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PREFACE

The Aircraft Wake Vortex Program has an overall objective to
increase capacity at the major high-density air terminals. The
joint US/UK vortex tracking project at Heathrow International Air-
port was implemented as a planned and preliminary step.

The highly professional and cooperative manner in which the
UK field site personnel operated and maintained the meteorological
and vortex tracking sensors must be rccognized; the data collected
from their efforts have provided the most significant and complete
data base in the vortex program to date. These data constitute
the basis for the algorithm used in the first Vortex Advisory
System installed at Chicago's O'Hare International Airport in the
spring of 1976. This system when operational will use meteoro-
logical sensor inputs to determine when it is possible to

decrease aircraft separations to 3 nautical miles for all classes
of aircraft.

The joint US/UK Vortex Tracking Program at Heathrow Inter-
national Airport is considered a complete success. The out-
standing contribution that it provided to the base of scientific
knowledge on vortex behavior, as well as to the design and
development of systems that will allow an increase in airport
capacity through the avoidance of the potential vortex hazard,
is a tribute to the joint US/UK team effort.
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1. INTRODUCTION

It has long been known that the wake from an aircraft can be
sufficiently powerful to cause a serious disturbance to a following
aircraft under certain conditions. This is especially true of
light following aircraft, and there have been numerous reports
of such light aircraft experiencing difficulty. It was realized,
with the development of the B-747 and other wide-body aircraft,
that the wake from such aircraft might be hazardous to following
aircraft at the minimum spacings normally applied by Air Traffic
Control (3 nautical miles) especially in the high-density
terminal areas where all of the aircraft are constrained to a
fixed flight path and minimum separations are used to maintain
capacity.

As a result of the foregoing realization, a large evaluation
program was initiated in the United States to establish the theory
of the behavior of wake turbulence and to measure its character-
istics under various meteorological and flight conditions. For
a short period in early 1970, the Federal Aviation Administration
set the separation distance between a B-747 and a smaller,
following aircraft at 10 nautical miles minimum. The National
Air Traffic Services in the United Kingdom later imposed a minimum
separation of 5 nautical miles behind a B-747. This minimum
separation distance was subsequently applied to smaller aircraft
behind all wide-bodied large transport aircraft (the B-747, L-1011,
DC-10, and C-5A). About this time, the FAA in the United States
imposed the same minimum separation (5 nautical miles) for
smaller aircraft behind all aircraft capable of a gross take-
off weight in excess of 300,000 pounds (136,000 kilograms). Thus,
in the United States, aircraft such as the stretched versions
of the B-707 and DC-8 are grouped together with the B-747 and
DC-10 and other large wide-bodied aircraft. In the UK, the
increased separation is given only behind the truly heavy
wide-bodied aircraft such as the B-747, L-1011, and DC-10.
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The division was subsequently formalized in the UK on the basis
of a maximum take-off weight in excess of 375,000 pounds
(170,000 kilograms), which embraced the Concorde.

From June 1970 onward, unsolicited reports of possible wake
vortex encounters were received by Air Traffic Control Officers
at London Heathrow. Consequently, the United Kingdom Civil
Aviation Authority instituted a program to gather information on
wake behavior under operational conditions, and on the way
various civil aircraft were affected by a wake vortex encounter.
This program involved having pilots of both the aircraft
experiencing the wake vortex encounter, and the aircraft thought
to have caused it, complete a detailed questionnaire. Where pos-
sible, the information was supplemented by data relating to
weather conditions and aircraft spacings (from the Meteorological
Office and Air Traffic Control Officers). It was possible, in
some cases, to measure the degree of disturbance experienced by the

affected aircraft by reference to the flight data recorder.

The majority of incidents occurred at or near Heathrow Air-
port and on final approach to the same runway (Ref. 1). 1In
some cases, the encounter took place very near to the ground.
Incidents were reported from a wide variety of aircraft pairs,
and it was found that the heaviest jets (B-747 and L-1011) caused
40 percent of all incidents in spite of the fact that they con-
stituted only about 12 percent of all traffic at Heathrow during
peak periods. After consideration of the incident reports and
consultation with the appropriate operations groups, the separa-
tion distance in the United Kingdom was increased from 5 to 6
nautical miles behind wide-bodied jets for light airacraft on
the approach. The rule, promulgated in March 1974 to run on an
experimental basis for one year, has since been extended
indefinitely.

It has been calculated that at this time, using 6-nautical-
mile separations instead of 5, the reduction in airport capacity
with the Heathrow traffic mix is about 5 percent at peak periods.
This would be expected to increase significantly in time because




of traffic increases. Airports like Chicago's O'Hare International,
Atlanta's William B. Hartsfield International, and Los Angeles'
International are operating near their capacity limits now. There
was therefore a strong incentive to establish those meteorological

2 conditions during which the aircraft wake was not likely to per-
sist in the approach corridor. The increased separations would
then be necessary only when the probability of a wake vortex
encounter was significant.

A program for collecting pertinent vortex dynamics data has
been under way in the United States for some time. (In 1973, two
vortex data-collection sites were established: the John F.
Kennedy International Airport in New York and the Stapleton
§ International Airport in Denver, Colorado (Refs. 2,3, and 4). The
test sites were instrumented to track vortices shed by landing
aircraft and to record the ambient meteorological conditions. The
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landing zone was monitored because this is potentially the most
dangerous region as all aircraft must follow essentially the

AN i

same path to execute a landing.) In a homogeneous, quiet
! atmosphere, the vortex pair will descend to an altitude of

= e SESS

approximately half a wingspan and then begin to move apart

A eI e

parallel to the ground. However, in the presence of winds, the
vortices are affected by the wind; the induced separation motion
near the ground can be cancelled by the motion due to a cross wind,
so that one vortex stalls (dwells) in the flight path of a
following aircraft. Several effects modify the behavior of

£

vortices near the ground; wake behavior is somewhat unpredictable
due to turbulence-stimulated distortion and instabilities, and
one vortex might rise in a wind shear (Ref. 5). In addition, the

: transport and life of a wake vortex are directly affected by the %
E wind magnitude and direction and the turbulence level (Ref. 6). ‘

i N There has been close liaison between the UK Civil Aviation
Authority (CAA) and the Federal Aviation Administration (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 in the US could be installed at Heathrow for a defined




test program. The test program would afford the opportunity to
expand significantly the vortex track and meteorological data
base under new and varied environmental conditions, to correlate
reported vortex incidents (reports which could not be obtained in
the United States) with measured vortex and meteorological con-
ditions, and to track vortices from a number of aircraft rarely
seen in the United States; e.g., Trident, Viscount, A-300B, and
the Concorde. In view of the increased spacings being applied
behind the heaviest jets at Heathrow, the results of such a
program would be particularly valuable in assessing those condi-
tions under which the rules might be relaxed and, therefore, in
determining if significant capacity gains might be possible under
relaxed rules.

The CAA and FAA continue to collaborate in the joint develop-
ment of technology, techniques, and systems concepts to increase
runway capacities while avoiding wake vortex hazards. It was con-
sidered that use of the FAA wake vortex data-collection system
by the CAA would encourage and foster development of civil aero-
nautics and air commerce by providing further knowledge of the
effects of wake turbulence on airport capacity. A formal lease
agreement was therefore approved in February 1974 to run for a
period of six months. Under the agreement, the FAA delivered a
wake vortex data-collection system to Heathrow Airport. The system
included an instrumentation van, meteorological towers, acoustic
and ground wind sensor equipment, associated electronics, neces-
sary interface equipment, cabling, etc. The FAA also provided a
team to assist in the installation of the equipment at Heathrow
and to familiarize the UK CAA personnel in its operation and
maintenance. The CAA provided personnel to perform the installa-
tion of the equipment and a team to operate and maintain the
equipment throughout the duration of the lease agreement. The
time period was extended by mutual agreement from six months to
one year because of the outstanding quality of the data obtained
by the CAA test team.
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The vortex track, mecteorological, and incident report data
collected by the CAA were sent to the Transportation Systems
Center (TSC) in Cambridge, Massachusetts, for computer processing
and analysis. The results of this analysis were periodically
provided to the CAA. An lxecutive Summary of the vortex tracking
program was issued in March 1976 (Ref. 7).

T




2. SENSORS

Two types of vortex tracking systems were deployed in the
Heathrow data-collection progranm; i.e., the Ground Wind Vortex
Sensing System (GWVSS) and the Pulsed Acoustic Vortex Sensing
System (PAVSS). Wind sensors were used to measure the ambient
meteorological conditions, and pressure sensors were used to
determine the arrival time and ground speed of the landing air-
craft.

2.1 GROUND WIND VORTEX SENSING SYSTEM

When a wake vortex has descended into ground effect, it can
be detected by the distinctive wind signature it induces near the
ground. An array of anemometers, as illustrated in Figure 1, can
be used to track the lateral motion of aircraft wake vortices.
The two counter-rotating vortices induce cross winds of opposite
sign.

Tests with smoke-marked vortices have confirmed that the
peak in the induced ground wind is located directly under the
vortex center when the vortex is near the ground. Because the
winds induced by the vortices are primarily perpendicular to the
aircraft flight path, it is advantageous to employ anemometers
which respond only to the cross-wind component of the wind. For
that purpose, fixed-axis Gill propeller anemometers, shown in
Figure 2, have proven to be satisfactory. The Gill anemometer con-
sists of a four-bladed polystyrene propeller, 7.5 in. (19 cm) in
diameter, molded in the form of a true-generated helicoid. The
propeller drives a miniture d-c tachometer generator, providing
an analog voltage output directly proportional to the wind speed.
A particular virtue of this anemometer is that the output changes
sign when the cross-wind direction reverses, thus allowing the
consistent identification of which vortex is located over a
particular sensor. The height of the GWVSS anemometers is
selected to give an unobstructed measurement of the surface wind.
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FIGURE 1. SCHEMATIC VIEW OF GWVSS ANEMOMETER ARRAY AND SIGNAL
OUTPUTS
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Figure 3 shows the sensor outputs from one of the Heathrow
anemometer lines at three successive times. The signal from each
sensor is plotted as a horizontal line segment. The motion of the
vortex peaks is evident in Figure 3. In Figure 4, the vortex
motion for this data run is plotted at 2-second intervals, assign-
ing the vortex locations to the sensors having the lowest and

highest signals.

2.2 PULSED ACOUSTIC VORTEX SENSING SYSTEM

The pulsed-acoustic bistatic vortex sensor depends on the
refractive ray-bending properties of the vortex core. An acoustic
ray passing through the vortex core is bent in the direction of
vortex rotation. In the PAVSS, a 2-millisecond pulse of acoustic
energy in the 2 to 3 kHz range is transmitted into a fan-shaped
area perpendicular to the aircraft flight path. A receiver with a
similar fan-shaped beam pattern is placed on the opposite side of
the extended runway centerline. When a vortex pair enters the
sensitive region, one vortex will direct acoustic energy downward
to the receiver while the other vortex will direct energy upward
out of the monitored region as shown in Figure 5.

Interchanging the transmitter and receiver would permit
monitoring the other vortex. Two signals are observed in the
receiver: (a) the direct line-of-sight pulse, and (b) the pulse
which has been refracted by the vortex core. The time delay
between these two signals determines an elliptical focus of pos-
sible vortex locations with foci at the transmitter and receiver.
The time delay measured with a second transmitter or receiver
defines a second elliptical locus with foci at the new transmitter

and receiver.

As shown in Figure 6a, the intersection of the two loci
determines a unique vortex position. Because the scattering
angles are small, the ellipses are flat, so that their inter-
section may not give a very accurate measurement of horizontal
position. The accuracy of the vertical location is generally much
better. Figure 6b shows contours of constant scattering angle

e




PL6T TIMAY 67 ‘SUNOH €ZTT ‘LAYVIUIV L0L-d ‘VIVA SSAMD MOYHLVAH "¢ JdNHIA

(w) NOILISOd ISYTASNVUL

00T 0s 0 08 00T~

| |

ml
——
——
b S — — ]
— 0
2
S+ 5
JHS S =
wn
w o
m —
=
oz S+ e
- —
=) —— 3
o 0 m.
= R
N
S
J4dS Q<
b S s
cam— L~ W,
R —
— 0
—
09S ST i

bl loitbaelaa, |z Ji




s - o i 8 1 s i Sl g ML A N> - i ia T ———
SSAMO NOYd SAOVYL XILYOA ¢ FUNO9Id
(2951 INLL «isdV T
[y 0s (U "9 [ ot 15 {1k 0l 0
| | 1l | | | T |
oooooo ooo
=1 vs1t
ao Qo
[= N =]
3 o oo =
= wot- m
oooo = —
m ° Do 5
o 0000 oooo o z
0000 000 ogooooo | %
[oXe} [o] [e]o] 000000000000
00000
000000 -
z xawon O
I X1woA g O O
o O
i
M
i o bl RS - . el it el T e et o it




Z ¥IATIDTY
NN

NX AN XN

ADYINT DILSNOJV 40 NOILOVYITY XALUOA

T Y9AIFIO9Y

b e O O T R W TR TR T T T T TR

‘S JINOIA

T ddLLINSNVYL

A AN

TVNOIS

- ——

i

103410 LH9TY 1491
”’
TYNOIS / ATONY
VERERRARIS \\ ONIYHLLYDS




ool

JTONY ONIYILLVIS INVLISNOD 40 S¥NOINOD (9)

¢SUNOLNOD AVTIAA AWIL INVLISNOD OML 40 NOTILDASYALNI FHL Ad NOILVIOT XILYOA (B)

X NOILISOd TVLINOZIHOH

09 ot

‘9 IANOIA

I 2

| 1

4 NOLLISOd WOILY3A

ov

¢ HIAIFDHY T YIATHOHY

AT DINGOOD R RE G BREG R EFRREE L BELRIERAEEEE RS

(q)

8 3TONV ONIN3LLVIS LNVLISNOD 40 SHNOLNOD

YILLIWSNVYL

()

1 AVTHA

XALYOA

IWIL LNVLSNOD 40 SUNOLNOZ

13




A ik o T R

D 4 I SN A AT

{
s
z.

B

i
29

for the shorter baseline. A vortex with a given maximum scattering
angle 6 ~can be detected if its location lies below the contour
e=em. Note that the scattering angle for the longer baseline is
smaller, so that the shorter baseline determines the region over
which the vortex can be tracked. An analysis of the accuracy of
vortex location shows that the horizontal position determination

is meaningful only in the region where € is larger than 0.5 radian.
Consequently, the useful tracking region lies between the 0.5 and
fp-radian contours in Figure 6b. The observed values (Ref. 8) of
Qm range from 0.5 radian (e.g., B-707) to 1.2 radians fle.g., B-727
and DC-10). Thus, the PAVSS is extremely useful for tracking
B-727 and DC-10 vortices, but is virtually worthless for B-707
vortices. The maximum scattering angle is strongly dependent on
the size of the vortex core, small cores giving large 0. The

large B-707 core size (Ref. 9) is due to the disruptive effects of
the outboard engines.

The PAVSS configuration at Heathrow used a multiplicity of
transmitters and receivers to provide accurate measurements
throughout the region within 200 ft (61 m) of the runway center-
line. Eight receiving antennas were used, six of which were also
used to transmit. Each vortex was probed with three transmitters
and four receivers. The pulse repetition period and antenna
locations were selected to provide unambiguous identification of
all signals (Ref. 10). Figure 7 shows the tracking accuracy to
be expected from the configuration selected.

Figure 8 shows one of the PAVSS antennas. The fan beam is
produced by feeding a cylindrical antenna of parabolic shape
(wadth, 52° in. (132 cm); hedight, 3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>