLUDING REMARKS

A method has been developed for es-
timating the maximum roll excursions of air-
craft encountering the wake vortex that is
based on flight and simulation resuits. The
method relies on a correlation of the
maximum wake velocity with distance in
terms of parameters derived by Iversen that
have been shown to collapse wake data from
a number of sources and aircraft configura-
tions to a single curve. The method therefore
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permits flight data from a particular vortex
generating and probe aircraft combination to
be applied to estimate the roll excursions for
other aircraft combinations.

An analysis of the flight measurements in
terms of Iversen’s correlation parameters in-
dicates that acrodynamic alleviation has two
distinct effects that are important to the indi-
cated reduction of the wake vortex upset.
The first is a uniform reduction in maximum
vortex velocity at distances less than about 3
n. mi. behind a large heavy transport. This
phenomenon has been observed during tests
in ground-based facilities. The second effect
is a marked reduction in the distance at
which the decay process apparently changes,
causing the peak velocities to vary approxi-
mately inversely with the square of further
increases in separation distance. An under-
standing of the basic reasons for this latter
effect ight lead to more effective vortex
alleviation techniques.

Estimates indicate that the best config-
uration for aerodynamic alleviation of the
wake vortex will produce bank-angle levels
at 3 n. mi. that are comparable to those of
unalleviated aircraft at current separation
distances. However, the maximum bank
angle for small aircraft is estimated to ve
large in either case and to exceed the bank-
angle boundary by a large amount. It must be
concluded that safety for small aircraft is
currently provided by an extremely low vor-
tex encounter probability which is likely to
be jeopardized by a decrease in separation.
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HAZARD EXTENT ABOUT AIRCRAFT TRAILING WAKE VORTICES —
ANALYTIC APPROACH

1AN G. McWILLIAMS
U.S. Department of Transportation
Transportation Systems Center
Cambridge MA 02142

ABSTRACT: The proposed Vortex Advisory System makes use of the fact that under certain wind
conditinns, vortices canrot be detected within a protected corridor after 80 seconds. The width of the
corridor is dependent upon the hazard extent about vortices. Two methods for estimating the hazard
extent are presznted: a static calculation of the rolling moment on a generic aircraft as a function of
distance from the vortex axis: and a dynamic simulation of a B-720 encountering vortices at varying
distances. Both of these methods were found to be in substantial agreement and yielded a value of 30
meters as a conservative estimate for the hazard extent about vortices.

INTRODUCTION

The term *‘hazard definition™ is gener-
ally used to describe all of the circumstances
under which a vortex wake can be dangerous
to a following aircraft. Such a description
would have to include: generator type, fol-
lower type, altifude, flight configuration of
both aircraft, geometry of penetration, sep-
aration between aircraft, and the meteorolog-
ical conditions. At present there is not
enough knowledge of vortex behavior to
make a determination of whether a vortex
encounter would be hazardous for all combi-
nations of the variables mentioned above.

An ideal solution to the problem of
hazard definition would be to run a series of
flight tests in which several types of in-
strumented aircraft would probe known vor-
tex flow fields. In these tests the encounter
upset could be measured as a function of
vortex strength and position. Unfortunately,
in this type of experiment, it becomes too
difficult to control all of the important var-
iahles. Nevertheless, a considerabie amount
of information can be gleaned from an en-
counter flight test.

NASA has conducted a series of flight
tests to evaluate the response of probe air-
craft to a vortex wake (1, 2]. The wake-
generating aircraft included C-5A, B-747,
DC-10, CV-880, B-727 and DC-9, while the
list of probe aircraft included the DC-10,
DC-9, T-3A, Lear Jet, and the Cessna 210.

Wortex encounter probes were made at dis-
tances ranging from [ nm to 15 nm behind the
generator aircraft. Distance was measured
either by precision radar or onboard DME.
The pilot of the probe aircraft tried to keep
the aircraft in the center of the vortex which
was usually marked with smoke. Roll re-
sponse was found to be the principal effect in
vortex encounters. Analysis of the data
showed good correlation between the separa-
tion distance at which roll acceleration just
exceeded the roll control capability and the
minimum separation the test pilots judged as
adequate for safety. It has been suggested
that just such a methodology be used to es-
tablish separation standards.

There are serious limitations to relying
solely on flight test for hazard definition. For
the sake of safety, all of the encounter probes
took place at an altitude of approximately
3,000 m AGL. It is evident that if there is a
radical differenice in the time scale of vortex
decay between 3,000 m AGL and 150 m
AGL, then the separation distances found in
the flight tests are not directly applicabie o
approach and landing operations.

Until the present, it has not been possi-
ble to measure the vortex flow field and the
probe aircrafi response simultaneously for a
near parallel encounter. The distance behind
the generator aircraft was used to extrapolate
the vortex strength. In addition, all of the
probes were central encounters, i.c., the
probe aircraft were flown into the visual
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center of the vortex; consequently, there is
only qualitative information on the spatial
extent of the hazard region.

The Vortex Advisory System (VAS) [3]
uses a wind measurement algorithm to de-
termine the conditions under which aircraft
separation standards can be reduced to 3
nautical miles for every combination of air-
craft. The VAS algorithm is based on a large
number of measured vortex tracks at three
airports: New York's JFK, Denver’s Staple-
ton, and London’s Heathrow [4, §]. It has
been found that whenever the surface wind
vector, as measured near landing threshold,
lies outside an ellipse whose minor axis is 5.5
knots in the lateral or crosswind direction
and whose major axis is 12 knots in the lon-
gitudinal direction, vortices have not been
detected within a protected corridor %0
meters wide and centered on the runway cen-
terline after 80 seconds from aircraft pas-
sage.
The hazard extent of vortices is one of
the factors which goes into the determination
of the width of the corridor used in the VAS
algorithm. The hazard extent of a vortex is
the minimum lateral distance which a landing
aircraft can be displaced from the vortex axis
without experiencing unacceptable upsets.
The function of the VAS is to ensure that an
approaching aircraft’s flight path is always
displaced at least a distance equal to the
hazard extent from any vortices remaining
after 80 seconds. For the VAS algorithm, the
hazard extent is defined without regard for
the type of aircraft which is the geperator and
which is the follower and without taking vor-
tex decay directly into consideration.

In order to arrive at an estimation of
vortex hazard extent, a number of simpli-
fying assumptions will have to be made.
First, it will be assumed that we are dealing
only with aircraft on final appioach at an
altitude of 60 meters or less, that is, in a
region where vortices are known to sink to
near the ground and vortex vertical descent
will not clear the vortices from the flight
path. The second assumption is that the vor-
tex flow field is the worst case possible in
today’s air traffic mix, such as the 747 or
DC-10 vortex.

There are two approaches to the estab-
lishment of a hazard extent considered here.

One is a static calculation of the vortex-
induced rolling moment of a generic aircraft
displaced various distances from the vortex
axis. A simplified rolling moment calculation
employing a reciprocal theoren: of Heaslet
and Spreiter [6] which overestimates the
vortex-induced rolling moment will be used.
The calculated rolling moment will be com-
pared to the roil authority for encountering
aircraft of varying wing spans, and the
hazard extent will be defined as the distance
from the vortex axis at which the ratio of the
induced rolling moment to the roll authority
falls below a prescribed value. The hazard
extent corresponding to several values of this
ratio, 1.0, .75 and .5, will be examined.

The second approach is to L.ce a dynamic
simulation of a particular aircraft, B-720, to
probe the vortex flow field. In this method
the probe aircraft flys a 3° glide-slope ap-
proach. The vortex, whose axis is parallel to
and displaced from the extended runway
centerline, acts as a disturbance to the probe
aircraft. For.this case the hazard extent is
defined as the distance beyond which the
total roll excursion falls below a prescribed
hazard criterion value derived from the
NASA-Ames/FAA simulation {7}, It will be
seen that the two methods outlined above
produce consistent results.

HAZARD EXTENT DERIVED FROM A
GENERIC AIRCRAFT
ROLLING-MOMENT CALCULATION

One of the simplest methods of deriving
a formulation for the rolling moment of an
aircraft in the flow field of a vortex is to use a
version of strip theory. Barrows (8] has used
a similar formulation using the reciprocal
theorem of Heaslet and Spreiter (6] which
relates the roiling moment on a wing in an
aibitrary flow field o that of a wing rolling at
a uniform rate. For an aircraft flying in the
flow field w(y) of a vortex (Figure 1) with
forward velocity V, the rolling moment can
be written

b/2 .
L ./-blz [ (y)] ay(y) y dy « )

where [2(Y)]aviy is the sectional loading in-
duced by the flow field represented by ay(y).
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Figure 1.

Geometry of rolling-moment caiculation.

Consider now the same aircraft rolling at
a uniform rate p. Then

® -V
ap(y)=‘7y or |y = g a,.

Equation (1) can be rewritten
b/2
= ¥ p.
L P/-b;'2 [l(y)] ayty) up(y) dy. (2}

The right side of Equation (2) is a constant
times the integral over the span of a sectional
loading due to the vortex angle of attack dis-
tribution times the angle of attack of an air-
craft rolling at rate p. The reciprocal theorem
allows us to revers¢ the roles of the two
angles of attack, that is

b/2
/-b/2 [L(y)] ay ap(y) dy =

){ ij [z(y)] o a,ly) dy ,
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where [2(y)luws is the sectional loading of
the aircraft wing rolling at rate p. Then

b/2
v

L=Y ty)l | ayly) dy.
p[—1:,/2 [ -V

For p= 2V/b we have
b/
b
L =3 2(y) a ly) dy. (3)
2]_.)/2 [ ]ap v

Equation (3) allows us to calculate the rolling
moment on an aircraft due to an arbitrary
tlow field «..(y) by means of simple strip inte-
gration once the sectional loading for the
same aircraft in uniform rolling motion is cal-
culated.

Eggleston and Diederich [9] have ex-
pressed the rolling-moment coefficient in
terms of the roll damping coefficient

~-C +1
2 [ ) o) @)

where y(2y/b)is a weighting function derived
from a calculation of the rolling moment of
the aircraft in uniform rolling motion.

Following Barrows (8], the rolling-
moment coefficient is calculated for a Betz
model vortex field given by

k3
Y
o v, g !

wix) = ;;? f(-g—:-),
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where the g subscripts refer to parameters of
the vortex-generating aircraft. The corre-
sponding roll-moment coefficient for the fol-
lowing aircraft (Figure 1) caa be written

2 2% 2y
¢ i (CL) Ygbq [* Y(B%) E(b_) d(bf)
- ‘L
2, " a2 \AR/, VB e

(2y/bf) - (2x/bf)

where the f subscripts refer to parameters of
the following aircraft. Let

C
ty

R = —Y
(%)

aax control

be the ratio of the vortex-induced rolling
moment to the maximum roll-control mo-
ment.

The maximum roll control available can
be related to the roll-damping coefficient by

b

=c, (B =¢c, p .

C9)max control £ (ZV) Ly “max
P max

Then

where
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is a dimensionless quantity describing how
the roliing moment varies with displacement
x from the vortex axis. I(2x/b) is plotted in
Figure 2 using an elliptical weighting function
in ihe integral for three values of by/bg.

Figure 2. Plot of the dimensionless roliing moment
for various values of the follower-to-
generator wingspan ratio.

The rolling moment is a maximum when
the following aircraft is -ontered at the vor-
tex axis and falls off continuously as the fol-
lower is displaced, reversing sign at about .8
semispans and reaching a negative maximum
at one semispan. The negative maximum,
occurring when the wing tip is in the vortex
core, represents a rolling moment with the
opposite sense of rotation as the vortex.

When the wing tip is completely outside of
the vortex core, the rolling moment falls off
rapidly as a function of distance.

Using typical aircraft parameters:
Pmax=0.8, C.=1.0, AR=7, V.=V, and
b,=60m, we obtain (with b, in meters)

g o 106.8 (2%
bg be

We can now define the hazard extent as
the distance from the vortex beyond which R
is always less than some chosen value Ryp.
Figure 3 is a plot of hazard extent for three
values of Ry, (1, .75 and .5).
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Figure 3.  Hazard extent.

For the Ry, = .75 case, the hazard ex-
tent curve rises to a maximum of 24 meters
and then drops discontinuously to a value of
12 meters. Th. reason for the discontinuity is
the following: For values of b, less than 50
meters, there is some value of R greater than
R for 2x/b, greater than one that is beyond
the negative maximum of I{2x/by).For b, val-
ues greater than 50 meters, the condition that
R=Rmn occurs only near the central
maximum of I(2x/b;).A similar discontinuity
occurs for the case Ry = 1.

It should be noted here that a number of
assumptions were made which make the
value of hazard extent somewhat conserva-
tive:

1) The vortex was considered not to
have decayed.

2) y(2y/br) was based on an elliptically
loaded wing; while for most aircraft in the
landing configuration, the loading is concen-
trated further in-board.

3) The vortices for landing aircraft are
not in the form of a simple Betz-model vor-
tex, but rather take the form of multipte vor-
tices for which the resultant rolling moment
is less than for a single concentration of vor-
ticity.

It could therefore be concluded that if one
required that the maximum induced rolling
moment experienced by a landing aircraft not

27

exceed one half the roll control power for
any following aircraft, a protected corridor of
30 meters is adequate.

DYNAMIC SIMULATION OF
AIRCRAFT-VORTEX ENCOUNTERS

In order to probe the spacial extent of
vortex hazard, a computer simulation of a
vortex encounter has been developed at TSC
[10]. A strip-theory model of the aerodynam-
ics was used to calculate the forces and
moments due to a non-uniform wind field
which the vortex represents. Initial attempts
at a fixed-stick simulation demonstrated that
the probe aircraft was easily pushed away
from the vortex center making a severe en-
counter difficult to recreate. An autopilot
was added in oxder to constrain the probe to
a given task such as completing an approach
and letting the vortex act as a perturbation.
The region around the vortex could thus be
probed and a hazard volume mapped out.
The hybrid computer consists of a Beckman
2200 analog computer and a XDS 3600 digital
computer.

The TSC Encounter Simulation program
is a hybrid program which uses a modified
strip-theory calculation of forces and
moments. The aerodynamic coefficients are
calculated on the digital computer as are the
various coordinate transformations (e.g.,
body axes to navigation axes). The equations
of motion are solved on the analog computer,
and the updated coordinates and their rates
are fed back to the digital computer via A/D
lines.

There are two principal coordinate sys-
tems used to solve the equations of mation.
One, the navigation axes, is basicaily a flat
earth approximatiun in which the z axis
points in the direction of the gravity vector
and x and y point north and east, respec-
tively. The navigation frame can be consid-
ered an inertial frame. It is in the navigation
axes coordinate system that the equations of
motion are solved. Without lcss of general-
ity, the runway direcison can be orfentated in
the x direction, so that the vortex flow field
can be written in a particularly simple form in
the navigation axes frame.




‘

McWILLIAMS

The general procedure in the simulation
computation is to compute the vortex-
induced moments in the body-fixed frame
and to solve the equations of motion for the
Euler angles. The resultant Euler angles are
then used in the transformation matrix to
convert from the navigation frame to the
body-fixed frame for another iteration. Simi-
larly, the velocity vector is integrated to up-
date the aircraft's position. The program or-
ganization is shown in Figure 4.

1
ANALOG : DIGITAL
AUTOPILOT (PILOD | INPUT FLIGHS PARAMETERS
CONTROL SURFACE DEFLECTION : VX
1 : )
EQUATIONS ) FORCES AND
OF MOTION ] MOMENT EQUA TIONS
]
R} |
AIRCRAFT POSITION 1
AND ATTITUDE ]
Y 1
!
STRIP CHART )| PRINTOUT CURRENT VAR!ABLE
f.88a P.OR v |AcropmAMIC cozericients
|
]

Figure 4.  Program ocganization.

In an aircraft encounter with a vortex
wake, the forces and moments vary consid-
erably over the whole aircraft structure due
to the r.on-uniform wind field which the wake
represents. For example, the spanwise
changes of lift produce a rapidly changing
rolling moment as the aircraft passes through
the vortex. The usual procedure for calculat-
ing the forces and moments is to lump all of
the contributions from the various parts of
the aircraft into one aerodynamic coefficient;
whereas for vortex encounters, some method
of distributing the forces has to be used. In
the encounter simulation, a modified form
of strip theory is used. The encountering air-
craft is broken down into 16 wing segments,
3 horizontal stabilizer segments, and 1 verti-
cal tail section as shown in Figure $.
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Figure 5.  Aircraft model.

The rolling moment is given by

sq | 16 N y
L= & Fi Sy, fi%t b[clp LA 6.;]}'

where C, and the F, have been adjusted to
obtain the correct total lift and roll damping
coefficient.

The strip theory summation to calculate
the coefficients is carried out in the digital
computer using the local angle of attack for
each wing section. At the start of each com-
putation cycle, a routine is called which cal-
culates the vortex flow field at each wing and
tail station. The contribution to each coeffi-
cient is summed over the 20 segments, and
the total coefficient is fed back to the analog
computer where the equations of motion are
solved. The vortex flow field used in the
simulation could take any form which could
be programmed as a function of the coordi-
nates. For the purposes of the simulation, it
was found that the exact form of the flow
field was not critical, but rather the total
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circulation and, to a lesser extent, core Figure 7 shows the projection of the air-
radius were the importaint parameters. craft’s motion on a vertical plane normal to
Therefore, the bulk of the simulation runs the vortex axis for a typical case. The case
were made using the simple Rankine modet: being simulated is that of a B-720 following a
3° glide slope influenced by a vortex with a :
strength of 460 meter?/sec which has been ;
- displaced a distance of 22.5 meters from the i
z—:;" Pro<ox, flight path. The wingspan of the B720 is 39.0 ;
wir) = c meters so that the closest approach of the '
e L., wingtip to the vortex is about 3 meters. The f
o - ° induced roll angle is seen to be smali until the
wing passes through a region at about 8 }
meters radius where the rol] angle becomes i
. as great as 11°. i
In general, four vortices were used (two i
real vortices and their images) and r, = 2.1 e e :
meters. i
In addition, a ground-effect correction is ] i
made to each of the wing section lift coeffi- Tt i
cients. The ground-effect correction multi-
plier is a non-linear function which is unity .') T - I
on the ground and zerc at 30 meters AGL. e :
During the digital computation, the program B
tests for both angle of attack and height I ,
above touchdown, — . '

The geometry of the encounter simula- e
tion is shown in Figure 6. The probe aircraft
descends from an altitude of 90 meters pro-
ceeding down a 3° glide slope toward
touchdown. The vortex axis is paraliel to the
runway centerline at an altitude of 30 meters.

st e et s ATt Wi B 1 L Y

The displacement of the vortex-ground pro- — ' ' ETo—
jection from the extended runway centerline FORTLY DISPLICENENT - ITIR :
was varied from run to run along with the Figire 7. Typical simulation roll history. 5

value of circulation.

The max:mum roll angle, a quantily

which correlated with pilot assessment of
hazard in a previous simulation [7] is plotted
as a function of the displacement of the vor-
tex from the intended flight path in Figure &.
It is seen that the roll upset caused by the
vortex falls off rapidly with distance from
22.5 meters; the maximum induced roll angle
is not a monotonic function of displacement
of the vortex axis from the intended flight
path since lateral motion makes the actual
displacement during the simulation impossi-
ble to control. Only the data from 22.5
meters to 37.5 meters is plotted. Two values
oy for th+ hazard criteria, 7° and 10° maximum ;
roll ang'e, were applied to the maximum roll !
angle curve in Figure 8. Because of the
steepness of the curves in this region, the i

e g e e ket

Figure 6.  Geometry of simulation.
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value of hazard extent obtained for the two
values of criteria agree to within one meter.
For the B720 this method gives a value for
the hazard extent of 25 meters.
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Figure 8.  Maximum induced roll moment versus
aircraft displacement.

CONCLUSIONS

Two different methods were used to de-
termine the hazard extent about trailing wake
vortices. One method used a static calcula-
tion of the rolling moment induced on a
generic aircraft in the proximity of a vortex.
The hazard extent is dependent upon the
choice of hazard criteria for the larger span
aircraft; a value of 30 meters for the hazard
extent encompasses all of the aircraft in to-
days aircraft mix and those presently under
design. One advantage the dynamic simula-
tion has over the static calculation is that the
hazard criterion is based on the total upset
that occurs over the encountering period. It
is seen, however, that both methods give
similar results which is a consequence of the
fact that the vortex-induced moments fall vff
rapidly when the following aircraft wing tip is
displaced more than 5 meters from the vor-
tex

It should be pointed out that the concept
of hazard extent is only applicable to a sys-
tem which predicts that vortices move out-
side of a corridor or die completely in a cer-
tain period of time. For more sophistocated
systems predicated on vortex decay, a more

comprehensive definition of vortex hazard
will have to be employed. Such a definition
would have to include consideration of min-
imal upsets produced by central encounters
for various classes of aircraft.
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SOME REMARKS ON AIRCRAFT WAKE VORTEX ANALYSIS

K.K. BOFAH
Aerodynamic Research Unit
Boeing Commercial Airplane Company
Seattle WA 98124

ABSTRACT: Analysis techniques for aircraft trailing vortices are presented. Employing vortex theories g
by Saffman and Moore, predictive methods for vortex-induced rolling moments and coalescence time :
for a vortex pair are obtained. The predictions compare favorably with published data in the far field.

NOMENCLATURE T, wing-root circulation or
vortex strength y
A wing aspect ratio & nondimensicnal core radius
a wing sectional lift-curve & nondimensional vorticity
slope radius
‘ b wing span £ cartesian coordinates
C. wing lift coefficient o ellipse 11gjor-to-minor : ;
C, vortex induced rolling- axes iatio '
moment coefficient: 0. critical axes ratio : '
rolling moment/ (1/2pU*Sb) A wing-taper ratio :
C.8max Mmaximum available roll P fluid density i {
control d function (Equation 10) ; ‘
C, rolling moment parameter ¢ distance ratio (Equation 14) ;
D vortex hazard index v kinematic viscosity ;
h point vortex distance from X function (Equation 3) ;
wall o constant.
1 vortex center distance Subscripts
M number of sectors per f vortex-penetrating airplane
quadrant 8 vortex-generating airplane
N number of dividing circles m merging of vortex pair.
P roll rate
r radial coordinate INTRODUCTION
re vortex core radius
To vorticity radius The hazard of trailing vortices to other
S wing reference area aircraft is largely due to severe rolling
) point vortex-pair moments induced by the vortex. The sever- »
i, separation distance ity of the induced rolling moments depends .
‘ T period of vortex pair on the flow characteristics of the wake vor- 4
rotation tex and design loading characteristics of the :
t time (vortex age) encountering wing. In addition to these fac-
: u wing speed or free-stream tors, the hazard index is a function of roll i
: velocity control power available, pilot input, dynamic E
v, maximum tangential velogity response of the encounter airplane and also 3
X downstream distance ground proximity. Atmospheric turbulence
y center of gravity and vortex instability are also important in
: (y coordinate) defining the wake vortex hazard. Treatment ;
‘ a vortex pair strength ratio of the vortex encounter problem, where afl
= r circulation these factors and others can be considered, ‘
T, vortex core circulation appears to be formidable. Various treatments
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of the problem can be found in references 1
and 2. A recent paper by Nelson [3] treats the
dynamic response of an aircraft encountering
a vortex system. Bisgood, Maltby and Dee
2] and Condit and Tracy [2] use an eddy
viscosity vortex model to calculate roll rate
and rolling moments.

In the first part of this pape- a turbulent
vortex model by Saffman [4] is used to calcu-
late induced rolling moments by employing a
simple two-dimensional strip theory. The
calculation is valid for large downstream dis-
tances where vortex sheet roll-up and multi-
ple vortex merging are complete. Agreement
with data is quite encouraging.

There is some experimental evidence
that vortex merging leads to reduction in
induced-roliing moments [5]. The second
part of the paper examines the coalescence
of a vortex pair. Estimates of time for com-
plete mergence are obtained and found to
compare favorably with data.

TRAILING VORTEX THEORY
OUTLINE

For convenience, pertinent results of
trailing vortex theories by Saffman and
Moore [6-8] are summarized below. The
theory assumes a circular axisym:aetric vor-
tex and is valid in the far field whe:e a well
behaved counterrotating vortex pair exists.

Laminar Vortex.

In a laminar vortex that trails behind an
elliptically loaded wing, the maximum tan-
gential velocity is given by [7]

vi =09 1, 878 ve)"Y

at a radius r,;=2.92(ut)*. Here » is the
Kinematic viscosity, t is vortex age, b is the
wing span and I'y is the wing root cicculation.
The theory is valid for light loading and/or
far downstream distances. The usual relation
t=x/U (where x is the distance downstream
and U is the wing speed) is thus upplicable.
In non-dimensional terms, the maximum
tangential velocity is [7]
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and the core radius becomes [7]

r ]
“=z.92["(° "]. (2)
b r, (oAb

The quantity [yfr is the Reynolds
number. For an elliptically loaded wing,

[}

o
E ]

where C, is the wing lift coefficient and A is
the aspect ratio.

Turbulent Vortex.
The meon circulation distribution in a

turtulent vortex is given in three radial re-
gions as follows [4]:

rZ
= L re<r
r=r A v

r=rn, (iu;‘+)),r.<r<<ro,

and

r=r  + rl[zn§¢1-

o

H
x(t) T ’;x(t) - 125 ,],
3] o

I, <r<r. (3)
For an elliptic wing,

X = b r"*oalt*"
houd .
3_6 tul 1

The circulation distribution is characterized
by an cvershoot [4] which is believed to be a
feature of the turbulent vortex. The exis-
tence of an overshoot would imply instability
which could be beneficial (in hazard context)
to an early demise of the vortex. However,
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this feature has not been satisfactorily ob-
served in experiments. The vortex core
radius where I'=T", and the outer edge radius
where I' = I'; are, respectively

ry = 2 (vFpt t?, (4)

and

"
n

2y (r,00%, (5)

Putting t = x/U, the core radius in non-
dimensional terms becomes [4]

r P \-% (T \-% /T \4 0
S..:z(ﬁ) (vﬁ) (Ug) (%) . (6)

The  maximum
V=0 2ar,, is [4]

i ft\ ro)-s/a e fr N2, -2
§ \05/ = @ \F, 5 35 (S) .

(7)

tangential  velocity,

The ratio I'y/T’; is weakly dependent on the
Reynolds number I'y/v and is given implicitly

by {4]
r r
33 [4 exp ?F% +k ¢n ;—‘:H“. (8

For most flight tests I'y/I';=2. In the
range 10°<Iy/»<108,
r.o 2 ro
r_l.agl,n v " 1.16. {9)

The theory is valid after the vortex sheet
roll-up is complete; for a turbulent vortex
x/b=0.2 Ub/T,, and for a laminar vortex
x/bBO.S Ub/ro.

The vortex theory outlined above re-
veals the scaling parameters that charac-
terize the flow and may be used in correlating
vortex data. In this light, NAFEC (National
Aviation Facilities Experimental Center)
tower-fly-by data {9-12] are examined to see
if any information of interest may be gleaned
from them. The peak tangential velocities are
plotted in Figure 1 according to the non-
dimensional parameters in Equation (1).

BOFAH

There is large scatter in the data. However, it
is interesting to note that the 747 data dem-
onstrate a plateau region; a feature that wus
not indicated quite well in the original
NAFEC analysis.

Further, the data for the 727, DC7 and
DC9, which do not adequately cover the
plateau region. all fall between the laminar
and turbulent predictions. The DC9 data ex-
tend to large downstream distances. Observe
that, after 120-span lengths downstream, the
scatter in the data reduces substantially and
the decay rate then follows the x-% turbulent
decay law. It is, perhaps, plausible tu sup-
pose that the vortex undergoes a laminar-
turbulent transition. Reliable data (by
laser-Doppler velocimeter) will be necessary
for any definite conclusions.

VORTEX-INDUCED ROLLING
MOMENTS

In the proximity of a vortex, a lifting
wing experiences a change in lift distribution
due to the vortex induced velocities. The
change in lift distribution results in an in-
duced rolling moment on the wing. Reason-
able estimates of the induced rolling
moments can be made by use of simple two-
dimensional strip theory. Assume a thin wing
(with taper ratio A) encounters a turbulent
vortex that possesses the flow charactenistics
outlined above. Then, for an enccunter
where the wing is centered on the vortex
axis, the rolling-moment coefficient can be
easily calculated. It is

PELCIC

where

b l‘o
f) (W)g ¢ (g1), (10)
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Figure 1a. Dimensionless peak tangential velocities in Figure Ic. Dimensicnles: peak tangential velocities in
railing vortices of Boeing 747. trailing vortices of Douglas DC-7.
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The roll rate P can be obtained as In Figure 2 published data {14-17} are

compared to the iheoretical prediction
(Equation 10). Despite the approximate na-
ture of the theory, the agreement with data is

AYIANAATA fairly good for x/b>13. The far field devia-
(ro“) (m;)g (r)(b‘%) AL tion of theory from the data could be partially

due to failure to achieve axial penetration.
Furthermore, a body inserted inp a vortex

core is bound to alter the vortex structure;
vortex meandering occurs and vortex break-
down may even be induced (18]. In flight
tests, it is almost impossible to penetrate the
vortex eye due to the tendency of the
airplane to be swept out of the vortex core
[31. It is noted in reference 17 that in the
C54/PA-28 test (Figure 2) only 80-90 percent
of the roiling moment could be measured.
This is roughly of the same order of mag-
a- EA ne0 12, 3 nitude as the discrepancy between the data
and fheory.

All far-field data considered are pre-
sented as a single plot in Figure 3. The data

Fast .l vi-aa-n|t
" / )

Further, {, = 2r,/byand {, = 2ry/b, ase the vor-
tex core and vuter edge diameters nondimen-
sionalized by the encountering wing ¢pan b;.
Uy is the encounter speed and a is the wing
sectional lift-curve slope. The lift-curve
slope is a function of the wing aspect ratio A.
An appropriatc ¢ xpression for the strip
theory is uncertz.t. The aspect ratio depen-
de.e may be put i the form

jhe case n=0 gives the two-dimensional

value. n=1 is the elfiptic wing correction. are for A=1. The rolling moment parameter
Roiling moment analysis by Barrows [13] @ = C, /C,is plotted against {,, where
leads 1o n=2 and Rossow [1] uses n=3 in his

apaivsis m the near field. To be conserva- L a ( 2_) (r ) ( T ‘_’5>(b )
tive, the eiliptic wing correction is used here. ‘o m \B, ﬁ) 9 ”")q (”f 5? '

. 2 _ FLAPS
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Figure 2.  Comparison of vortex induced volling-moment data with theory.
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The plot indicates a reasonable correlation
between model and flight test data, and the
theory.

The simplest wake vortex hazard index
may be defined as

where C. 58, is the maximum available roll
control of the penetrating airplane. Vortex
encounter is unsafe if D= 1. Employing this
simple criterion in conjunction with the roll-
ing moment prediction, estimates of critical
separation distances for various airplane
combinations are obtained. The results ap-
pear on Figure 4 for landing configuration
using mean values of I'y/v and I'y/Ub from the
NAFEC data. It should be emphasized here
that the results are approximate and are for
comparison purposes only. The wake vortex
hazard is far more complicated than the sim-
ple picture given here. The vortices are not
usually in the calm organized state as as-
sumed. Complex effects of atmospheric tur-
bulence, vortex instabilities, etc., need to be
considered. Ground proximity, pilot input,
and the airplane response to vortex en-
counter are all important in defining the vor-
tex hazard.

COALESCENCE OF A VORTEX PAIR

A vortex pair shed by a flapped wing
(Figure 5a) will eventually coalesce if the two
vortices have a tendency to rotate about each
other. The relative motion of the vortex pair
can be studied by considering the motion of a
point vortex pair in the presence of a wall as
shown in Figure Sb. From the energy and

impulse invariants of the equations of mo-
tion, the relative motion of the vortex pair

can be easily obtained (see for example page
127 of reference 19), The path of the relative
motion is

BOFAH

(Y m")(y * i ")m (> n")“’ “2.

i/
N (y - Y‘Tu") (Y * %'(:_a") ’ (an

Here a=I',/T’; is the strength ratio of the two
vortices; y is the y coordinate of their center

i

of gravity and is invariant, and o is a posi-
tive constant determinable from known
coordinates of the vortex pair. It is interest-
ing to observe that the streamlines of a
counter-rotating equistrength vortex pair can
be obtained from Equation (11) by requiring

= w
a—x, T

— ~.

5
wlhr,

w "' h 28
Lo !
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© . :
Lohes fe ' n
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Figure 5. Vortex pair configurations

a) Two vortex pair behind a flapped wing,

b) Vortex pair in the presence of a wall.

¢} Point vortex pair in a plane hormal to the
vaall.

d) Yoint vortex pair in a plane parallel to
the wall.

¢) Vortex pair with uniform vorticity core.

Depending on the value of &, Equation
(11) describes one of two cases of motion:
cyclic or non-cyclic motion. In the former
type of motion, the two vortices rotate about
each other at all times. In the latter case, the
vortices go on diverging paths. A necessary
condition tor cyclic motion is that at =0,

1
2. =&, (12)

and, of course, y>0. Acton [20] uses Equa-
tion (12) as a sufficient condition for cyclic
motion. It is incorrect; it is true only when
=1 where the path (Equation (11)) is sym-
metric about both n and ¢ axes. If =1, an
additional condition is necessary for cyclic
motion. Sufficient conditions for all  can be
obtained by use of elementary algebra to ex-
amine the roots of Equation (11). The results
follow.
First, a>0. The sufficient condition for
cyclic motion is

. lmq*-ﬁu*é- (13
( lm )

Consider an initial configuration where

the two vortices lie in a plane normal to the
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wall (Figure 5¢). Put y4/y3=¢ (<1). Then

ki
730 g oPa gt (%{%)

144

Equation (13) then becomes
() () ()
- ) 1+a

Now for a<0. A general solution for o*
appears difficult. However, for the same ini-
tial configuration above, the sufficiency con-
dition can be easily obtained. For ~1<a<Q0,
the sufficient conditicn for cyclic motion is

0 < - 3_____2 {1%)

This condition can also be obtained by in-
spection of the initial induced velocities.

Note that the dividing boundary for cyc-
lic motion in the (a’,¢') plane where /a'/>1
may be obtained by a simple transformation
of the boundary in the {(a,$) plane where
{aj<1. By virtue of the physical nature of the
problem, there exist identical paths in both
regions. The transformation is

n'né and C' = C,

where

1
c=a2§% %

Observe that the transformation leaves
Equation (13) unchanged. The required
boundary for «<—1 is obtained by applying
the transformation to Equation (15).

An initial configuration of interest is the
case where the vortices lie in a plane parallel
to the wall. This is cquivalent io vortices
behind a biplane. Let the vortices be at a
distance 2s apart and h from the wall (Figure
5d), then ¢®=(1+ h*/s% and y=h, For a>0,
the cyclic motion condition is given by

g afl +a
> — -1 . (16}
h [:l (l‘u) ]
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Note that Equation (16) remains unchanged
if a is replaced by 1/a as should be expected.
In fact one needs to consider /a/<1 only. For
—1<a<0, the dividirz boundary for cyclic
motion can be obtained through the following
parametric relation:

3
a = L 2,C‘¢<1
1+ 3¢

’

N b

1 -

- - = 4

s=¢a1+_o_2 1+ ad “_lJ
b =% I'+a o1

Figure 6 presents charts (similar to that
by Donaldson and Bilanin [21]) for determin-
ing cyclic and noncyclic motion of a vortex
pair according to the sufficient conditions
above. The region of cyclic motion lies to the
left of the arrow direction. The broken line is
Equation (12) which appears to be adequate
when « is in the neighborhood of unity. Typ-
ical paths of motion relative to the center of
gravity are presented in Figure 7. Wall effect
on the relative motion for a=1 is shown in
Figure 8 where the major to minor axes ratio
O is plotted against the distance ratio ¢. In
the absence of the wall, the vortex pair ro-
tates around each other on the same circular
path (©=1). Figure 8 indicates the wall pres-
ence is not felt by the vortices until ¢=<.6,
where 0=1.05 approximately.

Effects of Finite Core.

The analysis given above is not adequate
in describing vortex pair interaction in a real
flow. In a real fluid, a vortex is characterized
by a finite core of vorticity, The vortex pair
will coalesce if the vortices are in close
enough proximity. Numerical calcuiations by
Roberts and Christiansen [22] and Rossow
(23] demonstrate the vortex merging phe-
nomenon. Moore and Saffman's {6, 8] ana-
lytical studies of vortex motion in a straining
field give a reasonable estimate of the critical
separation distance of the vortex pair. Ap-
pendix A of reference 8 treats the case of an
equistrength vortex pair with uniform vortic-
ity. The analysis can be generalized to in-
clude two vortices of unequal strength.

Consider two circular vortices having
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Distance Ratio, ¢
Figure 6a.  Regions of ¢vclic and non-cyclic motions Figure 6b.  Regions of cyclic and non-cyclic motions
of a vortex pxir near a wall. Vortex pair of a vortex pair near a wall. Vortex pair :
initially lies in a plane normal to the wall initially lies in a plane paralle’ ~ the wall
(as in Figure 5c). (as in Figure 5d). :
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Figure 7. Relative moticns of vortex pair.
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2 Here O is the critical axes soin, Whep 4

L relation (19) is satisfied, the circulw vortex i

deforms into an ellipse that can persist in the

£ straining field, otherwise it will disintegrate

¢ ; or amalgamate with the other vortex. As

given in reference 8, for a=1 and 6,=2.2,

. 2r,=1.43 which compares favorably with

Robeits and Christiansen’s [22] value of 1.7. ;

3 Rossow (23] gives a value of 1.9 and points ]

6 out that the discrepancy might be due to the

2 few point vortices used to simulate the vor- ;

tex core. Appropriate discretization of the

ok vortex core resolves the discrepancy. !

. i T — AR NUMERICAL CALCULATION .

( The circular core of uniform vorticity *

‘ (unit radius and unit strength) is divided into ] E
, _ . N anulii of equal net vorticity. The radii of :
Figure 8.  Wall effect on equistrength vortex pair. the dividing circles (Figure 9) are given by :
:

E.: radius r, and strengths I'; and T,. Let the o ‘ :

E vortex centers be | apart (Figure Se). Then ry = UM% 3=z, . N :

b the analyses in references 6 and § show the !

circular vortex in the straining field of the :

other will deform into an ellipse with major Each quadrant is then divided into M sectors '

to minor axes ratio O(>1), where of equal net vorticity. The resulting discrete ;

regions then have equal net vorticity ;

041, ,. 2(12 o) o N [=(4MN)"! and is represented by a poin_t

-1 ;2 ) % R (18) vortex of equal strength located at the vorti- 5

° city centroid, )

with the major axes along the vortex centers.

Here a=TI',/T, is the vortex strength ratio. 3 3

Equation (18) has two or no solutions. Moore ry * —3%-[ji e 1)7] 2 ain() -

and Saffman’s stability analysis [6] further N2 ;

shows that the more elongated ellipse of the

two solutions (when they exist) is unstable to

two-dimensional disturbances. Equation (18) .

has real roots (8>1) if Thus, each vortex is represented by an 5

array of 4MN point vortices. The motion of

26_2_2 . n) , 32 e 0p - 204240 the point vortices are followed in time by “

' . 0, -1 integrating numerically the usual differential

. equations of motion. In the calculations pre-

- (19a) sented here, N=M=3 (the same number of 4

point vortices used by Rossow) and a % 3

where fourth-order  Runge-Kutta  integration | 1

scheme is used on the CDC-6600 computer. 3

(24 )0 = 202 + @10 ~ 202 + 200, - & = 0. Time is normalized by the period of revolu- ; 4

tion of the vortex pair at initial separetion i ﬁ

; (19b) distance. Thus, : %

€ k)

41

e A
e

o
P
&

. B T O RS gl o 7 Ak
AP P N &
e

: e i T e e T e e e f e T
- .W r !,#,. “‘“ﬂ““-’ s o feie B et =GN ~
U - ey




e T R,

T

el

Vorticity Core

[L]]

vortiely o

L]

?
Clrculation T+Relp 7<1g
L

4]
*To r>r°

Tsngential Vg ,;I‘q__?r
Veiocity *To
rafy

o ‘//oN:\erical L1
/ xor
0 . . . . >0

0 .5 L) Ls 20
o
°

L1

Figure 9. Uniform vorticity core vortex model.

a) Discretization of vorticity core.
b) Uniform vorticity distribution.
¢) Circulatien distribution.

d) Tangential velocity distribution.

"”’T-

where T=4x?%/ (I, +I;). Distanccs are nor-
malized with . When the two vortices are
identical in strength and diameter, reflec-
tional symmetry is used to save computel
time. No recipe for surpressing chaotic mo-
tion of the point vortices is used. Computa-
tion accuracy is checked by evaluating the
center of gravity and energy invariants of
point vortex motion, These invariants re-
mained constant at all times considered.

Figure 10 presents typical computer
runs. A numerically obtained merging
boundary in the (a, 7 /2r,) plane is shown on
Figure 11a along with the analytical stability
boundary from Equation (19). For a=1, the
critical separation distance ¢ /2ry=1.65. This
is consistent with the 1.7 value obtained by
Roberts and Christiznzen’s more sophisti-
cated vortex code approach. According to
this analysis, Rossow’s point vortices [23]
represent a vortex diameter 10 percent larger
than the diameter used.
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Figure 10a. Numerical calculation of vortex pair
interaction (a=I"/I'y=1, ¢[2ry=1.43).

When the two vortices do not merge,
they deform into ellipses and precess around
each other. The predicted deformed ellipse
(Equation (18)) is shown to agree quite well
with the numerical shape (Figure 10b). The
wall effect on the merging boundary is shown
in Figure 11b for an equistrength vortex pair.
As in the case of the point vortex pair, the
wall effect is negligible urtil ¢=<.6 (roughly).
Unequal vortex diameters do not change the
merging boundary. However, when merging
occurs, the larger vortex wraps around the
smaller vortex in & spiral faction as illus-
trated in Figure 10c. This type of deforma-
tion also occurs when one vortex is much
weaker than the other.

Note (Figure 10a) the circularization of
the merged vortical region at t*=1; merging
may be considered essentially complete
here. If it is assumed that the vortex pair
merges to form a single circular vortex, the
vortical area invariance gives the radius of
the merged vortex to be v/ 2r,. To conserve
angular momentum, the merged vortex must
necessarily be centered on the center of grav-
ity of the vortex pair. The rate of concentra-




Figure 10b. Numerical calculation of vortex pair in-
teraction (a= 1./ [2r,= L7,
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Figure ila. Merging boundary of vortex pair.
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Figure 11b. Wall effect on merging, a=1.
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tion of vorticity into a circle of radius \/ 2r,
with center at the centroid of vorticity of the
vortex pair was obtained numerically. The
result is shown in Figure 12 where g, the
fraction of net vorticity that coalesces, is
plotted against time. It is apparent that the
rate of vorticity concentration goes to zero at
about t*=1, demonstrating again the comple-
tion of merging. It appears that only 70 per-
cent of the initial net vorticity merges. In a
real fluid, the remaining vorticity hangs in a
diffused cloud which viscosity eventually
annihilates. The reduction in vortex strength
and increase in core size leads to equivalent
reduction in vortex induced rolling moments.
One can easily show that the percentage re-
d ction in vorticity is approximately equal to
the percentage reduction in induced rolling
moments after vortex merging, if the vortex
penetrating span is not much greater than the
vortex core diameter. Experiments by Iver-
sen and Brandt [5] indicate a rolling moment
reduction of 25 to 29 percent which compares
well with the numerically obtained 30 per-
cent vortex strength reduction.
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Figure 12, Rate of vorticity concentration in morged

vortex.

RS B

BOFAH

ESTIMATE OF MERGING DISTANCE

A pair of diffusing voriices. suct. as those
shed by a flapped wing, will eventually
merge downstream if there is a tendency for
the vortices to rotate about each other. An
attempt is made here to determine the merg-
ing distance for such a pair of vortices. Using
the usual two dimensional approximation,
assume that a vortex pair is created at
t=0 and that the vorticity core grows accord-
ing o the turbulent prediction (Equation (5)).
Taking a typical value of T/, =2, the vorti-
city radius grows like

1o = 0.35 (L.

Moore and Saffman's znalysis predicts a crit-
ical separation distance (for an equistrength
vortex pair) of » =2.86 r,. Then the time
taken by the vortex pair to reach the critical
state is given by

z 03/
t 2O,

Merging may be considered essentially
complete when the centers of vorticity coin-
cide and circularization of the merged vorti-
cal region sets in. If it is assumed that the
merging process is entirely inviscid {calcula-
tians hy Lo and Ting {24] indicate little
Reynolds-number effect), then dimensional
analysis indicates a time scale of the form
¢ YTy, The numerical results presented ear-
lier give the merging time (after the vortices
reach a critical distance apart) to be in the
order of magnitude of the period of rotation.
Thus

Ay = 2amir
The total time t,, for merging since creation
of the vortex pair is then estimated to be
1, st ran, = 209800,

In terms of downstream stations, put x=ULt.
Then in nondimensional terms, the vortex
pair megges at x,, where

1 (‘o )
B(UE) * 0.23p/ (20)
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Calculations by Lo and Ting {24] for an ex-
potentially decaying vortex (Lamb vortex)
give the numerical constant in Equation (20)
to be 0.2 for Reynolds number T'y/v=100.

Vortex merging data (5] are replotted in
Figure 13, according to the nondimensional
parameters in Equation (20). The data corre-
lation is seen to be excell2nt and agreement
with the simply derived prediction is quite
good for x/b>3. Deviation of the data from
the prediction is seen to occur in the vortex
sheet roll-up region. In fact x/b=3 is roughly
the predicted station when roll-up is com-
plete.
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Figure 13.  Correlation of vortex pair merging distance
data and theory.
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REVIEW OF VORTEX SENSOR DEVELOPMENT SINCE 1970

DAVID C. BURNHAM
U.S. Department of Transportation
Transportation Systems Center
Cambridge MA 02142

ABSTRACT: The various sensing technigues developed since 1970 and used for studying aircraft wake
vortices are described. The inh vent advantages and limitations of each technique are discussed.
Emphasis is placed on those sensors used for data collection at airports.

INTRODUCTION

In 1970 the Transportation Systems
Center (TSC) became involved in the de-
velopment of sensors for airciaft wake vor-
tices. As reported at the first wake vortex
conference [1], held in 1970. the sensing
techniques available at that time required
dedicated flight tests. Subsequent develop-
ment of remote sensors by TSC and others
produced systems which operate satisfactor-
ily at airports during normal operations.
Some of these systems have becn used to
compile large data bases on wake vortex be-
havior. This paper will emphasize those sys-
tems used for extensive data collection.

DEVTLOPAENT  puw o e oo v

Another report [2] discusses ail the sensing
techniques proposed or evaluated for use in
wake vortex studies.

Figure 1 shows the historical develop-
ment of the eight sensing techniques which
have provided the current understanding of
‘ircraft wake vortices. The first three require
a physical intrusion into the vortex and are
therefore suited only for dedicated flight
tests. The other five are remote sensors
which have been operated for data collection
at various airports as indicated in the figure.
Euch sensing system will be described in de-
tail with an emphasis on its capabiiiiiss and
limitations. The intended goal uf this paper 1s
to allow a realistic evaluation of the data
produced by each technique.
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Figure |. History of wake vortex sensor development and use since 1970.
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Before presenting the various sensors, it
is helpful to consider the nature of wake vai-
tex sensing from a more philosophicai pcint
of view. Studies of vortex hazard [3] have
indicated that the vortex strength (circula-
tion) is the most important indicator of
hazard. An axially symmetric vortex is
characterized by its tangential velocity pro-
file v{r), where r 1s the radius from the vortex
center. The circulation is given by

T{r) = 21z v{n), (1}

A vortex with a well-defined core region
wiil have a constant circulation I, defined as
the strength of the vortex for large values of
r. One useful index of vortex hazard can be
derived from the circulation profile:

S
f r{x) dr. (2)
[

The average circulation up to radius s, I''(s),
can be shown to be proportional to the
maximum rolling moment on a wing of span
2s under some simple assumptions.

It is difficult to determine I', from mea-
sured velocity profiles since velocity errors
become troublesome at large radii where the
vortex velecities are small according to
Equation (1}. A determination of ' is much
more stable since the integral over the mea-
sured velocities tends to average out velocity
errors.

The basic functions performed by wake
vortex sensors ar¢ detection, tracking, and
measurement. Each of these functions suc-
cessively involves a higher order of complex-
ity. Some sensors can detect and track but
cannot measure. Normally, the most impor-
tant vortex parameter to be measured is its
strenigth For those sensors which can inea-
sure strength the detection and tracking
functions were usuaily implemented first be-
fore strength measurement was attempted.
One must be careful in making use of vortex
data which do not include a determination of
vortex strength.

r'(s) =_é-
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Each wuke vortex sensor intaracts wuh
some physical property of the vortex. The
usefulness of a sensor depends upon how
closely the property sensed is related to the
property which is to be determined. For
example, smoke injected into the vortex by
the generating aircraft is very useful for
marking the vortex location, but it p.--vides
viriually no information on vortex st eirgin.
The question of the appropriateness of - sen-
sor is particularly important for sensc:
which are intended to monitor the decay of
wake vortex hazard. The property sensed
may decay mare quickly or more siowly than
the actual hazard. The former case results in
missed hazards while the latter leads to false
alarms. These uncertainties have led ‘o the
strong emphasis in recent work on sensors
which measure vortex strength.

FLOW VISUALIZATION

Tonsiderable information about wake
vortex behavior can be obtained if the nor-
mally invisible vortex core is marked by light
scattering particles. Such marking allcws one
to track the vortex and to observe its decay.
One must beware of assuming that the vortex
has disappeared when the marking is gone.
Some recent tests have shown that a coher-
ent vortex flow can remain long after the
marking has dissipated.

Under certain natural conditions (high-
altitude flight or high humidity), water vapor
condenses in the wake vortices and remains
trapped until the vortices dissipate. The ef-
fect is familiar to anyone who observes con-
trails. Under normal atmospheric conditions,
particles must be added to make vortices
visible. Two techniques have been de-
veloped for dedicated flight tests. In the first,
smoke grenades or smoke generators are
mounted on an aircraft in an appropriate spot
to mark the core of the wake vortex. In the
second, smoke grenades are mounted on a
tower through which the wake drifts after the
aircraft has nassed. Figure 2 shows some
photographs of the second technique. The
proper analysis of the photographs in Figure
2 requires careful corrections for the effects
of the ambient wind.
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t = 0 sec,

t = 39 sec.

t = 57 sec.

t = 66 sec.

Figure 2. Time history of an aircraft wake drifting through a tower equipped with smoke grenades.

INSTRUMENTED TOWER

The detailed structure of an aircraft's
wake can be studied by flying the aircraft
past a tall instrumented tower {see Figure 2).
The wake profile is measured as it drifts past
the tower. Normally hot-wire anemometers
are used to sense the wake vortices. The
highest resolution was achieved in mea-
surements {4} at NAFEC which had one-foot
sensor spacing. Although this technique has
produced the most detailed vortex velocity
profiles. it suffers {rom a number of difficul-
ties. A tower can make only one vortex mea-
surement for each aircraft fly-by. thus mak-
ing it difficult to measure vortex decay.
Moreover, the tower interacts with the vor-
tex, affecting its decay and interfering with
measurements of the vortex wind. For the
single-wire anemometers normally used the
data processing is difficult because the sen-
sor responds to the ambient wind as well as
to the vortex wind.

s 384 R A R Ty s
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AIRCRAFT ENCOUNTER

One of the simplest techniques for study-
ing wake vortices is to fly a probe airplane
through the marked wake of another aircraft.
The probe aircraft can be regarded as the
sensor by measuring its response to the vor-
tex enceunter {5] or it can be instrumented to
measure the wake directly [6]. While this
technique offers the most direct observation
of the dynamics of a wake vortex encounter,
it suffers from a number of difficulties. It is
difficult to determine the exact location of
the probe aircraft in the wake: consequently,
the data have a lot of scatter and cannot be
easily compared with encounter simulations.
In addition, it can be difficult for the probe
aircraft to locate a partially decayed vortex
which has lost its smoke marking but not
necessarily its strength.
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GWVSS

Although tall instrumented towers can-
not be installed near airport runways, ex-
perience has shown that anemometers lo-
cated near the ground can successfully detect
and track wake vortices generated near the
ground. Such a system, callzd the Ground
Wind Vortex Sensing System (GWVSS), has
producad the buik of the currently available
data on wake vortex transport in the airport
environment. First tested in 1972, the system
was subsequently installed at Kennedy,
Stapleton, Heathrow, O Hare, and Toronto
International Airports for data collection.

The GWVSS consists of an array of
single-axis anemometers installed on a
baseline perpendicular to the aircraft path.
Since the wake vortices induce winds near
the grouand which are perpendicular to the
flight path, the anemometers are oriented to
respond only to the perpendicular compo-
nent of the wind (the crosswind). The
theoretical crosswind at the ground produced
by a pair of counter-rotating vortices is given
by the expression

I h h
v = - T‘z—_’f - _5_1_*2 )
hy + {x=x3) hy b (x=xy)

as a function of lateral position x, where X,
and x, are the lateral positions of the two
vortices, and h, and h, are the altitudes of the
two vortices. Figure 3 shows the expected
crosswind vortex signatures for three differ-
ent vortex altitudes. It is assumed that the
vortex-induced winds can be simply super-
imposed on the ambient crosswind.

The effects of the two vortices are easily
distinguished since they are of opposite sign.
When the vortices are at altitudes signifi-
cantly less than their lateral separation, the
peak vortex winds are located directly below
the vortex centers. For altitudes greater than
the vortex separation, the vortex signature
deteriorates because the winds from the two
vortices tend to cancel; the signal amplitude
diminishes more rapidly than 1/h and the sig-
nature no longer clearly indicates the vortex
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Figure 3.  Theoretical GWVSS signatures.

locations. The success of the GWVSS is the
result of the normal behavior of wake vor-
tices near the ground. After creation, the
vortices descend toward the ground at a rate
of 1 to 2 m/sec. According to classical theory
[7], when the vortices approach the ground
they begin to separate and eventually reach
an altitude of half of their initial spacing with
a separation rats of twice their initial descent
rate. Thus, the vortex motion produces the
exact conditions needed to give good
GWVSS signatures; namely, low altitudes
and large lateral separations. The theory also
predicts a maximum GWVSS crosswind of
four times the initial descent rate; i.e., 4 to 8
m/sec,

Figure 4 shows some experimental data
from the Heathrow GWYVSS installation {8).
The wind measured simultaneously at each
anemometer is presented as 2 bar graph ob-
tained by successively sampling each ane-
mometer output in turn. The motion of the
vortices to the left is evidenced by the dis-
placement of the vortex peaks at differ==:
times., The algorithm used to obtuiw *h: . v
tex positions from GWVSS data s - - - ag¢s-
ignates the location of the anemon... . read-
ing the highest crosswind velocity u.. the lat-
eral pusition of one vortex and the location of
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the anemometer reading the lowest velocity
as the position of the other vortex. Figure 5
shows the stepped vortex tracks obtained
from this algorithm. When the vortex signals
decay to the level of ambient turbulence, the
vortex locations given by the algorithm be-
come random. The termination of the vortex
tracks can be made automatic by means of
consistency requirements.

The accuracy of the GWVSS vortex lo-
cations was evaluated in 1972 flight tests at
NAFEC. Figure 6 shows some data from
those tests plotted as time histories of the
crosswind at each anemometer. Compari-
sons with photographic tracks of smoke en-
trained in the vortices showed that the peak
in the anemometer response accurately mea-
sures the time when the vortex is directly
above the anemometer. Because the vortex
peak becomes asymmetrical as the vortex
ages, the stepped track of Figure 5 tends to

o display a bias compared to the actual vortex
—— — tracks. The peak response representing the
s - vortex arrival typically occurs considerally
o s conns before the middle of the total time the vortex
o - position is assigned to a particular anemome-
T o —————— ter location.
n-‘-—p__ — o ———— e —
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Figure 4.  GWVSS data. ﬁ 3 AN T
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°°°° o Figure 6.  GWVSS signals: time histories.
0
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S AR T e d A typical GWVSS installation is shown
on 0 in Figure 7. Fixed-axis propeller anemome-
. uaoe ters using d-c generators are mounted on
ee posts about 3-m high with lateral spacing of
" oo about 15 m. The spacing between anemome-
wl ters should be roughly equal to the expected
a0 anguoa minimum vortex altitude (about 3/8 of the
—t L wing span), so that vortices are not lost be-
s e tween sensors. The altitude of the ancmome-
ters is not critical but they should be well
above any obstructions which could disrugt
Figure .  GWVSS vortex tracks. the wind flow. The 3-m height was selected
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to discourage unauthorized removal of the
anemometers as much as for clearance to
eliminate ground effects from the data. Prop-
er orientation of the anemometers is impor-
‘tant for reliable vortex tracking. A single
anemometer skewed into the wind can
falsely indicate the presence of a vortex at its
location.

Figure 7. Vortex sensor baseline at JFK Airport.

The GWVSS is well established as a reli-
able technique for obtaining the transverse
positions of wake vortices located near the
ground. However, the current tracking al-
gorithm makes no use of the nagnitude of the
vortex signal which could perhaps give some
indication of vortex height h or strength I'.
The peak vortex signal from Equation {3) is
[eizh for h << (x.—x,). A basic limitation of
the GWVSS is that the decrease or disap-
pearance of a vortex signal could be caused
by the decay of I'.. and hence a decay in
hazard, or to an increase in h which could
even increase the hazard to a following air-
craft. The data-collection efforts using the
GWVSS have usually included another vor-
tex sensor sensitive to height to verify the
disappearance of a vortex signal. At present,
the boundary-layer effects on GWVSS vor-
tex signatures are not well enough under-
stood to allow the influence of I'; and h to be
disentangled from GWVSS data alone.
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ACOUSTIC SENSCRS

The three acoustic sensors, the Doppler
Acoustic Vortex Sensing System (DAVSS),
the Monostatic Acoustic Vortex Sensing
System (MAVSS) and the Pulsed Acoustic
Vortex Sensing System (PAVSS), share
some common features which will be dis-
cussed before each is considered in turn.
Acoustic sensors all ~iffe from sensitivity to
ambient noise. The wiajor noise sources
which limit the performance of acoustic sen-
sors in the airport environment are aircraft
operations and meteorological effects such
as rain hitting the antenna and wind whistling
around the antenna. At the current state of
development, no acoustic sensor can be des-
ignated as an *‘all-weather’’ system.

The capabilities of an acoustic-sensing
system are normally limited by the tradeoffs
involved in antenna design. Since most
sources of ambient noise and spurious reflec-
tions are located on the ground, antennas are
designed to have low side response. The
standard acoustic aritenna cousists of a
transducer and horn at the focus of a parabol-
ic dish. Low side response is achieved by
surrounding the antenna with a shield which
is covered on the inside with sound-
absorbing material to eliminate internal re-
flections. One should note that mechanically
scanned antennas such as used in radars are
generally impracticable for acoustic antennas
because of limitations posed by the slow
speed of sound. Consequently, multiple-
beam antennas are often used to span an
area, and can be constructed simply by using
an array of transducers in the same dish. One
of the limitations of the horn-dish-shield an-
tenna configuration is that the feasible angu-
lar coverage of a single antenna is probably
less than 50 degrees. Morover, as the angular
coverage increases, the side response also
tends to increase, thus leading to lower
signal-to-noise ratios.

One of the critical parameters for acous-
tic sensors is the frequency of operation. The
acoustic absorption of air increases rapidly
with frequency, and has a strongly peaked
dependence on the absolute humidity {9].
Acoustic absorption serves both to attenuate
the {lesired vortex signals and to reduce the
ambient noise from distant sources. Proper
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selection of the frequency requires a balanc-
ing of the relative advantages of high fre-
quency: smaller antennas and less ambient
noise; and those of low frequency: longer
range for a given signal loss and greater
transducer efficiency. One pitfall in fre-
quency selection should be noted. If the fre-
quency chosen for a particular range is just
satisfactory under normal meteorological
conditions, the humidity-absorption peak
can severely degrade the range capabilities
under conditions of low absolute humidity.

Sound waves interact with wake vortices
via a number of scattering mechanisms. Tur-
bulent fluctuations in the air cause some of
the sound to be scattered in all directions.
The scattered signals are Doppler-shifted by
the mean wind in which the turbulence is
imbedded. The change in frequency Af is
given by

a1 =20y wichsint 4 ). )

where f, is the transmitted frequency, © is
the scattering angle, w is the mean velocitly
component of the wind in the direction
bisecting the angle between the transmitted
and received beams, and c is the speed of
sound.

The angular distribution of the acoustic
energy scattered from wrbulence depends
upon the nature of the associated fluctua-
tions [10). The cross section decreases
rapidly with angle and reaches a null at 90
degrees. An additional null occurs at 180-
degree scattering for velocity fluctuations.
The positions of these nulls have influenced
the design of the Doppler Acoustic Vortex-
Sensing Systems (DAVSS). Although a bi-
static (separated transmitter and receiver)
acoustic sensor can respond to both velocity
and temperature fluctuations, a monostatic
(single-location) sensor views 180-degree
scattering which can be produced only by
temperature fluctuations. The characteristics
of a monostatic acoustic sensor are, there-
fore, strongly dependent upon the distribu-
tion of thermal fluctuations in the wake,
which may vary considerably with aircrafl-
cugine placement. Because of this uncer-
tainty, the first DAVSS experiments {11, 12]
employed bistatic configurations rather than

B e T N - vse3

the simpler monostatic configuration which
would also provide greater velocity resolu-
tion according to Equation (4).

Another mechanism fur acoustic scatter-
ing is the modification of acoustic propaga-
tion by the non-fluctuating properties of the
vortex. The dominant effect is a deflection or
refraction of the sound propagating through
the vortex core. The scattering cross section
for refraction is much larger than that for
fluctuation scattering for two reasons. First,
the entire incident beam is scattered, not just
a fraction of it. Second, the beam is scattered
into a plane, rather than a sphere of resultant
propagation directions. One can calculate
(13] a maximum scattering angle

8, = Foof net (5)

where r is mean vortex radius weighted ac-
cording to the radial variation in vorticity.
The approximations leading to Equation
(5) become inaccurate as 8, approaches 1.0
radian. The aircraft dependence of Equation
(5) lies in the two parameters I'. and r. For
aircraft operating with the same coefficient
of lift and wing shape (a reasonable approxi-
mation for commercial jet transports), I'. is
proportional to the wing span b. The
maximum scattering angle is then inversely
proportional to r/b, the relative size of the
core with respect to the wing span. A
factor-of-three variation in O, has been ob-
served [ i4] for different types of landing air-
craft. The observed variation can be related
to the proximity of engine-jet blast to the
vortex core during the wake roll-up process
[15]. When the jet blast is near the origin of
the vortex core (i.e., for aircraft with four
wing-mounted engines), the vortex core is
enlarged and the resulting maximum scatter-
ing angle is smaller than that for aircraft with
engines far away from the vortex core (e.g.,
on the tail). Because of the strong variation
in B, with aircraft type, a sensing system
based on refractive scattering: e.g., the
P/ VSS, is highly sensitive to aircraft type. It
is also incapable of measuring the vortex-
wind distribution. Since the scattering is
produced coherently by the vortex as a
whole, Doppler shifts in the scattered signals
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characterize only the vor:ex-transport veloc-
ity and not the wind velocity within the vor-
tex. Because of these limitations the PAVSS
was phased out when the DAVSS and
MAVSS became available.

Spatial resolution in acoustic sensors is
achieved by using narrow angular beams
and/or short transmitted pulses. Since two
dimensions must be specified to define a
point in a plane, three basic configurations
are available for resolving vortex location:

a) Two beam angles,

b) One beam angle plus one pulse arrival

time, and

¢) Two pulse arrival times.

Figure 8 illustrates how each of these
three configurations can be used to provide
bistatic coverage of a plane perpendicular to
the aircraft flight path. Each beam angle to
be resolved requires a fan of narrow antenna
beams. Each time to be resolved requires a
wide beam antenna. The roles of transmitting
and receiving antennas are interchangeable
as far as spatial resolution is concerned. For
the monostatic configuration, illustrated in
Figure 9, spatial resolution is achieved by
range and beam-angle measurements.

ity

RUMRAY UFATLRLINE
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Figure 9. Monostatic configuration.

From the viewpoint of operational use,
the monostatic configuration is superior to
the bistatic configurations because it can be
iastalled directly under the flight corridor to
be monitored where the real estate is nor-
mally already available at airport sites.
Moreover, the monostatic configuration
minimizes the range to the vortex (and
hence, the acoustic attenuation), and
maximizes the spatial resolution for a given
antenna beam width. The specific configura-
tion of Figure 9 is designed for monitoring
wake vortices at the middle marker location
of the approach corridor (1100 m from the
runway threshold) using a maximum range of
100 m.

DAVSS

The term Doppler Acoustic Vortex-
Sensing System (DA VSS) does not referto a
particular sensor configuration, but rather to
a host of sensor configurations sharing the
common feature that the acoustic returns
from turbulence within a vortex are spec-
trally analyzed to yield information on the
velocity profile of the vortex. Doppler pro-
cessing of the turbulence-scattering signals is
necessary for reliable vortex-tracking even if
the velocity information is not required.
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Since the turbulence is distributed through-
out the vortex, the vortex center cannot be
consistently identified by a maximum in the
scaticred signal. In fact under some atmos-
pheric conditions, the scattering from asm:-
bient turbulence is so large that even the
presence of a vortex cannot be detected by
the magnitude of the scattered signals.

The first DAVSS development work was
done by the Xonics Corporation. In late 1970
and early 1971 they experimented with
Doppler-scattering from aircraft vortices at
airport test sites. They then carried out two
series of flight tests under FAA sponsorship
at NAFEC in the fall of 1971 [11] and the
spring of 1972 [12]. Two types of experi-
ments using bistatic configurations were car-
ried out during these tests:

The first involved a detailed comparison
of acoustic velocity measurements with
those from hot-wire anemometers mounted
on a 43-m tower. A CW transmitter radiated
into a narrow vertical beam near the tower.
The scattered signals were received by an
antenna with multiple beams which inter-
sected the transmitted beam at various
heights. The DAVSS and instrumented
tower measurements showed reasonable
agreement after suitable corrections were
made for the different resolution of the two
types of sensor. A model for the Doppler
spectra expected from vortex-scattering was
developed to aid in the interpretation of the
DAVSS data. The data from the tower com-
parison tests were also processed to yield
vortex strength.

The second type of experiment was de-
signed to explore the high-altitude tracking
capabilities of the DAVSS. Both configura-
tions (a) and (b) in Figure 8 were explored.
The transmitter consisted of a phased array
of transducers. In configuration (a) eight
beams were synthesized by proper phasing.
The beams v:ere scanned sequentially, two
at a time using two distinct transmitted fre-
quencies. The location of the wake vortices
was determined by the pair of beams show-
ing the greatest Doppler spread. Vortices
were detected at altitudes as high as 400 m
with configuration (a).

Lale in 19¥72, work began on DAVSS
monostatic configurations. Work at Xonics
fed to a demonstration of a monostatic

G et R
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DAVSS designed to track wake vortices in
real time {16]. TSC collected some monosta-
tic acoustic wake vortex scattering data dur-
ing the fall 1972 sensor-calibration tests at
NAFEC. The success of this simple data-
collection effort led to the development of
the Monostatic Acoustic Vortex-Sensing
System (MAVSS) for studying the decay of
wake vortex strength. The MAVSS is simply
a particular DAVSS configuration, but it is
discussed as a separate sensor because of its
important role in data collection at airports.

In 1973, the Avco Corporation built an
engineered DAVSS with real-time vortex-
tracking capability and the versatility to op-
erate in any DAVSS configuration. The
Avco DAVSS was installed in 1974 at Ken-
nedy International Airport to test both bista-
tic and monostatic configurations. Figure 10
shows the bistatic Avco DAVSS configura-
tion designed to monitor the landing glide-

slope window with two transmitting and two -

receiving antennas. Depending upon trans-
mitter and frequency selections, it can be
operated in the cw or pulsed mode and in the
forward- or back-scatter modes. A compari-
son between the monostatic and bistatic vor-
tex data showed the former to be much more
useful because of larger Doppler shifts
(Equation (4)), higher spatial resolution, and
lower noise levels (because the receiving an-
tennas were clevated farther above the hori-
zon).

AV I\ S|
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i

Figure 10.  Avco bistatic DAVSS coanfiguration.
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The 24-beam monostatic DAVSS con-
figuration shown in Figure 9 was used for
data collection. Figure 11 shows a photo-
graph of this installation. The need for four
36-degree receiving antennas to sense a plane
through the approach corridor is a cumber-
some consequence of the previously men-
tioned angle limitations of horn-dish anten-
nas. It is unlikely that fewer than three an-

tennas could span the corridor without a rad-
ical change in antenna design. One attempt to
simplify the antenna configuration used three
50-degree fan-beam antennas (one vertical
and one tilted to each side) to span the whole
corridor. It was found that the tilted antennas
had too much response to surface noise
sources to give satisfactory performance.

Figure 11.  Photograph of Avco monostatic DAVSS configuration,
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Figure 12.  Vortex tracks from the Avco DAVSS.

In the Avco DAVSS, the received sig-
nals go to a computerized processor which
produces real-time displays and digital rec-
ords of vortex locations. The processor
simultaneously analyzes the signals from 24
receiver beams using a 6-frequency comb fil-
ter to characterize the Doppler spectrum of
each signal. The spectral characteristics feed
into a search algorithm which locates any
vortices in the field of the antennas and de-
termines their sense of rotation. The current
algorithm also provides a crude estimate of
vortex strength. Figure 12 shows some vor-
tex tracks produced by the Avco DAVSS.
The lateral position and altitude of the port
and starboard vortices are plotted as a func-
tion of time after aircraft passage. In this run,
the vortices are seen to drop towurd the
ground and separate as predicted by the clas-
sical theory in the case of a small crosswizd.
The port vortex drifts out of the sersor field
of view, but the starboard vortex remains
within the sensitive area until it dissipates.
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MAVSS

The MAVSS antenna configuration illus-
trated in Figure 13 was originally conceived
as a simple test for studying the 180-degree
acoustic-scattering properties of wake vor-
tices. The Doppler shifts in this configuration
depend only upon the vertical component of
the wind in the sensitive volume. The test
data showed scattered signals large enough
to allow accurate measurement of the verti-
cal wind profile of the aircraft wake (see Fig-
ure 14). In fact, the analysis of the test data
proved the simple MAVSS configuration to
be a promising technique for studying vortex

strength.
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MAVSS configuration,

Figure 13.
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The MAVSS configuration is superior to
the more complex DAVSS configurations for
vortex-measurement studies because the
vortex measurements are not contaminated
by the ambient wind which has little vertical
component. Moreover, the simplicity of the
MAVSS configuration allows a whole array
of MAVSS antennas to be processed with
the same effort required for a single DAVSS
configuration. For example, the DAVSS
NAFEC tower comparison tests gave
voriex-strength information similar to that
from the MAVSS but required Doppler-
processing of twelve signals instead of one.

The choice between the MAVSS and
DAVSS configurations for data collection on
vortex decay poses a dilemma. Since vor-
tices are likely to drift laterally under most
meteorological conditions, a MAVSS array
laid out perpendicular to the flight path will
usually give a more complete history of vor-
tex decay than a single DAVSS located
under the flight path. Unfortunately, a
MAVSS array cannot measure the decay of
vortices which do not drift at a significant
speed. Since the primary wake vortex hazard
is produced by the infrequent vortices which
stail near the flight path, one is left with the
difficult data-collection question of collecting
much data on voriices which are not in
dangerous locations. or collecting skimpy
data on vortices which remain in dangerous
locations. An understanding of the intiu.nce
of vortex motion on vortex decay is needed
to resolve the dilemmia.

The analysis of MAVSS data [17] to
yield vortex strength starts with the vertical
velocity profile such as that shown in Figure
14 for a B-707 aircraft. In the figure, the
velocity at each range gate is plotted as a
function of time after aircraft passage. The
arrival times of the two wake vortices over
the antenna can be located by the rapid re-
versal in the direction of the vertical wind.
The vertical wind is negative between the
vortices as one would expect. The height of a
vortex is indicated by the range gate with the
largest velocities. If one can estimate the
transport velocity of the vortex past the an-
tenna, the time data of Figure 14 can be con-
verted to a spatial picture under the assump-
tion that the vortex decay is negligible during
the time of passage. Figure 15 shows the
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results of such a transformation on the data
of Figure 14 for the range gates where the
vortex core is located. In this case, the
range-gate velocity is a direct measurement
of the vortex tangential velocity averaged
over the beam angle and range-gate resolu-
tion of the system.
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Figure 15.  Vortex tangential velocity profiles for the
B-707 data.

Figure 16 shows the radial dependence of
the circulation from Equation (1) for the vel-
ocity data in Figure 15. The circulation val-
ues for positive and negative radius are aver-
aged to eliminate some sources of bias. The
solid lines in Figure 16 are a weighted least-
squares fit to the data of the two parameter
form:

= ‘“»_2 , U
L (et )

where . is the vortex strength and r. is the
vortex core radius. This simple vortex model
generally fits the MAVSS data reasonably
well, and it has the virtue that r, is both the
radius of maximum velocity and of half-
circulation (I'(r;) = I's/2). The value of r,
obtained in the data-fitting is not necessarily
related to the actual corz radius. Only if the
core radius is larger than the antenna beam-
width can one assign a physical significance
to r.. The average circulation (Equation 2),

on a wing, is plotted in Figure 17 for the same
data. It is notably smoother than the raw
circulation data of Figure 16 because of the
averaging. The techniques of vortex parame-
terization discussed here assume that the
vortex is isolated. The assumption is reason-
able for old vortices which have had time to
separate, but it leads to errors for fresh vor-
tices which are still close together.,

VORTEX RRDIUS (M)

Figure 16.  Vortex circulation profiles for the B-707
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with the MAVSS uses an array of antennas
to sequentially probe the vortices as they
drift past. Figures 18 and 19 show some
MAYVSS data obtained from a four-antenna
array. The vortex tracks in Figure 18 are
determined by the arrival time and altitude at
each antenna. The time variations in the vor-
tex parameters of strength I, core radius r,
and rolling moment I’ (r=30 m) are shown in
Figure 19. The values of I'" and T', tend to
agree for the large radius r=30 m. It should
be noted that the measurements for short
times are less accurate because of interfer-
ence from the other vortex, aircraft noise,
and poorer ¢stimates of the transport veloc-

R
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measurement of wake vortex decay The MAVSS configuration is essentially
a meteorological acoustic sounder modified

for wake vortex studies which require short-
er ranges and higher resolution. Separate

transmitting and receiving antennas, shown
in Figure 20, eliminaie antenna-ringing which
could obscure low-altitude returns up to
perhaps 15 m. Each antenna consists of a
1.2-m square dish (0.8-m focal length) and a
hom-driver transducer surrounded by the
acoustic shield which can be seen in Figure
20. A transmitted carrier is modulated by
20-msec pulse (3.5-m resolution) near 3-kHz
frequency with a smooth envelope to
minimize the intrinsic frequency spread. The
return signals are recorded and subsequently

o

ity. analyzed with a real-time spectrum analyzer. i
The mean frequency of the power spectrum
r is used in Equation (4) to give the vertical
: o M velocity. The deviation of the spectrum
g WL about the mean is also calculated to indicate k-
z the reliability of the velocity measurement -
Tl L L ' which can be degraded by noise and by \; k-
o0 - strong velocity gradients. The rms deviation i
of the spectrum from the mean corresponds i #
to about 1.2 m/sec for good data. In the ab- E )
£ sence of vortices, the pulse-to-pulse standard '
Pl deviation in mean velocity is typically less
H than 0.6 m/sec. ‘
i
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Figure 18. MAVSS vortex location vs. elapsed time.
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Figure 19. MAVSS vortex parameters vs. elapsed time. Figure 20.  Photograph of MAVSS anteunas.
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PAVSS

The Pulsed Acoustic Vortex-Sensing
System (PAVSS) makes use of refractive-
scattering to locate a wake vortex by means
of time delays [13]. The first refractive sig-
nals from aircraft wake vortices v'ere ob-
served in January 1971 [14]. In the spring of
1971, the basic PAVSS tracking system
shown in Figure 21 was tested. This config-
uration is essentially a forward-scattering
version of that shown in Figure 8c. The sen-
sitive area is scanned by one wide fan-beam
transmitter and two wide fan-beam re-
ceivers. The antenna response extends down
to the horizon, so that two signals are re-
ceived, one directly along the ground and
one scattered from the vortex. Since
refractive-scattering iz produced by a bend-
ing of the propagation path in the direction of
vortex rotation, only one of the two vortices
will be seen by a particular transmitter-
receiver pair (see Figure 21).

SCATTIRING / SCATTERED
ANGL) SHONAL
. /

RICHT

[LETTA oiaecy
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TRANSM TTER §

RECEHIVER

RECEIVER 0

Figure 21.  Simple PAVSS configuration.

Figure 22 shows PAVSS signals received
from one receiver in Figure 21. The CRT
intensity indicates the received acoustic in-
tensity. The picture is scanned rapidly in the
vertical direction in synchronization with the
transmitter pulses (S-msec long with a 60-
msec period). A slow horizontal scan gives
the dependence of the signals as a function of
the time after aircraft passage. The direct
signal appears as a horizontal band near the
bottom of the picture. The vortex signal is
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vertically displaced (delayed) with respect to
the direct signal by an amount which de-
pends upon the vortex location, and hence,
varies with time. The time delay in arrival of
the scattered signal determines that the vor-
tex lies on an ellipse with foci at the transmiz-
ter and receiver. The exact vortex location
can then be determined by the intersection of
ellipses from two different transmitter-
receiver pairs (see Figure 23).
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Figure 22. PAVSS signals.
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Figure 23. Contours of constant time delay and
scattering angle for the simple PAVSS con-
figuration.

Comparisons with the NAFEC tower in
the summer of 1971 [18] showed that the
PAVSS gave reasonably accurate vortex lo-
cations. The PAVSS was then developed to
its final configuration by the winter of 19?1
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{19]. Frequencies in the 2- to 3-kHz range
and pulse widths of 2 to 3 msec are used.
Three antennas are placed on either side of
the runway centerline. Each alternately
transmits and receives, so that both vortices
can be detected. The multiplicity of antennas
is needed to give the desired spatial coverage
while maintaining reasonable location accu-
racy. The tracking limitations of the PAVSS
are discussed below.

PAVSS development continued with
calibration tests at NAFEC during the fall of
1972, studies of take-off vortices at Logan
Airport during the winter of 1973, and the
demonstration of real-time tracking using a
minicomputer during the spring of 1973. The
calibration tests further verified that the
PAVSS gives accurate vortex locations when
properly configured for the altitudes of inter-
est. Increasing the antenna separation to 800
m was found to increase the PAVSS altitude
range to 200 m.

The Avco Corporation built an en-
gineered version of the PAVSS which could
measure vortex locations in real-time simul-
taneously at two different distances from the
runway threshold. The system was installed
at Kennedy Aiwrport during the spring of
1974. Figure 7 shows some of the wide-beam
antenna used in the Avco PAVSS. Figure 24
shows some vortex tracks obtained from the
Avco PAVSS.

The ability of the PAVSS to detect and
track wake vortices is strongly dependent
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Figure 24.  Vortex tracks from the Avco PAVSS.

upon the scattering angle ©,, defined in Fig-
ure 21. Because the refractive scattering an-
gles are small, the two ellipses in Figure 23a
are very flat. Consequently, the horizontal
position determined by their intersection can
have large errors for small errors in the
time-delay measurements. The vortca height
is much less influenced by timing errors, and
therefore, is given more accurately by the
PAVSS. The timing errors in the signal delay
measurements are typically several msec.
Errors of this size lead to a horizontal posi-
tion accuracy which is useless unless one of
the scattering angles is greater than 0.5 ra-
dian. Smaller values of © also lead to diffi-
culty in separating the direct and scattered
signals since the time delays are proportional
to O for small 6. The difficulty is illustrated
in Figure 24 where the vortex signals are lost
for a time when the port-vortex altitude is so
low that the resultant scattering angles and
time delays are too small.

The maximum vortex-scattering angle
0., (Equation (5)) determines the area where
a vortex can be detected. Figure 23b shows
the detection limits for three values of scat-
tering angle. The useful tracking area is
roughly the region between the 0.5-radian
contour and the 6, contour. As discussed
previously, the values of O, range from 0.5
to 1.2 radians for different types of aircraft
{14]. The PAVSS is thus very useful for
B-727 vortices (0,=1.2 radians) and is
worthless for B-707 vortices (6,=0.5).

LDV

The vortex-sensing Laser-Doppler Ve
locimeter (LDV) operates in the far infrared
at the CO; laser wavelength A of 10.6 mic-
rons. This wavelength selection offcrs the
advantages of high availabl» power, low per-
sonnel hazard, long range in fog, and feasible
heterodyne detection. The LDV operates in
the CW backscatter mode, making use of
naturally occurring aerosols as scattering
targets. The Doppler shifts in the retumn sig-
nals measure the component of the wind
along the laser beam line-of-sight. The Dop-
pler shifts (Equation 4 with © = 180 degrees
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and ¢ = the speed of light) are much larger
than those observed in acoustic scattering
(1.9 MHz for 10 m/sec velocity), The laser
frequencies are reduced to the MHz region
by means of heterodyne detection which also
serves to give a good signal-to-noise ratio at
the detector. If the scattered light is simply
mixed with the transmiited signal, the resui-
tant velocity measurement has a sign am-
biguity which can be confusing in many
cases. The ambiguity can be removed if the
mixing signal is offset or translated with re-
spect to the transmitted signal.

The spatial resolution of the LDV is
achieved by focusing the CW laser beam at
the desired range D. For ranges much larger
than the optics diameter d, the focal spot
diameter is approximately AF where F = D/d
is the f-number of focus distance. The length
of the focal spot is approximately equal to
F°A. and therefore, is much larger than the
focal width for the usual values of F. Since
the length of the focal region increases as the
square of the range, there is a limiting range
beyond which the LDV gives no range reso-
lution. For a 30-cm diameter beam, the half-
power focus length is about 4.5 m at range of
100 m. The maximum useful range for such a
beam diameter is roughly 500 m. The focus-
ing technique for achieving spatial resolution
also suffers from the fact that the response
does not fall off rapidly outside the focal
region {20]). This limitation can cause some
difficulty in signal processing, especially if
the concentration of scatterers varies along
the beam.

The question may be asked: Why not use
a pulsed laser to achieve range resolution, as
in Doppler radar and Doppler acoustic sen-
sors, instead of using the complicated focus-
ing system of the LDV? The answer is that,
for a specific desired spatial resolution, the
single pulse-velocity resolution at A = 10.6
microns is a factor of 100 worse than for a
3-kHz Doppler acoustic sensor. Moreover, it
may not be possible to integrate over many
pulses, as in a Doppler radar, because the
coherence time of th~ scattered signal is lim-
ited by diffusion of the aerosol scatters.

The LDV can map the line-of-sight ve-
locity field in a region by scanning its beam
direction and the focal distance. The allowed
scan rate is limited by the requirement that
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the same focal region must be observed for a
time approximately equal to the inverse of
the desired Doppler frequency resolution.
This requirement is normally more restric-
tive for angle rather than range scans. The
maximum rate of angle change is roughly 200
degrees/second for a becm diameter of 30 cm
and a frequency resolution of 100 kHz.

The basic data generated by the LDV is
the Doppler spectrum of the scattered signal.
Figure 25 shows the non-translated spectrum
expected wher the LDV is focused near a
wake vortex. The shape of the spectrum can
be understood by examining Figure 26. The
LDV beam probes a line through the vortex.
The resulting spectrum, assuming a uniform
distribution of scatterers, is giver: by the con-
tribution of the line-of-sight velocity at each
point along the line weighted by the LDV
range response at that point. There are two
regions where large contributions will occur:
tne firsi is the focal range and the second is
the point where the beam is tangent to the
vortex velocity and therefore measures the
same velocity over a considerable distance.
Since this tangential velocity is the highest
velocity observed along the beam, it can be
identified by the largest frequency shift seen
in the spectrum (see Figure 25). Since the
tangential velocity tends to give a peak in the
spectrum, it can be distinguished even when
the focal point is located some distance away
from the tangent point.
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Flgure 25. LDV spectrum.
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Figure 26.  Intersection of the LDV beam with a
vortex.

Three LDV scan modes, shown in Fig-
ure 27, have been used to study wake vor-
tices. The finger-scan mode (Figure 27a) has
been used for most data collection efforts
because it provides the fastest scan over a
plane subject to the constroints imposed by
the scanner. The range can be varied much
more rapidly (7 Hz) than the angle (0.5 H2)
because the mirror to be moved is much
smaller. Unfortunately. the iinger-scan mode
is inefficient because the data tend to be re-
dundant. The rapid motion of * ~ scan in
range is in the direction of pooi rer ,ution so
that data samples are not independent for
high data rates. Motreover, the scan tends to
retrace itself at ihe reversal points of both the
range and angle scans. Figure /8 shows a
vortex tangential-vetecity prnfile generated
from finger-s.2 dawa. The s+ ~table fea
ture is the gaps left where the {ocal distance
was too far from the v._itex to yield valid
data. These gap- ~.. - the velocity profile
somewhat diffi . and also can make
the determinaticu . vortex tocation very dif-
ficult for non-trov  ‘ed data.

The arc scar e (Figure 27b) has been
used only in special *~sts where more de-
tailed velocity profiles were des’red. The
range of the scan is selected maavally. A
sample velocity ; -ofile is shown in Figure 25.
The arc scan mode gives good velocity pro-
files when the scan is near the vortex, but it
is not very useful for studying vortex trans-
port and decay since the vortex can get lost.

fann SN ——— M e
@ Fo-euER SCAN 1+ ARC SCAN i STEPPED ARC SCAN

Figure 27. LDV scan modes.
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Figare 28, Vortex velocity profle from a sagle 2.5-
second frame of 1.7,V finger scan data. The
other vertex s wcated ‘n the negative Ji-
rection.

(It should be noted that hota Figures 28 and
29 wcre made from non-translated data
where the velocity sign was simply reversed
for one side of the vortex).

The desirability of arc-scan data for ve-
locity measurements and accurate tracking
led to the stepped arc-scan mode shown in
Figure 27¢. This mode can scan one frame in
eight seconds and is totaily nonredundant
since the range can be quickly changed at the
er ; of each arc. This mode will soon be used
in measurements of vortex descent and
decay for airvraft altitudes between 200 and
400 meters.
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Figure 29. Vortex velocitv profile from a single 1.0
second arc scan. The other vortex is lo-
cated in the negative direction.

A number of different options have been
used in collecting LDV data. The first choice
is the type of spectrum analyzer used. The
NASA Marshall Space Flight Center
(MSFC) LDV system (discussed later) uses a
real-time spectrum analyzer (surface acous-
tic wave) to make use of all the scattered
power. The Lockheed LDV system uses a
swept frequency spectrum analyzer which
discards much of the scattered power and
also takes longer to obtain a complete spec-
trum. Once a rate for spectrum generation
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has been set, the total data rate to be re-
corded depends upon how much of the spec-
tral data is retained. One can keep the whole
spectrum, only those spectral points above a
threshold (see Figure 25) or only the spectral
point corresponding to the highest spectral
point or the highest frequency point with in-
tensity above the threshold. If the intensity
threshold is set too high in the last two
modes, the vortex data can be extremely dif-
ficult to interpret. particularly for the non-
translate mode.

The scanning LDV for use in vortex
measurements was developed by the NASA
Marshall Space Flight Center. It was used at
the JFK Airport to detect. track. and mea-
sure the vortices generated by aircraft in the
approach corridor of runway 31R between
September 1974 and May 1975 {21). The JFK
installation consisted of two LDV units each
scanning in range and elevation perpendicu-
lar to the landing corridor. Figure 30 shows
some vortex tracks obtained with this sys-
tem. The algorithms used to generate these
tracks make use of the maximum spectral
intensity for each data point. The spectral
intensity gives more consistent vortex track-
ing than velocity paramezters, probably be-
cause of the elevated aerosol content of wake
vortices relative to the ambient level and the
complex dependence of the vortex spectrum

upon range.
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Subsequent to the JFK work, a mobile
LDV system was developed by Lockheed.
The system has more limited real-time pro-
cessing capability than the NASA LDV, but
is easily moved and has a more versatile
beam scanner. The system has been used to
collect wake vortex. data at a variety o, air-
ports and at ~ome special B-747 vortex tests
conducted at a California dry lake, from
which the data in Figures 28 and 29 were
taken.

The basic LDV consists of a very stable
single-frequency CO, laser, a Mach-Zehnder
interferometer, a variable focus Cassegra:-
nian telescope, an angle scanner, a sensitive
infrared detector, and (optionally) a Pragg
cell frequency translator. Figure 31 shows
the layout of this equipment. In addition, a
scan control system and a data processing
and storage system are required.

4 |Le |

1 Laeer + A Py .

1 Wieelerameer ¢ Telsesope fraste Tl
L Drtverar ! Becandary Scamer

4 Mirrer ¢ Dersiion Sesansr

Figure 31. LDV optical layout.

COMBINATION TECHNIQUES

A combination of techniques may be
more useful than a single one if the strengths
and weaknesses are complementary. Two
combination techniques have been suggested
during the wake vortex sensor development.

The first combines the PAVSS and the
GWYVSS. If the later: position of a vortex is
known from the GWVSS, the vortex height
could be accurately determined by a pair of

PAVSS antennas. Such a system weald still
be subject to the aircraft-type limitations of
the PAVSS.

The second combines the MAVSS and
the GWYVSS to yield a direct measurement of
circulation for vortices stalled near the run-
way centerline. The circulation within an
area is computed directly as a line integral
around the area. The MAVSS is ideally
suited for measuring the velocity-line integral
along a vertical line. The measured line inte-
grals are in reasonable agreement with the
theoretical values based on the vortex
strength measurement. Two MAVSS anten-
nas would measure the vortex-line integrals
along the sides of the area. The GWVSS
sensors would complete the integral between
the two MAVSS antennas. For low-altitude
vortices, the top of the area makes no sig-
nificant contribution to the line integral. Data
have been collected for this configuration but
have not yet been processed.
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TSC WAKE VORTEX DATA BASE AND APPLICATIONS

JAMES N. HALLOCK. BERL P. WINSTON,
THOMAS E. SULLIVAN, AND DAVID C. BURNHAM
U.S. Department of Transportation
Transportation Systems Center
Cambridge MA 02142

ABSTRACT: An extensive data base is being compiled on the motion and decay of wake vortices near
the ground. To date. data for over $5.600 vortex pairs have been recorded. analyzed, and entered imo
the data base. The rationale for the data collection program 1t each site is presented along with a
description of the entries into the data biase and the results of some preliminary studies using the data

base.

RATIONALE FOR DATA COLLECTION

Under the sponsorsip of the Federal
Aviation Administration (FAA), the Trans-
portation Systems Center (TSC) has been
working on the subject of aircraft wake vor-
tices since 197u. Prior to July 1973, the em-
phasis of the work was on the development
of sensors to detect and te track vortices.
Since July 1973 the emphasis has been on
collecting data on vortex behavior and apply-
ing the knowledge of vortex behavior to the
development of systems for increasing the
capacity of an airport. Burnham [1] describes
the sensor development effort and Spitzer. ¢t
al. |2} the vortex avoidance systems. This
paper reviews the data collection which
commenced in July of 1973,

JEK Tests, First Phase, and DEN Tests.

After limited tests had been conducted at
Boston's Logan International Airport, the
John F. Kenneuy International Airport
(JFK) became the first extensive test site to
be instrumented in order to fully evaluate
two TSC-developed vortex sensing systems,
the Ground-Wind Vortex Sensing System
(GWVSS) and the Pulsed Acoustic Vortex
Sensing System (PAVSS). Each system con-
sists of sensors strategically placed on lines
perpendicular to the extended runway cen-
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terline. The instrumentation {two GWVSS
lines and one PAVSS line) was set up in the
approach region of runway 3iR. In addition
to the vortex tracking equipment, a meteoro-
logical tower was erected to monitor simul-
taneously the winds.

At the time the JFK site was being estab-
lished. the FAA requested that the Instru-
ment Fiight Rules (IFR) and vortex separa-
tions be checked to ascertain their adequacy
for protecting commercial aircraft from an
inadvertant vortex encounter. Because of the
expected limited traffic using runway 31R at
JFK, it was decided to instrument a second
runway. Since JFK did not have adequate
real estate for the vortex tracking equipment
on the approaches to their other runways, a
second airport was selected:  Denver's
Stapleton International Airport (DEN). The
choice of DEN was prompted by: (1) avail-
able real estate on the approach to runway
6L, (2) the different climate as compared to
Jamaica, New York, and (3) the chance to
record aircraft types which do not frequent
JFK (e.g., B-737. Two GWVSS, one
PAVSS, and two meteorological towers were
set up at DEN.

Data collection began at JFK in July 1973
and at DEN in August 1973. By November
1973, at which time the DEN site was closed,
vortices from over 10,000 aircraft had been
monitored (3100+ at JFK and 6900+ at
DEN). From the data it was shown that the
IFR and vortex sgparations were indeed
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adequate for preventing a vortex encounter.
{n fact, the data base indicated that most of
the time the separations were unnecessarily
restrictive.

For the next two and a hant years. the
JFK site was used as it was originally in-
tended — an operational site for testing and
evaluating vortex sensors including laser
sensors and other acoustic devices (see
Burnham {!] for descriptions of these sen-
sors).

LHR Tests.

From June 1970 onwards, unsolicited re-
ports of possible vortex encounters were re-
ceived by air traffic control officers at the
London Heathrow International Airport
(LHR). Consequently, the Civil Aviation Au-
thority (CAA) instituted a program to gather
information on wake behavior under opera-
tional conditions, and on the effect of a wake
vortex encounter by various civil aircraft {3).
The majority of incidents occurred at or near
Heathrow and on final approach. In some
cases, the encounter took place very near to
the ground. Incidents were reported from a
wide variety of aircraft pairs (ieader/fol-
lower) and it was found that the heaviest jets
(B-747 and L-101") caused 40¢% of all inci-
dents, in spite of the fact that they consti-
tuted only about 129 of all traffic at Heath-
row during peak periods. After consideration
of the incident reports and consultation with
the appropriate operations groups, the ap-
proach separation distance for lighter aircraft
following a widebody jet in the United King-
dom was increased in March 1974 ;rom Sto 6
nautical miles.

There has been close linison between the
CAA and the FAA on wake vortex research
for some years. They jointly agreed in late
1973 that it would be beneficial if equipment
similar to that tested at DEN and JFK couid
be installed at LHR. The test program would
afford the opportunity to expand signifi-
cantly the vortex track and meteorological
data base under new and varied environmen-
tal conditions, to correlate reported vortex
incidents with measured vortex and meteoro-
logical conditions, and to track vortices from
a number of aircraft rarely seen in the United
States, e.g., Trident, Viscount, and A-300B.
The equipment (two GWVSS, one

PAVSS and two meteorological towers) were
emplaced on the approach to runway 28R
and became fully operational in May 1974.
Data collection continued through June 1975.
A total of 12,950 landings were monitored
(4]. As a result of the LHR tests, the correla-
tion between the ambient meteorology and
vortex behavior was underscored. It was
noted that it would be safe to use decreased
aircraft separations often and the concept of
the Vortex Advisory System (se¢ Spitzer, et
al. |2]) was born.

JFK Tests, Second Phase.

Tests were continued at JFK to assist in
the design of the Vortex Advisory System
(VAS) and to study the decay of vortices in
the terminal area. Parts of the tests began in
the Fall of 1975 but the full tests began in
March 1976 and continued to the closing of
the JFK site in January 1977. Over 4700 air-
creft passages were monitored in the March
1976 to January 1977 time frame.

Two facets of vortex lateral motion are
being examined. First, how far can vortices
drift in ground effect? One GWVSS line was
extended to allow the tracking of vortices to
a distance of 3000 feet from the extended
runway centerline. The data (still being eval-
uated) should indicatz how far apart parallel
runways need to be in order to be considered
independent with respect to a possible vortex
encounter. Second. three GWVSS lines (lo-
cated at the threshold of the runway, approx-
imately 2000 feet from the threshold, and
approximately 4000 feet from the threshold)
were installed to reveal the variation in vor-
tex lateral motion as a function of distance
from the runways threshold, or, alterma-
tively, as a function of the height of the
vortex-generating aircraft,

The decay of vortices was studied at
JFK using a Monostatic Acoustic Vortex
Sensing System (MAVSS) as described by
Burnham (1) and Burnham et al. {S]. The
analysis of the data (6] led to a revision of the
IFR and vortex scparation standards for
General Aviation aircraft following commer-
cial aircraft — aircraft with a certificated
gross takeofl weight less than 12,500 pounds
are spaced 4 nautical miles behind aircraft
with certifivated gross takeoff weights be-
tween 12,500 pounds and 300,000 pounds,
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and are spaced 6 nautical miles behind air-
craft with certificated gross takeoff weights
in excess of 300,000 pounds. The new rule
was promulgated in November 1975,

A new question also arose. The United
States defines a "'Heavy' aircraft as one that
has a certificated gross takeoff weight in ex-
cess of 300,000 pounds. The United King-
dom defines a Heavy aircraft as nne that has
a certificated gross takeoff weight in excess
of 375,000 pounds. Thus, the 320 and 420
series of the B-707 and the 60's series of the
DC-8 are categorized as '‘Heavy' in the
United States but not in the United King-
dom. Thus, for light aircraft in the United
States. a 5-mile separation was required be-
hind the **Heavy'" 707's and DC-8's while in
the United Kingdom, only 4 miles was re-
quired. This difference has a large impact on
the peak traffic flow rate and it was decided
to try to resolve the discrepancy. The appro-
priate designation can be determined by
studying the vortex strength/decay and the
influence upon following aircraft. A limited
amount of applicable data was collected at
JFK and additional data is now being col-
lected at Chicago’s O'Hare I[nternational
Airport (ORD).

ORD Tests.

The primary purpose of the ORD tests is
the evaluation of the Vortex Advisory Sys-
tem {2]. The approach region of runways
321, 14R and 27R were cach instrumented
with @ GWVSS line. Outputs from the VAS
are being compared with actual vortex be-
havior as measured by the three GWVSS.
Since July 1976 when the tests began. over
13.000 vortex pairs have been recorded and
the data reduced.

A MAVSS has also been installed in the
approach region of runways 32L and 4R,
The strength of vortices and their subsequent
decay is being studied. In particular, the
B-707 and DC-8 aircraft, both regular and
those designated as “"Heavy™', are receiving
special attention, with the assistance of the
Air Transport Association and three of the
major airlines operating B-707's and DC-8's
at ORD (UAL, TWA, AAL). The individual
landing weights of each of these aircraft are
being obtained from the airlines and entered
into a duta base consisting of the aircraft type
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and flight number, time code, vortex strength
as a function of vortex age, meteorological
conditions, etc.

The YYZ Tests.

The Vortex Advisory System 15 based on
an algorithm of wind criterion which has
been shown to be valid for landing aircraft. A
lesser but still important problem is the delay
encountered by aircraft queuing to take off.
One would optimistically hope that the VAS
wind-criterion algorithm cither as is or
slightly modified could be used also for con-
trolling the spacing of aircraft taking off. A
joint program has been initiated with the
Canadian Ministry of Transport to address
this question. The vortices shed by aircraft
departing on runway 23L at the Toronto In-
ternational Airport (YYZ) are being moni-
tored by three GSVSS lines. one MAVSS
line and a photographic system which deter-
mines the height of the aircraft over the sen-
sor lines. The tests began in August 1976 and
will continue through August 1977, Todate,
over 3000 takeoffs have heen recorded.

RECORDED DATA

Tables 1 to § list the data compiled in the
TSC wake vortex data base. Unless other-
wise noted, the vortex data discussed were
obtained from the GWVSS. Most ¢! the table
entries are self-explanatory: the remainder
are discussed below.

The winds were measured using tower-
mounted ancmometers. Each tower was in-
strumentéd at one or more levels or **posi-
tions.”” For example, in Table 1 the early
JFK tests used only one tower and one
anemometer pair for the wind mea-
surements. The later tests used two towers
instrumented at two heights yielding four
“positions.” The DEN tests used two tow-
ers but only the upwind tower values were
retained (a vortex often passed over the
downwind tower and vorrupted the ambient
wind measurements). Heathrow employed
two towers instrumented at two heights. To-
ronto has one tower instrumented at two
heights with the lower height containing two
sets of sensors. Except for the ORD work,
the atmospheric turbulence was calculated
using the measured winds and a selected time

constant.
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Table 1. JFK International Airport

GWVSS
Aircraft Type
Headwind
Crosswind
Horizontal Wind
Turbulence
Port and Starboard
Vortex Residence Tine
Run Duration

MAVSS

Aircraft Type

Time Code

Observed Time of Vortex
Crossover

Vortex Strength

Vortex Core Height

Estimated Voriex Transport
Velocity

Headwind

Crosswind

Vertical Wind

Horizontal Wind

Turbulenve

GWVSS

Aircraft Type

Time Code

Weather

Hendwind

Crosswind

Veriical Wind

Honzontal Wind

Relative Solar Flux

Aircruft Ground Speed

Baselines #1. #2, #3

— Port and Starbuard Vortices

-Residence Time

July 18, 1973 — November 10, 1973

‘B-727, B-707, DC-8, B-747, B-737, etc.)
(20-second average: one position)

(20-second average; one position)

(20-second magnitude average; one position)
(5-second time constant €' value: one position)

(time 1o next aircraft; based on sample rate)

September 10, 1974 — November 23, 1974

(B-727, B-707, B-747. DC-8, B-737, etc.)
(hour:minute:second)

(since start of run)

(60-second mean. o two positions)
(60-second mean. o two positions)
(60-second mean, o; two positions)
(60-second magnitude mean. o two positions)
(60-second €' mean: two positions)

March R, 1976 — Fanuary 13, 1977

(B-727, B-"07, DC-10, L- 1011, B-747. etc.)
(day:hour:minute:second)

{sunny, overcast, sunny/107% clouds, rin, ctc.)
(60-second mean. o) four positions:
(60-second riean, o: four posiions)

(60-second mean. o: four positions)

(60-second magnitude mean, o: four positions)
(from pyranograph readings)

(between baselines | and 2, 2 ard 3, | and 3)

-Death Time (end of track time)

-Death Position

Table 2. Stapleton Intermational Aurport

GWVSS
Aircraft Type
Headwind
Crosswind
Horizontal Wird
Turvalence
Inner and Outer Basclines
— Port and Starboard Vortices
-Residence Time
Run Duration

August 24, 1973 — Nawembet ORI )A]

(B-727, B-707, I 8. Biminess Jet, etc))
{20-second average: one pasition)

(20-second average; vne positioa)

(20-second magnitude BUCTQge: oRe position)
(S-second time constami ¢ * value: one position)

(time % next aircraft;. based on sample rate)

L
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‘~\ Table 3. Heathrow International Airport
i
N April 28, 1974 — June 30, 1975
/A GWVSS
IE Aircraft Tvpe (B-727, B-747, L-1011, Trident, BAC-111, etc.)
é” 3 Time Code (hour:minute:second: at inner baseline)
I Headwind (60-second mean, o four positions)
3 Crosswind (60-second mean, o four positions)
e Vertical Wind (60-second mean, o; four positions)
& Horizontal Wind {60-second magnitude mean, o four positions)
- Turbulence (6)second €' mean, o four positions)
: Estimated Aircraft Ground speed from aircraft detectors
2 B-747 weight when provided

Inner and Outer Baselines
— Port and Starboard Vortices
-Residence Time
1 -Dcath Time (end of track time)
3 -Death Position

Table 4. O'Hare International Airport

July 14, 1976 — Present

GWVSS
Runway (32L. 14R, 27R)
Aircraft Type (B-727, B-707, DC-8H, B-747, etc.)
b Time Code (day:hour: minute:second)
g Weather {sunny, overcast. sunny/10% clouds. rain, etc.)
Headwind (60-second average, calculated through VAS)
k| Crosswind (60-second average, calculated through VAS)
1 3 Turbulence (measured using Sigma meter)
3 Temperature
Pressure
a B-707 and DC-8 weight and flight number, when provided
f VAS Runway Status (Red, Green, Red/Green, Off)
{ Port and Starboard Vortex Residence Time
] MAVSS
2 Observed Time of Vortex Crossover (since start of run)
4 Vortex Strength (I at 8, 10, 20, 30 meters from core center)
Vortex Core Height
Estimated Vortex Transport Velocity
1 Since it was anticipated that vortices craft-vortex encounter simulations (7] indi-
# from a landing aircraft usually move away or cated that if the fuselage of any aircraft were
! dissipate before a following aircraft arrives., at least 100 feet from the center of any vor-
it was decided to analyze the extensive tex, the encountering aircraft would not ex-
amount of vortex track data in terms of how perience an unacceptable disturbance. The
43 soon the vortices exit a **safety region.”* The figure is conservative, and represents the
- safety region is centered on the extended worst case of a light general aviation aircraft
. runway centerline. The width of the safety approaching a vortex formed by a wide-body
region was determined by considering two jet: the exact figure depends upon the indi-
; points: First, a measurement program by vidual characteristics of the vortex-gener-
TSC at DEN showed that 3o or 99.74% of all ating aircraft and the encountering aircraft.
landing aircraft were within S0 feet of the Thus, the safety region was selected to
extended runway centerline at 1500 feet from have a width of 30 + 100 or 150 feet on both
threshold. Second, 6-degree-of-freedom air- sides of the extenided runway centerline. If
7
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Table 5. Toronto International Airport

August 13, 1976 — Present

Aircraft Type (B-727, B-1U7, DC-8. B-747. L-1011, etc.)
Time Code (day:hour:minute:second}

Weather (sunny, overcast, sunny/10% clouds, rain, etc.)
Aircraft Ground Speed (between baselines 1 and 2. | and 3, 2 and 3)
Headwind {60-second mean, o three positions)
Crosswind (60-second mean, o: three positions)

Vertical Wind (60-second mean, o three positions)
Horizontal Wind (60-second magnitude mean. o three positions)
Turbulence (60-second ¢'* mean, o three positions)
Temperature

Lapse Rate

Baselines #1, #2, #3
— Port and Starboard Vortices

-Position at 30, 60, 90, 120 seconds atter start of run

-Death Time (end of track time)
-Death Position

MAVSS

Observed Time of Vortex Crossover (since start of run)
Vortex Strength (I at 5, 10. 20, 30 meters from core center)

Vortex Core Height
Estimated Vortex Transport Velocity

both vortices are clear of the safety region,
they cannot pose any threat to a following
descending aircraft landing on the same run-
way. The size of the safety region is very
conservative, even if both the following air-
craft and a vortex from a preceding aircraft
are observed to be in the safety region at the
same time, the vortex may have decayed suf-
ficiently that it could not affect the following
atrcraft. Additionally, the aircraft and vortex
can be separated by as much as 200 feet and
yet both be within the safety region.

In the tables and in the ensuing discus-
sion of the data, the term *‘residence time"
refers to the time it takes for both vortices to
exit the safety region. Each vortex may
either be blown out of the safety region or be
eliminated by a decay process while the vor-
tex is still within the safety region. Note that
the existence of a vortex within the safety
region at a given time does not necessarily
imply that it could constitute a hazard to a
following aircraft: The vortex could have de-
cayed to a strength sufficiently below the
hazard threshold of the cncountering air-
craft, the vortex being tracked may have
becn generated by an aircraft whose vortices
will not afiect the following aircraft (e.g., &
Twin Otter foliowed by a B-747), or the vor-

tex of the oncoming aircraft might be sepa-
rated by sufficient lateral distance such that
the aircraft will barely detect the presence of
the vortex in the safety region.

DATA ANALYSES — VORTEX
BEHAVIOR

Vortex behavior can be examined by re-
trieving particular information from the data
base. Figure | shows the probability of find-
ing a vortex in the safety region as a function
of the time after an aircraft passed over the
vortex-tracking equipment. For example, 16
percent of the data yielded a vortex in the
safety region after one minute; in the remain-
ing 84 percent of the cases, the vortices
cither exited the safety region or decayed
within it. The figure is a composite of data
rec orded at Denver, Kennedy, Heathrow,
and Chicago Airports and represents the re-
sults of approximately 40,000 aircraft.

In the following subsections, the infor-
mation in Figure | is re-examined to ascer-
tain the depundence on aircrafl type, the
winds, the made of exiting the safety region
(drifting out or decaying), the different vor-
tex behavior at various sensor baseline loca-
tions, the time between the firs¢ and second
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vortex exiting the safety region, and the con-
ditions which lead to residence times in ex-
cess of 80 seconds.

PROBAHILY !

ol e
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Figure |.  The probability of finding a vortex in the
safety region as a function of the time after
the aircraft has passed.

Residence Times by Aircraft Type.

In Figure 2, the data of Figure ! is repro-
duced along with curves for the wide-body
jets (B-747, DC-10, and §.-1011) and for small
commercial jets (DC-9 and BAC-111). The
type of aircraft generating the vortices plays
an important role on the longevity of a vortex
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Fgws 2.  The probabllity of finding A vortex in the
saflaty 3080 a3 a fuaction of the time after

the sircruft bas passed.

within the safety region. The wide-body jets
constitute a significant portion o the older
residence-time cases. (f a vortex is found
inside the safety region after 80 seconds, the
probability is very high that the vortex was
shed by a wide-body aircraft.

Figure 3.  The probability of finding a vortex in the
safety zone as a function of the vortex age.

Figure 3 further breaks down the data to
specific aircraft. Except for the TU-134 and
the Mystere, all the aircraft types exhibited a
discontinuity at 60 seconds. The probability
of finding a vortex in the safety region can
thus be described by two exponentials. It is
conjectured that the first exponential (short
times) is fundamentally the probability that
the vortices translate out of the safety region,
and the second exponential (long times) is
the probability that the vortices decay in the
safety zone. For times between 0 and 60
seconds (0 and 40 seconds for the TU-134
and the Mystere), the probability is

ol

and for times greater than or equal to 60
seconds,

A0 (1-60)

the exponent will contain the term (t-40) for
the Mysterc and the TU-144; in the ensuing
discussion, these two aircraft will be omitted
for convenience. The coefficient A is the
probability of finding a vortcx in the safety
region at 60 seconds. Table 6 gives the rele-
vant constants as determined from the
Heathrow data. Note that the exponential
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forms will overestimate the probabilities at
large times. For instance, no vortex was
found in the safety region in excess of 120
seconds for a B-727, yet the exponential form
will yigld a non-zero probability.

Table 6. Coefficients far Probability of Finding a Vortex

in Safety Zone

AIRCRAFT TYPE ay A ay

IL-62 0.0215 0.275 0.0552
B-747 0.0230 0.252  0.0554
L-1011 0.0229 0.252 0.0742
A-300 0.0245 0.230  0.0583
VC-10 0.0245 0.230 0.0777
DC-8 0.0245 0.230  0.0784
B-727 0.0256 0.219 0.1027
B-707 0.0262 0.207 0.0649
B-720 0.0288 0.178 0.0353
DC-9 0.0291  0.175 0.0763
Trident 0.0292 0.173 0.1031
Carzvelle 0.0300 0.165 0.0758
B-737 0.0316 0.148 0.0702
BAC-111 0.0335 0.143  0.0715
Viscount 0.0332 0.136 0.1070
F-27 0.0334  0.135 0.2453
Ferald 0.0415 0.083 0.2209
E- 125 0.0541 0.038 0.1181

The aircraft in Table 6 are arranged in
decreasing order of the coefficient A, the
probability of finding a vortex in the safety
region at 60 seconds. It is of note that the
ordering closely follows that of decreasing
aircraft weight.

Residence Times — Wind Effects.

Crosswind magnitude plays an important
role in the motion of the vortices. Figure 4
shows the probability of a vortex remaining
in the safety region for various crosswinds.
The figure is a composite of all aircraft types:
the data for specific aircrafl types are similar;
the lighter the vortex-generating aircraft. the
closer the curves approach the origin of the
graph. Eighty seconds represents an
aircraft-to-aivcraft spacing of less than three
nautical miles for the approach speeds of
most aircraft. On the basis of Figure 4, it is
reasonable to predict that wake vortices are
unlikely to be troublesome when there are
crosswinds greater than § knots.

For a specific crosswind, the average
residence time increases with aircraft size.
The largest average resideace times occur at
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Figure 4.  The probability of finding a vortex in the
safety zone as a function of vortex age and
crosswind.

a higher crosswind magnitude for the jumbo
jets than for all other aircraft. These trends
are related to the fact that the stronger the
voitex, the higher the crosswind required to
stall the vortex in the safety region.

Residence Times — How Vortices Exit
Safety Region.

Vortices exit the safety region by either
transporting out or by decaying in the region.
Most of the vortices with a residence time in
excess of 40 seconds decay in the safety re-
gion while most of the vortices with a resi-
dence time of 40 seconds or less move out of
the region.

Vortex Behavior at Yarious Sensor
Baselines.

Near the runway threshold the aircraft
generating the vortices are well within
ground effect. The downwash ficld causes
the vortices initially to descend and to inter-
act very strongly with the ground. Usually,
one of the vortices (the upwind vortex) very
quickly disappears, most likely becauvse of a
catastrophic interaction with the ground.
The remaining vortex then moves away very
quickly. It is a rare event when a vortex shed
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near the runway threshold persists for 80
seconds; because of the strong ground in-
teraction, it is unlikely that such a vortex
could have sufficient strength to affect
another aircraft.

At or beyond the middie marker location
(3500 feet from the runway threshold), the
aircraft are over 200 feet above the ground,
so that the vortices are barely within ground
effect. For the first 10 to 20 seconds, the
vortices move with the wind, amd, usually,
do not remain in the safety region for any
significant amount of time. When a vortex
stalls, it usually is outside the region or at
least is low enough below the typical aircraft

glide path that it is unlikely that the vortex
could cause an unacceptable disturbance to a
following aircraft. Most of the cases in this
location where a vortex is found in the safety
region after 80 seconds are those in which the
vortex either exited the region and re-entered
or stalled near the extreme edge of th: re-
gion.

The sensor baselines positioned about
2000 feet from a runway threshold are the
important baselines. Here, when a vortex
lingers, the vortex is at about the same al-
titude as a following aircraft would be, and
these vortices, in a probabilistic sense, are
the ones which can linger longer than those
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near the runway threshold or the middle
marker. Each test site always was provided
with a sensor baseline in this region. All the
data presented in the figures refer to the
2000-foot regicn,

The residence times for two sensor lines
(Heathrow) which were both in the inter-
mediate regime (1200 and 2300 feet from the
runwey threshold) were compared. Since the
aircraft aititude is about the same ovct both
vaselines, the residence times should be
about the same. The wind at the ©  sensor
lines necd not be the sume, parti. v with
low winds, and should be rrficted in a ran-
dom vanation between the residence times
and lead to a non-n-gligible stundard devia-
tion. For the Heathrow aata, the resideuce
times differed by ~nly 1.6 seconds on the
averzge with o standard deviation of 23.7
seronds; the lower the winds (and hence, the
Iz1ger the variation in the winds between the
two baselines), the bigher the standard devia-
tion (a maximum of 36.1 seconds). With high
winds. particular’™ high crosswinds, the
standard deviati -~ reaced to 4 minimum
of 7.9 seconds.

First and Second Vortex Crossings.

Residence time was defined as the time
required for both vortices to exit the safety
regiori; in other words, the time the second
vortex leaves the safety region. Suppose the
time of the exiting of the first vortex is
known, can the time that the second vortex
exits be predicted?

Figure 5 shows the distributions of tiie
crossing times as a function of the crosswind
{(data from the Heathrow tests). The broken
lines indicate the distribut.cy- of the first
crossing. and the solid lines indicate the
second crossing. As the crosswind mag-
nitude increases, the first vortex exits sooner
(the peak of the distrivution), and the dis-
ribution  becemes narrower. The second
vortex seems to exit the safety region almost
randomly for crosswinds up to 4 knots, but
the distribution becomes more peaked, and
the vortex exits sooner as the crosswind in-
creases. Similar distributions exist for
specific aircraft types, only the locatioa of
the peaks of the distributions differ (earfier
times for the lighter aircraft, and later times

76

for the heavier aircraft). The crosswind mag-
nitude, however, appears to be the most im-
portant quantity for estimating when the
safety region wili be clear of vortices. If a
high confidence ieve: is nevessary (as indced
it would be fur any predictive system), know-
ing the time at which the first vortex exits
does not significantly improve a prediction of
the resicence tine.

Resider.ce Times — Cases Which E.cceed 80
Secords.

One 1nethod for decreasing delays at an
airport would be to determine those times
during which all aircraft separatiuns on final
approach could be safely decreased to 3 nau-
tical miles (instead of the cirrent 3, 4, 5 or 6
nautical miles depending on the type of lead
and following aircraft). It would be expected
that su<h times are dependent on the wind
velocity: e.g., crosswinds in excess of §
knots were shown previously to appear to
alleviate the wake vortex problem.

To identifv the appropriate wind condi-
tions. data on the heavy aircraft (B-747,
DC-10, L-1011, streiched versicns of DC-8
and B-707, Super VC-10, IL-62, and A-300}
whose vortices had a residence time of R0
seconds or more were segregated from the
data base. A ground speed of 135 knots
wmeans that 3 nautical miles is equivalent to
80 seconds. All the 80-second or more data
are contained within an ellipse with a semi-
major axis (headwind/tailwind axis) of 12
knots and a semi-minor axis (crosswind axis)
of 5.5 knots. Any number of geometrical pat-
terns could have been used to enciose the
data, but the ellipse is a convenient pattern
with a low enclosed area. This ellipse be-
came the wind-criterion algorithm tor the
VAS.

It should be noted that just because
winds are measured to be within the ellipse
does not mean that every vortex will remain
‘n the safety region for 80 seconds or more. It
a vortex has lingered within the safety region
for 80 seconds or more, then the winds have
been within the ellipse. When the winds are
within the ellipse, less than S percent of the
vortices will persist in the safety region in
excess of 80 seconds. The overly conserva-
tive dimensions of the safety region, the ig-
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noring of aircraft types, the ignoring of vor-
tex decay because of atmospheric turbulence
or the nonstability of the atmosphere, etc.,
all contribute to restricting the times when
the sepsrations could be decreased. Addi-
tional research now underway should pro-
vide other criteria to shrink the sizc of the
ellipse.

VORTEX DECAY

Although vortices have been detected in
the safety region for times in excess of 80
seconds, nothing is as yet known about the
strength of these vortices. The data dis-
cussed in the previous sections were col-
lected using baselines of propeller anemome-
ters. It is possible that only remnants of the
vortices are being tracked which would be
unable to affect an aircraft which inadver-
tantly penetrated or encountered them. In
this section, the demise of vortices as indi-
cated by the wealth of anemometer data will
be discussed first. The section will close with
a discussion of the ongoing program to mea-
sure directly the strength or circulation
decay of vortices in the terminal eaviron-
ment.

Anemometer Data.

Various studies have shcwn that the de-
mise of vortices correlates best with the
magnitude of the total wind. The lower the
wind magnitude, the longer a vortex will sur-
vive on the average. McGowan devised a
curve to indicate the maximum lifetime of a
vortex as a function of the total wind. He
obtained the relationship by fairing a curve to
all the known (in 1970) vortex lifetime data in
such a manner that all the data were included
under this curve. McGowan's curve has been
widely used. The TSC data includes condi-
tions omitted from the McGowan curve,
Most of the data that McGowan had avail-
able came from tower tests. Smoke from
cannisters on a tower became imbedded in
the vortices shed by aircraft making low
passes upwind of the tower. Decay was as-
sassed visually. By necessity, this type of
data involved mainly a crosswind component
since a crosswind was required to translate
the vortices to and past the tower. At Heath-

n

row, the winds were from all directions, «.nd
a particular component of the wind was not
required to move the vortex, so that it could
be iracked. What McGowan’s curve neglects
is the effect of winds along the direction of
the vortex. Winds along the vortex axis
seems to suppress meanderings of the vortex
and thus delays at least one of the known
decay mocdes (sinuous or Crow instability).
When the wind is orthogonal to the vortex
axis, the shearing action of the wind across
the vortex can aid in the dissipation process.
Thus, the data alter the McGowan curve for
the high winds as sh~wvn in Figure 6.

W)

120

YORTEX LIFE (sec’

4n¢-

-l
a 10 20 30 40
WIND SPEED IMPH)

Figure 6. The McGowan life-time curve and the
proposed revision.

Figures 7 and 8 present the probability of
finding a vortex still active at a given age v
various total wind magnitudes. The vortex
lifetime for each increment of the horizontal
wind can be fitted with the form

Ty i = 10, e T,

o BTN 3T,

For the two cases shown, the B-747 and the
Trident, T, was found to be dependent on
the horizontal wind. The natural turbulence
in the wind appears to dissipate the vortices
in high winds., When the winds exceeded 20
knots, no vortices existed for more than $0
seconds. The vortices of light aircraft very
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often were not detected in high winds;
HS-125 vortices were never detected when
the wind exceeded 15 knots, but this may be
attributed to the increased sensor-noise
level. When using anemometers, a vortex is
said to have died when the vortex signal is
not distinguishable from the ambient wind.
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Figure 7. The probability of a B-747 vortex existing as a

function of the total wind.

Monitoring Vortex Decay.

As part of the extensive program to
monitor the behavior of wake vortices in the
terminal environment, the streagth or circu-
lation of vortices was briefly measured for
aircraft landing on runway 3IR at JFK Air-
port in New York. Further work is now in
progress at Chicago's O'Hare where vortex
strength is being recorded for aircraft landing
on runways 32L and 14R, and at Toronto's
International Airport where vortex strength
is being recorded for aircraft departing from
runway 23L. Arrays of monostatic acoustic
sensors are used to measure vortex vertical
velocity fields; successive measurements of
the velocivy field of the same vortex are ob-
tained as the vortex passes over each sensor.
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Figure 8. The probability of a Trident vortex existing
as a function of the total wind.

The vertical velocity distributions are
used to calculate an ‘‘effective” strength.
The “effective’” strength is the circulation of
an equivalent line vortex producing the same
torque on a wing as would be prouiced by
the measured vortex velocities. In other
words, the first moment of the measured ver-
tical velocity distribution is equated to the
first moment of a potential or line vortex:

< b/2 b/2

f vpotentlal rdr '[ vmeasured v dr.

~h/2 ~b/2

Since Vootential = 170275}

b/2
re '25" Vneasured ¥ dr,

-b/2
where I is the “effective’’ strength, b is the
wing span of a hypothetical vortex-encoun-
tering aircraft, and Veasureq are the vertical
velocities measured by the monostatic
acoustic sensors. To perform the integration,
the radial parc meter is transformed to time as
the measured velocities are recorded as time
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histories. Thus, r = Vqt, where Vi is the
horizontal transport velocity of a vortex over
each sensor (obtained by noting the time at
which the vortex is directly over each sensor
and assuming a constant transport velocity
between sensors).

Figures 9, 10, and 11 show exampies of
the data from the brief trials at Kennedy Air-
port; each figure exhibits an apparently dif-
ferent but equally probable mode of decay.
Up to four independent measurements of ef-
fective vortex strength can be made for each
vortex (noisy channels often precluded ob-
taining all four measurements). Solid lines in
the figures connect the data for the same
vortex. In Figure 9, four of the cases have
been extended with broken lines; here, the
vortex was not seen in the next sensor as the
strength decayed below the instrumental
threshold.
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Figure 9.  Vortex decay via linking with the ground.

Figure 9 displays cases where the
strength very rapicy uccays. Once the rapid
decay commences, the strength is seen to
decrease by a factor of 2 in approximately 15
seconds. Two trends have been observed: (a)
the rapid decay begins sooner, and occurs
more often when the ambient turbulence is
high, and (b) for a given turbulence level, the
larger aircraft begin the rapid decay later
than the smaller aircraft. It is suggested that
the rapid decay is caused by a sinusoidal
instability in which the vortex has linked
with its image vortex,

Gradual decay is depicted in Figure 10.
The strength appears slowly to erode to a

9

negligible value (at least below the instru-
mental threshold) with a halving of strength
every 30 to 60 seconds. The dissipation of
the vortex varies as (time) %, and is probably
a turbulent diffusion process.

5000
o - bC8
x - 707
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10 20 30 LY 0 0 0
VORTEX AGE (seconds)

Figure 10. Vo.tex decay via turbulent diffusion.

Figure 1 exhibits a third mechanism: the
vortex experiences a rapid decay which ulti-
mately is curtailed leaving behind a relatively
constant but weaker vortex or remnant in its
stead. It is suggested that vortes breakdown
or core-bursting has occurred le 1ving behind
a remnant which mixes little with the atmos-
phere. The strength of the re:nnant corre-
lates with the size of the vort:x-generating
aircraft: B-727 vortex remnanfs are weaker
than B-707 ur DC-8 remnants which in turn
are weaker than B-747 remnants. In flight
tests where smoke has been injected into the
cores of the vortices, often after a vortex has
“burst™ a smaller core becories discernible
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Figure 11.  Vortex decay via core bursting.
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as smoke is transported by the axial flow in
the vortex from an unburst portion to the
remnant.

CONCLUSIONS

An extensive data base on vortex motion
and decay has been compiled and is continu-
ally being expanded. The vortices from over
40,000 landing aircraft and over 3000 depart-
ing aircraft have been monitored to date. De-
tailed studies of the behavior of wake vor-
tices have really just begun; once the data
collection phase is complete, statistical tech-
niques can be used to examine the pre-
dictability of particular phases of vortex mo-
tion and decay.

However, the data base has already been
used to establish important aspects of vortex
dynamics: The present IFR and vortex sep-
aration rules have been shown to be safe
(vortex-wise) for the terminal environment.
Use of a VAS elliptical wind criterion will
permit reducing aircraft separations to a uni-
form three nautical miles for ol! aircraft. Fi-
nally, the intricate behavior of vortices near
the ground is becoming more understandable
and even predictable in a statistical sense.
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LASER DOPPLER VORTEX MEASUREMENTS
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JOHN F. KENNEDY INTERNATIONAL AIRPORT
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Huntsville AL 35812

M.C. KRAUSE
Lockheed Missiles and Space Company
Huntsville AL 35807

T.L. DUNN
M&S Computing, Incorporated
Huntsville AL 35807
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ABSTRACT: Marshall Space Flight Center in cooperation with the Federal Aviation Administration has
developed a Scanning Laser-Doppler Velocimeter System which has been used to detect, track, and
measure the velocity flow fields of wake vortices of aircraft landing at John F. Kennedy International
Airport. The tests were performed with the cooperation of the Transportation Systems Center and the
National Aviation Facilities Experiment Center, and resulted in detailed velocity and track data on the
vortices generated by over 1600 landings of 13 different aircraft types. The paper describes the overall
operation and performance of the system as well as the operation of the individual components. [t
discusses the data-handling capabilities of the system and the algorithms used in processing the
laser-Doppler data. both in real time and in post analysis. Selected runs are examined for the spectral
characteristics of vortices, their transport, velocity flow fields, and circulation. A summary of the results
and a description of the Kennedy tests are also provided.

INTRODUCTION

The utilization of laser-Doppler systems
in vortex flow-field measurement is the out-
growth of extensive research into the appli-
cation of the laser-Doppler principle to flow-
field problems, both in the wind tunnef and in
the atmosphere. Tre initial success of the
application of the laser-Doppler technique in
wind-tunne! research at the Marshall Space
Flight Center (MSFC) in the early 1960s re-
sulted in the extension of this work to
measuring atmospheric flow fields and as-
sociated turbulence. Turbulence of particu-

81

lar interest was that known to be a hazard to
aviation, such as the naturally occurring
Clear Air Turbulence (CAT) and the artifi-
cially induced vortex.

Demonstration of the feasibility of
laser-Doppler vortex measurements was per-
formed in 1969 at MSFC in a series of flybys
of a DC-3 aircraft. The success of this dem-
onstration led to further investigations into
atmospheric flow-field research. resulting in
improved component development and sys-
tem design, as well as improved scan tech-
niques such as planar scanning for vortex
tracking and conical scanning for three-
dimensional wind flow-field measurements.

]
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In 1972, the Federal Aviation Adminis-
tration (FAA) requested the National Aero-
nautics and Space Administration (NASA) to
accelerate their applied research activity to
provide assistance in the alleviation of the
aircraft wake vortex problem on takeoff” and
landing. This request resulted in the estab-
lishment of an interagency agreement be-
tween NASA and FAA in which a pro-
gram was established for MSFC to develop
a Scanning Laser-Doppler Velocimeter
(SLDV) System which would be deployed at
the John F. Kennedy International Airport
(JFK) for vortex monitoring tests. Three
major objectives were established for this
program:

a. The first and primary objective was to
detect and track the vortices in the landing
corridor and to provide their positions with
time. thereby establishing the SLDV as a
standard against which other vortex sensors
could be compared.

b. The second objective was to evaluate
the SLDV for use in an operational mode at
airports.

c. The third objective was to measure
the vortex velocity fields and their transport
and decay characteristics.

In September 1974, approximately one
and one-half years after the initiation of the
program, two SLDV systems were instalied
at JFK (Figure 1). These two independent
systems were located in such a way as to
provide comparison data on the vortex
tracks, thereby serving as a check on system
accuracy and aiso providing a means of
further increasing the ability to locate vortex
positicas by triangulation, if desired.

Figure 1. Scanning iaser Doppler airport operations
(JFK).

During the two phases of testing at JFK
(September — December 1974 and March -
June 1975), vortex data were collected on
over 1600 aircraft landings. This data in-
cluded position and velocity-profile informa-
tion which in turn permitted the calculation
of transport and circulation.

SYSTEM DESCRIPTION
Principle of Operation.

The principle of laser-Doppler detection
is the same as that of conventional Doppler
radar with the primary difference being in the
wavelength. While the wavelength of the
conventional Doppler radar is on the order of
centimeters, the wavelength of the SLDV is
10.6 micrometers, and consequently, where
conventional radar can only detect scattering
from large objects (tens of centimeters),
laser-Doppler detection can come from scat-
tering by objects as small as one micrometer
in size. Objects of this size are normally con-
tained in the atmosphere in the form of dust
and pollen, and are responsible for the
backscattered radiation as shown in Figure 2.
Since these particles are extremely small,
they will follow the motion of the atmo-
spheric wind.

VELOCITY VECTOR

\~ T | LASIR/OMIKS
e,

Figure 2. Laser-Doppler principle.

The Doppler shift in the backscattered
radiation caused by the motion of these par-
ticles can be considered to be due to the wind
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velocity component that is along the line of
sight of the SLDV. The magnitude of this
Doppler shift, Af, is given by:

2y
A= — (1

where V, is the line of sight velocity compo-
nent and A is the laser radiation wavelength.
At 10.6 micrometers, this corresponds to
0.53 m/s per 100 kHz.

The signal-to-noise ratio of the SLDV
system is given by

2
nPTB(") "R Ly dL

SN = R

(2)
where:

7 = detector quantum efficiency,
P = transmitter power.
B(m) = backscatter coefficient,
R =radius of the transmitting optics,
B = system bandwidth,
L = particle range,
h = Planck’s constant,
v =frequency of transmitted radiation,
A = wavelength of transmitted radiation,
and
f = transmitter/receiver focal length,
equivalent to range to focus.
Integration from L, to L, yields:

nP B{n)
S/ = - JBh “'" '"7 'Xt( T)]

" 2, 4
-] 1 R 1
tan L—fa -G - T)]} (3

The focal volume of the system can be de-
fined by calculating the length of the range
element that preduces one-half the coherent
backscattered signul received from the entire
range L,=0to L;==,

System Operation.

The SLDV is composed of two wnain
subsystems: optics and signal processing.
The optics subsystem is made up of a laser,
interferometer, translator, telescope, tele-
scope scan controller, and detector. The sig-

@) 6]

nal processing subsystem is comprised of re-
ceiver and detector bias electronics, a signal
processor, algorithm processor. displays,
and recording electronics. A block diagram
of the overall system is shown in Figure 3.
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Figure 3. SLDV overall block diagram.

The SLDV operational description can
best be communicated by tracing the ~Sher-
ent output radiation from the CO, laser
transmitter through the optics, to the atmos-
phere, and back to the data algorithm pro-
cessor and its displays {1]. As shown in Fig-
ure 4, the horizontally polarized collimated
6-mm beam ¢xits the CO, laser and impinges
on the first beamsplitter which is oriented at
45° to the heam path. Approximately ten per-
cent of this beam is passed through the
beamsplitter to be used as a local-oscilator
signal. This portion then passes through
either a Bragg cell fre:, wency translator or a
series of attenuators. In the translated mode,
the Bragg cell shifts the frequency by 24
MHz to create an offset zero frequency for
which positive and negative Doppler shifts
can be observed. In the nontranslated mode,
the beam attenuators reduce the local oscil-
lator power to a level for satisfactory opera-
tion of the detector. In this mode positive
and negative Doppler shifts and the direction
of the velocity cannot be detcrmined. The
local oscillator beam is then reflected 90° by
a mirror placed at 45° to the beam path. The
beam then passes through a half-wave plate,
changing the beam pclarization from hori-
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zontal to vertical, and & recombining beam-
splitter where it is mixed with the return sig-
nal onto the detector. The main portion of
the exit beam from the laser is reflected 90°
by the first beamsplitter and passes through a
Brewster window that is aligned in such a
way that it transmits horizontally polarized
light and reflects vertically polarized light.
The exit beam is then reflected 90° and
passes through a quarter-wave plate that
changes the polarization of the beam to
right-hand circular. The direction of polari-
zation is reversed at the transmit telescope’s
secondary mirror and again at the primary
mirror so that the radiation impinging on the
scanning flat mirror is again right-hand circu-
larly polarized. Upon reflection from the
primary, the beam expands to approximately
25.4 c¢m in diamneter, strikes the scanning
mirror at 45°, and focuses at positions in
space by movement of the secondary mirror
and the scanning flat.
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Figure 4. Gptical block diagram.

The right-hand circularly polarized radi-
ation is reflected by atmospheric aerosols in
the focal volume as left-hand circularly
polarized radiation, and at the same time is
shifted in frequency Dy an amount propor-
tional to the velocity of the aerosols along the
line of sight. This return signal travels back
along the same path as the exit beam until it
reaches the quarter-wave plate where, be-
cause the direction of polarization has heen
reversed by the atmospheric backscatter, it
passes through and is converted to vertical
polarizdtion. This vertically polarized return

signal is then reflected by the Brewster win-
dow to the recombining beamsplitter whiere it
is mixed with the local-oscillator beam. The
mixing of these two beams creates an inter-
ference pattern that is imaged by the focusing
lens on the face of the detector. This pattern
varies with time according to the difference
frequency of the two beams. The detector
converts the radiation energy to electrical
energy, and the resuit is an electrical beat
signal that is proportional to the Doppler
shift created by the motion of the atmos-
pheric aerosols. This signal is then amplified
by the receiver network to the level required
for operation of the signal processor.

Upon entering the signal processor, the
Doppler signal is mixed with a chirp pulse
and fed to a surface-acoustic-wave delay
line. The serial output of the delay line is a
continuous, analog spectrum analysis cf the
Doppler signal where the frequency is pro-
portional to time. The signal is then sent to a
sample-and-hold unit, the output of whick
provides a series of discrete spectrum sam-
ples (104 samples in the maximum case).
Each sample is representative of a particular
Doppler-frequency interval approximately
100 kHz wide. Each sample is then A/D con-
verted and incoherently integrated by sum-
mation averaging. At the end of a selected
integration time (0.5 ms to 64 ms), a complete
Doppler-velocity distribution, in the form of
100-kHz wide velocity cells, is provided for
the aerosols contained in the coherent focal
volume of the beam for that time and position
in space.

This information, along with the position
coordinates, is then recorded on high speed,
pulsed-code-modulated (PCM) analog tape at
a maximum data rate of approximately 2 x
10% bits/s. The signal next goes through a
velocity and signal amplitude discrimination
process in which different velocities and
amplitudes of the signal may be eliminated,
leaving only a selected portion of the spec-
trum. This portion of the spectrum, depicted
in Figure 3, is further examined by the signal
processor and the following information is
extracted: V,,,, the velocity with the highest
amplitude; V,, the highest velocity with sig-
nal above the amplitude threshold; 1, the
nagnitude of the highest signal amplitude
(digital number between 1 and 256); and N,
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the total number of velocity cells with signal
amplitude above amplitude threshold. The
information is sent to the data algorithm pro-
cessor along with position and time informa-
tion where it is recorded on tape andjor
stoered in computer memory for processing
on a scan-frame by scan-frame basis in real
time. The results of the data algorithm pro-
cessor are then displayzd, automatically
hardcopied, and written on disk for later
transfer to magnetic to.pe for permanent stor-
age.
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Figure $. Vortex signal spectrum (untranslated).

Data Collection.

The two SLDV units installed at JFK
were located near the middle marker of run-
way 31 right, approximately {21 m on either
side of the centerline. This configuration
permitted the two independent sensor units
to scan a common planar area perpendicular
to the aircraft landing corridor (Figure 6).
The area of prime interest for vortex detec-
tion and monitoring is indicated in Figure 6 to
be 61 m to either side of the runway center-
line and 91 m in altitude.

In vortex detection, the velocity thresh-
old is set approximately 1.8 m/s above the
peak wind velocity in the scan plane, and the
amplitude threshold is set approximately 6
dB below the system wind-signal amplitude.
This aliows only thoge data points that have
high S/N and high velocities; i.¢., those that
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Typical scan coverage requirements with
resulting system scan reguirements.

Figure 6.

are associated with the vortices, to be sent to
the data algorithm processor.

The real time vortex-location algorithm
processes the raw data to locate the vortex
centers. The data are screened to ascertain
that a sufficient number of data points exist
to define a vortex center and that the
maximum peak velocity meets an established
minimum. If these criteria are not met, a
vortex center cannot be defined. When these
criteria are satisfied, a correlation region is
defined that contains all data points within a
given radius of the point possessing the
maximum peak velocity. This region is ver-
ified as containing a vortex center if B per-
cent of the points possess velocities that are
at least A percent of the maximum peak ve-
locity where A and B are specified by the
operator. If the requirement is not met, the
point having the maximum peak velocity
(Vo) is rejected as a noise spike, and the
cotire process is repeated until either a
noise-spike limit is exceeded or a valid region
is found. When a valid region is found, the
vortex center is computed by the algorithm
in Figure 7. The figure also shows the corre-
lation circie drawn about the data point with
the maximum peak velocity. Once a vortex
center is located, the points that were used to
determine its location are eliminated, and an
attempt is made to locate a second vortex by
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repeating the process. After a second vortex
center is located, or it has been established
that one cannot be defined, the chosen out-
put data are displayed and recorded.
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Figure 7. Vortex location algorithm outline.

A series of real-time displays are avail-
able to the operator and are shown in Figures
8 through 10. The time-based piot (Figure 8)
displays the altitude and horizontal location
of the port (*) and starboard (°) vortex cen-
troids as a function of time. When only one
vortex centroid is found in the scan plane, an
(S} is used to denote its position. The x-y plot
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(Figure 9) displays the vortex centroids in the
vertical scan plane with frame one data re-
presented by A, frame two data by B, etc., for
26 frames, at which point the cycle is re-
peated. The typical time between scan
frames for the JFK operation was 2.5 s. The
tabular data output (Figure 10) gives the
frame number, the number of data points
contained in that frame, the number of points
contained in the correlation region for each
vortex, the number of noise spikes found
while determining each vortex center, the
minimum and maximum elevation angles at
which data points were found, the maximum
peak velocities in each correlation regicn,
the time at which the vortex centers were
detected, and the location of the vortex cen-
ters.

The total data package {2] collected at
JFK includes the following:

a. Approximately 80 high speed PCM
tapes containing complete spectral and loca-
tion information concerning the scan area for
detailed post analysis.

b. Approximately 19 digital tapes con-
taining the threshold velocity and position
data for input to the PDP-11 data algorithm
processor.

c. Approximately 1600 hardcopies of
vortex tracks.

d. Approximately 19 digital tapes con-
taining the track and velocity information.
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The analysis of the above data package has
of course resulted in an expanded data pack-
age too large to tabulate.

DATA ANALYSIS

Initially, the data analysis effort, involv-
ing the PCM data tapes, concentrated on
diagnostic applications such as evaluating
signal-to-noise ratios, range resolution, and
algorithm results. As a result, a number of
computer programs were created to analyze
calibration runs, print and plot raw data, and
analyze flow field information.

In the evaluation and comparison of var-
ious algorithms for vortex location, the
simplest form of an aircraft wake was used,
consisting of a pair of counter-rotating vor-
tices as shown in Figure 11. In this idealiza-

VORTLX CONE
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tion, one vortex is shed from each wing with
the centers being separated by m/4 times the
wing span. The direction of rotation is that
which produces a downward velocity com-
ponent between the vortices. According w
the theory of line vortices, in the absence of
any wind or other influence, the transport of
*he vortex center is determined by the in-
duced velocity of the remaining vortex. [f the
pair s close to the ground, the interaction
becomes more complicated due to the
boundary condition of zero vertical velocity
component at the ground. Thiz condition
may be handled by the introduction of reflec-
tions of the vortices where these reflections
or images. when combined with the actual
vortices  satisfy the boundary condition and
provide a simple means of determining vor-
tex transport. While it is evident that this
simplistic vortex model will not provide
realistic results under many conditions, it has
served to provide a general standard in de-
termining the ability of the SLLDV system to
resolve vortex tracks.

The extension of post-analysis tech-
nigues to obtain detailed information in
selected cases was a natural result following
the complet.on of the initial evaluation. The
algorithm which was used primarily in post
analysis closely paralleled the real-time al-
gorithm {3]. In this algorithm, the scan is
determined by observing the turnaround in
angle after smoothing to remove the fluctua-
tions. For each scan the maximum values of

Figure 11.  Trailing vortex wake.

Viks Vinaxe Lok and S, and the average value
of S are recorded (S is the integrated signal).
The location of the vortices is performed
using an iterated centroid method. The loca-
tion of one vortex is determined by locating
the highest I,,, considering all of the points
falling within a correlation circle of specified
radius of this point, and calculating the cen-
troid, weighted with the amplitude above the
threshold. A similar procedure is used to de-
termine if a second vortex was present using
the highest 1, outside the correlation circle
defined for the first one. Points occurring in
both circles are considered to be associated
with both vortices for purposes of the cen-
troid. The locations thus determined arc
used as centers 7or new centroids. If a major-
ity of the points in either vortex are in the
overlap region, the point which initiated the
location of the second is deleted and the iter-
ation procedure is begun again. The x and y
locations of each center are printed out after
cach stage of the iteration. The algorithm, in
addition to providing location, also provides
time histories of the above parameters as
well as scatter plots generated for V., Ve
I and the integrated signal S. A velocity-
versus-angle plot is also constructed for each
vortex in each scan for use in determining the
flow figld parameters.
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Vortex Flow Fields.

By analyzing the function V, versus
angle. it is possible to obtain a plot of the
tangential velocity profile of the vortex using
the assumption of circular symmetry. V is
especially usefu! for this purpose because it
does not require that the system be focused
at the correct range for the given vortex.
Cor:sidering ranges which fall within the
range bin of the vortex range {10 m), the
value of V for any point in this range should
be-a measure of the tangential velocity of the
given vortex at the angle associated with that
point. A typical plot of V,, as a function of
angle is shown in Figure 2. It may be seen
that the vortex consists of two high-velocity
regions which may be associated with oppo-
site sides of the vortex core, and a null be-
tween them which may be assoctated with
the vortex center. It will be noted that one of
the velocity peahs is higher than the other.
indicating that one side of the vortex had a
velocity which added to the ambient wind
velocity. It will also be noted that the high
volociiies expected at the vortex core are
ahsent. This is believed to be a result of the
fact that the regions of high velocity are too
small to be seen by the system, since, with a
given signal-to-noise ratio from the wind sig-
nal, there is a minimum detectable target
length below which the system will not re-
ceive a signal above threshold. This length is
proportional to the range resolution, and for
a typical case the minimum detectable target
is slightly greater in size than two-tenths of a
range-resolution ¢element (corresponds to a
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Figure 12, V,, versus B for a B-707 vonex; day )10,
run 1029, scan |, vortex L, range = 100 =
0m.
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length of approximately 3 m at a range of 150
m).

Typical vortex velocity profiles are illus-
trated in Figure 13 where lines of constant
parallel component of velocity are shown.
The figures show the vortex velocity profiles
for conditions of no wind, a moderate
cross-wind, and a reasonably strong cross-
wind. The maximum tangential velocity of
the vortex is assumed to be 30 m/s. It may be
seen that the regions containing velocities
greater than 23 m/s are extremely small. Fur-
thermore, as the cross-wind velocity in-
creases, the regions on the side of the vortex
which oppose the wind become even smaller
and those on the other side become larger.
Since these regions are extremely small, it is
anticipated that they will not be seen with the
Laser-Doppler System.

.

Figure 13, Interaction of vortex and wind:
vortex Vg, = 31 m/s.

In addition, the cross-wind increases the
size of the regions on the side of the vortex
which add to the wind and makes the detec-
tion of these regions more probable than the
detection of the same velocity on the oppo-
site side of the vortex. The result of this is a
high probability that the top of one vortex
and the bottom of the other vortex of the pair
will be located by the system. This leads to
an altitude difference between the vortices
immediately after their formuiion, with the
down-wind vortex being lower in altitude.
This has been observed in most of the data
which has been analyzed where a significant
cross-wind was present.
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Vortex Transport.

The transport was compared to the com-
ponents of the wind velocity for four runs.
The wind-velocity components were mea-
sured by sensors mounted on a meteorologi-
cal tower located between the middle marker
and runway 221 4R. Figure 14 shows a vor-
tex pair from an L-1011 being transported at
about —3 n/s. After 15 seconds. one vortex
left the scan plane. The other continued to
fall and changed its velocity untii it was
traveling in the opposite direction at an al-
titude of about 12 m. After that, it rose in
altitude and retumed to its original transport
for the rest of the 75 seconds for which it was
observed. The measured cross-wind was -2
m/s at 12-m altitude and —.2 m/s at 6 m. The
run shows evidence of a shear going from - 3
m/s at 50 m to 0 m/s at the ground. The wind
velocity may reverse near the minisaum ai-
titude of the vortex or the reversal of trans-
port velocity may be due to the induced ve-
locity caused by ground efect. A headwind
of 4 m/s was observed on this run.

It is difficult to make a quantitative esti-
mate of the correlation between vortex
transport aitd wind data since the wind data
is taken from a 12-m tower while the vortices
were seldom at that low an aititude. Fur-
thermore, when the vortices descend to 12
m, the effect of ground interaction becomes
significant. The transport data obtained in
post analysis are in good agreement with
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Figure 14.  Sample vortex transport.

those obtainad in real time and reflect both
the velocity of the local wind and the induced
velocities from the interaction of the vortices
and the ground.

Vortex Circulation.

The eftective circulation of a vortex may
be calculated from the LDV data in one of
three ways. All approaches make use of piots
of the peak velocity versus angle. These
plots are restricted to include the vortex of
interest by including only data collected with
ranges within 10 m of the vortex range. Thus,
two velocity versus angle plots are generated
for each scan (if two vortices are present).
Each plot contains data from a 20-m range
bin centered at the vortex range. The highest
velocity in the spectrum at each point is as-
sutned to be the velocity of the vortex along
the given line of sight.

Since no frequency tratislation was used
in collecting the data, no sign change oc-
curred in the velocity profile across the vor-
tex, therefore it was necessary to locate the
center of the vortex in angle and assume that
a sign change occurred at this point. This
was done hy finding two angles having high
velocities and having a relative minimum
velocity between them. The two peaks were
assumed to cormrespond to the two sides of
the core while the nuill was identified as the
angular location of the vortex center.

The easiest circulation estimate is ob-
tained by selecting a point on the velocity
versus angle plot, determining its radial dis-
tance from the center (using the angles and
range), and calculating

[ = 2%2V, (4)

where r is the radial distance to the vortex
center and V is the peak velocity at that
point. This method has the advantage of
being easy and th: disadvantage of using
very little of the data. Furthermore, it is not
necessarily related to any wake effects which
would be experienced by an encountering
aircraft.

The second approach is a least-square fit
which assumes a specific vortex model with
variable parameters and fits it to the data to
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obtain the best values for these parameters.
One of the resulting parameters may be used
to calculate the circulation. The method
makes use of iniore of the data, but, again,
does not necessarily relate :o the effect on an
encountering aircraft since the calculated
circulation is dependent on the model cho-
sen.

The third approach, the rolling-moment
method, makes use of all the data and pro-
duces a circulation estimate which is sig-
nificant to the encountering aircraft [4]. The
procedure is to calculate the rolling moment
on a hypothetical aircraft of wingspan b,
using the LDV data:

b/2
M= vrdr. (5}
~b/2

This quantity, in the constant-circrilation
model of a voitex, is proporiional to the
wingspan in such a way that the circulation
is:

re g, {6)
For an actual vortex, this equation will not
hold for all values of b. However, it is possi-
ble to determine an effective circulation by
applying the equation in a region where the
M versus b curve is linear. Thus, the effec-
tive circulation is defined as the circulation
of that model vortex which produces a rolling
moment, on a hypothetical encountering air-
craft wing of span b, which varies with b in
the same way as that of the actual vortex.
The method has produced good results in
moderate cross-winds for vortices at least 10
to 15 seconds old.

The effective-circulation calculations
have been performed using the latter ap-
proach on wake vortices from a variety of
aircraft types in different wind conditions.
The calculation has been performed on each
vortex for every scan in several runs to pro-
duce a time history of effective circulation
for each vortex. An example is shown in
Figure 15 for a B-747. The B-747 results indi-
cate that reasonable values are obtained after
10 seconds; however, most of the results for
run 1019, on day 115, are low based on the
expected values and on the results of other
B-747 runs. Thi®may be due to the use of too
high an amplitude threshold. A few scans
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produced reasonable results and these are in
good agreement with the results from van 2.
Both runs 2011 (day 118) and 2019 (day 115)
produced high effective circulation in the
first few scans. The DC-8 results ia low to
moderate cross-winds behave in a similar
fashion, while the high cross-wind run has an
effective circulation which is too high
throughout most of the run. This may be due
to char s in the vortex velocity due to the
wind, which do not cancel out, because of
the folding of the LDV spectrum about z :ro.
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Figure 15.  Vortex circulation versds time.

With three runs processed earlier, the
overall result of the effective-circulation cal-
ct'ations include usable data on 10 out of 12
runs. There is considerable scatter in some
of the data, but the overall trends are readily
apparent. Overall, it is felt that the rolling-
moment method usually produces reasonable
values of effective circulation which may be
used as a measure of vortex strength. The
calculations have been performed for every
scan of several runs lasting up to 60 seconds.
From these caiculations, it has been deter-
mined that the effective-circulation calcula-
tion is quite sensitive to the amplitude
threshold and that the optimum threshold
may be different for vortex location and
effective~circuiation calculation. For the lat-
ter, the threshold should be as close to the
noise floor as possible without causing a high
false-alarm rate. In addition, it has been ob-
served that the effective-circulation calcula-
tion is almost always too high during the first
few scans; this is probably due to the exis-
tence of muitiple vortices which were ig-
nored in the calculations.
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Multiple Vortices.

The study of multiple vortices has be-
come of interest for a number of reasons.
First, experimental and theoretical studies
have been undertaken to determine if multi-
ple vortices can be made to interfere, produc-
ing a vortex system which decays more
rapidly than those in prasent aircraft wakes.
Additionally, several phenomena observed
in the JFK data are difficult to interpret on
the basis of a simple vortex-pair model. In
particular, excessive effective circulations
have usually been obtained during the first
ten seconds after vortex generation.

Work performed on the JFK data has
indicated that multiple vortices may be
studied by using spectral analysis and veloc-
ity versus angle plots. Lifetimes of multiple
vortex systems have been estimated at 10 to
20 seconds based on observations of spectra,
velocity profiles. and effective circulation re-
sults. After this time, the vortices apparently
merge into a well defined vortex pair.

The spectral charactenistics of an aircraft
wake change with time. The spectra of young
wakes typically contain high velocities. have
wide bandwidths, and often exhibit multiple
peaks with deep nulls between them. The
spectrum is clearly that of a cor.plicated ve-
locity and/or backscatter coefficient distribu-
tion rather than that of a simple vortex in a
uniform atmosphere. Typical peak velocities
are on the order of 15 m/s. Often significant
signals are obtained at all velocities between
2 mfs and 15 m/s resulting in a signal
bandwidth of close to 3 MHz.

These spectra typically have a number of
peaks and valleys indicating that there is sig-
nificant backscatter from several regions of
different velocities. This may arise in one of
two ways. First, for a single vortex, locally
high concentration of particulate in small re-
gions may be moved about by the vortex
flow field. Their velocity components would
differ because of their different locations
within the vortex. If this is the case, the ratio
between peaks and nulls should be equal to
the ratio of maximum to minimum
backscatter coefficient along the line of sight.
This has been measured to be as high as 18
dB (day 115, run 2019, frame 5918), which
seems excessive, based on this explanation.
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The other possibility is that the velocity
component ajong the line of sight undergoes
irregular changes as would be the case if the
line of sight penetrated several vortices.

As the wake ages, a number of changes
occur in the spectra. Most notably, the peak
velocity falls, more or less smoothly by
about 2 to 3 meters per second in 20 seconds,
and continues to fall throughout the life of
the wake. The peak velocity usually falls
below a threshold of 5 m/s about 60 to 90
seconds after vortex generation.

Evidence of multiple vortices is also ap-
parent on some occasions in plots of the vor-
tex velocity components as functions of
angle. A detailed analysis of the multiple-
vortex problem is not possiblc with this data
due to the low angular-data density available.
However, it has been noted in many runs
that considerable structure exists which is
more complicated than what would be ex-
pected from a single vortex system.

CONCLUSION

The SLDV system. developed by
MSFC, was deployed for six months of field
operations at JFK Airport to detect, track,
and measure aircraft wake vortices. The
SLDV operated reliably throughout the test
period under a variety of adverse environ-
mental conditions including rain, snow. tem-
perature extremes, and acoustic vibrations.
Of these condition . temperatures in excess
of 90°F had the oniy significant adverse ef-
fect on the operation of the system. The
problem can be alleviated to a great extent by
increasing the air conditioning av-ilable to
the electronic hardware.

During the JFK Airport operations, in-
formation was collected on more than 1600
aircraft landings. The information was stored
on magnetic tape from three different data
processing points in the system for analysis.
This included velocity and position of the
flow field of the entire scan plane, the flow
field of the vortex, and the track of the vor-
tex centers. In addition, information on vor-
tex centers was obtained on hard copy and
placed on microfiche.

Analysis of the JFK Airport data indi-
cates that vortex locations to within 3 m were
achieved in real time and that vortices were
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tracked to a range of 457 m and for a duration
in excess of 80 s. Vertical and horizointai
transport of the vortices as well as vortex
circulation information were also obtained.
In addition. the presence of multiple vortices
in the JFK data was indicated by spectral
analysis, velocity profiles, and effective-
circulation calculations and descent rates.
The most promising means of studying mul-
tiple vortices is felt to be an arc-scan with
high angular-data density and a shont scan
time. Using the existing data. the best ap-
pioach would be a detailed spectral analysis
considering the ratios of peaks and valleys in
the spectra. This could yietd some size and
peak-velocity data which could be compared
to simple models. Evaluation of descent
rates could also be useful if the models were
processed to determine theoretical descent
rates for comparison.
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SIMULATION AND DATA ANALYSIS OF A
SCANNING LASER DOPPLER VELOCIMETER SYSTEM
FOR SENSING AIRCRAFT WAKE VORTICES
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ABSTRACT: The objectives of this study are to simulate the response of a Scanning Laser Doppler
Velocimeter System (SLDVS) ir an aircraft wake environment and to display the expected spatial
signatures. From analysis of these simulated signatures as well as flight data. optimal tactics for
determining wake location and strength can be established.

INTRODUCTION

The particular purpose of the simulation
program described here is to provide a de-
tailed but flexible model of the SL.LDVS that
will complement the design. development.
and implementation of a laser Doppler
anemometer for the detection and analysis of
aircraft vortex wakes. The purpose is to as-
sist in design of a LDV instrument to locate
the hazardous high velocity vortex cores in
the aircraft wakes, estimate their strength,
and to obtain. where possible. details of the
field. A basic problem is the very localized
motion of the vortex cores (a few tens of feet)
and the large areas of space which must be
probed. The LDV system has an incoherent
limitation in range resolution and at long
ranges the vortex cannot be resolved. The
data analysis and particularly the analysis of
detection probabilities and reliabilities in the
presence of a complex wind shear field is not
easy in this type of situation.

The motivation of the approach we will
describe is to construct a simulation model of
both the instrument, the atmosphere and the
vortex wake of the aircraft and to use this
model to develop a variety of detection and
processing algorithms at a substantially
lower cost than repeated field tests. Thus the
system to be described is not simply an at-
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mospheric wind anemometer. it is a vortex
detection system and a major feature of the
design is to define optimal strategies for
localizing the signature as well as reducing
the false alarm rate. We describe the ap-
proach used in the hope that the same type of
approach may be valuable in other
anemometric applications which involve the
construction of a complex data processing
procedure.

The simulation does basically two tasks:
starting with a fairly general model of the
atmosphere and aircraft wake at an initial
time, it follows the subsequent atmospheric
motion dynamically and simultaneously con-
structs a simulation of the raw data produced
from one or two SLDVS units: and a second
part of the program then processes and dis-
plays these data. The objective of the simula-
tion program is to provide a well defined and
controlled numerical model of the atmos-
phere and sensor that can be used for testing
and evaluating a variety of data processing
algorithms. In this way, optimum operational
procedures can be determined. In addition,
the model provides a method for determining
system capability (e.g., vortex location accu-
racy, false signals, effects of unusual weather
or unusual viewing geometry). For the latter
goal, it is necessary that the model provide a
faithful representation of the actual system,
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and detailed comparisons with the raw and
processed data are necessary to validate or
modify the model. A second data processing
numerical program was constructed to pro-
cess actual flight data by the same methods
used in the simulation.

It is known that severai factors affect the
development of the vortex wake and its
transport through the atmosphere following
aircraft passage. The hydrodynamic model
includes most of these influences, and is
therefore rather complex. Since a detailed
description has been given elsewhere [.], we
will merely list the effects which are incorpo-
rated in the model:

1) Arbitrary spanwise wing loading (in
order to treat any flap configuration),

2) Development of the wake, including
initial roll-up into whate ver number of vortex
regions is consistent with the wing loading,

3) Wind shear in the atmospheric
boundary layer within which the low altitude
wake is embedded,

4) Image vortices below the ground
plane,

5) Atmospheric turbulence (simulated
by constructing a detailed realization of a
turbulence spectrum),

6) Buoyancy and stratification effects in
the atmosphere and in the exhaust jets from
the aircraft engines.

Axial flows are neglected. The model is
two-dimensional, and treats motion in a ver-
tical plane normal to the aircraft track.

The SLDYV simulation model applies to a
CW, focused, coaxial, coherent laser sys-
tem. The system scans in range and elevation
in a vertical plane. Range resolution is ob-
tained by utilizing a depth-of-field effect. The
system simulation model was developed for
the purpose of evaluating various system de-
signs and is also flexible. The applications
described in this paper are those in which the
magnitude but not the sign of the velocity is
sensed. This is not an inherent Lils win
either in the system or the simulation model.

Detailed descriptions of these models
and data processing programs are available
in reference 1. Simulations and data analysis
have been carried out for several aircraft and
are described in detail in references 1 and 2.

The SLDV system is modeled by cal-
culating the system response as the focal
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point is moved in range and elevation angle
in the scan plane. When the system is fo-
cused at a given point in space, the Doppler
spectrum responsc is calculated by consider-
ing contributions from each range point and
superposing these, multiplied by a theoreti-
cal range response function. The velocity
components are obtained from the hy-
drodynamical model at various times. A
unique feature of the modeling of the hy-
drodynamics [1] allc s the tip vortices to be
treated with high spatial resolution by invok-
ing specific models of the core structure
while at the same time retaining a lower reso-
lution representation of the larger scale fea-
tures. The range response function is con-
structed from a previous analysis (in the ap-
pendix of reference 3) of the optical system
for Gaussian beams. Effects of finite trunca-
tion and blccking of the primary mirror have
been treated by a detailed two-dimensional
propagation analysis. In the system mode]
these effects are included by simply degrad-
ing the Gaussian beam analysis appro-
priately.

The spectrum is calculated by multiply-
ing the aerosol density by the response func-
tion at each range point and cumulating this
contribution in the appropriate velocity (or
frequency) channel. The aerosol density in
the neighborhood of the core is affected by
centrifuging at late time, and a model for this
has been developed [1]. However, in the
present simulation calculations, a uniform
particle density is assumed.

Once the spectrum has been evaluated,
simulations of the data analysis procedure
are carried out. Various moments of the
spectrum (the mean velocity, variance,
skewness and kurtosis) and certain other
characteristics of the spectrum are calcu-
lated: the velocity of the highest channel
above threshold (Vyea), the velocity of the
channel having the peak signal (Vnay), and
the signal level in this channel (1 oax). All of
these data, in addition to the fundamental
input (the value of the line-of-sight velocity
component at the particular range point) are
presented on a three-dimensional ' range-
elevation angle plot. Also plotted are the ac-
tual locations of the vortex cores. The
geometry of the simulated laser scan pattern
together with the vortex wake motion are
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separately displayed. This emire procedure
is repeatec for each step of interest.

A data analysis program has been con-
structed to assess the SLDV system perfor-
mance, to validate the simulaiion model, and
to test various vortex location algorithms.
The program takes either real or simulated
Doppler spectra versus range and elevation,
calculates the spatial distributions of various
spectral momenis (mean velocity, variance,
skewness, kurtosis) or other spectral charac-
teristics (Vpeak’ Vmaxe Ipeaks Igum) These data
(either real or simulated) ere then subjected
to various processing procedures to enhance
the patterns and to determine vortex loca-
tions. The final output is displayec as con-
tour plots in an x-y coordinate system.

Direct comparisons between the simula-
tion results and the flight test data are possi-
bie through this data analysis program by a
parallel data processing procedure. Conclu-
sions drawn from examination of the simula-
tion data and comparisons with the flight test
data can then b made.

SPECTRAL SICNAL
CHARACTERISTICS FOR COAXIAL
SLDV SYSTEMS

Characteristics of NASA/MSFC SLDV
systems are described in detail in references
4 and 5. In the piesent paper we are con-
cerned only with the parameters relevant {o
the simulation of spectral response.

Signal-to-Noise Ratio.

Coherent heterodyne laser detection sys-
tems are commonly operated in a shot noise
limited condition; that is, the noise is deter-
mined entirely by the number of scattered
photons detected, not by the receiver elec-
tronics. The performance of a general coher-
ent laser system detecting the r=-iation scat-
tered from a continuously distributed aerosol
has been analyzed previously [3}. In the
present case of a coaxial system, (that is, the
received scattered signal is collected through
the transmitting optics), the signal-to-noise
ratio is givea by

n o(L)
0 (x.-x.~)2

3 ¢L. ()

Here nis the differential backscattering

cross-section per unit range per steradian, 7
the overall loss factor (atmospheric absorp-
tion, optics and electronics), P, the transmit-
ter power that is scattered into the bandwidth
Aw (i.e., P, Aw is proportional to the number
of photons transmitted which would be scat-
tered into the frequency internal Aw in an
ideal system). We have assumed that both
transmitter and receiver have a Gaussian
apodization with radii R, and R,, respec-
tively, at the e~? intensity points. The trans-
mitted wave fronts are focused at a range f,
and the receiver section is focused at f,. The
focal point for the receiver is determined by
locating the position of the virtual image of
the local oscillator. In terms of these optics
parameters, the various parameters in Equa-
tion (1) are given by the relations
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where A is the wavelength and
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When the atmospheric backscattering prop-
erties of the Doppler signal vary negligibly
across the depih of field wAL, the signal-to-
noise ratio takes the form

r~ 2
T ANl L a1 LY 9
S/ = 3 Febt ny) ngolz tyotan T g

In order that significant range resolution
be achieved, the aperture must be choser: so
that AL is small compared to L*, i.¢., so that
the scattering particles are well within the
near field (AMf/mR? << ). In this limit, the
signal-to-noise is independent of range

Pw————
S/M = n+—- n_o

v (10)
ow

ESES

and the range resolution (the region from
which comes half the scattered enesgy) is

nor = ALY/R? (11)

The signal-to-noise given in Equation
(11) represents a mean value averaged over
the band width Aw. When the receiver chan-
nel width exceeds the Doppler width of the
scattered signal, Aw is to be set equal to the
receiver channel bandwidth, When the Dopp-
ler spread is large enough to cover mote
than one receiver channel. Aw is to be set
equal to the Doppler width of the incoming
signal. In this case, the signal-to-noise is in-
dependent of the individual receiver channel
bandwidths.

When the magnitude of the scattered
power changes only slightly in a time equal to
the reciprocal of the individual receiver
channel bandwidths, further improvement in
the single-to-noise ratio can be achieved by
incoherent integration of the power level at
the output of the receiver channels. The in-

97

crease is essentially equal to VAw,7,, where
7, is the allowed integration time and Aw, the
receiver channel bandwidth. For the op-
timum performance, the integration time
should be matched o the dwell time.

Spectral-Response.

A typical configuration for a single
SLLDV system is shown in Figure 1. In the
scan plane there are 21 beams at 1.5° apart,
each covering a range between 60 and 250
meters. Superimposed in the same figure is
the location of the trailing vortex sheet. The
flow velocity along each line of sight (parallel
velocity V) are presented in Figure 2. These
plots would indicate the response of an
SLDV system which had infinitely high
range resolution. At large lateral separations
from the vortices, that is, at the top and
bottom of the figure, only a very weak veloc-
ity perturbation is seen. As the line of sight
gets closer to the vortex, the velocity peaks
near the vortex location (C). However, if the
line of sight passes directly through the vor-
tex only a small component of velocity paral-
lel to the line of sight is obtained (B8). Lines of
sight which pass between the vortex pair
sense both vortices (A). The peak value of
the parallel velocity changes sign as the line
of sight crosses the vortex center and
maximizes at the edges of the core.

The finite range resolution as defined by
£quation (11) smears out this velocity profile
to a greater or lesser extent depending on
range. The SLDV system senses the Doppler
spectrum as averaged over the rangs re-

T Yr7 T I Yy Ty Yy Ty r sV T Ty Ty I Iy

Figure 1. LDV fan beam configuration.
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Figure 2. r, O-plot for the parallel velocity (V).

sponse function of the instrument. Various
moments or mean properties of the velocity
spectrum may be caiculated from the relation

Tis,) = fTV") I(s,6,V")dv"
f—_————————, (12)

fI(s.@,V“)dV“

where I(s,0.V") is the Doppler spectral in-
tensity, s is range, and O is elevation angie.
This intensity in turn depends on the atmos-
pheric backscattering properties and the
range response function gy(s,s’). For Gauss-
ian aperture apodization, the range response
function has the form

1

N2 '
1*‘81\:)

qs(srs') = {13)

waere Zs is the range resoluiion (between
3db poiats) obtained by multiplying Equation
{11) by 2:

2
LYED 14
“")gm.aaian = 2!1(&) ' (4

Here s is the range to the focal point and R is
the aperture radius (e"? intensity). To ac-
count for finite truncation of the telescope
mirror in the simulation model, we simply
degrade the resolution by a fixed factor:

8s = 2t 2 (a/m?, (15)

Detailed propagation calculations have beeu
carried out to examine the effects of finite
apertures and blocking of the mirror. For a
Gaussian beam truncated at the ¢72 radius,
is computed to be 2.1.

Two modes of operation are possible, in
general: one where the sign of the Doppler
shift is sensed and the other where only the
magnitude is used. All of the calculations
presented here assume the latter mode, al-
though either or both modes can be im-
plemented.

The calculation of the spectrum begins
with the parallel velocity profile versus
range. When the system is focused at the
range s, the spectrum level in the velocity
channel Vy is obtained from a finite differ-
ence representation of

Ils,e,Vk)

. fnc(a')gv(V(s') - Vk) das'/as )
o *
8-~8 '

(] 1![1 + 4( A5 2] (16)

Here g(8V) is the frequency response of the
filter and is taken to have the form

1
V) B o
gy (8V) P an
1+ Cw)

where AV is the velocity resolution (0.545
meters/sec in the current simulation) and p is
a parameter. The value p = | gives a reason-
able representation for simple (6 db/octave)
rolloff. Filters with sharper cutoffs corre-
spond to larger values of p. No great differ-
ences are expected hetween the different
values of p and the current demonstration
calculations have all assumed p = »,

General Description of SLDV Simulation
Code.

The model of the SLDV system response
described in the preceding sections is formu-
lated as a numerical computer program. This
program calculates as a function of time, the
response of a pair of LDV scanning systems
wtich view the region below and near the
aircraft track. Each system is described by a
prespecified number of equally spaced lines
of sight which uniformly cover elevation an-
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gles between a given maximu'n and minimum
value. In the present formulation, the pro-
gram ‘“‘tracks’’ the wake, locates the eleva-
tion angle of the midpoint between the two
tip vortices and automatically centers the
elevation angle scan on this point. At regu-
farly spaced time intervals, the simulated
LDV system response is calculated as a func-
tion of range (to some maximum range) for
each elevation angle.

The output of the program is displayed in
a series of plots. The vortex sheet shed from
the aircraft wing, as weil as the tip vortices,
are first presented on an x-y plot along with
the locations of all the distributed wind shear
vortices. The SLDV system configuration is
displayed by superposing individual lines of
sight of the two beams on a plot of the vortex
sheet location.

The SLDV system response is calculated
from the distribution of the parallel wind ve-
locity component along each line of sight.
Before presenting simulations of the system
response, a high resolution ‘three-dimen-
sional” plot of this parallel velocity compo-
nent is presented. This is the basic quantity
sensed by all Doppler radar backscatter sys-
tems (laser, acoustic or microwave). Here
the velocity is plotted versus range for each
elevation angle and an entire scan frame is
presented in a single range-elevation angle
plot. Curves for different elevation angles are
displaced in the vertical direction by an
amount proportional to the angle,

The Doppler spectral intensity (V) is
then calculated st each point in space. Be-
cause of the large amount of data, only sam-
ples of these spectra at selected elevation
angles are presented.

After the spectrum is computed, a
number of spectrai moments are determined.
At present there are ten differant variables or
moments that are calcujated at each range-
elevation point. These are:

1) The parallel velocity V. the actual
component along the line of sight as com-
puted directly from the hydrodynamic
model.

2) The (unrectified) mean parallel veloc-
ity (V,): this is the parallel velocity simply
averaged over the theoretical range resolu-
tion function

Vl(s) = ‘Z;s(s-s‘)V(s')ds‘/! g (s~s')ds'.

(19)

_3) The (rectificd) mean parallel velocity
V: this is the parallel velocity as sensed by
the LDV system with finite range resolution:

Ve, [ro0 - 1°<k)]!vkl/lsum- (20)

IARA

Here V, is the velocity of the kth channel,
I(k) the computed intensity in this channel,
Igk) a threshold intensity level (to be dis-
cussed subsequently). and V, a velocity
threshold. I, is the total iatensity in all
channels (above threshold):

]sum = Z {I(k)~ Iﬂ(k)) . 21
v vy

In all moment calculations. no contribution is
included for intensities below a given inten-
sity threshold (i.e., only non-zero contribu-
tions for (k) > Iqk) are allowed). In this
computation the system is assumed incapa-
ble of distinguishing positive from negative
Doppler frequencies.
4) The velocity variance o

o= Z (vl = D2 = 1 )

— - (22)
vy, Laum
5) The skewness 83:
o 3
8= v | - 2w - 1 (kN
Z Yyl ( ° . (23

I Vk ] >V, xeml'n
6) The kurtcsis:

‘
k= 3, Uyl - 0lam -1 gy
v by, 1

sum

7) The peak velocity (Ve the veloc-
ity of the highest frequency channel having a
spectral intensity exceeding the threshold
value (and if V pea™> Vo).
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8) The velocity of the maximum inten-
sity (Vmay); the velocity of the channel hav-
ing the highest value of Kk) - k) and for
which V>V,

9) The maximum intensity (l,cq); the
largest value of I(k} — Iy(k) for all velocities
greater than V,.

10) Sum of intensity (I the total sig-
nal strength above the intensity and velocity
thresholds:

Iom ® Z (T(x) = I (k). (25)
v I>v,

All of these quantitics are presented in
the range clevation angle plots described
previously. To illustrate the relationship be-
tween the variations of each variable and the
tip voitices, we also superposed on the plots
the location of the vortex sheet and the tip
vortices.

DATA ANALYSIS

In general, each range scan of the system
concerned is composed of approximately 50
points. and about 25 1ines of sight for a com-
plete angle scan so that there are approxi-
mately 1250 range points in each frame. The
SLDV return signal is in the form of a spec-
trum (intensity versus velocity) at each point
in space. For each focal point in space, there
are six numbers to record its frame sequen-
tial number, X,y coordinates, range r, angle
O and the clock time plus one number to
record the signal intensity for each of the 104
velocity chanuels. From the spectrum, val-
ues of the derived variables (V through lym)
described in the previous section are com-
puted for each point in space. These vari-
ables are plotted both as functions of range at
coustant elevation angle anc as contour plots
in Cartesian coordinates. The R-O plot
shows range-angle correlations, while the
contour plot shows the spatial variation in
the scan plane.

The effects of applying intensity and vel-
ocity thresholds to the spectra have been
examined. The optiinai .atensitv threshold Iy,
is found by successive approximation, in-
creasing Iy, until a clear contrast is achieved

between the localized vortex reiurn and the
distributed background return. The results of
this process can be summarized as follows:

I) A lcw intensity threshold results in a
noisy **vortex" signature broadly distributed
1> space for all of the variaoles derived from
the <vectrum, except higher order moments
of verocity which show localized signatures.

2) Medium intensity thresholds result in
Ly (and also Ij... for non-zero velocity
thresholds) being localized neur the vortex
core. Other variables are noisy and broadly
distributed.

3) High intensity thresholas result in

localized distributions for all variables; Iy is
most localized.
A velocity thieshold can also be applied. In
this study oniy two velocity thresholds Vy, (4
and 20 m:/sec) have been examined, and no
systematic investigations of the effects of the
value of V, have been carried out.

RESULTS OF A B-720 SIMULATION

Figures 3 and 4 show simuladons of the
vortex wake of a B720 aircraft. The altitude
at time zero was taken to be 55.3 meters and
the total circulation of one wing is 190
m¥/sec. A light wind was assumed according
10 Uy = 0.5 In(1+y) >} m/sec, Two SLDV
systems were assumed located on opposite
sides of the aircraft track. Figures 3a and 4a
show the overall geometry -t an elapsed time
of 18 scconds tor both SLDVI and SLDV2.

HET~HT IN METERS

MR T2ONTAL NLVTANCE N WEVERY

Figure Ya.  Fan beam configuration for LDVIL.
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In Figures 3b to 3g and 4b to 4g, we show
range-elevation plots of the following series
of variables: V,, V..V, &, 8, . In all cases to
be discussed. the intensity and velocity
tiresholds were taken to be zero. Five par-
ticular lines of sight are identified in Figure 3
and exhibit various characteristics of the sig-
nature. In general, both vortices can be iden-
tified (at least at this range) in all lines of
sight which pass between the two vortices.
The line of sight 3 passes near the midpoint
and shows two comparable peaks in Figures
3b and 3f. Lines of sight passing near the
edge of a vortex core (but not through the
core) show a strong peak (e.g., lines 2 and 4):
however, when the line of sight passes 1i-
rectly through a vortex core (e.g., line I),
only the broad maximum from the othar vor-
tex is discernible. These features are particu-
larly marked in the higher moments of veloc-
ity (that is, o, B anu « in Figure 3e, f, g)
where the core edges are quite visible on the
line, whereas the line of sight passing
through the center of the core shows no sig-
nature.

By comparing Figures 3b to 3¢ for the
line of sight §. the effect of finite range reso-
lution can be seen. Similarly, by comparing
Figures 3¢ to 3d of the same line. the effect of
velocity rectification can be demonstrated.
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Figure 3bc. Fan beam configuration and distributions
of V, and V, along various lines of sight for
LDV1 located at mean range to wake: 120
meters (B-720 simulations at 18 seconds).
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Figure 3defg.  Distributions of various spectral
moments for LDV! located at mean
range to wake; 120 meters (8-720 simu-
lation at 18 seconds).

Signatures for all variables, except for V, in
Figure 3b which was computed with infinite
range resolution, are confined in the region
between the vortices. Only two beam separa-
tion. (3°) away from it the signature becomes
invisible. The visibility of signature increases
with the order of moment of velocity, and
angle resolution also improves with higher
velocity moments. The spread range is a
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function of range resolution only: using
higher moments does not reduce it. Although
it is not clearly shown hzre, the skewness
becomes negative at close range (less than
120 meters}) on lines connecting two vortices.

Figure 4 shows the sigaatures as seen by
the second SLDV system (SLDV2) at 18
seconds after fly-by. The mean range to
wake is about 160 meters. The vortices in
this case lie along a single fine of sight from
the instrument, and are not separated in
angle. Line of sight 2 (passing through both
cores) in Figure 4 shows no discernible signa-
ture for all variables, while lines of sight 1
and 3 (on either side) show clear signatures.
The signatures of the vortices are partially
merged together at this range (~ 160 meters)
even though there are several peaks in Fig-
ures 4defg. More detailed discussions and
simulations of other aircraft and wind condi-
tions are given in reference 1.

COMPARISONS OF SIMULATION
RESULTS TO FLIGHT TEST DATA

Simultaneous processing for both actual
flight and simulated data tapes was carried
out. The rasters of measured or recorded
points are shown in Figures 5a and 5b, where
Figuie 5a shows the flight data and Figure 5b
shows the simulation data. Both horizontal
and vertical coordinates have the same scale.
The caption near the top of the raster de-
scribes the lowest and highest elevation an-
gles, as well as the initial and final clock
times in seconds. The simulation run (Figure
5b) uses a fan of lines of sight separated by a
constant angle of 1.5° and is extended from
the aperture all the way to the outer bound-
aries of the computation mesh. The higher
density of range points near the vortex loca-
tions is the result of finer integration steps
used in the simulation model to resolve the
higher velocity gradient there.

In this paper we will concentrate on dis-
cussion of only one representative flight
which has been designated as RUN1023 by
NASA/MSFC, to demonstrate the nature of
the data, That flight test was conducted ot
Marshall Space Flight Center, National
Aeronautics and Space Administration, on
July 20, 1974. A B737 was flown from north
to south. The first LDV system was located
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Figure 4defg.  Distributions of various spectral
moments for LDV2 located at mean
range to wake: 120 meters, (B-720
simulation at I8 seconds).
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at 61.11 meters to the west, and the second
system was at 240 meters to the east of the
aircraft track: the wind was blowing from the
west,

Figures 6 and 7 show tne comparisons of
contours for both V and V..., between the
simulated and tlight test data. Due to the
complexity wvolved in an uncontrollable at-
mospheric environment. it was not possible
10 make an exact simulation of the flight test.
and only qualitative comparisons can be
made. In the figures. the ground level is indi-
cated by a horizostal line at y = 0, and the
SLDV systems are located at coordinate
(0.0). Both axes are drawn in units of meters.

In Figures 6a and 7a. the vortex locations
from the hydrodynamic modeling are indi-
cated by the symbols **+7". The SLDV sy:.-
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tem observes a maximum value for both V
aad V. which lies between the vortices. It
is a direct consequence of the interaction
between tie wind shear and the vortices:
i.¢.. enhancement (or cancellation) along (or
against) the wind direction.

Figures 6b and 7b show contours of V
and V,,, for the flight test data. Both plots
were obtained by applying 4 constant inten-
sity threshold of 60 to all velocity channels
and “"no”" velocity threshold. Note that the
scales for the flight test arc not the same as
for the simulation. The tlight vortex signa-
tures appear similar in shape to those of the
stinulation. Contours of other variables are
discussed in detail in reference 2. The results
detailed there can be summarized as follows:
at high intensity thresholds, the low order
velocity moments yield smooth but rather
broadly distributed contours. The high order
moments yield contours which are more
localized, but weaker signals can be lost. The

160
T T T V1 171
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choice of the intensity threshold is important tex separation is about 30 meters, so that the :
for all variables examined, but is less critical total circulation contained in the vortex is }
for Igm 4nd L Lum contours are well about 204 m*/sec (2205 ft*/sec), which is also .

. e . - . . 2
localized at the vortex positions. as are I, . close to tiie theoretical prediction of 2360 3
contours it a velocity threshold is applied. ft3/sec. E

8 poep T ‘Another interesting quantity which can :
b s et ooy vt be inferred from the data is the range resolu- i
OF THE CONTOURS ARE 93 “(9.322 424 627 178 . - - -~
. i tion as defined by Equation (15) or the fol- 3
2 A lowing equation.
3 7 4
: - - 3
H ~ WINDSHEAR s = G.00062% 52 (26) b
3 - 7
; - . 1
where As and s are both in meters. The con- 3
SROUND LEVEL . : H : : = 3
N T stant coefficient is obtained assuming f ]
0 20 60 w0 10 130 2]. A= 10641. and R = 0.15m fOl‘ the %‘
X-DISTANCE IN METERS NASA/MSFC SLDVS. Deﬁning As as the \E_f
SIMULATION DATA halfwidth of I, contour plots (shown in
Figures 8}, we can compare them with Equa- :
T T l T 1 1 . . N - 3
VH[lOltlS'ANGL(ISBAND'N(NIGNIS'ANGL( tion (26). Flgm‘e 9 shows there 1s a fair 4
— IS 49 TME SVJR:ING 'IM‘! " &{17" ﬂ“i‘:ﬁ\lgx . 3\.
e CoNTaGR amt 183 peraTa 471 o agreement between the data and Equation i
g ot (261,
: j - - .
w g0k H 5
:zx v sb The starticg time 15 31823 second. i
@ The tinal tume 1s S1826 second. %
a wew} Values of the contour are: z
N ‘9 a2s, 63, 203, 203, 113, 3. 4
GROUND LEVEL . :
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Figure 7. Contours of maximum velocity V.., for PR ;
both simulation and flight test data, SLDV e 4
system is located at coordinate (0.01 for o 3
both cases. **+ " indicates known location g
of vortices for simulation case. [ S R R :
. ’ ;-lll-"'r; (-—.(‘l:l
A series of contour plots for L, gener-
ated with a constant intensity threshold V,(k) 2
= 60 but no VelOCity threshold. are shown in - The starting time is 51830 second. :
Figure 8. The simulation studies have shown 1 Carens ot thecononn are 3
that the maxima of V. o, 8. and « are well 3am, 312, 238, 202, 165. 92, 19. 3
correlated with the vortex location if the 3
range is greater than 100 meters. The flight Ponw
data show that the locations of maxima in V T
are closely correlated with those in1_ . One A R j
. : : CQQ\
could postulate that a maximum in I, iden- LSS
tifies the vortex core location, and plot the P
location of these maxima as functions of time
in order to obtain vortex tracks. Without
going into detail, it can be seen that the plots RIS B R R
appear to show two vortices moving from left  aveeetr i eveen
to right at a speeau of about 1.85 m/sec and _
descending at ~1.08 m/sec. The average vor- Figure 8.  Time sequence of Ly,
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LASER DOPPLER FLIGHT TEST MEASUREMENTS OF B-747 WAKE
VORTEX CHARACTERISTICS

M.R. BRASHEARS AND A.D. ZALAY
Lockheed Missiles & Space Company., Ine.
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J.N. HALLOCK AND D.C. BURNHAM
U.S. Department of Transportaiion
Transportation Systems Center
Cambridge, MA 02142

ABSTRACT: In order to determine the behavior of aircraft wake vortices at low altitudes and to
measure the wake vortex decay process behind a wide-body transport aircraft as a function of altitude
above ground. flap and spoiler settings. and different flight configurations: a B-747 aircraft flew 54
passes at low level over a ground-based laser-Doppler velocimeter (LDV) system. From the LDV
measurements. the location and velocity distribution of the wake vortices and the general vortex roitup.
transport, and decay trends were obtained. Results of the study indicated that the deployment of spoilers
and flaps enhanced the decay of the voriex peaa tangential velocity in the near wake while aircraft
altitude. fiight path angle. and landing gear deployment had little effect. The paper discusses the LDV
wake vortex measurement including the instrumentation used. the experimental test sequence. and the
results of the wake measurements in terms of the vortex rollup. transport and decay trends. A

comparison of the wake vortex characteristics for different aircraft configurations is also presented.

INTRODUCTION wake minimization concepts where varia-
tions in aircraft geometry are utilized to tailor
the wake vortex flow. Flight tests by NASA
have shown that certain flap and spoiler set-

Wake vortex transport and decay tings can reduce the imposed rolling

parameters near the ground are important
factors in determining safe aircraft separa-
tion distances for terminal areas. For an op-
erational Wake Vortex Avoidance System
{(WVAS) a krowledge of the location and
intensity of wake vortices near the runway
threshold is necessary to determine the
minimum-delay safe spacings [ 1]. Under light
crosswind conditions, a wake vortex can re-
main in the approach corridor for more than
40 seconds and the minimum aircraft separa-
tion is dictated primarily by the wake decay
process near the ground. Therefore, an im-
portant consideration in determining safe
aircraft separations is the decay of the wake
vortex near the grouid. While numerous vor-
tex decay theories have been proposed [2-4]
there is little full-scale experimental data
available for comparison, particularly near
the ground.

Experimental vortex decav data near the
ground are also lacking for aerodynamic
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moments on following aircraft in the near
wake [S]: however, wake vortex mea-
surements near the ground for full-scale air-
craft with different wake minimization con-
cepts are needed.

In order to determine the behavior of
aircraft wake vortices at tow altitudes a flight
test program was conducted by DOT and
NASA. The primary goal of the test program
was 10 measure the wake vortex decay pro-
cess behind a wide-body transport aircraft as
a function of altitude above ground, flap and
spoiler settings, and different flight config-
urations. To isolate the influence of aircraft
and flignt paramaters on the wake decay pro-
cess, the flight tests were conducted at the
Rosamond Dry Lake test area near Edwards
Air Force Base, California, during the early
morning hours when calm atmospheric con-
ditions prevailed. The laser Doppler Ve-
locimeter (LDV) wake decay measurements
were sought to quantify the effect of burst,
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link and viscous decay parameters on the
wake vortex dissipation process.

DESCRIPTION OF EXPERIMENTAL
TESTS

A two-day test sequence was carried out
to determine the wake vortex characteristics
of a B-747 aircraft as a function of spoiler,
flap and landing gear settings and altitude
above ground and flight path angle. The test
consisted of 54 low altitude passes over a
mobile LDV system deployed at Rosamond
Dry Lake near Edwards AFB, California, on
2-3 December 1975.

Flight Test Program.

The aircraft used for the tests was a Boe-
ing 747-123 aircraft. Aircraft configuration
varied from run to run, with dominant em-
phasis on as close to a normal landing con-
figuration as operating conditions would al-
low. The clean configuration was also
studied, and special flap and spoiler config-
urations were investigated for vortex allevia-
tion effectiveness. The Boeing 747 flew at
30-250 m above the ground level of 700 m
MSL. Runs were made in level flight as well
as in descending and climbing flight. De-
scents were at about 250 m/min. A lift coeffi-
cient of approximately 1.4 was used for all
flaps-down runs.

Of the 54 runs, 35 were made with the
inboard flaps lowered 30 deg and the out-
board flaps lowered 30 deg (denoted 30/30); 8
with 10/10 flaps and 5 with flaps retracted.
The remaining six runs had the inboard flaps
lowered 30 deg and the outboard flaps low-
ered 1 deg, to test the effects of this config-
uration on vortex alleviation. For each flap
setting, both gear down and gear retracted
runs were made and some runs had spoilers
1,2 and 11, 12 deployed (the extension angle
was always 41 deg) in addition to the flap.
Reference 6 describes the tests in detail in-
cluding other sensors which were used to
study the decay of the B-747 vortices.

LDV Instrumentation.

Wake vortex measurements were carried
out by means of a scanning laser Doppler
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velocimeter system contained in a mobile
van. Preliminary processing of the data was
carried out with a computer aboard the van.
Reduction and analysis of the vortex signa-
tures were carried out by off-line processing
software. A description of the instrumenta-
tion and data processing for the studies is
summarized briefly below.

The laser Doppler velocimeter was
utilized to measure the line-of-sight velocity
component of the vortex during the
Rosamond flight tests. These wake velocity
measurements were accomplished as fol-
lows: (1) the wake generated by the aircraft
was scanned by the CO, laser; (2) the radia-
tion backscattered from the aerosol in the
wake was collected; (3) the radiation was
photomixed with a portion of the transmitted
beam on a photodetector; and (4) the inten-
sity and Doppler shift frequency of the signal
were displayed and were translated into an
along-optic-axis velocity. A sketch of the op-
tical and electronic equipment for measuring
the intensity and frequency spectrum of the
coherent backscatter from the focal volume
is shown in Figure 1 ard is described in more
detail in reference 7.

The laser beam was focused through a
Cassegrainian telescope; the focal volume of
the beam was a needle-shaped region of di-
mension Af=9.84 x 10~* (m~!) f* along the
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Figure 1.

Basic laser Doppler configuration.
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optical line of sight and of radius Ar = 3.28 x
10~ f perpendicular to the line-of-sight
where f is the target range. The focal volume
of the LDV is a measure of the coherent
spatial resolution of the system: i.e., the
range increment at which the Doppler signal
deteriorates to the one-half power level. For
example, when the LDV system was track-
ing wake vortices at a typical range of 60 m, a
needle-shaped volume of the vortex 3.5 m
long along the optic axis and 4 mm in diame-
ter was sampled. Hence, the typical spatia
resolution due to the spreading of the focai
volume was 3.5 m.

The pertinent operating characteristics
of the LDV during the Rosamond tests are
summarized as follows:

Performance

I. Velocity Measurement Thresh-
old: 0.5 m/sec
2. Velocity Range: 0.5 to 28 m/sec
Sample Rate
I. Low Data Rate: 70 Hz
2. High Data Rate: 500 Hz (using
NASA filter bank)
Spatial Resolution
1. Range Accuracy: =0.4 m at 30 m,
+44 m at 300 m
2. Elevation Angle Accuracy: =0.25
deg.

The characteristic output signature from
the LDV, the amplitude-velocity spectrum,
is given in Figure 2. The output signature
shows the motion of particles within the
wake vortex (indicated by the peak labeled
vortex signal) as well as a low frequency
noise peak and background noise. To facili-
tate processing the LDV signature, velocity
and amplitude thresholds were applied to the
signal and the velocities (frequencies) as-
sociated with the highest intensity, V., and
highest velocity, Vi, above the threshold
settings were extracted from the spectrum,
The velocity Vo is the line-of-sight velocity
of the most intense signal. The velocity V
is a measure of the maximum velocity above
threshold encountered in the focal volume,
In the case of wake vortex measurements,
when the vortex range is near the focal vol-
ume of the system, the velocity Vy is as-
sociated with the tangential velocity of the
vortex at the radius where the line of sight is
tangent to the vortex velocity.
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Figure 2. Definition of laser Doppler velocimeter
output signature.

Operation of LDV.

During the B-747 flight tests, a total of 53
aircraft fly-bys were recorded with the LDV
system. In order to maximize the amount of
data collected regarding wake vortex trajec-
tories, velocity profiles, and decay rates, the
LDV was operated in two different scan
modes: arc scan and finger scan. The wake
vortex surveys were conducted in the follow-
ing manner.

On the first test day the LDV was lo-
cated directly under the flight path and
scanned arcs in a plane perpendicular to the
flight path (Figure 3) with a complete arc
every second. Scans were at a fixed range
until the vortex passed through the scan arc,
at which time the sensor range was lowered
and remained fixed again until the vortex
descended through the new range. The ob-
jective of the overhead arc scan mea-
surements was the measurement of the initial
downwash field and the wake vortex rollup
process.

On the second test day the LDV was
moved 60 m north of the flight path and
scanned simultaneously in elevation and
range (finger-scan mode) at a frequency of
0.2 and 2 - 2.5 Hz, respectively (Figure 4).
The objective of the finger-scan mea-
surements was to track the location of the
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250 ters as a function of aircraft operating

3 Predicted Alitade 5 o characteristics.

NS Positian

i L0 se Line-of-S1ght Velocity.

X Vios Vortex Roll-Up.

. The LDV arc-scan measurements have
£t 17 }— range, R = 183 m been processed to determine the wake vortex
formation characteristics. A sample of the
2 raw line-of-sight velocity, |V .|, versus hori-
e zontal distance observed by the LDV system
3 Ag_i_) — . in the wake of a B-747 in the normal landing
] LoV ) configuration and with the 1, 2, 11, 12 spoil-
3 i A% ers deployed is shown in Figures 5 and 6,
3 Lateral Distance ytm) respectively. Since the arc scan essentially
3 Figue 3. Typical overhead arc-scan configuration. intersected the centroid of the wake vortex

| Sean Settungs vortices in the aircraft wake. The distinct
- o e 8 double peak velocity signatures in Figures §
4 A7 E‘Ri‘”“ and 6 indicate the high rotational velocity at
" Ramer Vst the vortex core radius and the low velocity at
the vortex center. Note that the peak tangen-
4] L e tial velocity is on tie order of 16 and 8 m/sec

and the core diameter is 5 and 14 m for the
normal landing and 1, 2, 11, 12 spoiler con-
figurations, respectively. The sample mea-

surements show that the deployment of
¢ % spoilers reduces the vortex rotational veloc-
3 L ity and increases the viscous core diameter
_ ; while the core circulation strength remains
i 00 0 60 40 20 0 20 40 60 w0 00 approximately the same. (The nonlinear dis-
18 paal e Y tance scales in Figures 5 and 6 are caused by
18 nonlinearities in the angle scan.)
® Figure 4  Typical finger-scan configuration.
vortex pair and to observe the vortex decay

rates. The finger scan range and elevation
settings were selected so that one or more of
the trailing vortices would remain in the field

of view for extended periods and one or more » wt - sconn
“cuts” would be made through the vortex » e
core during each elevation scan. R

VELACTTY fmy*

- TaARIAL

[] W B ,-4».,_._._1____4._._4]._‘,__1.,_' _,—.:__
RESULTS OF LDV MEASUREMENTS "
The LDV measurements from the B-747
fly-bys have been analyzed to determine the
dominant characteristics of the aircraft
wake. Particular attention was given to the Figure . |V, as a function of horizontal distance
vortex rollup, transport and decay parame- for & 30/30 flaps, gear down flyby.
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Figure 6. -V, as a function of horizontal distance

for a 30/30 flaps, gear down, and spoilers
deploved flyby.

From the type of line-of-sight velocity
distributions illustrated above, the vortex ro-
tational velocity and circulation distributions
were calculated. The vortex center was de-
termined to be midway between the two high
velocity peaks where the velocity was
minimum. The velocity field was derectified
using the vortex center as a reference. A
sample of the processed vortex tangential
velocity distribution for the B-747 in normal
landing configuration is shown in Figure 7.
The gaps in the velocity plot are a result of
the finger-scan mode of data collection. The
peak tangential velocity is 13 m/sec and the
core diameter is 8 m. A sample of the vortex
tangential velocity distribution for the B-747
in the landing configuration but in level flight
and at a higher altitude is shown in Figure 8.
Use of the arc-scan mode gives continuous
velocity measurements, but the range is un-
certain. Again, the peak tangential velocity is
13 m/sec and the core diameier ic 8 m, These
results indicate that aircraft altitude and
flight path angle do not influence the vortex
formation process significantly for the
parameters tested. It is also noted that the
vortex rollup occurs rapidly so that at about
10 seconds a distinct and coherent core
structure is evident,

The circulation distribution in the wake
of the B-747 computed from the velocity dis-
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30/30 flaps, gear down flyby.
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Figure 8.  Wake vortex velocity distribution for a

30/30 flaps, gear down flyby.

tribution in Figure 8, assuming circular
symmetry, is illustrated in Figure 9. The cir-
culation strength measured in the vortex
wake increases with radial distance from the
vortex center. For example, at the vortex
core radius, r, = 4 m, the circulation is T, =
326 m*/sec whereas ai 4 radii from the center,
r = 16 i, the circulation is more than dou-
bled, I' = 725 m¥sec. In comparison, the
computed bound circulation strength of the
wing is I' = U.cCi/(2K) = 620 m?/sec where
U, = 74.15 mfsec,c = &3 m, C, = 1.41, and
K = 0.7. This discrepancy is likely due to the
vortex range error of the arc-scan mode.
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Figure 7. Wake vortex velocity distribution for a
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Vortex descent to 2€ m below the LDV scan
would give agreement. The circulation dis-
tribution measured with the LDV system
agrees well with the theoretical Hoffman and
Joubert turbulent vortex model [8] shown by
the dashed line in Figure 9 and given by the
relationship ['/T'. = 1.83 (rfr.)? and T/T, = [}
+ 2.14 log,e (r/r.)] in the inner and outer core
regions, respectively.
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Figure 9. Wake vortex circulation distribution for a
30/30 flaps. gear down flyby.

Vortex Transport.

The line-of-sight velocity measurements
obtained with the LDV system in the finger-
scan mode have been used to determine the
location of the center of the trailing vortices.
A vortex-tracking criterion was used which
identified the vortex position from the region
of maximum backscatter and took into ac-
count the spatial resolution of the LDV. The
vortex tracking criteria was an improvement
over the tracking algorithm described in ref-
erence 7. The wake vortex tracks observed
with the LDV system are shown in Figure 10
along with the photographic and computed
vortex locations. The computed trajectories
were generated from a theoretical model
using aircraft location, wingspan, weight and
airspeed as inputs and assuming no
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~rosswinds. The vortex tracks measured by
the LDV system show a gradual descent of
the wake with little lateral motion, trends
which are in general agreement with the vor-
tex motion determined photographically and
predicted theoretically.
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Figure 10.  Wake vortex trajectories for a 30/30 flaps,
gear down flyby.

Vortex Decay.

Information regarding the decay of the
wake vortices including the time history of
the vortex rotational velocity, core radius,
and circulation was obtained from the line-
of-sight velocity distributions measured by
the LDV system. In the aircraft near wake,
the LDV measurements indicated a rela-
tively constant peak tangential velocity, core
radius, and vortex strength. An example of
the circulation time history of the trailing
vortex observed for the B-747 in normal land-
ing configuration is shown in Figure 11 for
different averaging radii. It is noted that the
circulation of the vortex remains esseniially
constant with time for all averaging radii over
the time period of 10 to 40 seconds. The
above result indicates that no significant
decay of the wake vortex strength occurs in
the near wake,
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Figure 1.  Wake vortex circulation time history for a

30/30 flaps. gear down flyby.
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Decay of waxe vortex velocity for 0-spoiler
configuration,

Figure 12.

In order to determine the wake vortex
decay characteristics for different aircraft
configurations, the time history of the vortex
rotational velocity, Vy,, has been processed
for flybys with 0 and 1, 2, 11, 12 spoilers and
the results are shown in Figures 12 and 13.
For the O-spoiler configuration, essentially
no decay of vortex rotational velocity is ob-
served in the aear wake, followed by a 1/t
type of decay 40 or more spans downstream.
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Figure 13.  Decay of wake vortex velncity for (1, 2,

11, 12)-spoiler configuration.

For the tip spoiler configuration, the rota-
tional velocity of the vortex is also essen-
tially constant in the near wake followed by a
decay beyond 12 semispans with sufficient
scatter in the data to make establishment of
the decay rate difficult. In comparison with
the O-spoiler case, the 1, 2, 11, 12-spoiler
configuration exhibits a slightly lower rota-
tional velocity in the near wake and an earlier
onset of decay. However, at distances ap-
proaching 80 spans downstream of the air-
craft, the 0 and 1, 2, 11, 12 configurations
exhibit roughly the same vortex rotational
velocities. Thus, deployment of the outboard
spoilers enhances the vortex decay in the
near wake and does not appear to influence
the far wake vortex decay characte: .stics.

CONCLUSIONS

Laser Doppler velocimeter mea-
surements of the wake vortex characteristics
of a B-747 aircraft in various configurations
have shown the following trends. For vortex
formation:

1. The rollup of the vortex sheet oc-
curred rapidly within a few spans
downstream of the aircraft,

2. The peak tangential velocity and cir-
culation of the vortices remained
nearly constant in the near wake.
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3. The B-747 spoilers affected the vor-
tices. producing vortices with large
cores and low peak tangential veloci-
ties and the circulation strength re-
mained fixed.

For vortex transport:

I. The wake vortices descended verti-
cally with little horizontal motion
under light crosswind conditions.

For vortex decay:

I. A decrease in the peak tangential ve-
locity and circulation and an increase
in the core radius were observed in
the far wake.

. Deployment of spoilers and flaps en-
hanced the vortex peak tangential
velocity decay process in the nea:
wake and did not influence the far
wake decay characteristics signifi-
cantly.
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SCANNING LASER-YELOCIMETER SURVEYS AND ANALYSIS OF
MULTIPLE VORTEX WAKES OF AN AIRCRAFT

VICTOR R. CORSIGLIA AND KENNETH L. ORLOFF
NASA Ames Research Center
Moffett Field, CA

ABSTRACT: A laser velocimeter capable of rapidly scanning a flow field while simu:taneously sensing
two components of the velocity was used to measure the ertical and sireamw.se velocity structure 1.5
spans downstream in the wake of a riodel typical of a farge subsonic transport (Boeing 747). This Jow
field was modelud by a superposition of axisymmetric vortices with finite cores. The theoretical model
was found to agiee with the measured velocities 2verywhere except where 'wo vortices were in close
proaimity. Vortex strengths derived from the span loading on the wing as predicted by vorter-lattice
theory also agree with the present measurements, It was, thevefore, concluded that the axisymmetric
vortex model used herein is a usefu: toc! for analytically investigating the vortex wakes of aircraft.

NOMENCI ATURE

AR aspect ratio, b¥s

b wingspan

C wing chord

< average chord, s/b

] local lift coefficient, {di/dv)/qc

o total lift coefficieat, L/qgs

f frequency

L lift

Q= +pV.?

r radius from center of vortex

S wing area

U streamwise velocity component,
positive downstream

v velocity

Ve swirl velocity comporent

V. free-stream velocity

w vertical velocity component

X, ¥. z coordinate axis: x (positive down-

INTRODUCTION

Trailing vortex wakes of large aircraft
are a hazard to smailer following aircraft. As
aresult, the separation distances during land-
ing and take-off that must be imposed to
maintain safety are now a determining factor
in maximizing runway utilization {1]. Future
increases in airport capacity are, therefore,
limited by required separations between air-
craft due to vortices. In recent years, NASA
has conducted considerable research into re-

tid4

__ stream), y (positive out right wing)

X.¥,z. coordinate axis nondimensionalized
by semispan, b/2

a angle of attack

B laser tilt angle to obtain
directional sensitivity

r circulation

r nondimensional circulation, I'/bV,,

A wavelength of light, Ag = 0.488 um,

A = 0.5145 um

0 laser beam intersection angle

p air uensity.

Subscripts

B blue color ¢channel of laser velocime-
ter

G green color channel of laser velo-
cimeter.

ducing the wake of large aircraft by
aerodynamic means [2]. As a resuit of this
research, several techniques have been
found to be effective in deintensifying the
wake. One of these techniques is to configure
the aircraft so that it sheds multipic vortices
from the wing in such a way that these vor-
tices interact and merge (3]. A particular con-
figuration that employs this technique is the
B747 airplane with the inboard trailing-edge
flaps set to the landing position and the out-
board trailing-edge flaps retracted [4]. Re-
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cent flow visualization studies conducted on
various configurations of this aircraft have
shown the trajectories of vortices in the wake
[5]. The objective of the present study was to
measure the velocity distributions in the
wake and to determine the size and strength
of each of the vortices. A second objective
was to investigate the effect of the landing
gear on the wake, because it had been found
in flight and ground-based tests that, at
downstream distances greater than about 30
spans, lowering the landing gear intensified
the wake [6, 7].

In an earlier investigation using a
rotating-arm hot-wire anemometer (8], the
flow field was scanned rapidly along the arc
of a circle that passed very near a vortex
core. This technique was shown to be effec-
tive for the case of simple wakes where only
a single vortex pair existed. When this tech-
nique was applied to a complex wake involv-
ing multiple vortices per side, difficulty was
encountered in interpreting the measured re-
sults because insufficient data were available
to adequately define the various wake vor-
tices. In the present study. an improved
technique for the case of complex wakes was
used. The flow field was scanned rapidly in
the lateral direction at successive vertical lo-
cations, Data were accumulated in the
vicinity of each vortex to provide more in-
formation about the flow as compared to the
rotating arm technique. Furthermore, the
present measurements were made with a
laser velocimeter. which assursd that the
measuring device did not interfere with the
flow field.

The present paper presents the results
(obtained by means of a scanning, two-
dimensinal laser velocimeter) of velocity
surveys made in the Ames 7- by 10-Foot
Wind Tunnei at 1.5 spans downstream from
the generator model. The strengths of the
various vortices in the wake were deter-
mined by use of a theoretical axisymmetric
model for the swirl component of velocity for
each vortex. Comparisons are shown be-
tween the measurements and this axisym-
metric model. An earlier paper [9] describes
the apparatus, instrumentation, and the sig-
nadd processing technique, and shows some
sample results from the present tests.

1S

MODEL AND INSTRUMENTATION

The mode! that was used to generate the
vortices was mounted inverted on a single
strut at the forward end of the test section
(see Figure 2 of reference 9). This mounting
provided maximum downstream distance
and minimem interference between the strut
wake and the wing wake. Angle of attack was
varied by adjusting the clevis pivot at the top
of the strut. Details of the model, which was
identical to that used in earlier studies 4],
appear in Figure | and Table 1. Two config-
urations of trailing-edge flap were used in the
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FLAPS ZERO 380 q
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- OUTBOARD rup///«
' ”F(’
Py LANDING
. (LABELED 30°)

P )

SECT'ON A-A DETAILS DIMENSIONS IN cm

Geometric details of the B747 subsonic
transport model.

Figure 1.

Table 1. Model Dimensions, Wind-Tunnel and Test
Conditions

Generator Model (Boeing 747)
Wing
Span. ¢m tin.) 179 {70.5°¢
Root incidence +2¢
Tip incidence A
Area, m® (f1%) 0.459 (4.94)
Average chord, cm (in.) 25.6 (10.1)
Aspect ratio 7
Horizontal stabilizer 0°
Wind-tunnel and Test conditions
U.. mls (ftfseed 14 (46)
Reynolds number based on average 2.5 x 10°
chord
Lift coeflicient 1.2
Angle of Attack
Flaps 30°/0° ki
Flaps 30°/10° >
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present studies. In one configuration, both
the inboard and outboard trailing-edge flaps
were set to the landing setiing (herein labeled
30°/30°%. In the other configuration, the in-
board flap deflection was the same, but the
outboard flap was set to the zero setting
(labeled 30°/0°). The wind-tunnel and test
conditions also appear in Table 1.

The laser beams passed through the side
window of the wind tunnel to the measuring
point, which is indicated by the crossing of
the beams (see Figure 2 of reference 9). The
velocimeter was capable of scanring this
measuring point laterally across the tunnel
test section over about 2 m in 3 sec. Both the
vertical and streamwise components of ve-
locity were simultaneously measured by ar-
ranging an orthogonal array of cross beams
in two colors that were available from the
laser. Directional sensitivity was obtained by
tilting the laser unit approximately 40° so that
both laser channels included a free-stream
velocity component and, therefore, did not
change in velocity direction. The laser ve-
locimeter is further described in references 9
and 10. Details of the signal processing tech-
nique used in the present tests are contained
in reference 9. Lift coefficient data were ob-
tained by measuring the lift with a strain-
gauge balance and the dynamic pressure with
a pitot-static tube.

DATA REDUCTION
AND ANALYSIS

The measured modulation frequency of
the scattered laser light and the laser cross-
beam angle were converted to velocity by the
following expressions. The velocity normal
to the interference fringes is given by

fplp f3h
Vp ™ 7s1ns/2 and Ve * Telne/7 ' (1

where subscripts B and G refer to the blue
and green color channels, respectively, of
the laser velocimeter. The laser cross-beam
angle, 6, which varied across the test sec-
tion, was calibrated by measuring the beam
spacing and the distance to the window of the

wind tunnel from the focal point. The verti-
cal and streamwise velocities are given by

U= vBainB + V,cosB . (2)

W= vBcosB - VGsinﬂ B (3)

where g is the laser tilt angle that was used to
provide directional sensitivity. Samples of
data records and a processed plot for the
vertical and streamwise velocity appear in
reference 9. The computed velocities were
smoothed by removing obviously bad points
which were due to frequency tracker dropout
{see reference 9), and by locally least-square
fairing the data to a polynominal. Figure 2
contains a typical smoothed data plot.
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Figure 2.  Exampie of laser velocimeter data after
smoothing rnd replotting. Flaps 30°/0°,
gearup, z = —0.442.

Analysis.

The measured velocity flow field was
modeled by superposition of axisymmetric
vortices with finite cores. First, it was neces-
sary to locate the centers of vorticity by
locating an axial velocity defect coupled with
swirl-ikke vertical velocity. (The location of
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CORSIGLIA AND ORLOFF

the vortices for a particular configuration
was approximately known from flow
visualization (Figure 3 of reference 9) and
from earlier flow visualization studies [5].)
The first iteration for determining the
strength of the vortices was made by using
point vortices to match the velocities from
the theoretical model with the measured ve-
locit.cs. The circulation distribution in the
vicinity of each vortex center was then ob-
tained by first subtracting the vertical com-
ponent of velocity of all the other vortices in
the vake along a horizontal line passing
tfircugh the vortex center, and then comput-
ing the circulation of the unknown vortex
from the following expression:

= 2nrv, , (4)

where Vg was set equal to the measured ver-
tical velocity corrected for the induced veloc-
ity of all of the other vortices in the flow
field.

RESULTS AND DISCUSSION
Effect of Landing Gear.

An investigation was ‘made to measure
the effect of the landing gear on the wake
behind the 30°/0° configuration. The (ateral
distribution of the vertical velocity compo-
nent is shown’on Figure 3 for various lateral
passes through the wake. These plots were
made from smoothed data plots similar to the
one shown on Figure 2. Comparison of the
velocities between landing gear up and down
for all of the vertical locations indicates that
no significant effect of the landing gear is
apparent. However. an investigation of the
streamwise velocity component (not pre-
sented here) did indicate a streamwise veloc-
ity defect in the wake due to the landing gear.
It was, therefore. concluded that the wake
vertical velocities at [.5 spans downstream
are only slightly affected by the landing gear
and that the reduced alleviation found in ear-
lier investigations at over 30 spans
downstream [6] does not manifest itself until
further downstream than .5 spans.
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Figure 3. Effect of the landing gear on the variation

of vertical velocity. Flaps 30°/0°.

Vortex Locations.

Vortices for the two cunfigurations used
in the present study are shed from each flap
edge as well as the wing tip (Figure 4). Fur-
thermore, there are vortices shed from the
horizontal stabilizer (not shown). Down-
stream from the generator at distances
greater than about 13 spans, the vortices
merge inte a single pair that is diffuse for the
30°/0° configuration and concentrated for the
30°/30° configuration. At 1.5 spans down-
stream, the various vortices have not yet
completed their merge, so that as many as
four and six vortices per side would be ex-
pected for the 30°/0° and 30°/30° configura-
tions, ;espectively.

CONVENTIONAL 1.ANDING
(FLAPS 30¢/30°)

HODIFIED LANDING
(FLAPS 30°/0°}

LV MEASUREMEN f PLANE /
x/bsi5

Figure 4. Summary of vortex trajectories from flow

visualization studies.
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The vortex locations were determined by
matching the measured vertical and stream-
wise velocity components with the axia) and
rotational properties of vortices near their
center: that is, when a lateral scan was made
through a vortex center, a swirl-like vertical
velocity component coupled with a defect in
the streamwise velocity component would
occur. As shown in Figure 5, for z = —0.38,
the horizontal scan went directly thiough the
center of the flap outboard vortex. At a
slightly greater distance below the wing
lower surface (z = -0.44), the scan went
through the center of the vortex shed by the
inboard edge of the flap. The presence of the
nearby outboard flap vortex, however, also
strongly affects the vertical velocity. Simi-
larly, the wing-tip vortex was found above
: the wing upper surface (z = 0.17). The
streamwise velocity defect associated with
each vortex occurs most prominently near
the vortex center and helps to locate the var-
ious vortices at each vertical location.

i1.AP INBOARD DEFECT
2/(b/2)

0--- -.44

v MEASUREMENTS -
v —_—— w/\
7 —— e u/v@

. TIP VORTEX -

’ OEFECT | 0---
© > 5

» et J 2

i 10 8 .6 4 .2 [o]

yAb/2)

Figure 5. Variation of vertica! and streamwise veloc-
ity distributions for lateral traverses
through each vortex center. Flaps 30°/0°,
gear up.

Circulation Distribution, 30°10°,

The foregoing procedure was used to de-
termine the distribution of vorticity within
each vortex shed by the 30°/0° configuration.
The vortex locations, strengths, and distribu-
tions of circulation are shown or. Figures 6
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and 7. When all four of the vortices in the
wake are included in the theoretical model,
good agreement is uchieved with the mea-
surements for a wide range of vertical loca-
tions. The sensitivity of the agreement be-
tween the wake model and the measured data
was emphasized by the velocity field of the
vortex from the horizontal tail (vortex 4 in
Figure 6). The flow was first modeled by
using only the three vortices from the wing,
because the tail vortex was believed to be too
weak to appreciably influence the wake
structure. However, it was not until all four
vortices were included in the model that the
agreement in Figure 8 could be achieved
(e.g., see Figare & for locations z = —0.408
and -0.359). In some of the horizontal
traverses, it was found that the agreement
could be improved by using a slightly differ-
ent value of z in the theorctical model (see
Figure 8,z = —0.294 and —0.246). This is the
result of the slight meander of the vortices in
the wind tunnel. Although each horizontal
scan was made rapidly to avoid the effects of
meander, the time between successive verti-
cal locations was large and at nonuniform
increments. However, since the meander at
the 1.5-span downstream station for these
tests was much less than reported for the
considerably greater downstream distance
used in earlier tests [8], a steady-state model
could be deduced from the present test data.
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Figure 6. v'yox focations, strengths and regions of
varying circulation resulting from analysis
of measured velocity. Flaps 30°/0°, gear
up.
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Circulation distributions, 30°[30°.

Figure 9 shows the region of significant
measured streamwise velocity defect atong
with the measured locations of the vortices.
The theoretical vortex strengths and dis-
tributions are presented in Figures 10 and !1.
A much more complex wake than the 30°/0°
configuration, containing six vortices per
side, was found. The strengths and distribu-
tions of circula‘ion were fairly easy to obtain
for the 30°/0° configuration. However, for the
30°/30° configuration, the analysis became
quite tedious because of the large number of
closely-spaced vortices. The analysis could
be expedited for this type of configuration by
simultaneously evaluating (with a least-
square curve-fit procedure) all of the vortex
strengths. Once again, good agreement be-
tween the theoretical model and the mea-
surements was found everywhere except for
a consistent trend to underpredict for y
greater than 0.8 (Figure 12). Vortices 3 and §
are overlapping in this region (Figure 10).
Modeling the flow as tlie sum of axisymmet-
ric vortices appears to be inadequate in the
overlap regions. Also, the I' vs r distribution
was found to be similar for all of the vortices
analyzed except vortex 5 (Figure 11). The
unusual shape of this curve may be the result
of using an axisymmetric model for vortices
undergoing a merger process. Computations

1~U/ Ve

¢ 0.0
o 0.20

X VORTEX LOCATIONS
2 4
3\£ I x6 ‘ EE\] 4
2\ 0

L | 1 1 I 4
(Re} 8 6 4 2 0

Figure 9. Regions of significant streamwise velocity
defect and the locations of the vortices
from the analysis of measured velocities.
Flaps 30°/30°, gear up.

of the details of vortex merging {3] indicate
that the interactions of closely-spaced vor-
tices can lead to highly noncircular shapes:
this finding tends to confirm the foregoing
conjecture.
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Figure 10. Vortex locations, strengths, and regions of
varying circulation resulting from analysis
of measured velocities. Fiaps 30°/30°, gear
up.
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Figure 11. Circulation distributions resulting from
analysis of measured velocities. Flaps
30°/30°, gear up.

Comparison with Vortex-Lattice Theory.

The strengths of the wing vortices were
estimated from a span loading which was
calculated by use of a vortex-lattice theory
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Figure 12, Comparison of maximum vortex circula-
tion from vortex lattice theory and the
axisymmetric model for the measured vel-
ocities. Gear up.
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Figure 12.  Continued.

developed by Hough {11]. The way in which
the span loading for the two configurations is
divided to determine the strengths of the vor-
tices from the wing is indicated in Figure 13
(vortex numbers correspond to the numbers
used on Figures 6 and 10). The vortex
strength is related to the span loading by

[+

¢
e
U= 228

ro
a

|

(3)

(2}
Q)

L

12t

s

—— LV MEASUREMEN T " IFLAPS 30v30*

©  EMPIRICAL JORTEX MODEL
USING VORTICES  GEAR P
FROM FIGURE 10

2 e
VA 0---- 055
2
-2
Mo---- 136
2 8
Z
23
A—g&gﬂﬁou-- 218
2

-2

0-~-- 23
L~ 2
108 6 4 2 0

yAb/2)

Figure 12.  Continued.

Ny
___ STy
LV MEASUREMENT _—_ 4 .F aps 30v30¢
©  EMPIRICAL VORTEX MODEL  GEAR UP
USING VORTICES AR

FROM FIGURE 10 H
-2
24b/2)
0 244
@,
12
$
o ¥
- 0-m 270
2

e VS PSRN I
W0 B8 8 4 : 9
w(b/2)

N

Figure 12.  Concluded.

The dividing point between vortices 2 and 3
(Figure 13a) was obtained from the inflection
point on the span loading as recommended
by Russow [12]. As can be seen, the com-
panson between the vortex-lattice theory
and the experiment is excellent for vortices 2
and 3. It is believed that the measured
strength of voriex 1 is lower than the theory
because the vortex-lattice theory ignores the
effect of the fuselage on the span loading.
Apparently, the lift carry-over across the
fuselage in the experiment leads o a weaker
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flap-inboard vortex than predicted by the
theory for the wing alone. An adjusted span
loading that takes into account the measured
strength of the vortices is ~hown as a dashed
curve in Figure 13.

MAX VORTEX CIRCULATION, T
1

2 3

"VORTEX LATTICT i
THEORY

TMEASURED < -0044, 0i16 ;0040

P |
-0.064 0.16 0.042°

THEORY
- - ADJUSTED THEORY

0 4 4 6 .8 10
y(b/2)

Figure 13. Comparison of maximum vortex circula-
tion from vortex lattice theory and the
axisymmetric model for the measured vel-
ocities. Gear up.
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Figure 13.  Concluded.

With the 30°/30° configuration (Figure
13b), good agreement was found for the out-
board vortices (3 and 5). Exact agreement
would be achieved by moving the dividing
point from y = 0.90 to 0.94; however, as
discussed above, there is some uncertainty in

the measured strengths of these vortices be-
cause of the axisymmetric model. The mea-
surements indicate lower lift on the inboard
flap and. as before. better lift carry-over
across the fuselage when compared with the
vortex: lattice theory for the wing alone.

SUMMARY AND CONCLUSIONS

Presented herein is a technique for ex-
perimentally analyzing complex aircraft
wakes. First, extensive measurements were
made of two components of velocity in a
plane downstream of the wake generating
model. These vortex wakes were then
modeled by a superposition of axisymmetric
vortices with finite cores. Good agreement
was achieved between the analytical model
and the measured velocities everywhere ex-
cept where the vortices were in close prox-
imity to each other. It is believed that the use
of axisvmmetric vortices to model the wake
is inappropriate when vortices are about to
merge. Finally, estimates of vortex strengths
made from the span loadings calculated by
vortex-lattice theory were also in good
agreement with the present measurements in
those regions where vortex-lattice theory
vsould be expected to be valid. Therefore, it
can be concluded that the superposition of
axisymmetric vortices is a useful model for
analyzing multiple vortex wakes. Although
the analysis procedure was successfully
completed for both configurations used in the
present study, it was quite tedious for the
configuration that contained six vortices per
side. The analysis could be expedited by de-
veloping a least-square procedure to simul-
taneously evaluate all of the vortices.

Mcasurements made to determine the ef-
fect of the landing gear on the 30°/0° config-
uration indicated no significant effect on the
vertical-velocity  distribution.  Additional
velocity measurements at greater down-
stream distance than used in the present iests
will be required to analyze the effect of the
landing gear.
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RGLL UP OF A VORTEX SHEET USING THE “CLOUD-IN-CELL”
TECHNIQUE

GREGORY R. BAKER
Applied Mathematics
California Institute of Technology
Pasadena CA 91125

ABSTRACT: The problem of the roll up of a two dimensional vortex sheet generated by a wing in an
ideal fluid is phrased in terms of the streamfunction and the vortex sheet strength. A numerical method is
used to calculate the time evolution of the vortex sheet by adapting the **Cloud-In-Cell™ technique
introduced in solving many particle simulations in plasma physics. Two cases are considered for the
initial distribution of circulation, one corresponding to an elliptically loaded wing and the other simulat-
ing the wing with a flap deployed. Results indicate that small scale behavior plays an important part in
the roll up. Typically, the small scale perturbations evolve into ever increasing larger structures by
vortex amalgamation. Conclusions are given from a number of tests exploring the validity of the method.
Briefly. small scale perturbations are introduced artificially by the grid. but the emerging large scale
behavior is relatively insensitive to it. Since clearly defined structures result from the application of this
method, it promises to aid considerably in understanding the behavior of vortex wakes.

INTRODUCTION

When a wing of finite span moves at a
small angle of attack through the air, it sheds
vorticity at its trailing edge which results
from the flow of air around the wing tip,
driven by the pressure difference between
the top and bettom surfaces of the wing. If
the speed of the wing is constant and the
effect of the viscosity of the air is negligible,
vortex lines starting from the trailing edge
form a steady surface relative to the wing,
which is sharply defined and represents a
vortex sheet.

The intractable problem of determining
the location of this three dimensional steady
vortex sheet is simplified by considering the
sheet two-dimensional and unsteady through
the relation z = Ut (see Figure 1). This as-
sumption ignores the curvature of the vortex
lines and their termination at the trailing
edge, and the relation z = Ut assumes there
is no vanation of the velocity parallel to the z
axis. This proves reasonable when sulffi-
ciently far dcwnstream of the wing, and
Moore and Saffman [1] have provided formal
justification. The variation of the vortex
sheet strength shed at the trailing edge of the
wing depends on the characteristics of the
wing and becoraes the initial condition for
the unsteady two dimensional modelling of
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the flow. This paper examines two cases of
initial vortex sheet strength: one relates to an
elliptically loaded wing and the other simu-
lates a wing with a flap deployed.

Before introducing the method, it is in-
structive to recall previous attempts at solv-
ing the model problem. For the elliptically
loaded wing, the vortex sheet strength and
consequently the velocity is initially infinite
at the wing tip. The subsequent motion is the
formation of a spiral at the wing tip, and the
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Figure 1. The geometries for the three-dimensional
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steady flow and two-dimsnsional unsteady
motion,
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arclength aiong the sheet becomes infinite so
that the singular nature of the initial flow is
removed. Kaden [2] has presented the lead-
ing term of an asymptotic expansion describ-
ing the spiral and, more recently, more terms
have been calculated by Moore (3] and
Guiraud and Zeytounian [4]. However, the
asymptotic expansion contains unknown
parameters which are determined by the flow
outside the spiral. In particular, the location
of the spiral center is unknown. Thus, a
numerical procedure is required to fully de-
termine the motion.

Rosenhead [5] and Westwater [6] were
the first to approach this problem numeri-
cally. They replaced the vortex sheet by a
finite collection of line or point vortices and
considered their subsequent motion as mark-
ing out the vortex sheet. With the advent of
high speed computers. a number of research-
ers {7-10] have continued this approach but
an unsatisfactory feature of the results has
consistently emerged. The motion of the
point vortices becomes chaotic in the region
of the spiral. Different ad hoc modifications
have been incorporated in an attempt to regu-
larise the solution. Kuwahara and Takami
{11] and Chorin and Bernard [12] introduced
different modifications to the velocity field of
a point vortex but in a way which is not
consistent with the equations of motion. A
finite number of point vortices cannot
adequately resolve the details of a spiral
especially at its center. Moore [ 13] has ad-
Jdressed this aspect of the numerical calcula-
tion by incorporating an amalgamation pro-
cess at the wing-lip vortex. When the curva-
ture at the nearest point vortex to the wing-
tip vortex becomes large enough, the rwo
vortices are combined into one. His spiral
appears smooth for greater times than other
calculations and more closely resembles the
asymptotic nature as found in reference 2.

Unfortunately there has not yet been an
adequate accounting of the errors introduced
by these modifications. Fink and Soh [14]
have pointed out that calculating the velocity
at points on the sheet by considering them
point vortices is not a good ar rroximation
unfess the points are eveniy spaced in
arclength. Consequently, they proposed a
method which introduces evenly spuced
points at cach time level so that the velocity
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of the vortex sheet will be more accurately
determined. When applied to the roll up of
the sheet behind an elliptically loaded wing,
they obtain results very similar to reference
13. In fact, the redefinition of points in their
method results in circulation accumulating at
the point near the spiral center and this has a
correspondence with the technique of refer-
ence 13.

Baker [15) has extended their work by
taking some account of the curvature of the
sheet when caiculating its velocity, resulting
in a higher order of accuracy. He applied the
refined method to the sheet shed by a ring
wing because there is no singularity as-
sociated with a wing tip. This provides a
definite test of the method. An error analysis
shows that, as the number of points in-
creases, the error in calculating the velocity
of the vortex sheet (note, not of the point
vortices) should decrease. This is not the
behavior observed. At a fixed time during the
initial roll up. increasing the number of
points results in the vortex sheet crossing
itself. No consistent solution emerges: the
problem appears ill-posed. Clements and
Maul | 16] also report a tailure of the method
used in reference 14,

If we are to find reliabie numerical pro-
cedures, we need to understand the cause of
the breakdown commonly obtained. There
are several possibilities as follows. The sta-
bility of the vortex sheet is generally uncer-
tain. The plane, constant sheet has a known
instability. the Kelvin Helmholtz Instability
[17]. where the modes with the smallest
wavelength grow the fastest. However, the
effects of curvature and stretching of the
sheet may be stabilizing [18]. If the sheet is
unstable, the numerical method will reflect
this in the growth of round-off errors. In this
case, the relevant problem is understanding
the nonlinear development of the instability,
and this requires a minimum number of
paints to resolve the important modes. Al-
ternatively, the numerical methods may be
unstable independent of the stability of the
sheet. The accurate calculation of the vortex
shect motion in the spiral region may require
many points because of the close spacing
between the turns and their large curvature,

Many of these questions can be explored
by increasing the number of points substan-
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tially. Adopting a different procedure in cal-
culating the vortex sheet velocity will also
increase the breadth of inquiry and give use-
ful information about the basic nature of its
motion. This is also desirable for matters of
economy. The computer time required to
calculate the velocity of N point vortices is
O(N*) and soon becomes expensive for large
N. Adapting the *"Cloud-in-Cell’" technique
ensures the calculation of the motion of
many vorticity markers at reasonable cost.
The purpose of the paper is to describe the
method and to discuss the results obtained
when applied to the roll up behind an ellipti-
cally loaded wing and behind a wing with a
flap depleyed. The conclusions from several
tests to examine the accuracy and reliability
of the method are also given.

The technique has already been applied
to a number of two dimensional ideal fluid
flows [19, 20]. These applications have
yielded interesting results, in particular the
behaviour of the interaction of finite-sized
vortex structures. The primary concern of
this paper is the motion of vortex sheets and
as far as known by the author, the technique
has not been applied and studied in this case.

THE METHOD

Reference 19 was the first to eport the
use of the “Cloud-in-Cell” tecnnique in
studying the motion of a two dimensional,
incompressible, inviscid and homogeneous
fluid. This paper follows a similar approach
and the details are as follows.

If ¢ is the streamfunction, o the vortic-
ity, and u, v the velocity compoaents, the
equations of motion are

u=g¥. (MY

v--%&, bt
%—:-tug—;l'v%;lso. th
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The vorticity is discretised by introducing N
markers,

N

w=2 Taéix = x 180y - yp) » (4)
n=1

such that

N
Zrn t/;dl\ . (5)
n=1

This reduces Equation (3) to a set of ordinary
differential equations,

dxn
go = wixgey) (6a)
dy, {6b)

T T VIR -

To obtain the streamfunction, a finite-
difference approximation is made to Equa-
tion (1) on a rectangular grid, {x, + (i - [)H,,
yo + (G- DHy}, 1 < j < N,, where H,, H, is
the grid spacing assumed uniform in the x, y
directions, respectively.

2
(Wiu,j LU wl—l,)/ﬂx ‘éi,ju LI
v. . 2
+ x:)-l)/Ly = -wl,j . n

2<4 <N

for

-1, 2<3sN, =1,

x Y

The vorticity is represented at the points
(X;,,yo) and so a redistribution scheme,
known as **Cloud in Cell’* or area-weighting.
is introduced to assign values at the grid
points and then Equation (7) can be solved.
Figure 2 provides the geometry ard notation
of the redistribution scheme,

wik) = ‘krn/“x“y . (8)

where the A's are the areas shown. The
scheme conserves total vorticity and the
hydrodynamic impulse.
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Figure 2. The geometry and notation of the **Cloud
in Cell” redistribution scheme.

Equation (7) is easily solved using a Fast
Poisson Sclver (the optimum FACR(e)
method [21]). To determine the velocity of
the markers, we calculate the velocity at the
nearest four grid points with a central differ-
ence formula,

Ui,y T Wy, ger T Yy, 300 /3y (9a)

Vi " Wiy T ‘bi-l,j)/mx . (9b)

and then interpolate bilinearly.

4
u ‘El"‘k“k’"x“y‘ (10)
k=

The notation of Figure 2 has been followed in
Equation (10). The markers are moved for-
ward in time by a finite-difference approxi-
mation to Equation (6).

.l + Ar) =g {e) ¢ uat, (1la}

ot * 88) =y (6] v vat, (11b)
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Where At, the time step, must satisfy the
Courant-Friedrichs-Levy condition

H H
at < Min| X, X ) (12)
n n n

In this way, the vorticity distribution at
t + At has been computed and the procedure
repeats to give the motion of the vorticity.

Boundary conditions must be given at
the grid edge for a unique solution. The au-
thor used a particular Fast Poisson Solver
which requires the value of ¢ along the
boundaries and this may be accomplished in
several ways. The author’s choice is to cal-
culate local centroids of vorticity over a suf-
ficiently large number of markers and to con-
sider them as point vortices to determine the
velocity at the boundaries. Maskew [22] in-
dicates that the resulting error is small pro-
vided that the point of velocity determination
is at least a distance H away from the nearest
vortex point, where H is the maximum dis-
tance between adjacent local centroids. The
number of local centroids must be judicious-
ly chosen since there is a balance between
accuracy and the computer time involved in
calculating the velocity at the boundary. As
the number of local centroids increases., the
accuracy improves but the coraputer time
increases as the square of the number. To
off-set some of the computer time, the veloc-
ity is calculated at a selected number of grid
points at the boundary and the rest of the
values are obtained by interpolation using
cubic splines [23]. Fixing the number of local
centroids, the accuracy can be optimised by
choosing the boundary locations a distance
H from any vortex marker. This means that
the smallest possible grid is placed over the
region of interest while keeping the ervors at
the boundaries reasonably small. The appro-
priate component of velocity is integrated
numerically around the boundary to provide
the streamfunction. Since it is singlevalued,
it must return to its starting value after a
complete circuit around the boundary and
this provides a check on the numerical accu-
racy.

When the flow has a plane of symmetry,
a boundary can be chosen along this plane.
Special attention must be paid at any inter-
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sections of this boundary and the vortex
sheet. Large errors can occur arising from
the inadequate approximation to the velocity
field from the local centroid corresponding to
the points nearest the intersection. Following
the ideas in reference 22, the {ocal centroid
can be ignored and the originai markers con-
sidered as point vortices to calculate the ve-
locity at a grid poini on the boundary
whenever the grid point is less than H away
from the intersection.

For most of the results presented here, a
129 x 129 grid was used with 2000 vorticity
markers, each corresponding to the same
constant circulation. There is no reason
numerically why the markers should have
the same circulation. It merely aids in assess-
ing the vorticity distribution by considering
plots of their locations. On an IBM 370/158
computer, it takes 3.8 seconds to update the
vorticity distribution; 1.7 seconds of this is
spent in solving Poisson’s equation, and the
rest in calculating its boundary conditions
using 40 local centroids and updating the
marker’s positions.

It is natural to ask which aspect of the
procedure limits the accuracy of the numeri-
cal solution. Since a vortex sheet is smeared
over a region of the order of a cell area, the
grid spacing is expected to play an important
role. In fact, Langdon [24] presents an analy-
sis of grid effects in calculating the velocity
and shows that this is the case. The author
has conducted several tests on particular
vortex sheets where the velocity field is
known analytically at a fixed time. The er-
rors in calculating the velocity depend on the
grid spacing. Typically, the calculated sheet
velocity resembles the exact velocity,
superimposed with a small random compo-
nent whose wavelength is of the order of the
grid spacing. The behavior is most likely a
result of the bilinear interpolation used when
computing the velocity at the vortex
markers. However, it is the growth of the
crrors in the position of the sheet that is
important and analysis in reference 24 does
not fully address this aspect of the numerics.

A number of authors [24-27] have
explored the errors arising it the **Cloud in
Cell”” and related wicthods when applied to
the flow of particles in a piusma. They are
concerned with the accuracy of the rejie-
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sentation of the Columbic force law between
charged particles and have shown how the
force is modified by the different redistribu-
tion techniques. Their particles have a phys-
ical reality. Vortex markers, on the other
hand, are a result of a numerical discretisa-
tion. In other words, whereas the motion of
charged particles is the underlying structure
to the continuum equations in plasma
physics, point vortices are cnly a numerical
representation of continucus vorticity dis-
tributions. The main question is how well
does the **Cloud-in-Cell”* method approxi-
mate the motion of continuous vorticity dis-
tributions At present, analysis does not an-
swer this question, and the best approach is
to test the method on flows where some in-
formation is available.

The author has conducted several tests,
the details of which will be reported
elsewhere. Before discussing the conclusions
of the tests, it is useful to see the results of
applying the method to the roll un of vortex
sheets generated behind a wing.

FIRST APPLICATION

The vortex sheet lies initially along
- B < x < B,y = 0 and has a strength
related to the circulation shed at the trailing
edge. For an elliptically loaded wing, the cir-
culation is

1
P 2
roa = -2y (1 - (/e ?) (13

where V, is the initial downwash velocity.
Non-dimensional variables are introduced by
scaling distances with B, time with B/V,, anJ
the circulation with V,B. Equation (13) reads

i
2\
F(x) = <2{1 -~ x . Q4

The results are shown as a series of vor-
ticity distributions at different time levels in
Figure 3. The number of points used is 2000
with each representing the same amount of
circulation, but only half are plotted for prac-
tical purposes. The grid size is 129 x 129,
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The most striking features are «he emergence
of small scale structure and the smoothing of
the spiral core. The large scale structure
stays well defined, even though small scale
structures developed outside the spiral re-
gion arc convected into it and absorbed. This
behaviour is pleasingly similar to some ex-
perimental observations {28], but it is impor-
tant to understand the generation of the small
scale s.ructures.
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Figure 3. Vorticity distributions for the rollup be-
hind an elliptically loaded wing at different
times.

Several tests conducted by the auther
indicate that for scales much larger than the
grid cell, the flow i> accurately computed.
The grid introduces scales of the order of the
grid spacing. but in an interesting way. Fig-
ure 4 shows a vortex sheet intersecting grid
lines. The cells in which redistribution takes
place ar shaded. The smooth vortex sheet is
replaced by a jugged array of cells, and it is at
the places marked A and B, for instance, that
the biggest perturbation to the sheet occurs
due to the anisotropic redistribution process.
The distance AB is the dominant small scale
introduced by the gnd while other small
scales remain essentially suppressed. By that
it is meant that structures are formed along
the sheet at places such as A and B, which
initially resemble small spirals, and there are
relatively smooth sections of the sheet be-
tween them. This cffect of the grid has been

seen before in reference 19 but in a less obvi-
ous way and reported merely as an anoma-
lous instability. Increasing the number of
vortex markers beyond an average of two per
cell. influences the results merely by in-
creased detail of description and does not
change the basic behaviour.

Figure 4. Cells affected in redistribution process.

As indicated in Figure 3, the small scale
structures amalgamate, leading to larger
sized structures. The question arises to what
extent, if any, the emergence of small scale
structures, albeit initially created artificially
by the grid, and the subsequent amalgama-
tion simulate a physical process. Despite
sorae experimental evidence [29, 30}, it is not
yet sate to assume the method achieves this
in a realistic way.

As a check on the accuracy of the
method, two invariants of the motion are
monitored during the calculation. One is the
spanwise component of the hydrodynamic
impuise and its computed value has a relative
error of 107%. The Kirchhoff-Routh path
function is the other, but the computed value
varies slowly with time. Since it proves too
expensive to calculate this function for the
complete collection of vorticity markers,
only local centroids are used. Tests indicate
that the error decreascs when more points
are included, Although the coryputed func-
tion is -approximate, its slow variation
suggests reasonable invariance.

The fraction of vorticity rolled up is also
calculated using a definition given in refer-
ence 13; that is, the fraction of markers with




n = N where N is determined from xy = max
X, and increasing n counts markers along the
sheet towards the core center. This fraction
is shown in Figure S as a function of time.
Initially the behaviou. follows the similarity
solution in reference 2 and agrees well with
the results in reference 13. Thus the gross
features obtained by point vortices are re-
produced. The slight cscillation observed is
due to the convection of small structures
around and into the rollup region.
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Figure 5.  Fraction of circulation in the rollup region
as a function of time. Slope of straight line
is from Kaden's simiiarity solution.

Another aspect of the results is pre-
sented in the velocity profiles shown in Fig-
ure 6. They are spanwise scans through the
core center of the vertical velocity compo-
nent and are a measure of the tangential ve-
locity around the core. The times chosen
wrrespond to two of the four time levels in
Figure 3. Turns of the spiral and small scale
structure at the core edge are evident by
double peaks. The inner region resembles
solid-body rotation and this is consistent
with radial profiles of the vorticity measured
frem the core center. A dissipative process
related to small scale motion has smoothed
the spiral center and, as discussed pre-
viously, it is unclear whether this is due to a
physical process or merely the numerical
method. »

The zaximum difference in the vertical
velocity at a fixed time is & measure of the
evolution of the vortex structure. Its time
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Figure 6.  Vertical velocity profiles in the spanwise

direction through the core center.

dependeace 15 shown in Figure 7, where
double points indicate the presence of double
peaks. The behavior is very close to a decay
as t-u, predicted in reference 1 for a vortex
structure with a viscous core matched to an
outer flow specified by the similarity solution
of reference 2. Moreover, the viscous core
has solid-body rotaticn at its center. This
interesting parallel in behavior of the resuits
with the work in reference 1 deserves atten-
tion. We emphas:ze that the **Cloud-in-Cell”
technique has produced a well defined
rolied-up structure ualike the behavior of
typical point vortex calculations.
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Figure 7. Maximum vertical velocity difference
when scanning along spanwise direction
through the core center, as a function of
time.
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SECOND APPLICATION

The second application of the method
shows an interesting difference in the roil up
of different parts of the vortex sheet. An
mitial circulation distribution is chosen as
showa in Figure 8 by matching three sections
so that the circulation and its derivative are
continuous. For0 < x € A,

M s T+ (5 - T = 20, - 0 (15a)
o A2 1 o ;T 1 0 '

where I'; is the maximum circulation. For
A=x=B,

r{x) = ax3 + bx2 +cx +d, (15b)

where a = - 2{I'; - (1 - B)"J(A - B)® —
Bi[(1 -~ B)Y¥A - BY®], b = B/{2(1 -- B)"XA
- B} — 3A(A + B)/2, ¢ = — 3aA? - 2bA,
andd =T, ~ aA® ~-bA? - cA.ForBsx =<
1, elliptical loading is assumed, and

1
Z
T(x) = (1 -~ x2) . (15¢)

Figure 8.  Profile of circulation along trailing edge for
a wing with flap deploved.

This profile simulates the effect of a flap
deployed and the influence of the fuselage
near x = 0. Roughly speaking, the fuselage

influences the region 0 < x < A, the out-
board edge of the flap influences the region
A < x < B, and the wing tip influences the
region B < x < 1. The values chosen for the
constastsare A = 0.3, B8 =0.7, ', = 1.4, and
T, = 2.0, where the uniis are arbitrary since
the interest is to demonstrate the feasibility
of the method rather than to obtain precise
results. For this configuration three vortex
structures are observed to develop. and
Donaidson ct al. [31] bas proposed a criterion
which determines which part of the initial
vortex sheet is iater rolled up into these
structures. His criterion corresponds to the
regions defined by Equation (15).

Figure 9 gives the vorticity distribution
as time progresses and indeed three struc-
tures emerge. The grid is 129 x 129 and the
iotal number of points, again with equal cir-
culation, is 1950: 450 for the fuselage region,
964 for the flap region, and 536 for the tip
region. Only half the points are plotted and
they are marked in different symbols for each
region. The results show that the points A
and B are the appropriate demarcation of the
initial circulation profile as proposed in ref-
erence 31.

Unlike the tip vortex, the fuselage and
flap vortices emerge by an amalgamation
process more reminiscent of the process in a
mixing layer than the formation of a spiral.
However, the final structures have a form
similar to the tip vortex. Since the initial
development of the small scales is grid de-
pendent, an important test of the results is to

e

Figure 9. Vorticity distribution for the roli up behind
a wing with a flap deployed at different
time levels.
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repeat the calculation with a finer grid. Fig-
ure 10 shows the result for a 257 x 257 grid at
the same times as Figures 9a and 9c. Al-
though the initial small scale structures are
different and occur at an earlier time, the
emerging large scale structure has remark-
able similarity. Even the amalgamation ap-
pears reproduced. This illustrates the result
found in independent testing: namely, that
large-scale motion is accurately computed.

Figure 10.  Vorticity distribution for the roll up behind
a wing with a flap deployed at different
time levels using a refined mesh.

Figure 10. Concluded.
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Finally, a comment is in order about the
behavior of the angular momentum for both
flows considered in this paper. The angular
momentum for the region x > 0 is not an
invariant of the motion. Milinazzo and
Saffman [32] have shown that the angular
momentum is reliahly calculated by the
"““Cloud-in-Cell*’ technique. For an ellipti-
cally loaded wing, the angular momentum
about the centroid increases by 35% at t =
1.0 when the roll up is almost completed
(fraction of rolled-up vorticity is 85%). This
indicates a limitation to the Betz approxima-
tion [33]. For the case of a wing with a flap
deployed, the angular momentum about the
centroids of each region is shown in Figure
1. It is in sharp disagreement with the ex-
tension of the Betz approximation in refer-
ence 31 and indicates a better understanding
for the case of the roll up with more than just
a tip vortex may be required. Of course the
dissipative process involved in the method
will influence the angular momentum and
that should be borne in mind when compar-
ing with inviscid estimates.

6.0 [ A
Tip

so}

4.0

3o}

20 Fuselage

Figure 11. Angular momentum. A, normalised by its
initial value for the three vortex stiuctures
a3 a function of time.

CONCLUSION

The *‘Cloud-in-Cell'" technique pro-
duces interesting results for the motion of
vortex sheets. Although small scale structure
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is introduced into the sheet by the grid, the
resulting large scale motion appears rela-
tively insensitive to its presence. The amal-
gamation process by which small scale struc-
tures evolve into larger structures is an in-
teresting phenomenon requiring further
study. Indications are that there is some dis-
sipative process at work in the method and
more study is needed to understand this as-
pect of the results.
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ON THE OPERATION GF AIRCRAFT IN THE WAKES OF OTHER
AIRCRAFT

GUY G. WILLIAMSON, RICHARD S. SNEDEKER, AND COLEMAN duP.
DONALDSON
Aeronautical Research Assvciutes of Princeton, Inc.,
Princeton, NJ 08540

ABSTRACT: The study explores the possible benefits of the operation of one aircraft in the wake of
another through utilization of the cnergy contained in the wake vortices.

INTRODUC1ION

Aircraft wake studies have generally
dealt with the hazard problem and methods
of its alleviation. As a result of such studies,
considerable progress has been made in re-
cent years in the understanding of wakes,
their formation, and dissipation. Less atten-
tion has been given, however, to the problem
of intentional flight in or near a wake, or to
the possibilities of the beneficial utilization of
wake energy.

The object of this paper is to describe
some preliminary studies of aircraft opera-
tion in the wakes of other aircraft. Interest in
this problem has arisen in the light of several
types of operation in which wake encounter
is not only likely but may be intentional.
Three such types come to mind: (1) the use
of probe aircraft in wake penetration tests for
the purpose of determining aerodynamic,
structural, and pilot response during an en-
counter; (2) the problem of possible wake
encounter during mid-air refueling: and (3)
the possibility of wake riding or convoy for-
mation flight as a means of wake energy utili-
zation and consequent fuel conservation. All
of these types of operation involve consider-
ation of the following: (a) intentional flight
and maneuvering in close proximity to wake
vortices, (b) actual penetration of the vor-
tices, and (c) the imposition of possibly se-
vere structural and control demands on the
penetrating aircraft.
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Our interest in these types of problems
has centered on an investigation of the pos-
sibilities of wake riding as a means of wake
cnergy utilization for certain tactical military
operations. Specifically. we have determined
how a relatively benign wake upwash flow-
field can be produced that may be suitable
for riding, and we have studied some of the
stability and control problems of the riding
aircraft.

WAKE RIDING

By *‘wake riding’' we mean the flight of
one aircraft in that portion of the wake of
another where the upwasn flowfield is of suf-
ficient strength, steadiness, and extent to
permit flight with a reduced power require-
ment. Two possible modes of wake riding are
illustrated in Figure 1. In the first (a), a single
generating aircraft produces a wake which is
utilized by one or two riders located in the
outboard upwash regions of the vortices. In
the second (b), a single aircraft rides in the
upwash common to the adjecent vortices of
two generating aircraft flying at a constant
lateral separation.

The wake rid. = ‘1 the first mode may be
considered in two ways. They may either be
small, special purpose vehicles which are
carried externally for reasons of deployment
and mobility, or they may simply be other
aircraft of the same type as the generator,
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Figure 1.  Two modes of wake riding.

flying in formation on a long-range cargo or
ferry mission. It is recognized that an impor-
tant consideration for both arrangements is
that of overall power requirement and utiliza-
tion. That is, with regard to the first ar-
rangement, is it really more efficient in terms
of total power required to carry riders in a
vrake, or is it better to join them to the origi-
nal aircraft and compensate for their added
weight, by increasing the aspect ratio of the
generating aircraft, thereby reducing its in-
duced drag? The answer to this question ob-
viously involves consideration of the
aerodynamic design of both generator and
riders, and of what the tactical operating
conditions may be for both, For example, if it
were necessary for both to 