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PREFACE

The increased interarrival and interdeparture spacings between
aircraft imposed by the potential of a wake vortex hazard have been

a major contributor to aircraft delays at major airports operating

at or near capacity. The problem has been emphasized in the last
several years because of the rapidly increasing costs associated
with these delays and the resultant waste of fuel.

The U.S. Department of Transportation initiated a multiphase
program in the early 1970's to determine the feasibility of modify-
ing the constraint posed by wake vortices. The first phase was the
development of sensor systems, such as arrays of propeller anemo-
meters, pulsed acoustic radars, monostatic acoustic radars and a
Doppler laser velocimeter, which could be used to detect and track
vortices. The second phase was the collection of a statistical
quantity of data on vortex behavior. Analysis of this data resulted
in a model for predicting vortex behavior and the identification of
wind conditions when vortices would not pose a problem with reduced
aircraft separations. The third phase was the development of a
system to implement reduced interarrival separations in an opera-
tional environment. The first Vortex Advisory System has been
installed at Chicago's O'Hare International Airport and is scheduled

to become operational in the near future.

Virtually all of the effort in these three phases was devoted
to the aircraft landing operation since this is where delays are
more important and where most reported vortex encounters were re-
corded. In theory, similar procedures could be developed for depar-
tures. Using the same sensor systems, the test facility at Toronto
International Airport demonstrated the feasibility of this approach
by detecting and tracking the vortices from over 5000 departing
aircraft.

It should be noted that both English and metric units appear
in this report. In general, the format is to use English as the
primary unit with the metric equivalent in parentheses. In some

cases, however, the data processing output has been developed with
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metric as the primary units (e.g., MAVSS circulation data) and this
is followed wherever appropriate.

The authors would like to thank the following people for their
contributions: Chuck Radgowski, Illinois Institute of Technology
Research Institute, for his support during the system installation,

important, his immediate response to system modification require-
ments during site operation; Mike Ahoorai, Leon Thomas, Bert Drenth
and K.C. Howe, Canadian MOT, for their efforts in operating and
maintaining the test site; Ron Brash, Canadian MOT, for his manage-
ment of the test site and his rapid response in resolving site
problems; Rigby Stamison and Rob Milliken for providing TSC/MOT
liaison and overall MOT project management; the Canadian Armed
Forces for providing the services of the Chinook helicopter; and
John Winkler, Kentron, for his support in the analysis of the data
from the monostatic acoustic system.
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1. INTRODUCTION

The generation of a pair of counter-rotating vortices in the
wake of an aircraft in flight has been observed for many years.

It was treated as merely a scientific phenomenon, however, until

the advent of the widebody jets (B=747, DC=10,"L=1011;etc)—In
the late 1960's the Federal Aviation Administration (FAA) realized
that the vortices generated by the widebody aircraft could pose a
serious threat to smaller and lighter aircraft following at the
minimum spacing then applied by Air Traffic Control (three nauti-
cal miles). The problem is most acute in the high-density terminal
areas where the volume of aircraft produces long periods of full
capacity runway use and, hence, sustained periods of minimum sepa-
rations. To ensure safe aircraft operations, larger interarrival
separations are required now for the more dangerous situation of

a lighter aircraft following a widebody aircraft. This approach,

however, reduces airport capacity and increases aircraft delays.

In the early 1970's the FAA began a program to investigate
the possibility of reducing these large separations while ensuring
safe operations. Under the sponsorship of the FAA, the Transpor-
tation Systems Center (TSC) has developed several sensor systems
capable of detecting and tracking vortex motion up to an altitude
of several hundred feet. Thus far the primary investigations have
been concerned with the characteristics of vortices of landing
aircraft for three major reasons: (1) all landing aircraft are
following essentially the same flight path in the final approach
stages so the probability of a vortex encounter is higher than
elsewhere; (2) instrumentation of test sites is easier since suf-
ficient land is often available for sensor installation at the
final landing stages from the middle marker to runway threshold;
and (3) over 85 percent of the vortex-caused landing accidents
occurred for landing aircraft between the middle marker and
touchdown (Ref. 1).

TSC has installed vortex tracking systems during the last

five years at several major airports (Kennedy, Denver Stapleton,



London Heathrow, Chicago O'Hare) which have yielded vortex tracks
from approximately 60,000 landing aircraft (Refs. 2 and 3).
Analysis of this data showed that under certain well-defined wind
conditions vortices would not be a hazard even if all landing
separations were reduced to three nautical miles. These data
formed the base for the development of the Vortex Advisory System
(Ref. 4) Being_zhstalléd at Chicégo's O'Hare International Airport.
The Vortex Advisory System is a predictive system which uses
strategically placed anemometers to measure the ambient wind in
the approach area of runways and uses a green or red light to
advise a controller when it is safe to reduce landing separations
to three nautical miles for all aircraft or when the present sepa-

ration standards, listed below, should be used:

TABLE 1. AIRCRAFT-SEPARATION REQUIREMENTS

LEAD AIRCRAFT
SMALL LARGE HEAVY

S SMALL 3 4 6
—

= o

S | rARGE 3 3 5
S

o= | HEAVY 3 3 1

A Small aircraft is defined as one capable of a gross takeoff
weight of 12,500 pounds (5670 kilograms) or less; a Heavy aircraft
is defined as capable of a gross takeoff weight of 300,000 pounds
(136,000 kilograms) or more; and all other aircraft fall into the
Large category.

In a meeting between representatives of the FAA and the
Canadian Ministry of Transport (MOT) in the summer of 1975, both
organizations agreed that there was mutual interest in developing
techniques for investigating the behavior of the vortices of de-

parting aircraft. This data would supplement the data base



obtained for the vortices of arriving aircraft. It was decided
that a jointly operated test site would be designed and instrumen-
ted at Toronto International Airport to collect data to investi-
gate the behavior of takeoff vortices. A formal memorandum of
agreement was signed in the fall of 1975 and the test period was
to be for a period of six months after delivery of the equipment.
Under the agreement the FAA, through TSC, delivered a wake vortex
data collection system to Toronto Airport in the summer of 1976
for the departure end of Runway 23L (Figure 1). The system in-
cluded meteorological sensors, monostatic acoustic and ground-
wind vortex-sensing systems, a laser Doppler velocimeter, photo-
graphic equipment, a computer-based data-recording system, asso-
ciated electronics, cabling, etc. Fabrication, delivery, and
installation of the system components were contracted by TSC to
the Illinois Institute of Technology Research Institute (IITRI),
Chicago, Illinois. A team consisting of representatives from MOT
and ITTRI performed the site preparation, trenching, cable laying,
and general equipment installation. Two one-week periods of
training describing system software and hardware were provided by
IITRI for representatives of MOT.

Data were collected during the fall and winter of 1976/77 as
defined in the bilateral agreement. A review of the data in the
winter of 1977 indicated that to reach any statistically meaning-
ful conclusions from the tests, the number of vortices tracked
would have to be significantly increased. It was decided that
the test site would remain open for data collection for an addi-
tional six months, until the fall of 1977. A second review was
held in the summer of 1977 and the preliminary results of the data
analysis were presented. It was concluded that it was feasible to
determine the behavior of the vortices from departing aircraft
such that a takeoff system could be developed, the major goal of
the tests. The site was therefore officially closed and dis-
mantled in the fall of 1977 with data having been obtained from

over 5000 aircraft.
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2, SENSOR SUBSYSTEMS

The sensor systems installed at Toronto were designed to mea-
sure vortex transport characteristics, vortex strength, aircraft-
height profiles, and the ambient meteorology. An artist's concept

of the field deployment of the sensors is given in Figure 2.

The main function of the Ground Wind Vortex-Sensing System
(GWVSS) is to provide data on the vortex transport characteristics
(e.g., how fast the vortex moves away from the runway under dif-
ferent wind conditions). The detection of the vortex by the GWVSS
gives little information on the strength or height of a vortex,
but does locate a vortex along a baseline. A large number of

anemometers provide extensive coverage for vortex detection.

The Monostatic Acoustic Vortex-Sensing System (MAVSS) provides
some vortex position information (the height and location is pro-
vided for one point in time for each detected vortex) and a mea-
sure of the vortex strength in the form of a calculated average
circulation. Analysis of time histories of the strength data give

an indication of vortex decay properties.

The laser Doppler velocimeter (LDV) is theoretically capable
of detecting, tracking, and measuring the strength of vortices.
The use of the LDV as a vortex sensor was limited, however, since
it was not as fully developed and engineered as the MAVSS and
GWVSS.

A photographic system was used to obtain aircraft-height pro-
files. It was anticipated that the profiles would help to explain
possible idiosyncrasies in vortex behavior (e.g., when no data
were recorded, it might be attributed to the aircraft being too
high for the detection system).

Aircraft detectors provided trigger signals for the start of
data collection on each of the respective GWVSS lines. 1In addi-
tion, one detector triggered the camera and another detector
triggered the MAVSS.

2-1



LNOAVT YOSNES "7 d¥NDId




Analysis of the data depended on accurately measuring several
meteorological parameters (ambient wind velocity, vertical wind
shear, ambient temperature, etc.). It has been determined in
previous data collection and analysis efforts that the dominant
mechanism which affects the vortex transport and decay is the
—ambient—wind.—All-efferts at characterizing vortex behavior -depend —
on determining correlations with the measured meteorological

parameters.

2.1 GROUND-WIND VORTEX-SENSING SYSTEM

Each GWVSS consists of a line array of propeller anemometers
located on both sides of and perpendicular to the runway center-
line. The sensor consists of a R.M. Young Co., Gill propeller
anemometer (Model No. 27101), a plastic propeller (Model No.
27108), and a plastic (polyvinylchloride) pole mount designed to
hold the sensor perpendicular to the runway centerline, parallel
to the ground, and at a nominal height of 10 ft (3.3 m). A sensor
and mount are shown in Figure 3. The propeller is connected to a
d.c. generator which provides an output voltage proportional to
the rotational velocity of the propeller. The anemometer Tesponse
closely approximates a cosine function (Figure 4). Thus the out-
put voltage is directly proportional to the component of the wind
in the direction of the anemometer axis and consists of random
fluctuations about a bias voltage proportional to the average
crosswind. However, a vortex influences the local ambient wind
field, and this perturbation is detected by the anemometer sensors.

The axes of the vortices are approximately parallel to the
aircraft flight path and, hence, the runway centerline; thus the
main vortex circular wind flow is perpendicular to the runway
centerline. Since the anemometer axis is also aligned perpendicu-
lar to the runway centerline, it coincides with the ground level
vortex-induced wind flow. Since the vortices rotate in opposite
directions, one vortex (downwind) causes an increase in the mea-
sured wind while the other vortex (upwind) causes a decrease in
the measured wind as sensed by the anemometers (Figure 5). As a
vortex pair transports across the array of sensors, the output

2-3



FIGURE 3. PROPELLER ANEMOMETER MOUNTED ON 10-FOOT
POLYVINYLCHLORIDE POLE
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voltage from each sensor would be expected to increase above the
level of the ambient wind as the first vortex passes and to de-
crease below the level of the ambient wind as the second vortex
passes as shown in Figure 6. By displaying the outputs of several
anemometers simultaneously, the transport of the vortices may be
monitored (Figure 7).

2.2 MONOSTATIC ACOUSTIC VORTEX-SENSING SYSTEM

The MAVSS consists of a line array of acoustic receiver and
transmitter antenna pairs. The transmitter and receiver appear
almost identical since each uses the same molded fiberglass para-
bolic antenna, a speaker as acoustic transducer, and is housed in
a plywood enclosure, 4 ft (1.2 m) by 4 ft (1.2 m) by 4 ft (1.2 m).
One receiver and one transmitter assembly are joined to form the
vortex sensor as shown in Figure 8. A sponge-type acoustic absorb-
ing material is used to line the insides of the enclosures. The
acoustic transducer is mounted above and pointed downward toward
the reflector antenna as shown in Figure 9, and directs the acous-

tic energy into a pencil-shaped beam.

A pulse of acoustic energy, emitted from the transmitter
antenna, is scattered by temperature and turbulence fluctuations
in the atmosphere (Ref. 5). A small amount of the energy is
scattered directly back toward the transmitter (back-scatter) and
is collected by the receiver antenna. The theoretical cross sec-
tion for 180° scattering from turbulent fluctuation is zero (Ref.
5) and hence the dominant scattering mechanism is from temperature
fluctuations. Higher signal strengths may be expected from vor-

“ B-707, DC-8)

<ince =ome of the hot engine exhaust would be entrained in the

tices of aircraft with wing-mounted engines (e.g.

vortex resulting in larger temperature fluctuations (Ref. 6).

The antennas are oriented with their beams pointing vertically
which results in the measurement of the vertical components of the
wind. This geometry provides a natural mechanism for rejecting
the background '"noise'" from the ambient wind which contains only

4 relatively small vertical component. When a vortex enters the
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MONOSTATIC ACOUSTIC ANTENNA ENCLOSURE

FIGURE 8.
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sensed volume there is a component of vertical wind with relatively
high velocities. The backscattered acoustic energy received from
the vortex winds is Doppler shifted in frequency by an amount

B v
Af = Zfo v

where fo is the transmitted frequency, v is the vertical component
of the wind, and Vg is the speed of sound. Thus, as the vortex
passes over the sensor, information on the vertical velocity pro-

file of the vortex may be obtained.

The envelope of the transmitted pulse is approximately a
Gaussian shape with approximately 100 watts (acoustic) power at
either 2950 Hz or 3550-Hz. A typical pulse width is 30 ms with a
repetition period T of 600 ms. A Gaussian shape is used to con-
centrate the spectral content of the transmitted pulse near the
transmitted frequency. Frequencies in the 3-kHz region were chosen
as a compromise--a lower frequency offers the advantage of higher
transducer efficiency with lower atmospheric attenuation and hence
higher signal-to-noise ratio; a higher frequency offers the advant-
age of lower ambient noise and smaller antennas for the same re-
quired beam-widths. Two frequencies are used in a MAVSS array for
two reasons: 1) adjacent sensors use alternate frequencies to
reduce crosstalk or feedthrough; and 2) since the largest spectral
shifts which are expected are less than 300 Hz, if the center fre-
quencies are separated by at least 600 Hz (2 times 300 Hz), then
one spectrum analyzer may be used to reduce simultaneously the

data from two adjacent sensors.

Range information is obtained by transmitting a pulsed signal
and time gating the receiver. In the backscatter mode with the
receiver gated to accept signals at a time t after the transmitted
pulse, the sampled range, r, is given by:

r =1/2 t. v

In actual practice the range gating has a finite width Atr deter-

mined by the processing parameters of the spectrum analyzer and

2-12



At is defined to be within the bounds of t, as shown in Figure 10.
The difference in time between the start of two consecutive range
gates 1s defined as the rangegate spacing, At (generally not equal
to Atr) and is determined by the processing parameters of the data-
reduction minicomputer to be equal to T/16. The range-gate spac-

ing, At_, and pulse width, t _, should satisfy the requirements

that tp < At  to prevent redﬁndancies in the signal return. The
pulse width, however, should be as large as possible to maximize
the energy in the transmitted pulse and thus to increase the
signal-to-noise ratio. 1In actual practice tp is chosen to be equal
to Atr.

For most of the tests at Toronto the parameters chosen were
T = 600 ms, tp = 30 ms, Ats = ms, Atr = 30 ms, and v = 16 ft
{5 m). Thus the maximum height sampled was approximately 330 ft
(100 m). A limited amount of data was collected with T = 800 ms
and tp = 40 ms which results in a maximum height of approximately
385 ft (125 m).

A block diagram of the MAVSS electronics is given in Figure
11. Vortices were detected at the upper ranges, but it was decided
that this did not increase the data enough to balance the loss of
data due to the lower sampling rate with the longer period and,
therefore, most of the data were collected at T = 600 ms.

The analog data received between transmitted pulses are divi-
ded into timed gates which are multiples of the pulse width as
shown in Figure 12. The signal received during any one of these
gates (e.g., between t, and ts where t

3
spectrum analyzer where a weighted average of the frequency com-

t, = tp) is passed to a

ponents is calculated. The result of this operation is a single
point which represents the characteristic frequency of the received
signal in that gate. The expected characteristic shape of this
signal can be secen from the pictorial sequence shown in Figure 13.
The leading edge of the first vortex is always an upwash and,
therefore, this shape is obtained no matter which direction the

vortices are transporting.
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One convenient method of displaying all the data for one test
run is first to convert the Doppler shifts to velocity components
and then to arrange a sequence of all gates as is shown in Figure
14. The center of each gate represents a specific time after
pulse transmission and therefore corresponds to a specific dis-
tance (or range). The data are then used to calculate the time
the vortex passed over the sensor, the height of the vortex as it
passed over the sensor, and the vortex circulation or strength.

2.3 LASER DOPPLER VELOCIMETER

A mobile LDV was installed at the Toronto Airport test site
for two series of tests: July 1976, and July 1977 to August 1977.
The LDV is owned by the Lockheed Corp., Huntsville, Alabama, and
was installed and operated at Toronto under contract to TSC. The
first series of tests were designed with two basic goals in mind:
1) to collect preliminary data on vortices from departing aircraft,
and 2) to determine the behavior of vortices from landing aircraft
in the vicinity of an abrupt terrain discountinuity, viz. a 50-ft
(15-m) dropoff on the approach end to runway 5R. The second
series of tests were designed to investigate the behavior of vor-
tices which seemed to have stalled over the runway--a region where
vortex detection was not practical with the GWVSS or MAVSS.

The detection of aircraft wake vortices by an LDV depends on
the backscattering of the transmitted laser energy by aerosol
particles in the atmosphere or in a vortex. The LDV contains a
CO, laser operating in a CW mode at a wavelength A of 10.6 microns.
Range information is obtained by focusing the transmitted CW laser
energy with a mirror system as shown in Figure 15. The energy
does not focus to a point due to diffraction limiting but to a

cylindrical shape with length

L2

[R is the range and D is the diameter of the primary mirror (1 ft
(3 m))] and diameter (or focused spot size)
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It can be seen that the resolution decreases very quickly as the
range is increased. The backscattered energy is collected and
focused using the same primary and secondary mirrors and mixed
with a local oscillator reference signal taken from the laser out-

put. The frequency of the heterodyned signal depends on the
Doppler shift of the backscattered signal given by:

_ v
f =2 = c' 8
where fo = 28 x 1012 Hz, 3
v = line-of-sight velocity component of sampled wind.
c = speed of light = 10” ft/sec (3x108 m/sec).

If the sampled velocity component is 33 ft/sec (10 m/sec), the
observed Doppler shift would be 1.9 MHz.

The LDV is capable of operating in several scanning modes.
The one selected as the most promising for the second series of
tests at Toronto was the arc-scan mode. During one scan the laser
is focused at a certain distance and scanned in elevation angle.
The range is then stepped and another elevation angle scan is
begun. Complete coverage of the tested volume consists of eight
arc scans as shown in Figure 16. The heights of each individual
scan, the minimum elevation angle, scan speed (continuously vari-
able from 0.1 to 0.5 Hz for a complete cycle, o to a, and back),
and the scan angle limits are all selected by the operator.
Figure 16 also shows a typical scan geometry which could be used
to investigate remotely the vortices which remain in the area

directly over the runway.

The simple heterodyne system just described suffers from a
sign ambiguity (i.e., there was no way to distinguish a positive
from a negative velocity since both result in the same frequency
shift). A "translate'" mode would resolve this problem by offsett-
ing the local oscillator frequency so that the observed Doppler
shift is:
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= v
fDoppler = foreser * 2E ¢

This mode, however, was not available for either series of tests
at Toronto.

2.4 PHOTOGRAPHIC SYSTEM

The photographic system consisted of an Olympus OM-2, 35-mm
camera with 250-exposure motor drive and environmental housing.
A 28-mm £/2.0 lens provided the field of view shown in Figure 17.
The camera was triggered by a computer-processed aircraft detec-
tor signal initiated by the detection of an aircraft. A four-
picture sequence was taken with 1.5 seconds between each photo.
An example is given in Figure 18. Each time the camera shutter
fired, a sync signal was sent to the computer and thus it was
possible to keep track of the amount of film remaining in the
camera. As the film neared the end of the roll, the operator was
given notice on a display that the cartridge must be changed.
When the film counter reached zero, the computer ceased generating
trigger pulses until a new film was inserted and the film counter
was reset by the operator.

2.5 METEOROLOGICAL SYSTEM

The meteorological parameters measured included ambient wind,
absolute temperature, differential temperature, and general weather
conditions. The ambient wind was measured with three sets of Gill
UVW three-axis anemometers, an example of which is shown in Figure
19. One set was mounted at a height of 100 ft (33 m) at the top
of a microwave antenna tower adjacent to the site shelter with the
other two sets mounted on crossarms on either side of the tower at
the 20-ft (6-m) level, as shown in Figure 20. Two sensors are
required at the lower level so that a wind measurement unaffected
by tower shadowing may be obtained by choosing the data from the
upwind sensor. The sensors consist of three propeller anemometers
mounted on the three orthogonal x,y,z axes. The sensor is orien-

ted so that one anemometer is parallel to the runway centerline
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FIGURE 20. WAVEGUIDE GLIDE-SLOPE TOWER
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and provides a measurement of the headwind component of the ambient
wind. A second anemometer points in a direction perpendicular to
the runway and provides a measurement of the crosswind component.
The third anemometer points vertically and provides a measurement
of the vertical component of the wind.

The absolute and differential temperature measurements are

obtained from two aspirated platinum resistance temperature probes
(Figure 21). One sensor is mounted at the 20-ft (6-m) level and
the other at the 100-ft (30-m) level. The difference in the
readings from these two sensors provides a differential tempera-
ture measurement (lapse rate).

The general weather conditions are obtained from the daily
log sheets. The site operators were required to comment at least
twice per log sheet on the general weather (i.e., cloudy, rainy,
50 percent overcast, etc.).

2.6 AIRCRAFT DETECTOR

The detection of aircraft as they passed each sensor baseline
was accomplished using the acoustic sensing system shown in
Figure 22. An acoustic transducer receiver is located at the
focal point of a parabolic antenna whose beam is fan shaped, nar-
row in azimuth and with an elevation angle of approximately 60°
(Figure 23). The change in perceived noise level as the aircraft
passes is measured and the peak in this signal is defined as the
time the aircraft is in the center of the acoustic beam. The
sampled analog voltage output from the sensor is converted to a
digital signal and transmitted to the central computer for pro-

cessing.

The computer uses an operator-controllable threshold which
must be exceeded before the signal is a candidate for detection as
an aircraft. The setting is critical as too low a level will allow
false alarms from other sources (e.g., aircraft on other runways)
while too high a level will not detect the quieter aircraft (e.g.,
general aviation aircraft and, more importantly, in some cases
the newer and quieter jets: L-1011, DC-10, etc.).
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FIGURE 21. TEMPERATURE SENSOR



FIGURE 22. AIRCRAFT DETECTOR
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2.7 DIGITAL DATA-ACQUISITION SYSTEM HARDWARE

The digital Data Acquisition System (DAS) accepts analog
voltages from the GWVSS, meteorological sensors, aircraft detec-
tors, aircraft identification, time code, photographic system, and
console keyboard entries and converts the data into digital signals
for processing. A blpck_ﬁiagram_oygligiﬁg_}he§q_sq2§y§;em§_}§___
shown in Figure 24. The heart of the DAS is a Data General NOVA
2/10 minicomputer with 16K words of memory, hardware multiply/
divide, and a real-time clock. This unit accepts digitized data
from the equipment, performs some processing, and formats the data
for recording on magnetic tape and for displaying on a CRT.

The GWVSS is divided into six sections, one on either side of
the runway on three separate lines. Each section has a centrally
located data box (as shown in Figure 25) which contains filtering,
lightning protection, multiplexer, A/D converter, parallel-to-
serial data formatter, line driver, and power supplies. A block

diagram of the components in the data box is given in Figure 26.

Each filter board has eight input channels with provisions
for mounting discrete electronic components for signal condition-
ing. All signals have zener-voltage clamping at +15 volts (multi-
plexer power supply voltage) and lightning protection in the form
of a gas discharge overvoltage sensor. Data signals from the
anemometers are input to an RC combination which acts as a Z-Hz
low-pass filter. Each data box on the "A" side of the field
(shorter baselines) contains two filter boards with inputs from
eleven anemometers and three reference voltages; the remaining
two input ports are not used. Each data box on the "B'" side of
the field (longer baselines) contains four filter boards with in-
puts from nineteen anemometers, six reference voltages (three
voltages each input twice), and the aircraft detector connected

in common to the remaining seven inputs.

The outputs of the filter boards are connected to a sixteen-
channel multiplexer-A/D converter. The "B" side requires two
multiplexer/converters to accommodate the 32 data inputs. The

input channels are sequentially sampled and each channel is
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sampled 5 times per second. Each sample then uﬁdergoes a 12-bit
successive approximation A/D conversion. Data output available
from the A/D converter consists of 12 data bits and 4 address bits.
However, in order to positively identify the 32 data channels on
the "B" side, 5 address bits are required. Since the line driver

bit is not transmitted; this results in a reduced recordable maxi-
mum wind velocity from 61 knots to 30 knots with the maximum-

response propellers used in the early portions of the test period.
It was decided that this would be well below the maximum expected

vortex-induced wind velocities on the anemometers.

The highest order address bit and the enable control signal
on the "B" side multiplexer/converter is generated using the line-
driver strobe signal and 7400 series digital integrated circuits.
Thus a sixteen-bit parallel word consisting of eleven bits of data
and five address bits is sent to the line driver. The Larse line
drivers convert the parallel input word into a serial pseudo-
differential output. This is a two-line output with one line the
logical complement of the other, and each line is driven by a
totem-pole transistor driver for transmission over long distances.
The Larse unit used at Toronto is capable of transmitting 34 bit
data words at a rate of 160 words/sec over distances of several

miles,

The closeness of the meteorological tower to the equipment
shelter allowed for direct cabling from the wind and temperature
sensors to a multiplexer inside the shelter, eliminating the need
for a field data box with line drivers. For consistency these
signals were processed with a simulated line driver/receiver com-
bination using Larse control signals and 7400 series integrated

circuits.

The cables from each of the six data boxes and from the
meteorological sensors terminate in the shelter in the '"termination
chassis'. This unit also provided lightning protection, field-
cable test points, MET filter boards and a multiplexer/converter
board, six Larse receivers, and test points for the Larse end-of-
word (EOW) pulse. The Larse receiver converts the transmitted
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serial data into a 16-bit parallel word which is sent to the com-
puter interface board. A "FORCE OFF" control input to a Larse
receiver forces the output data lines into the "tri-state' mode
(looks 1like an open circuit) and inhibits the transmittal of data
from this Larse, A "strobe'" control signal is sent to the one
interface thus allowing all receiver output data busses to be
logically '"OR-ed".

The measurement of absolute temperature is accomplished with
standard sensors. However, measuring the lapse rate, or tempera-
ture gradient between the 20-ft (6-m) sensor and the 100-ft (30-m)
sensor, is a very difficult task. Lapse rates of a few tenths of
a degree Centigrade can be expected. Therefore, a design goal was
set at a maximum total systematic error of 0.01 C° and a maximum
error of 0.001°C for a temperature range of -30°C (-22°T) to +50°C
(+122°F). The scheme selected consists of using the two tempera-
ture sensors as arms of a bridge circuit and measuring the voltage
Jifference between them. The required sensitivity is obtained by
chopping the d.c. power supplies and closely matching the resis-
tances leading to the sensors which produces an output voltage pro-
portional to the difference in the sensors alone, excluding the

voltage drops in the leads.

The data from all the Larse's and the MET board are demulti-
plexed by using the larse end-of-word (EOW) control pulses and
sent to a computer interface board. This board (printed circuit
and wirewrapped) is located in the Central Processing Unit (CPU)
housing. It contains most of the flip-flops and gates generally
needed to interface external circuits to the Data General computer.
This interface board also accepts signals from the camera and the
time-code generator and provides two digital output lines to the
camera for photo sequence control and to the MAVSS for aircraft
ldentification signals. The interface board is connected directly
to the NOVA where the control of data flow resides. The NOVA-
processed data are output to the tape recorder and to the opera-

tor's CRT display.



2.8 DIGITAL DATA-ACQUISITION SYSTEM SOFTWARE

The Data Acquisition System software is written in NOVA
assembly language and is assembled with Data General's Macro
Assembler. The program flow control is handled by a software
package called RTOS (Real Time Operating System) supplied by Data
General which provides scheduling of the égftgg;g_ggskg_ggd_ippqﬁ/
output data control. The tasks perform such functions as acquire
data from the Larse, convert the raw data, display and record the
converted data, and monitor operator commands from the keyboard.

A block diagram showing the interaction of these subroutines is
given in Figure 27.

The primary task is EXEC whose main purpose is to monitor the
keyboard for operator commands. Upon initial start up or whenever
the system has been reset, EXEC is the first and only task created.
When the operator exercises a command to acquire data, EXEC initi-
ates the operation of the Larse interrupt service routine and the
parallel tasks DPROC, DDIS, and STAT for the processing and display
of the data. Another important function of EXEC is to accept air-

craft ID commands from the keyboard.

The Larse interrupt service routine is called by the operating
system each time an interrupt is transmitted from a Larse REDE
interface. When an interrupt occurs, the subroutine determines
which Larse has requested service and directs the program flow to
a software table called a Device Control Block (DCB) which contains
all the pertinent information needed to process the data from this
particular unit. The routine also contains simple diagnostics to
determine if the correct sequence of data channels is being re-

ceived.

The DPROC task forms the heart of the software data acquisi-
tion system. It coordinates the data conversion, display, and
recording. DDIS takes the converted data and arranges it into the
proper format for display on the CRT. STAT updates the general-
status display field of the CRT once every second. This field
includes general system status, time code, aircraft identification,

aircraft speed, and camera status.
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3, TEST SITE

The vortex sensors were located on both sides of runway 23L/
O05R at Toronto International Airport. The systems installed con-
sisted of three ground wind vortex-sensing system (GWVSS) lines,
one monostatic acoustic vortex-éenéing system (MAVSS) line, one
laser doppler velocimeter (LDV), three acoustic aircraft detectors,
one 35-mm camera system, three sets of ambient wind sensors, and

two temperature sensors.

There were several reasons for choosing runway 23L/05R: (1)
there was adequate land available for all the vortex sensors, (2)
it is one of the major takeoff runways at Toronto, (3) it afforded
the possibility of installing vortex sensors on the approach to
OSR to investigate vortex behavior in terrain with large height
discontinuities, (4) a shelter for equipment and personnel already
existed, and (5) a tower of sufficient height for mounting the
meteorological sensors already existed (waveguide glide-slope faci-
facility). An overall plan view of the location of the sensors is
given in Figure 28. The locations of the sensors with respect to
the threshold of runway 23L are given below. The sign convention
used throughout this report is defined as follows: the distances
to the right of the runway centerline as observed by a pilot of an
aircraft taking off from 23L is defined as positive. Thus, dis-
tances to the northwest of the runway are positive while distances
measured to the southeast of the runway are negative. The decision
to locate the sensors at the listed distances from the threshold
was based on the analysis of data on the distribution of aircraft
liftoff points and takeoff angles recorded at Philadelphia Inter-
national Airport (Ref. 7).

The electronics and data recording equipment were housed in a
shelter which had been intended for use with a developmental wave-
guide glide-slope facility. Two windows had to be installed to

permit the site operator to identify the aircraft type.
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SENSOR DISTANCE FROM THRESHOLD OF RUNWAY 23L

GWVSS line 1 5810 ft (1770 m)
GWVSS line 2 6800 ft (2070 m)
GWVSS 1line 3 8260 ft (2515 m)
MAVSS 6760 ft (2059 m)
A/C Detector 1 5820 ft (1773 m)
A/C Detector 2 6790 ft (2068 m)
A/C Detector 3 8279 ft (2519 m)
Camera 7030 ft (2141 m)
Laser Site 2 7325 ft (2231 m)
Laser Site 3 6740 ft (2053 m)

[ 7]
A

MONOSTATIC ACOUSTIC VORTEX-SENSING SYSTEM

A detailed description of the locations of the MAVSS sensors
is given in Table 2. Sensors 1 through 6 were installed first and
collected data in the standard operating mode with the beams point-
ing straight up and the antennas spaced 200 ft (60 m) apart. The
antennas were skewed approximately 45° in azimuth to reduce reflec-
tions from adjacent antennas. Sensors 7 through 9 were installed
in the summer of 1977 and were oriented at special elevation angles
to try to investigate the behavior of vortices which may have
stalled over the runway. The area covered by these special sensors
is shown in Figure 29.

3.2 GROUND WIND VORTEX-SENSING SYSTEM

A detailed description of the locations of the ground wind
sensors is given in Table 3. All the sensors were mounted on 10-
ft (3.3-m) PVC poles with the exception of the sensors located 150
ft (45 m) from the runway centerline on all three baselines. These
sensors were mounted on 4-ft (1.3-m) poles to conform to obstruc-
tion clcarance regulations. The length of the sensor lines on the
northwest side of the runway was restricted by taxiway Delta. The
length of the sensor lines on the southeast side was chosen to be
1600 ft (490 m) since data from the test site at Kennedy has shown

vortices from landing aircraft transporting that far.



TABLE 2. MONOSTATIC ACOUSTIC SENSOR LOCATIONS

DISTANCE FROM RUN- TRANSMITTER
SENSOR NUMBER | WAY CENTERLINE ft (m)| TILT ANGLE | FREQUENCIES (Hz)
1% 1300 (396) _90° 2950
2 1100 (335) 90> 3600
3 900 (274) 90° 2950
4 700 (213) 90° 3600
5 500 (152) 90° 2950
6 300 ( 91) 90° 3600
7 200 ( 61) 90° 2950
8* 200 ( 61) 40° 3600
9 200 ( 61) 20° 2950

¥Antenna 1 became antenna 8 for the special tests.,
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TABLE 3.

GROUND-WIND SENSOR LOCATIONS

(Distances are given in feet (meters) from runway centerline)
LINE 1 LINE 2 LINE 3

800 (242) 800 (242)

700 (212) 700 (212)

600 (182) 600 (182) 600 (182)

500 (152) 500 (152) 500 (152)

450 (136) '"a" 450 (136) "a" 450 (136) "a"

400 (121) Side 400 (121) Side 400 (121) Side

350 (106) 350 (106) 350 (106)

300 ( 91) 300 ( 91) 300 ( 91)

250 ( 76) 250 ( 76) 250 ( 76)

200 ( 61) 200 ( 61) 200 ( 61)

150 ( 45) 150 ( 45) 150 ( 45)
-150 ( 45) -150 ( 45) -150 ( 45)
-200 ( 61) -200 ( 61) -200 ( 61)
-250 ( 76) -250 ( 76) -250 ( 76)
-300 ( 91) -300 ( 91) -300 ( 91)
-350 (106) -350 (106) -350 (106)
-400 (121) -400 (121) -400 (121)
-450 (136) -450 (136) -450 (136
-500 (152) -500 (152) -500 (152)
-600 (182) -600 (182) -600 (182)
-700 (212) '"b" -700 (212) '"b" -700 (212) '"b"
-800 (242) Side -800 (242) Side -800 (242) Side
-900 (273) -900 (273) -900 (273)
-1000 (303) -1000 (303) -1000 (303)
-1100 (333) -1100 (333) -1100 (333)
-1200 (364) -1200 (364) -1200 (364)
-1300 (394) -1300 (394) -1300 (394)
-1400 (424) -1400 (424) -1400 (424)
-1500 (455) -1500 (455) -1500 (455)
-1600 (485) -1600 (485) -1600 (485)
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3.3 AIRCRAFT DETECTORS

One acoustic aircraft detector was located on the southeast
side of each GWVSS line at the locations shown in Figure 28.

3+4—PHOTOGRAPHICSYSTEM

An Olympus 35-mm single-lens-reflex camera was located 1800
ft (550 m) southeast of the runway centerline and 200 ft (60 m) to
the southwest of GWVSS line 2 as shown in Figure 28.

3.5 METEOROLOGICAL TOWER

An unused 100-ft (30-m) waveguide glide-slope antenna was used
to mount the UVW ambient wind sensors and the temperature sensors.
The tower is located approximately 25 ft (7.6 m) from the south
corner of the test-site instrumentation shelter as shown in Figure
28. There are no large obstructions (buildings, terrain discon-
tinuities, etc.) in the immediate area of the tower which could
cause biased or distorted wind readings.

3.6 LASER

A mobile laser Doppler velocimeter was installed at the Toronto
Toronto Airport test site for two series of tests: July 1976 and
July to August 1977. Two sites were used in the first series of
tests and are labeled '"Laser Site 1" and '"'Laser Site 2", respec-
tively, on Figure 28. The site used for the second series of tests
is labelled '"Laser Site 3". A photograph of the laser van at site
3 is given in Figure 30. The locations of the laser sites are
given in Table 4.

3.7 EQUIPMENT SHELTER

An MOT building previously used to house the equipment for
the waveguide glide-slope facility was used as a shelter for the
electronic equipment. The shelter was modified to include two
windows to allow the operators to identify the aircraft type.
Extra air conditioning was added to control the temperature for the

sensitive computer equipment.
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TABLE 4.

LASER-SITE LOCATIONS

DISTANCE FROM

OFFSET

SITE NO. THRESHOLD OF RUNWAY 23L, ft(m) DISTANCE, ft(m)
1 10,100 (3060) 0

75500 (2212) =500 18258

6,750 (2045) 400 (121) SE
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4, DATA COLLECTION

~ The goal of the data collection effort was to acquire accurate
and distortion-free data. At least one trained operator was re-
quired at the site during all times of data collection. The func-
tions of the operator included: inspection and maintenance of
sensors and electronics, adjustment of parameters to fit program
needs, aircraft identification, system maintenance, and camera
operation. Data collection procedures for individual subsystems
are described in the following subsections.

4.1 REAL-TIME DISPLAY

The primary interface the operator has with the components
of the system is the cathode ray tube (CRT) display and keyboard.
With selectable keyboard instructions the CRT can display the

major system parameters which include:

- all meteorological data

- a real-time indication of the analog outputs of a complete
GWVSS anemometer line

- status of the signal conditioning and processing equipment
in the field

- camera status and amount of film remaining

- aircraft identification

- aircraft detector triggers

- time code

- multiplexed analog data from a field data station (for
troubleshooting purposes)

- echoes of keyboard inputs

- false trigger of an aircraft detector

- sensor malfunction

- tape recorder malfunction

- software malfunction,

The CRT is divided into four display zones as shown in Figure 31.
Each of the parameters listed above can be displayed in one of

these zones.



ZONE 1

STATUS ZONE

ZONE 2

ZONE 3

FIGURE 31.

CATHODE~RAY TUBE DISPLAY ZONES
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4.2 SYSTEM INITIALIZATION

The first step in the operator's daily routine was to load
the system program into the computer (if required). This involves
mounting a tape and loading the bootstrap program using manual
settings of the computer front panel switches. The system verifies
—_the proper completion of thiﬁ_pr_o_cg_dur_e_ﬁy_dﬁpﬁy_ ing RTOS REV 3.00

(Real-Time Operating System, Revision 3.00) or its equivalent on
the CRT. From this point on, all interactions between the opera-
tor and the computer are through the use of keyboard commands which
are monitored and executed with the EXECUTIVE subroutine.

After the system program has been loaded, the operator has
several choices of displays and data collection modes from which to
choose. A typical procedure, which results in the recording of
data on magnetic tape and the displaying of the most important
system parameters, is presented in Figure 32. To begin data
acquisition, the command RECORD is typed on the keyboard. The
system will now accept data from the input channels, perform con-
versions, and display status information in the status zone. The
information contained in the status display allows for early identi-
fication of system malfunctions from several sources. The format
of this display with sample data is shown in Figure 33. The data
collection mode selected for each GWVSS subsystem and the meteoro-
logical system is displayed in the GW MODE and MT MODE fields.

The indication of the detection of one of three types of errors in
data transmission by any of these systems was displayed in the
GWERR and MTERR fields. If no data are received from a field
station, a ? symbol is displayed. If an erroneous block of data
is received, a 1 is displayed. If the address of the received
data channel does not match the expected address, a code is dis-
played (See Appendix A for a list of the codes). Triggering of
each aircraft detector is indicated by an X displayed under the
appropriate device column in the AC DET field. The aircraft speed
is computed using the measured times between triggers of the air-
craft detectors and is displayed in the VELOCITY field. When only
two of the three detectors trigger, only one speed may be calcula-
ted; when all three detectors trigger, three speeds V12’ V13 and

4-3
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st (where V12 is between aircraft detectors 1 and 2, etc.) are
calculated and are displayed. The camera status and number of
frames remaining before the end of the reel are displayed in the
CAMERA and CAM FR fields, respectively. The aircraft type as
identified by the operator is displayed in the AC ID field. The
~ time as read by the time-code generator is displayed im the TIME
field. The IDLE fieid-indicates thé_ﬁéfcghtage of the timé Ehat
the CPU is idle; it has been empirically determined that it should

always be greater than 50 percent.

At this point the operator has the option of resetting the
system by typing RESET on the keyboard. If this mode is chosen,
data acquisition ceases and the screen is blanked. This is normally
used when the operator wishes to troubleshoot the system using the
DEBUG routine. If, on the other hand, the operator wishes to per-
form normal data collection, the DISPLAY command is used to display
in real time all meteorological data and one line of ground-wind
data on the CRT. The format of this command is shown below:

DISPLAY GWVSS 2
DISPLAY MET 1 3

The first command will result in GWVSS line 2 being displayed in
zone 1 of the CRT. (Only zone 1 may be used for GWVSS displays.)
The second command results in the MET data being displayed in zone
3. (The MET data may be displayed in either zone 2 or 3.) A photo
of the display with GWVSS line 1, MET and status information is
shown in Figure 34. 1In zone 1 the wind speed measured by each
anemometer is presented in a bar-graph display. An inspection of
this display allows the operator to quickly identify a malfunction-
ing anemometer (voltage level significantly different from the rest
of the line, voltage level remains at zero and does not move, etc.)

Each subsystem may be operated in one of four selectable modes:

Mode 0 - no data from the device will be recorded
Mode 1 - data will be recorded continuously
Mode 2 - data will be recorded for four minutes only after

the trigger of an aircraft detector (applies to
GWVSS only).
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If a subsequent trigger from another aircraft
obtained before the 4 minutes has expired, the
4-minute counter is restarted.
Mode 3 - no data will be recorded until an aircraft identi-
fication button is depressed on the keyboard.
—Itis Tecessary to set the mode for each subsystem., o
The procedure for the actual recording of data on magnetic
tape begins with the issuance of ‘the START TAPE command. The sys-
tem then requires the operator to provide a header message which,
for normal data collection, starts with the letters YYZ followed
by the tape number, a six-digit month/day/year date, and the opera-
tor's name. After this information has been logged, the operator
may include other comments that might be helpful in the data reduc-

tion., At the end of the header the operator types a 'control N"
and the recording of data commences.

4.3 CAMERA

When the camera is functioning properly, all operation is
under computer control and completely automatic. The operator
loads the camera with a 250-exposure film pack and initializes the
computer with the SET CAMERA command. The picture-taking sequence
is enabled by the operator through the CAMERA ON command. The
number of frames remaining in the film pack and the camera on/off
status are indicated in the STATUS field of the display. When the
film counter reaches zero, the operator must remove the exposed
film cassette and replace it with a new roll of film.

Identification information is included in the foreground of
each photo with a clock and notice board as shown in Figure 35.
The operator is responsible for updating this board with the cor-
rect date and film-pack number.

The camera system proved to be the most unreliable of all the
subsystems. Constant attention was required to provide reliable
operation of the motor drive, particularly in cold weather. A
large portion of candidate data was not recorded due to camera
system malfunctions.

4-8
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4.4 AIRCRAFT DETECTORS

Like the camera system, when the aircraft detectors are func-
tioning properly, all operation is under computer control and com-
pletely automatic. The successful detection of an aircraft by
each of the three detectors is indicated in the AC DET field of

__the status display. This system proved to be very reliable and
little operator interaction was required. The operator was re-
quired to record in the log sheets whenever a ''false" trigger
(i.e., an aircraft taking off on another runway, an aircraft land-
ing on runway 23L, etc.) was observed. The electrical detection
parameters (threshold voltages, etc.) can be changed by the opera-
tor but not simply as a keyboard entry; this requires software
modification using the DEBUG routine.

4.5 AIRCRAFT IDENTIFICATION

Identification of the aircraft type is performed by the site
operator as the aircraft enters the sensing system. The operators
must make the identification and set the corresponding switch on
the keyboard console before the aircraft passes line 2 due to the
manner in which the monostatic acoustic sensor data are processed.
Identification of the aircraft type is done primarily by keying on
the engine configuration. When identification is difficult using
only engine-placement criteria, other factors are considered (e.g.,
the top portion of a DC-9 tail section has a hump shape while a
BAC-111 has a forward pointing protrusion; some airlines fly only
one type of aircraft in each class such as Air Canada owns only
DC-8's and no B-707's, while American Airlines owns only B-707's
and no DC-8's, etc.). The computer interprets the switch on the
console and transmits the appropriate aircraft-type code to the
magnetic-tape recording system at regular intervals for 30 seconds
after the first setting of the switch. If the operator decides a
mistake in identification was made, the correct ID button could be
pressed any time during these 30 seconds and the corrected ID would
be recorded. The selected aircraft type is also indicated in the
status field of the display permitting confirmation of the proper

selection.
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4.6 GROUND-WIND VORTEX-SENSING SYSTEM

The only operator interactions required for the GWVSS are
selecting the data collection modes, repairs of malfunctioning
parts, and routine maintenance. The mode selection has been de-

scribed in Section 4.2. A fragile four-bladed polystyrene propel-

rer—was—used—initiatty—-~Anr—unuswatiy-high—frequeney—of-propetier

blade breakage was recorded and was attributed to hawks alighting
on the anemometer and hitting the blade with their wings. This
problem was solved by substituting sturdier ABS plastic 3-bladed
propellers. No further blade breakages were recorded after the
installation of these propellers. However, some anemometer main-
tenance (replace bearings, replace tachometers, re-orientation of
support poles, etc.) was still required.

4.7 MONOSTATIC ACOUSTIC VORTEX-SENSING SYSTEM

The MAVSS was designed to require minimal operator interaction;
however, there remain several tasks which require the attention of
the operator. Since only one side of the runway is populated with
MAVSS sensors, data are collected only when the crosswind is appro-
priate for transporting the vortices over the sensors. In general,
if the crosswind is positive, the vortices will move toward the
northwest side of the runway and the MAVSS need not be turned on.
The operator can get some indication of the vortex transport by-
monitoring the GWVSS display. The operator must also start and
stop the analog tape recorder (it had been determined that in an
airport environment the MAVSS does not track vortices for longer

than 2 minutes after an aircraft detection).

In the original plans for installation of the vortex sensors
at Toronto it was expected that the tests would be conducted during
the summer and fall months. Therefore, no provisions were made to
operate the MAVSS during periods when snow would accumulate in the
antennas. When the test program was extended through the winter,
protection against snow accumulation was accomplished using wooden
covers over the antennas. When the snowfall subsided and it was
desired to collect data with the MAVSS, the operators would have

to remove each cover.



4.8 DIAGNOSTICS

Once the operator has determined there is a problem with one
of the components in the field, a preliminary diagnostic was done
using the DIAGNOSTIC command. When the operator enters this mode,
all the multiplexed data-channel vcltage levels are displayed in

———————20Res—2—and—3-as—shewn—in—Figure—36+—The—operator-may—than—inspect
the voltages from each anemometer as well as the aircraft-detector
and reference voltages. To initiate this mode the keyword
DIAGNOSTIC is typed followed by a hardware device number:

DATA BOX DEVICE NUMBER

1B
2B
3B
1A
2A
3A
Met Tower

(o N B 7. IR S I R e

Data acquisition is continued by typing RECORD.

4.9 DEBUG

At times it became necessary to modify some of the fundamental
parameters of the system; e.g., the number of photos taken, the
threshold of the aircraft detector, the timing between photos, etc.
In order to do this, modification of the system software was re-
quired. This was accomplished by using the Data General DEBUG
software routine which is initiated by typing DEBUG.

The EXECUTIVE program transfers control to DEBUG and then only
DEBUG commands are recognized. 1In this mode direct examination and
alteration of the computer memory may be performed.

4.10 LOG SHEETS

A major responsibility of the operator is to maintain a daily
activity log. A sample log sheet is shown in Figure 37. Several
of the entries are self-explanatory (Date, Weather, Tape No., A/C
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TORONTO INTERNATIONAL AIRPORT VORTEX TEST SITE ACTIVITY LOG

DATE: tMAY 27 19727 SYSTEM STATUS: WAV SS OFF
WEATHER: (O UE R CAST  HAZY OTHER SYSTEMS MNMORMAL
TRE RO OO0 RY FILE 00 FILM_ PAcc =
Run Alc _Time _ LV v
No. Type Hour | Min. | sec. Couments
| [oco |o9 |10 |12 Firds SAER 20
2727109 | (2|26 |voqa o REESETMEUS CS0
727109 | 14 | 02 Nt
727|099 | 5| 28 T e
S | B727 |os | 2t | 06 |«2sz T S
DCS |09 [ 28 | \e
DCs |08 | 30|28
DCS | 09 | 35 |08
B727|1 09 | 44 |26
0] viot| 09 |49 |57 |uwe 7T +Fq
DCS |09 | 52 |55
LIOI\ | 09 59 1058
DCS 10 Ol 19 ONLY Ac DET NO, 3 FIRED
B727 | 10 |04 |58
15| DCio| 10 |06 57 fu oy onre 8T .5
DCY |10 |15 |15
DCO |10 |21 | 3> ONLY AC DET Noi \ FIRED
Lot | 10 [24 | 2 i e
LIOI | 102 |59 e
20]DC8 | wolzs |19 |ia1q MAVSS BN hpic
FIGURE 37. LOG SHEET
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Type, and Time). The '"system status" region allows for general
system comments such as defective anemometers, camera status, de-
fective components, etc. The '"comments' column allows for record-
ing activities which may be changing from run to run. The wind and
its components are recorded four or five times a page and were

helpful to the data amalyst. The general weather conditions are —

recorded at least twice per page in the right-hand margin in the
form of a one letter code:

CODE WEATHER

S Sunny

C Overcast
R Rain

W Snow

L Sleet

H Hail

N Night

In addition, when the condition is Sunny, an indication of the
approximate percentage of cloud cover is recorded (e.g., S/4 means
Sunny with 40 percent cloud cover). The remainder of the comments
is used for general observations which may assist the data analysis
performed at TSC such as:

- aircraft detectors which did not trigger
- MAVSS ON/OFF Status

- false trigger of an aircraft detector

~ sensor malfunction

- tape-recorder malfunction

- software malfunction.

4,11 LASER DOPPLER VELOCIMETER

The first series of LDV measurements examined the behavior of
vortices from aircraft passing over the ravine to a landing on

runway O5R and from aircraft departing on runway 23L.



4.11.1 Data Collection in the Ravine

The mobile LDV system was set up in the ravine on the approach
to runway O5R. The intent was to conduct a brief series of mea-
surements to determine the effect of the ravine on vortex behavior.
The van was parked between approach-light stations approximately
330 feet (110 -m) from the runway threshold and 23 feet (7 m) from

the extended runway centerline. The topography of the area near
the site is shown in Figure 38. The aircraft were about 83 feet

(25 m) above the van.

The van arrived in Toronto on 3 July 1976 and was positioned
and set up in the ravine on 4 July. Due to problems with the
rented power generator, the system was not operable until 9 July.
The van was manned from 0700 to about 1900 between 9 and 19 July.
During this period only 18 aircraft landed on 05R (5 B-727s,

1 B-737, 2 B-747s, 6 DC-8s, 3 DC-9s, and 1 LearJet). These air-
craft landed between 1537 and 1620 on 9 July.

4.11.2 Finger-Scan Tracking of Vortices

On the afternoon of 19 July 1976 the laser van was moved from
the ravine to the location shown as laser site 2 on Figure 28 for
tracking vortices from departing aircraft. Data collection took
place in two sessions: 20 July through 23 July and 13 August
through 31 August. A total of 723 takeoffs were monitored: 186
B-727s, 12 B-737s, 30 B-747s, 88 DC-8s, 270 DC-9s, 20 DC-10s, 19
B-707s, 57 L-1011s, and 41 other (including VC-10s DC-3s, CV-580s,
Learjets, and unidentified two-engine propeller aircraft).

4.11.3 >Second Series of LDV Measurements

Analysis of the GWVSS data was affected by the impossibility
of detecting vortices over the runway. At times one vortex was
either not observed or was observed to move back over the runway.
Since the presence (or absence) of this vortex could not be ascer-
tained, nothing could be said concerrning its life and/or its impor-
tance to interdeparture spacings. To track vortices when they were
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above the runway, the LDV was returned to Toronto for an additional
series of measurements. The system was set up near line 2 of the
GWVSS.

The LDV system became operational on 15 July 1977 and began

recording vortex data on 16 July. Data collection continued

through 4 August, when the runway was closed for maintenance.

Subsequently, an air controllers' strike closed the airport through
10 August. When the LDV system was powered up on 11 August, the
laser failed due to a faulty ZeSe output coupler. Repair could

not be rapidly effected and the LDV system was prepared for ship-
ment on 16 August. Prior commitments precluded the system remain-
ing in Toronto for additional data collection.

Between 16 July and 4 August, 353 takeoffs were monitored by
the LDV. The operators of the LDV were instructed to record data
only when the cross-wind component was less than 6 knots (condi-
tions when vortex stalling might occur). Vortex data were obtained
for the following aircraft: 48 DC-8s, 150 DC-9s, 10 DC-10s, 9
B-707s, 78 B-727s, 14 B-737s, 5 B-747s, 24 L-1011s, 4 BAC-11ls,

1 Cv-880, 2 DC-3s, 1 CV-580, 6 unidentified twin-engine propeller
aircraft, and 1 Learjet.

A novel scan mode was used which takes advantage of the rela-
tive speeds of range and angle scanning in the LDV. The range is
kept fixed during each elevation angle scan, which lasts one
second. At the end of each elevation scan, the range is stepped
quickly to a new value. Eight ranges were used to cover the region
of interest, approximately 200 feet (60 m) to both sides of the
runway centerline. The two inner ranges and the two outer ranges
approximately coincided with the locations of the two innermost
line 2 GWVSS anemometers on both sides of the runway. Each step
in range covered approximately 55 feet (17 m). The elevation scan
limits were typically 3 and 50 degrees.
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5. DATA PROCESSING

Some of the data processing was performed by the NOVA mini-
computer at the test site. GWVSS and MET anemometer voltages were

converted to wind speeds, temperature-sensor voltages werc con-

verted to temperatures and lapse rates were calculated, and Stdrt-
of-run (SOR) marks and aircraft velocities were obtained from
aircraft-detector voltages. The resultant digital tapes and the
MAVSS analog tapes were sent to TSC where the major portion of

the data processing was performed.

5.1 MONOSTATIC ACOUSTIC VORTEX-SENSING SYSTEM

The data obtained from the monostatic acoustic scnsors re-
ceived some signal processing (filtering, time-variable gain, etc.)
before being recorded on tape. The analog tapes are then shipped

to TSC for the final data proccssing and analysis.

The major steps in the processing arc outlined in the block
diagram of Figure 39. The output of the analog tape is sent to a
real-time spectrum analyzer which resolves the signal into 28
frequency componcnts, 14 on cither side of the transmitted fre-
quency. Since the transmitted frequencies of two adjacent sensors
were separated by 600 Hz and the maximum expected Doppler shift
was 300 Hz, it is possible to use one spectrum analyzer to process
the signals from two adjacent sensors. One complete spectrum is
obtained for each range gate. The signal is then passed through
an analog squaring module which produces the spectral power den-
sity. The analog output of the squaring module is converted to a
9-bit digital signal and input to a Varian 620/L minicomputer,
where the digital processing is performed. A block diagram of the

hardware involved is given in Figure 40.

Two separate passes through the minicomputer are required.
On the first pass, velocity components are calculated and stored
on a digital data tape. On the second pass, the vortex parameters

are calculated and output to a digital tape. The initial step in
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the first-pass assembly-language computer program is the calcula-
tion of the mean frequency, fm’ and the mean-square-deviation of

the spectrum from the mean, fq:

_ JI(E)f df

H
I

and . FHE)dE
_ 2
fd = fm - fs
where i fI(f)f2 af

s = JI(H)df

I[(f) is the squared intensity of the spectral component. The ver-
tical component of the wind velocity, Voo is then calculated from
the mean frequency by the equation:

v, = 2 £ife Ve o
t
where fm-ft is the Doppler shift in frequency and v is the velo-

city of sound [1100 ft/sec (335 m/sec)].

The velocity, Vs and its mean-squared deviation are stored
on digital tape during the first-pass processing. As a check that
the processing is proceeding normally, the computer generates a
CRT and hard-copy run-summary display of the raw spectrum, velo-
city, or mean-square frequency deviation. A certain amount of
analysis of these displays by a skilled operator is required at
this point to determine if the processing parameters (gains, mix-
ing levels, etc.) need to be adjusted. Changes in weather condi-
tions during the recording of the data at the test site are the
major reason for changing parameters.

The stored velocity and frequency-spread data are then pro-
cessed in a second pass through the minicomputer to calculate the
vortex height, arrival time, and circulation (vortex strength).
The height and arrival time are obtained by performing a running
correlation of the velocity data with a square-wave function that
is a first approximation to the expected vortex signature. The
height (range gate) and arrival time are defined to be the points
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where the most positive and most negative correlations are ob-
tained. Several consistency checks are performed at this time:
(1) it is required that the first vortex (defined as the vortex
that enters the sensed volume with an upward velocity component)
appear before the second; (2) to reduce the identification of a

large unidirectional velocity-noise component-asa vortex, it-is

required that each side of the vortex contribute at least 20
percent of the correlation; and (3) the correlation must be above
an empirically determined, operator-defined threshold. Starting
and stopping times for the correlation process are provided by
dividing the expected maximum and minimum vortex transport velo-
cities, respectively, by the distance of the sensor from the

runway centerline.

An indication of the vortex strength 1is obtained by calcula-

ting the average circulation:

R
re t/:R r v, dr
R

The radial distance from the center of the vortex, T in the 1inte-

gral, is obtained by assuming the transport velocity (VT) of the
vortex is constant and therefore relates to the elapsed time:

The transport velocities are calculated using the start-of-run
aircraft-detector signal and the calculated vortex arrival times
at the respective sensors. In general, the higher the number of
sensors which detect the vortex, the more reliable the calcula-
tion of the transport velocity and hence the circulation. The
average circulation is calculated for four values of R: 5, 10,
20 and 30 meters (17, 33, 66, 99 feet).

A comparison of the display hard copy and the data summary
print-out results in either rejection of bad data, adjustments
to correctable data, or no action. The final step is the inclu-
sion of the data into a data base.

5-5



5.2 METEOROLOGICAL AND GROUND~WIND VORTEX—SENSING SYSTEM

Each MET and GWVSS data sample (GWVSS anemometer voltage,
time code, aircraft ID code, etc.) is converted to a 16-bit word
and scaled to engineering units. The NOVA assembles these words

into arrays called "frames" according to the format given in

Tables 5 and 6. The framgg_a:g_;hgn_gxﬁupﬂd_intn "records' which

consist of an integral number of frames and a maximum of 2048
words. Near the end of a record, if the next frame to be recorded
would result in the record exceeding 2048 words, the current
record is filled with zeros and this frame of data is inserted in
the next record. This insures tape synchronization and error
recovery capability in the data reduction process. The data were
then recorded on 9-track digital tape with a 1limit of 4500 re-
cords to assure control of the amount of tape used on each 2400-
foot (730-m) reel.

The data from the MET subsystem and the GWVSS are collected
at a rate of 5 frames/second. The MET data are recorded continu-
ously when the system is on. Recording of GWVSS data begins with
the first trigger from any of the three aircraft detectors and
terminates by a computer-controlled time-out. A clock, initiated
with the first trigger, is reinitiated with any subsequent trigger
(at least 20 seconds later) from another aircraft detector and
terminates the recording of data after an elapsed time of 240
seconds. Experience from previous test sites has shown this to
be an upper time 1limit for the detection of vortices.

Each new data tape is prefaced with a fixed format ASCII re-
cord identifying the site (YYZ), the tape number, the date the
tape was started, and the name of the site operator. This record
may be followed by optional ASCII message records (up to 80 char-
acters) through which pertinent information is passed on to the
data reduction and analysis system (e.g., sensor failures). When
data collection was stopped, an End-of-File (EOF) mark was placed
on tape. An optional ASCII message could then be written on tape
preceding the restart of data collection. The format of the data
tape is shown in Figure 41.



TABLE 5.

GWVSS NINE-TRACK DATA-FRAME FORMAT

WORD NO. (OCTAL) 16-BIT WORD COMMENTS

0 FRAME 1D NO. 5

1 ARRAY NO. 1,2,3

2 -1600ft (484m) 0.1 knot/1sb

3 -1500ft (455m)

4 -1400ft (424m)

5 -1300ft (393m)

6 -1200ft (363m)

7 -1100ft (333m)

10 -1000ft (303m)

11 -900ft (272m)
12 -800ft (242m)
13 -700ft (212m)
14 -600ft (18Zm)

15 -500ft (152m)

16 -450ft (136m)

17 -400ft (121m)

20 -350ft (106m)

21 -300ft ( 91m)

22 -250ft ( 76m)

23 -200ft ( 61m)

24 -150ft ( 45m)

25 +150ft ( 45m)

26 +200ft ( 61m)
27 +250ft ( 76m)

30 +300ft ( 91m)

31 +350ft (106m)

32 +400ft (121m)

33 +450ft (136m)

34 +500ft - (152m)

35 +600ft (182m)

36 +700ft (212m)* *not included in
37 +800ft (242m)* ¥ array No. 3
40 days 3 4-bit BCD characters
41 hours/mins. 4 4-bit BCD characters
42 sec./0.1sec. 4 4-bit BCD characters

. 0=nominal

43 A/C det/A/C 1D 2 8-bit bytes_1=new il
44 velocity 1 knot/1sb

45 camera frame no 250-0
46 error code 0=no error; # O=error number




TABLE 6.

METEOROLOGICAL NINE-TRACK DATA-FRAME FORMAT

WORD NO.
(Octal) 16-BIT WORD COMMENTS

0 FRAME 1D NO. 6

- MET#1

2 U 100ft (30m) 0.1 knot/1sb

3 V 100ft (30m) '

4 W 100ft (30m)

5 U 20ft (6m) P

6 % 20ft (6m) P

7 W 20ft (6m) P

10 U 20ft  (6m) S
11 \ 20ft (6m) S
12 W 20ft (6m) S _LL

13 spare

14 lapse rate 0.01°C/100ft (30m)/1sb
15 temp. 0.1°C/1sh
16 days 3 4-bit BCD characters
17 hours/mins. 4 4-bit BCD characters
20 sec./0.01sec. 4 4-bit BCD characters
21 error 0=no error; -1 = error
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The procedures used to reduce and process the GWVSS anemo-
meter data and the MET data leading to their respective entries

into the Toronto Vortex Data Base are divided into four phases:

Phase I - Reformatting
Phase II - Digital Processing
Phass III - Vortex Analysis

[a P N o RN o i

Phase IV - Punched Card Editing.

The individual tasks in this process are shown in Figure 42,

5.2.1 Phase I-Reformatting

The reduction of the data was performed with the TSC XDS-9300
hybrid computer system which was chosen for its relatively low
cost, high availability, and input/output capabilities. The 7-
track tape drive for this system required that the 9-track tapes
generated by the NOVA at the test site be converted. This was
accomplished on the TSC Digital Equipment PDP-10 computer system.

ASCII data records were converted to BCD and GWVSS and MET
data were reformatted on the 7-track tape to be compatible with
the XDS-9300 24-bit word length and instruction set. The data
were repacked so that the number of 6-bit bytes recorded on 7-
track tape was no greater than the number of 8-bit bytes recorded
on 9-track tape, thereby preserving an approximate one-to-one
match between the 9-track and 7-track data tapes.

5.2.2 Phase II - Digital Processing

The XDS computer is structured to allow interactive operator
inputs from a teletype and/or sense switches during the processing
of tapes. Diagnosis of the data reduction system performance and
system malfunctions can be obtained through on-1line requests of
data "dumps" and analog stripchart recordings. The data dump
consists of a printout of all the information in the data stream
and allows a detailed inspection of all system parameters. Sixteen
selectable channels of analog stripchart recording are available
through an interface with a Beckman 2200 analog computer. The
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channels to be strip recorded from either the GWVSS or MET sub-

systems are operator selectable.

One very important editing feature which results from this
diagnostic method is the ability to detect any sensor which failed
and presented an abnormally low or high voltage to the data re-
cording system and thus being considered by the processing soft-

ware to be the location of one of the vortices. The operator may
then select the proper switch settings to suppress any GWVSS or
MET sensor (or sensors) from the data processing systen.

The software programs which process the MET and GWVSS data
are structured to operate independently and produce outputs which
consist of high-speed printer plots of vortex location and punched
cards containing selected system parameters (aircraft ID, meteoro-
logical conditions, etc.).

5.2.2.1 MET Processing Algorithm

The MET processing algorithm scales and smoothes the raw data,
calculates averages, and formats the data for output. The sensor
data recorded in the field were prescaled by the NOVA minicomputer
assuming a linear anemometer speed versus voltage response. Fac-
tory calibration tests at selected speeds, however, revealed a
non-linear response and necessitated the use of a segmented linear
curve. The MET processing algorithm converted the field-recorded
sensor data to match this calibrated response.

The horizontal wind, H, was calculated from instantaneous

measurements of the head wind, U, and the cross wind, V, as
1

2

2l Vz) . The head wind, cross wind, vertical wind, W, and

H= (U
horizontal wind were smoothed for each of the three sets of UVW
anemometers. The smoothing algorithm is a simple sliding average
using round-robin techniques. The smoothing period was selec-
table, and experience with Kennedy, Denver, and Heathrow data
established that a 20-sec smoothing time retains sufficient system
dynamic response to track the average winds. If either U or V
were suppressed due to a failed sensor, the H calculation was

automatically suppressed.
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Since the MET processing is continuous, it is difficult to
tabulate and save all the MET data associated with the presence,
motion, and life of a vortex. As a consequence, a single repre-
sentative set of MET parameters is generated and used to charac-
terize the MET conditions for the analyses. A mean and standard
deviation are calculated for the smoothed MET data collected

during the first 60 seconds of each run (or until the end of the
run if less than 60 seconds). In the event of data dropouts,

the 60 seconds of data must be collected within the first 90
seconds of the aircraft run or a flag will be generated informing
the operator that the data are too noisy to be considered valid.
The operator, once having diagnosed the problem, could suppress
further MET processing, and continue to generate vortex tracks.
During the processing of each aircraft run, the results of the
smoothing and the turbulence calculation are tabulated at 5-second
intervals at the end of each run. These tabulations aid in under-
standing anomalies in the MET data, such as gusts moving through

the anemometer system.

5.2.2.2 GWVSS Processing Algorithm

The GWVSS processing algorithm is divided into two parts.
The run-mark and header processing algorithm controls the start
and termination of each vortex-track printout, initiates the
master clock, and formats the run-header data for printout. The
first aircraft detector to trigger initiates a clock for its
respective baseline and the master clock from which all other
timing is referenced. Each subsequent aircraft-detector trigger
initiates a clock for its respective baseline as is indicated by
the line of delta (A) symbols on the sample vortex track of Figure
4%3. IF an aircraft detector does not trigger, the clock for that
particular line and the delta symbols are omitted from the print-
out as shown in Figure 44. Only the first trigger of each detec-
tor is accepted during the first 20 seconds of each run to sup-
press multiple triggers. The header information which is formatted
for printing includes the time code at which the first aircraft
detector triggers, aircraft type, temperature, lapse rate, aircraft

speeds, cammera-frame counter, and separation time between aircraft.
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The location of a vortex is determined each time a complete
set of sensor voltages is viewed from each of the anemometers 'in
a baseline. The GWVSS location algorithm defines the position of
the port (starboard) vortex to be at the location of the sensor
with the lowest (highest) voltage output. The algorithm makes the
following assumptions: (1) when no vortices are present, the
statistics of each anemometer is identical to every other anemo-
meter on a sensor line, (2) random fluctuations of wind are un-
correlated from sensor to sensor, (3) local amplitude deviations
of the wind field are solely attributed to the presence of vor-
tices, (4) the response time of the anemometer is much faster
than the variations of the local wind fields attributed to vor-
tices, and (5) the vortex signatures while tranpsorting through
the sensor line are distinctive and limited only by the sample
rate.

The data are processed in groups of ten frames or ten conse-
cutive sets of anemometer outputs which represent two seconds of
elapsed time. The location assigned to the vortex for this two-
second interval is defined as the position of the sensor which
was most frequently selected during the interval. If one sensor
is not chosen for at least 5 of the 10 samples, the algorithm

concludes that no vortex is present in the system.

5.2.2.3 Digital Processing Output

The most important outputs of the digital processing are the
vortex track, MET summary and MET history printouts, (shown in
Figure 43), and the punched cards which contain the primary para-
meters for each run. The first two rows of the printout contain
header parameters appropriate to the particular run. DATA PROC
indicates the date the data were processed at TSC. CASE NO is a
number indexed each time an initial aircraft detector trigger has
been received. RUN NO is a number indexed each time an aircraft
departs from runway 23L and corresponds directly with the run
number recorded on the log sheets. These numbers should be the
same but false triggers from extraneous sources such as aircraft

departing from other runways result in extra triggers which must
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be mannually expunged. SYS indicates the latest revision date of
the data reduction software.

The vortex-track printout is oriented with GWVSS line 1 to
the left, line 2 in the center, and line 3 to the right. Each
track is a time history of the port and starboard vortices as
indicated by the vortex-location algorifhm. The vortex positions
are printed at two-second increments with the port vortex assigned
the character "P" and the starboard vortex the character '"S."
Whenever the indicated vortex location is distributed across two
adjacent sensors, a '"+" is associated with the port vortex and a

"k is associated with the starboard vortex.

The alphabetic characters (A, B, C, etc.) running down the
page on both sides of the tracks correspond to a validity-weighting
assigned to the port (left column) and starboard (right column)
vortex indication. The number of times a particular location is
chosen during the 2-second interval is an estimate of the confi-
dence of the decision and is coded as follows:

Number of times a location is

chosen during a two-second

Code interval (10 samples)
A 10
9
C 8
D 7
E 6
F 5
" < 5

When the chosen location contains less than five out of the ten
samples, a '"-'" code is listed and no vortex location is indicated.
This level of confidence is used in the data analysis when a
decision must be made as to whether the observed signals truly
represent the existence of a vortex or are due to fluctuations in
the ambient wind.

The apostrophes in the center of each track represent the
location of the runway centerline. The dots to the left and right
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of the apostrophes represent a + 200-foot (i60-m) corridor. The
numbers (sometimes separated by dots) at the top and bottom of
each track represent the sensor positions which are quantized at
50-foot (15-m) increments up to + 450 feet (+137 m) and then at
100-foot (30-m) increments. A series of 1's, 2's, 3's and 4's
are printed to show the 30-, 60-, 90- and 120-second elapsed-time
marks, respectively, on each track and are used in the data

analysis.

An a priori logic was formulated which used the master clock
to set reference 30-, 60-, 90- and 120-second timing marks for
baselines whose aircraft detector did not trigger. Table 7
illustrates the elapsed-time offset (in seconds) when baseline
"x" contained the first aircraft trigger and baseline "y'" is an

untriggered baseline.

TABLE 7. ELAPSED TIME OFFSET FOR UNTRIGGERED BASELINES (SEC.)

y
i;\\\\ 1 s X

1 0 +4 +10
-4 0 +6
3 -10 -6 0

The summary of meteorological parameters for each run' appears
in the last two lines on the first page of the run printout under
the heading MET SUMRY (Figure 43). The 60 SEC entry on the left
indicates that data have been averaged for 60 seconds. The data
are grouped into three divisions containing the U, V, W, H, and T
(turbulence, discussed in Section 6.3) for each of the three MET
sensors 100 feet (30 m), 20 feet (6 m) port and 20 feet (6 m)
starboard. The top line labeled MU is the time-averaged data and
the bottom line labelled SIG is the standard deviation of the
averaged data.

The track continues until 200 seconds have elapsed on all

baselines or until the aircraft detectors are triggered by the



following aircraft in a time less than 200 seconds. Following
cach vortex track is a printout of the averaged meteorological
conditions at 5-sec increments. This list is useful to analyze
and to interpret anomalous meteorological data such as gusts
passing through the system or unusual vortex behavior.

The column immediately to the right of each baseline is re-
served for error flags. An "S" in this column indicates an error
in data transmission detected by the NOVA acquisition system such
as missing sensor data (data dropouts) and power-supply voltages
out of specification. When a data dropout is detected, the entire

frame for that sensor line 1s rejected.

A printout of a summary of all the important parameters 1is
iisted at the end of each processed tape as shown in Figure 15.
A column is available for the data analyst to manually insert
the test site run number (which may differ from the CASE number).
The CODE entry is a numerical code of the aircraft type. The SOR

entry is a numerical code to indicate which aircraft detectors

triggered. If a detector triggered, the number of the corre-
sponding baseline will be printed (e.g., "23" implies that only
otectors on lines two and three triggered). The REC entry indi-

cites the data tape record number when the collection of data

started. DURATION is the difference in successive record numbers.

5.2.3 Phase III Vortex Track Analysis and MET Verification

The vortex track analysis consists of two subtasks as

follows:

- Identifying the time and position at which the vortex-
location algorithm indicates the demise of a vortex.

- Confirming the position of the vortex as defined by the
vortex-location algorithm at the 30-, 60-, 90- and 120-

second reference times.

'he first subtask is the most important step in the data analysis;
it required analysts who had a great deal of experience with
similar data from other vortex data collection sites. The analyst

must use information from several sources to judge when the
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location algorithm has ceased tracking the vortex. This defines
the '"'death time'" and '"death position'" of the vortex. The cessa-
tion of tracking could be due to several sources: (1) the vortex
decays to a point where it is no longer distinguishable from the
ambient wind, (2) the vortex rises to a height where it is out of
the intrinsic range of the sensor, (3) the vortex stalls directly
over the runway where there are no sensors, or (4) organized
vortex flow has ceased and only a gust-like movement of air re-
mains. Some of the aids which the analyst uses in making the
decision are the validity-weighting factors (A, B, C, etc.) at the
sides of the vortex track printouts, the meteorological parameters
(head wind, cross wind, and turbulence), the aircraft type, and
the aircraft height. An example of an analyst decision of a vortex
death on each of the three baselines is given by the check (V)
notation in Figure 46. There are many interactive factors which
must be considered by the analyst when making this decision and

it is often a difficult task.

The analyst must also correct obvious errors of the vortex-
location algorithm at the 30-, 60-, 90-, and 120-second reference
times. The location of the port vortex on line 2 at 120 seconds
in Figure 47 was selected by the location algorithm to be at -450
feet (-137 m). It is obvious that the actual position should be
approximately -1200 feet (-366 m) and was so indicated by the
analyst.

The measured meteorological parameters were verified by the
data analyst. The winds at the MET tower are compared with those
reported on the log sheets and discrepancies were analyzed.
Consistency among the U, V, W measurements at the two tower
levels was checked. The data were reviewed with respect to long-
term (hours) and short-term (seconds) variation and continuity.
Finally, the MET data were reviewed with respect to the vortex
tracks; a general correlation should exist between the vortex
transport characteristics and the meteorological conditions. A
block diagram of the vortex track analysis and MET verification

process 1s given in Figure 48.
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5.2.4 Phase IV-Punched Card Editing

A second output from the GWVSS and MET data processing system
is a set of ten punched cards containing all the pertinent data
processing parameters generated automatically in the computer
processing and manually from the data analyst's processing. The
cards are generated during various phases of the data processing
and are integrated into a data base. The "Number 1" card contains
all the run header information and is carefully verified and edited
using the log sheets and run summary printouts as shown in Figure
49. It is at this point that the general weather condition as
noted in the log sheet is entered into the data stream. The
general weather is assumed to remain constant until a change is

noted in the log sheets.

5.3 LASER DOPPLER VELOCIMETER

Some signal processing was performed on-site in the mobile
laser system van. The return signal was heterodyned with a local
oscillator laser signal, converted into an electrical signal by a
photodetector, and amplified; a spectrum analysis was performed
on the Doppler-shifted signals; and the data were formatted for
display and recording on digital magnetic tape. The steps of this

process are outlined in the block diagram in Figure 50.

The output of the spectrum analyzer is a single data point
every 0.014 seconds, representing the spectral component with the
nighest return signal amplitude. A recursive comparison technique
was used to obtain the single data point for each spectrum analy-
zer scan. The envelope of the expected signal for one spectrum
analyer scan is given in Figure 51. The spectrum analyzer scan is
driven by a sawtooth voltage derived from a D/A converter, the
input to which is counter clocked at a constant rate; hence, the
digital number output of the counter represents frequency on a
linear scale. In order to reject unwanted signals from feedthrough
of the laser fundamental signal and noise from the ambient atmos-
phere, the received signal must first exceed operator-selected
thresholds in both frequency and amplitude. At each new count the



LOG
SHEETS

ATRCRAFT 1D O VORTEX ©O
CARD O PRINTER ©
CARD NO. 1 o PLOTS o
o o

o

VERIFY, EDIT,

OR ENTER

ATRCRAFT TYPE
RUN NUMBER
TIME CODE
WEATHER

- OPERATOR NOTED ERRORS

LOG SHEET NUMBER

LOG SHEET/PRINTER PLOT/STRIP CHART
ENTEE. AS NOTED ON LOG SHEET

TORONTO VORTEX DATA BASE

EDITED AIRCRAFT DATA
TO BE ENTERED INTO

CARD NO. 1

FIGURE 49. EDITING OF NUMBER ONE DATA ANALYSIS CARD
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spectrum analyzer output was compared with that obtained on the
previous count. If the current sample is larger, it and its
corresponding frequency were stored; if it was smaller, the pre-
vious value was stored. At the end of the sweep the number
stored corresponded to the highest signal power observed (i.e.,
the peak in the spectrum). The SEL 810A minicomputer formatted
the data for recording on magnetic tape. The data logged by the
computer included:

All scan volume location parameters
"Mode of Operation" identifier
The instantaneous line-of-sight velocity information

a

b

c

d. The Doppler spectrum peak strength

e Full spectrum intensity and frequency information
f

A data quality identifier.

The digital tapes were sent to TSC for data processing and
analysis. From the array of recorded frequency and intensity
points, the line-of-sight velocity field was computed and the
vortex parameters, including location and velocity distribution,
were determined.

5.3.1 Processing of Data Collected in the Ravine

The data collected while the laser was stationed in the ravine
yielded very little significant results. Vortices were detected
and tracked for 11 landings (4 B727s, 1 B-737, 2 B-747s, 3 DC-8s,
and 1 DC-9). Most of the undetected vortices (5) occurred at the
end of the time period; the wind had increased in intensity by
then and landings were switched to runways 23L/R.

The signatures for the detected vortices appeared normal but
exhibited an unusually fast breakup. Even with a cross-wind com-
ponent, the vortices never drifted more than about 150 feet (45 m)
from the extended runway centerline. The vortices did descend
below the level of the plateau, but only by about 10 or 15 feet
(3 or 4 m).

Although only 11 vortex pairs were detected, the early
breakup of the vortices was apparent and was attributed to the
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geography. The wind flow apparently separated at the lip of the
ravine; the van was in the near wake of the wall of the ravine.
It is postulated that the shearing action of the near wake flow
caused the breakup of the vortices, at least in the region above
the laser system. What is not known is the effect of the breakup
of the vortices at this location on the vortices both closer to
the runway threshold and further out.

5.3.2 LDV Data Collected Between Lines 1 and 2

The data were collected in the finger-scan mode where both
the range and elevation of the focal volume are continuously
changing. Typical range scans were between 3 and 30 degrees at
a 1.0-Hz rate. The resulting locus of the moving focal volume
sweeps out a lobed pattern resembling pointing fingers. The
advantage of this scan mode is that it covers a large region; the
disadvantage is that the greatest concentration of the data comes

from the limits of the range and elevation scans.

In general, the signatures of the vortices resembled signa-
tures obtained elsewhere (Ref. 8) for landing aircraft. However,
the highest velocity measured for the takeoff vortices was approx-
imately 35 ft/sec (10 m/sec) whereas landing vortices often
yielded velocities in excess of 50 ft/sec (15 m/sec).

5.4 PHOTOGRAPHIC SYSTEM

The processed film was sent to the Applications Research
Corporation (ARC) in Philadelphia, PA, in the form of 33-ft (10-m)
continuous rolls of 24 mm x 36 mm ectachrome positives (slides).
The film was displayed on a surface about 7 feet (2 m) from the
projector. The coordinates of the aircraft and the coordinates
of fixed landmarks which coincided with the line of sight from
the camera to the intersections of each of the first two sensor
lines and the runway were read from a scaled screen. The aircraft
coordinates (X, Y), along with aircraft status information such
as tape and run numbers, date, time and aircraft type were key-
punched for input into the ARC computer program ACSTAT which



calculated the height of the aircraft over each of the three
sensor lines. Figure 18 shows a typical four-photo sequence of a
departing aircraft.

The ACSTAT program first converted the projected coordinates
of the aircraft into displacement L along the runway and height H
above the runway. Using the geometry of Figure 52, H and L (in
feet) are given by:

dem - (BF + AB))
1750 cos ( o
1

fom -1 -1
1250 dem-AB dem - (AB+BF)
COS[““ (W) tan (T?F)* o ( dom )]

<9 1 e ST
1250-1750+ tan [tan (%—%) - tan (d_f'j‘_rrl"\_ﬁ)»ftan (_(d m[_(AB’fBP)ﬂ’

=
]

Tem

where M is the projection scale factor which relates projected,
measurements to displacements on the film,

_ Length of projected frame (inches)
36 mm (length of film frame) )

h is the altitude of the aircraft in inches, AB is the measured
distance (projected) from the edge of the film to the first sensor
line landmark (in inches), BF is the measured longitudinal dis-
tance to the aircraft from the first sensor line landmark (in
inches), d is one-half the film frame longitudinal axis (equal

to 18 mm for the Olympus camera), and f is the focal length (in
mm) .

In general there were four sets of coordinates (X, Y) for each
takeoff run corresponding to the four photographs taken. The
first photograph was triggered by the passage of the aircraft over
the first sensor line. The others followed in sequence 1.5 seconds
apart. The four sets of coordinates were then fitted to a second-
order polynomial trajectory as shown in Figure 53, The program

calculated the coefficients of the polynomial using a least-squares
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fitting routine. If the equations for the polynomial coefficients
were consistent and the second derivative of the trajectory curve
was positive, the position of the aircraft over each of the sensor
lines was estimated. When either the second derivative of the
trajectory curve was negative or the estimated altitude of the
aircraft over successive sensor lines did not increase, the re-
sults were flagged and the data for that takeoff were rechecked.

It usually turned out that the flagged data were the result
of misreading the coordinate values in one of the photographic
frames and the corrected values produced consistent altitudes.

In all, photographs for about 2030 takeoff runs were pro-
cessed. The sensor-line altitude, as well as aircraft status
data (tape and run number, aircraft type, time date, etc.) were
key punched and sent to TSC along with a computer printout of the
information. A typical printout is shown in Figure 54. The com-
puter cards were used to enter the altitude data into the TSC
data base.
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©. METEOROLOGY

Analysis of the data collected at other wake vortex tests
sites strongly indicates that the most important parameter for
determining vortex transport characteristics is the ambient wind.
In this section some of the characteristics of the ambient wind
measured during the data collection at Toronto Airport are
reported.

6.1 WIND MEASUREMENTS

Three UVW, three-axis wind sensors were mounted on a 100-ft
(30-m) tower, one at the 100-ft (30-m) level and two sensors at
the 20-ft (6-m) level. As mentioned in Section 2.5, two sensors
were required at the 20-ft (6-m) level to eliminate the effects of
tower shadowing. Fig, 55 shows an overhead sketch of the tower
cross section and the placement of the booms which held the sensors.
It can be seen that winds coming from the general direction of W1
will result in the tower shadowing the port sensor and, likewise,
winds coming from a general direction of W2 will result in the
tower shadowing the starboard sensor. For analysis purposes the
measurement by the port sensor is used whenever the cross-wind
component, V, is positive, and the measurement by the starboard

sensor is used whenever the cross-wind component is negative.

In order to assign a single value to the wind components which
represents the wind over the duration of the test run, a one-
minute running average is used. A sixty-second averaging was
chosen for the following reasons: (1) it is approximately the
average lifetime of a vortex, (2) previous studies using Kennedy
and Heathrow data (Ref. 3) have shown that 60-second averages give
consistent and reproducible characterization of vortices, and (3)

the influence of wind gusts is minimized.

The MET data presented in this section were collected only
when aircraft were taking off on runway 23L and only when the test

site was manned. A linear interpolation was performed on the wind
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measured at the 20-ft (6-m) and 100-ft (30-m) levels to obtain a
representative wind at the 50-ft (15-m) level. This was done so
that comparisons could be made with the characteristics of vortices
observed in previous tests. Fig. 56 shows the overall distribution
of the interpolated 50-ft (15-m) horizontal wind and the cross wind.
The wind rose obtained during the times runway 23L was in use for
departures and data were being collected at the test site is given

in Fig. 57.
6.2 VERTICAL WIND SHEAR

The differences between the measurements of the 100-ft (30-m)
sensor and the selected 20-ft (6-m) sensor are an indication of
low-level vertical wind shear. A summary of these results is
given in Table 10, where H is the total horizontal wind magnitude
and 6 is the wind direction. A superscript represents the height

of the sensor in feet and the subscript represents the height in
H100 620

30 6
with the wind magnitude difference increasing and the wind direction

meters (e.g., Y. In general, the results were as expected

difference decreasing with increasing wind magnitude. The higher
wind magnitude differences at 25 < Hégo < 30 knots and

30 knots < Hégo may be attributed to the relatively few data points
(these measurements are not statistically significant). As ex-

pected, the angular variations are highest for the very low winds.

The mean wind shear was 2.9 kts/100-ft (2.9 kts/30 m) during
the data collection. The shear exceeded 5 kts/100 ft (5 kts/30 m)
for 7% of the departures. No observations were recorded when the
shear exceeded 10 kts/100 ft (10 kts/30 m).

6.3 TURBULENCE

Assigning a meaningful definition of the turbulence of the
ambient wind is not a simple task. In previous tests {Refs. 2, 3,
and 9) it has been shown that the parameter e, the equilibrium
rate of turbulent eddy dissipation, correlates well with the "ife-
time of vortices, and is given by the expression

2 -
el/3 -y 598 p2/3 171/3 Gy
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TABLE 8. VERTICAL WIND SHEAR

HORI ZONTAL 100 20 0. DATA
WIND |H30 -H¢ | (knots) |630 -0¢ | (Degrees) POINTS
(knots) MEAN 5 MEAN S

100
0<Hz4 <3 0.6 0.5 33.4 41.9 485
3<Hy 0<s 0.9 0.7 12.8 21.5 733
100
5<Hz5 <10 1.6 0.9 5.6 6.1 2569
100
10<H35 <15 2.4 1.0 4.3 4.3 1087
100
152Hz5" <20 3.4 T 3.8 3.4 506
100
20<Hz45" <25 4.4 1.0 3.9 3.8 206
i
100 r

25<Hz4" <30 5.1  { 1.2 6.4 6.5 30

30<p100 5.3 0.6 6.8 2.2 1
sHzp

ALL Hégo 1.8 1.3 8.5 17.3 5620
ALL Hégozs 2.1 1.2 5.0 5.4 1402
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where H is the horizontal wind. T is a selectable characteristic
time constant and was chosen to be 5 seconds. O is the RMS

angular variation and is given by

N
_ 2 .1 =2 \l/2
O _('21 wi N (ws) > . 57.3

T N-d

il ,

where Wi is the vertical component of the wind sampled seven times
per second. W5 is the 5-second mean value of the vertical wind,
and N = 35 (7 samples/sec for 5 sec).

Table 11 gives the turbulence values measured at Toronto for
all cross winds and then subdivided into positive and negative
cross winds. Fig. 58 shows the total wind distribution as a
function of turbulence (e.g., when the turbulence is in the region
0<T<2, 34% of the data were recorded with a total wind less than
12 knots).

The significance of these turbulence values can be demon-
stated by referring to Reference 10. Turbulence levels are
reported as units of a parameter R which is related to e by

R=(2> 1/3 /3
Py ’

where p/p0 is the ratio of the air density at the test site to
175 1 and Rzel/s.

Turbulence values between 0.8 and 1.9 are considered "light,"

that at sea level. For Toronto (p/po)

between 1.9 and 4.5 "moderate," and between 4.7 and 10.7 "heavy."
These subjective values refer to pilot responses in flight
conditions.



TABLE 9.

TURBULENCE DISTRIBUTIONS

51/3 ANY V V>0 V<O
(cm2/3 sec™ 1) (number) (number) (number)
0.0-0.9 627 298 286
1.0-1.9 1384 902 455
2.0-2.9 1588 1005 570
3.0-3.9 990 519 - 464
4.0-4.9 562 237 323
5.0-5.9 234 87 145
6.0-6.9 98 61 37
7.0-7.9 25 182 12
8.0-8.9 13 6 7
9.0-9.9 12 4 8
10.0-10.9 15 8 7
11.0-11.9 7 2 4
12.0-12.9 8 1 7
13.0-13.9 2 0 2
14.0-14.9 7 1 6
15.0~15.9 2 0 2
16.0-16.9 2 1 1
17.0-17.9 4 1 3
18.0-18.9 3 0 3
19.0-19.9 1 0 1
GT20 36 17 18
TOTAL 5584 3145 2343
MEAN 2.69 2.53 2.97
STD. DEVIATION 1.81 1.51 2.11
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7. DATA ANALYSIS

The final approach and early takeoff stages are the two
regions where an aircraft wake vortex has the highest hazard
potential to a following aircraft. Here, aircraft are close to
the ground with minimal capabilities to maneuver and are using
control capabilities to keep the aircraft on the desired course.
Historically, landing is the more dangerous situation since most
of the vortex-related accidents in the United States occurred with
one aircraft landing behind another aircraft. One reason for this
might be that on final approach all landing aircraft follow
essentially the same path and hence the probability of vortex en-
counter is greater. The takeoff phase, however, remains a potenti-
ally hazardous vortex-encounter area due to the density of aircraft

operations.
7.1 AIRCRAFT TYPES

A total of 5633 takeoffs were monitored during the test
period. The distribution by aircraft type was as follows:

AIRCRAFT TYPE NUMBER OBSERVED
707 164
727 1388
737 214
747 106
DC-8 742
DC-9 2236
DC-10 108
L-1011 358
VC-10 12
Other 167
BAC-111 138
TOTAL 5633



7.2 REFERENCE CORRIDOR

Since vortices usually move away or dissipate before a follow-
ing aircraft arrives, the vortex track data were analyzed in terms
of how soon they exit a "reference corridor'. Previous test results
(Heathrow (Ref. 3), etc.) have defined a "safety zone" of +150 ft
(#45 m) about the runway centerline with no height restriction.
This zone was determined from analysis of data from aircraft-vortex
encounter simulations and photographs of aircraft deviation from
the instrument flight path at Denver's Stapleton Airport. It was
not practical to use this +150-ft (+45 m) corridor in the Toronto
tests due to the lack of sensors over the runway. A +200-ft (+60-
m) corridor was chosen as the smallest corridor which could be

used considering the Toronto sensor geometry.

The region is referred to as a '"reference corridor" and not
a '"safety zone" since the former is necessarily larger than the
latter (primarily for data analysis reasons) and not from con-
siderations of safe aircraft operations. However, similar to the
safety zone, if both vortices are clear of the reference corridor,
they cannot pose a threat to a following aircraft on the same
runway. The existence of a vortex within the reference corridor
when a following aircraft arrives does not mean that a hazardous
condition exists; it is a necessary but not a sufficient condition
(the vortex could decay to a non-hazardous level, aircraft paths
could be separated by 400 ft (120 m) even with both aircraft within
the corridor, etc).

7.3 VORTEX RESIDENCE

A vortex which can be detected within +200 ft (+61 m) of the
runway centerline is defined to be "resident" in the reference
corridor. A vortex which is first detected within the corridor
normally ceases to be resident by one of two means: a) the vortex
transports out of the corridor, or b) the vortex decays to a state
where it is no longer detectable within the corridor. However, at
the Toronto test site a third mechanism must be considered.
Vortices which stall directly over the runway may not be detected

since the first vortex sensors are located +150 ft (+45 m) from

7-2



the runway centerline.

The data were analyzed in a manner which allowed for determ-
ining vortex residency characteristics at four time-reference
points: 30, 60, 90 and 120 seconds after start-of-run (SOR).

Fig. 59 shows the probability of finding a vortex resident in the
corridor equal to or longer than the specified elapsed time (e.g.,
on all three lines, 10 percent of the runs indicated a vortex inside
the corridor boundaries 90 seconds after the passage of the air-
craft). This figure is a composite of all the aircraft and meteor-
ological conditions. There is no significant difference in the
data among the three baselines except at the 30-second point.

Here, residence times for line 1 appear to be longer than for line
2, which in turn are longer than for line 3. This can be explained
by considering that ground effect is the mechanism which causes
vortices to stall and the vortices from the higher aircraft are
blown out of the corridor before being affected.

The data can be compared to the results obtained from the
tests on landing aircraft at Heathrow (Ref. 3), but an adjustment
must be made to compensate for the smaller +150-ft (+45-m) safety
corridor chosen in the Heathrow analysis. In order to scale the
data, the assumption is made that vortex transport velocities are
essentially constant and there exists a linear distribution of

velocities between O and Vm , the velocity at which the vortex

would transport 200 ft (60 ;§ in 30 seconds [6.7 ft/sec (20m/sec)],
as shown in Fig. 60. This may be seen to be a reasonable assumption
by carrying the analysis one step further. From the graph one may
also postulate that 50 percent of the vortices have velocities
greater than that required to transport 200 ft (60 m) in 60 seconds
[200 ft (60 m) in 60 seconds = 2.33 ft/sec (0.7 m/sec)], the next
time reference. Fig. 59 confirms this hypothesis by showing that
approximately 50 percent (27/62 = 44 percent) of the vortices
remain resident at 60 seconds. Thus, for comparison purposes, the
assumption is made that 75 percent of the vortices resident in the
+200-ft (#60-m) corridor would be resident in a +150-ft (+45-m)
corridor and the data for line 1 are compared to the Heathrow
results in Fig. 61.
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The results of this analysis show that vortex behavior for
the shorter residence times is similar in both experiments. How-
ever, a noticeable difference esists at the higher residence times;
a number of data points were observed where vortices remained in
the corridor for longer than 90 seconds (10 percent) and 120 seconds
(4 percent). As might be expected, the contribution from the Heavy
aircraft (B-707, B-747, DC-8, DC-10, L-1011) is disproportionately
high. (The B-707 and DC-8 were included in the Heavy category for
this report; for a discussion see Section 7.9). Table 12 lists
the results of separating the residence-time statistics so that a
percentage is found by dividing the number of cases where a vortex
from a Heavy aircraft is observed in the corridor into the total
number of Heavy aircraft observed. Likewise, the number of cases
of a vortex from a Non-heavy aircraft is divided into the total
number of Non-heavy aircraft observed. These data are plotted in
Fig. 62. It should be noted that in Table 12 and Figure 62 the
Jumbo aircraft were intentionally isolated from the heavy class to

emphasize their characteristics.

A total of 180 cases were observed where a vortex from a Heavy
aircraft remained in the +200-ft (+60-m) corridor for longer than
120 seconds, the required air traffic control time separation for
a non-Heavy aircraft following a Heavy aircraft. It should be
remembered, however, that these data were obtained from the ground
wind anemometer system where the analysis contained virtually no
information about the vortex strength. It is highly probable that
the detected long-lived vortices are only very weak vortex remnants.
This proposal is further substantiated by the fact that there were
no reports of an aircraft encountering the turbulence from the

vortex of another aircraft during the entire series of the tests.
7.4 VORTEX LIFETIMES

From the beginning of its life, a vortex pair undergoes three
forms of decay. The first form is a viscous decay which leads to
a gradual vortex demise. The two other decay mechanisms, core
bursting and sinuous instability, are catastrophic and result in a

very rapid change of vortex state. Decay mechanisms develop through
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TABLE 10. VORTEX RESIDENCE AS A FUNCTION OF AIRCRAFT
TYPE AND GROUND-WIND SENSOR LINE

30 Seconds 60 Seconds
Line Line

Type of
Aircraft 1, 2 3 TOTAL 1 ta 3 TOTAL
JUMBO 71 69 68 70 40 37 41 39
HEAVY 69 67 63 67 34 35 37 35
NON-HEAVY 59 57 47 56 22 23 21 22
COMBINED 62 60 53 60 26 27 27 26

90 Seconds 120 Seconds

Line Line

Type of
Aircraft 1 2 5 TOTAL 1 2 3 TOTAL
JUMBO 20 20 22 21 8 11 11 10
HEAVY 16 17 19 17 6 8 10 8
NON-HEAVY 7 6 6 6 2 2 2 2
COMBINED 10 10 10 10 3 4 5 4

Note: Jumbo aircraft are segregated from the heavy type to
emphasize their long residence times. The percentage
is obtained by dividing the number of vortices observed
resident by the total number of vortices observed for
the type of aircraft.
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FIGURE 62. PROBABILITY THAT A VORTEX WILL REMAIN IN THE CORRIDOR
FOR A TIME LONGER THAN ELAPSED TIME, T

Note: Jumbo aircraft are segregated from the heavy type to

emphasize their long residence times.
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coupling with atmospheric, aircraft-induced and self-induced
turbulence as well as with the normal viscosity of air. These
mechanisms effectively alter the organized vorticity of the vortex
pair, such that the encounter hazard to a following aircraft is

abruptly and dramatically reduced.

The circulation of the vortices gradually weakens as the
wake ages due to the turbulent dissipation of vorticity. Regard-
less of the mode of decay, the turbulent transport of vorticity
away from the core region of the wake results in a weakening of
the wake as it ages. At sufficiently long times, the wake is
completely dissipated. Thus, harmless turbulence is the ultimate

result of an aircraft passage through a given parcel of air.

Although not considered a significant decay mechanism by
itself, the dissipation or annihilation of vorticity due to fluid
effects can have important consequences on the motion (and hence,
the predicted location) of the wake before decay has occurred.
The dissipation process, and its resultant effects on wake trans-
port, must be properly understood to develop reliable predictive
models of vortex behavior. This is particularly true when the
vortices are near the ground. Here, shear generated by vortex
velocities at the ground can produce vorticity which mixes with
the drastically affects the subsequent motion of a vortex (Ref. 11).

The decay of vortices can be studied using the Toronto data.
All the cases where at least one vortex was observed and the death
position was at least one sensor inside the extreme end sensors
were segregated from the data. The latter condition is necessary
since there is no way to distinguish between the case where the
vortex dies at the extreme sensor or moves beyond the range of the
sensor line. It is not possible, however, to determine which

mechanism caused the vortex decay using only GWVSS data.

7.4.1 Vortex Decay Time

Studies have shown that it is the total wind which correlates
best with the decay of vortices. Fig. 63 shows the distribution
of the death times for the oldest vortex of the pair. The data are
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divided into 2-knot increments. On the average a vortex will
survive longer with a lower magnitude of total wind. As the wind
increases, the average survival time of a vortex decreases as well
as, to a certain extent, the maximum observed age. The data are
also plotted in Fig. 64 to show the probability of a vortex life-

time exceeding a specified age as a function of the total wind.

McGowan (Ref. 12) devised a curve which bounded the maximum
observed 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 the curve. McGowan's curve has been widely used in
the literature. Most of the data that McGowan had available came
from tower tests where smoke from canisters on a tower became im-
bedded in the vortex, and the decay was assessed visually. By
necessity this type of data involved mainly a cross-wind component
since a cross wind was required to translate the vortex to and past
the tower. Analysis of the Heathrow data revised the McGowan curve
as shown in Fig. 65; the Heathrow tests a@ded data which included

winds along the direction of the vortex.

A lifetime curve for the vortices of departing aircraft may
be obtained from the Toronto data and is plotted along with the
McGowan and Heathrow curves in Fig. 66. Relatively few takeoff
vortices were available to McGowan; the Toronto data also include
situations where the wind was primarily along the direction of
flight (as the Heathrow data did for landing vortices). The wind
conditions for the cases which exceeded the Heathrow curve are
listed in Table 13.

7.4.2 Vortex-Position Distribution

A vortex was defined to have died when the vortex signal was
not distinguishable from the ambient wind. The location of the
vortex when it died is included in the data base. Many vortices
(about 40 percent) were not detected by the sensor systems and
thus have no definable death position. This result could be

attributed to several causes: (1) aircraft were extremely high
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when they passed the baselines, (2) high winds and their associated
higher turbulence (see Fig. 58) resulting in early decay of the
vortices, and (3) the lack of sensors in the area directly over

the runway. The distribution of death positions for all aircraft
on all baselines combined is given in Fig. 67, e.g., 39 percent of
the cases where at least one vortex was recorded by the GWVSS had

a vortex move out to at least 600 ft (182 m). The figure contains
data for only the negative side of the baseline where the sensors
extended to 1600 ft (455 m). Over 99 percent of the recorded
vortices died at a location less than 1600 ft (455 m).

7.4.3 Vortex Characteristics as a Function of Turbulence

Turbulence drives the sinuous instability mechanism and acts
to erode vortices by redistributing the vorticity within the vortex.
The vortex lifetime as recorded on GWVSS line 1 is plotted as a
function of three turbulence levels in Fig. 68. In general, it can
be seen that vortex lifetimes are significantly longer in the

lighter turbulence conditions.
7.5 AIRCRAFT-HEIGHT DISTRIBUTIONS

Characteristics of the height profiles of departing aircraft
were obtained with the camera system. The height of the aircraft
as it passed over the sensor lines was obtained from a sequence of
photographs and the results are plotted in Fig. 69. An alternative
method of plotting this data is a cumulative percentage as shown
in Fig. 70; e.g., 71 percent of the recorded aircraft had a height
less than 75 m (250 ft) as they passed over line 2. An approxi-
mation of the height distributions at other distances along the
runway may be determined by examining the data plotted in Fig. 71;
e.g., at a distance of 7300 ft (221 m) from the runway threshold,
36 percent of the departing aircraft may be expected to be at an
altitude of 200 ft (60 m) or less.

It is expected that the height distribution should be a
function of the head wind, with the aircraft altitude being higher
as the head wind increases. This effect was observed and the data

are plotted in Fig. 72; there exists a noticeable shift toward the
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TABLE 11. DATA POINTS OUTSIDE OF MCGOWAN CURVE
REVISED TO INCLUDE HEATHROW DATA

Ry Knots 8, Degrees Lifetime, Seconds
19.5 358 72
8.3 359 150
11.6 348 132
16.9 358 98
8.6 20 146
8.1 359 162
6.0 1.5 200
11.7 351 140
9.7 5.7 142
12.6 18 136
16.5 29 96
5.7 6.4 190
9.5 8.3 140 -
9.9 7.6 172
8.7 12.7 178
10.5 0.3 130
8.7 357 148
8.7 357 144
7.1 338 188
7.1 338 182
7ol 338 186
12,2 347 114
9.1 339 152
9.1 339 172
19.5 18 74
10.7 355 152
124 3.1 128
6.0 103 200
10.5 18 146
9.3 11 170
6.0 1.5 200
9.2 1.3 148
8.1 355 166
6.9 14 202
6.7 39 180
7.3 Z1 184
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higher altitudes as the total wind increases.
7.6 PREDICTIVE CAPABILITY AND SYSTEMS

One of the primary goals of the Toronto tests was to determine
if an analog to the Vortex Advisory System (VAS) which was developed
(Ref. 4) for arrival aircraft could be generated for departure
aircraft. In the VAS the ambient wind is measured at strategic
locations around the airport and compared to elliptical wind
criteria. The results of extensive tests have shown that if the
wind falls outside the elliptical boundary, vortices either decay
very quickly or transport out of the landing corridor and the
separation may be reduced to a uniform three nautical miles for all
aircraft. If the measured wind falls within the elliptical
boundary, normal aircraft spacings must be oberved. A VAS-type
elliptical wind'criteria was constructed using the Toronto data to
determine the ambient winds which would cause at least one vortex
of a Heavy aircraft (B-747, DC-10, L-1011, B-707H, DC-8H) to remain
in the +200 ft (+60-m) corridor for periods longer than the 60-,
90- and 120-second reference times. The results of this analysis
are shown in Fig. 73 through 75; the data from the three baselines

have been combined.

Fig. 73 shows the measured winds which result in a vortex from
a Heavy category aircraft remaining in the corridor longer than
120 seconds. This is an important time interval since a controller
is given the option of using a time separation of 120 seconds or a
radar distance separation of five nautical miles for a Large air-
craft following a Heavy aircraft on departure. The vortices dis-
cussed herein were detected with the GWVSS, and hence no measure
of vortex strength is given. The exact location is also not de-
finable since there were no sensors directly over the runway.
Therefore, no implications can be drawn concerning the hazard
potential of these vortices. If the 5-nautical-mile radar sepa-
ration criteria are used, it has been empirically determined that
the time between takeoffs is in the region of 80 seconds. Since
the data base does not permit obtaining results similar to Fig. 73

for 80 seconds, the closest possible value, 90 seconds, is plotted
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in Fig. 74. Finally, if one were to consider reducing the sepa-

ration time below 80 seconds,

a logical choice would be 60 seconds

which is considered a paractical limit for insuring that the air-

craft has cleared the runway.

seconds is given in Fig. 75.

The results for the analysis at 60

An ellipse similar to that drawn for

the VAS may be applied to include this set of data points with a

semi-major axis (head wind) of 21 knots and a semi-minor axis of

7.5 knots. An ellipse may be drawn around the data points for the

60- and 90-second cases with semi-major axes of 21 and 18.5 knots,

respectively, and semi-minor axes of 5.5 knots.

In order to compare these results with the VAS ellipse,

the difference in corridor widths must be taken into account. The

expected vortex characteristics which would be obtained using a

smaller +150-ft (+45-m) corridor may be determined by using the

approximations on the vortex transport velocity distribution

similar to those used in Section 7.3.

These arguments apply only

to the vortex as affected by the crosswind component of the wind

and thus do not affect the semi-major head-wind ellipse axes

calculated above.

This process results in a 25 percent reduction

in size of the semi-minor axes of the ellipses as shown in the

following table:

TABLE 12. VAS ELLIPSE AXES ADJUSTED FOR A 150-FET (45-M) CORRIDOR

Vortex Residence
Time (sec)

Semi-Major
Axis (knots)

Semi-Minor
Axis (knots)

60
90

120

21
18.5
15
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If the data are plotted superimposed on the wind rose (Fig. 57),
it can be shown that approximately 44 and 25 percent of the
recorded winds lie outside the boundary enclosing the data points
for the 90- and 60-second cases, respectively.

The probability of having a vortex from a Heavy aircraft
remain in the corridor can be determined as a function of head-wind
component. The total number of cases where the two vortices from
the Heavy aircraft were observed with measured head winds and tail
winds were 1534 and 476, respectively. The total number of cases
where one vortex of this set was observed to remain in the corridor
for at least 60 seconds with measured head winds and tail winds
was 652 and 186, respectively. Therefore, the probability that a
vortex will remain in the corridor for longer than 60 seconds is
0.4% (652/1534) for head-wind conditions and 0.39 (186/476) for
tail-wind conditions. The following table lists this result to-
gether with those obtained for 90 and 120 seconds.

TABLE 13. PROBABILITY THAT A VORTEX WILL REMAIN IN THE CORRIDOR

TIME P P . P, ../P
(seconds) head tail tail’ " head
60 0.43(652/1534) 0.39(186/476) 0.91
90 0.20(313/1534) 0.19(90/476) 0.95
120 0.037(56/1534) 0.107(51/476) 2.89

The result of the analysis at 120 seconds corresponds with the
result obtained from the tests on landing aircraft (Ptail/Phead _
1.6 (Heathrow) and 4.0 (Kennedy/Stapleton)). The results

at 60 and 90 seconds, however, differ importantly from the landing
tests with almost equal probability of a stalled vortex for both
head and tail winds.

7.7 CROSSING VORTICES

Residence times are referenced to a 200-ft (60-m) corridor
at each baseline. Because aircraft are at different altitudes over
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each of the GWVSS baselines and because the lateral transport of
vortices depends on both vortex height and cross wind, a vortex
could exit the corridor on one side of the runway at one baseline
and on the other side of the runway at another baseline.

The GWVSS data base was interrogated to find those cases where
a4 vortex was on opposite sides of the runway at different baselines.
The data were examined 30, 60, 90, 120, and 150 seconds after the
aircraft passed the sensor lines. Instances of vortices detected
on opposite sides of the runway occurred for 7.3 percent of the
takeoffs after 30 seconds, 2.7 percent after 60 seconds, 0.6 per-
cent after 90 seconds, 0.2 percent after 120 seconds, and never
after 150 seconds. The maximum Cross-wind component (V at 100-ft
(30-m) height) was 10.7 knots at 30 seconds, 5.8 knots at 60 seconds,
4.2 knots at 90 seconds, and 2.3 knots at 120 seconds. MAVSS data
for the 60-second and older cases were not available (cross wind in
wrong direction for most of these cases), but the inherent longi-
tudinal stretching of the vortex may be expected to weaken these

vortices.

The VAS analog discussed in Section 7.6 indicates a cross-wind
criteria in excess of the 5.8 knots found for the 60-second cross-
ing. It is of note that the maximum cross-wind components for the
crossing cases occurred for the Heavy category aircraft (primarily
the B-747).

7.8 VORTEX BOUNCING

Vortex bouncing is the term applied to the situation where
one vortex begins to rise shortly after being formed while the other
vortex descends and levels off at about half a wingspan above the
ground. Theories (Refs. 11, 13, and 14) speculate that a cross-

wind shear is somehow responsible.

The MAVSS data were searched for thoses cases where a vortex
was detected over at least three MAVSS sensors and photographic
data were available to give the height of the aircraft as it passed
the MAVSS array. The number of such cases was small as not only
must the cross-wind component be such as to blow the vortex over



at least three sensors, but the aircraft must be low enough for the

vortex to be detected and the vortex must not decay too quickly.

Fig. 76 to 78 show the variation in height of the vortices
as a function of vortex age where the height of the aircraft as
it passes the MAVSS array is denoted by ho and the vortex height
above the MAVSS antennas is denoted by h. When h-h0 is positive,
the vortex has ascended above the height of the vortex-generating
aircraft. Four domains of h are considered: between zero and
half the wingspan of the Vortex generating aircraft, between half
and one wingspan, between one and two wingspans, and between two
and three wingspans. Whenever h was at least two wingspans, the
vortices always descended and began to level off at an altitude of
about half a wingspan above the ground. Whenever hO was between
one and two wingspans, the vortices descended but at a slower rate
(because the vortices are closer to the ground) and leveled off.
Whenever h was between half and one wingspan, the vortices
initially descended but then began to rise and sometimes TOse above
ho. For the L-1011 cases shown, ho equaled one wingspan; one
vortex descended and the other initially descended but then began
to rise. Whenever hO was less than half a wingspan, the vortices

consistently rose above hO

The closer the vortices are generated to the ground, the more
the tendency for a vortex to rise. The rising of the low altitude
vortices might be attributed to the downwash behind the aircraft

acting as a reflector.
7.9 AIRCRAFT SEPARATIONS

The interdeparture time spacings were determined from the
difference in successive triggers in the aircraft detectors.
Presentation of the analysis depends on properly dividing the
aircraft into classes which are meaningful in air traffic control
(ATC). The Canadian ATC uses a system very similar to the U.S.
as defined by Table 1. One difference 1is the definition of a
"Heavy" and in particular for the DC-8 and B-707 aircraft. Rather

than use the qualifier '"capable of'" a gross take-off weight in
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excess of 300,000 1bs (136,000 kgms), the Canadian ATC uses the
criteria that the actual in situ weight of the aircraft must be in
excess of 300,000 1bs (136,000 kgms). Thus, similar to the
operations in the U.S., all "jumbo" aircraft (B-747, L-1011, DC-10)
fall into the "Heavy" class but B-707's and DC-8's are divided

into Heavy and Large. The 707-DC8 class difference was not avail-
able at the Toronto test site and as a result all B-707's and DC-8's
were placed in the Heavy class for data analysis (it was empirically
determined that Canadian air traffic controllers treat all departing
B-707's and DC-8's as Heavies unless the pilot specifically alerted
the tower that his aircraft qualified to be treated as a non-Heavy).
The distribution of aircraft separation times is shown as a
cumulative distribution in Figs. 79 and 80; the B-707 and DC-8 are
included as Heavy aircraft.

7.10 VORTEX DECAY

The MAVSS was deployed to study the decay of vortices. When-
ever a vortex passed over a MAVSS antenna, the vertical velocity
field of the vortex was measured. The average circulation or
strength of the vortices parameterizes the degree of hazard to a
following aircraft; the average circulation may be used to quanti-
tatively determine roll moments and roll rates an aircraft would

experience if inadvertently caught in a vortex.

7.10.1 Average or Effect’ve Strength

The measured vertical velocity distributions are used to
calculate an "effective strength"--the strength of a line vortex
which produces the same torque on an aircraft as the measured
velocities produce. In other words, the first moment of the measured
vertical velocity distribution is defined to be equal to the first
moment of a potential or line vortc- (Ref. 15):

b/2 b/2
V1ine vortex ' ' b Vdoppler

-b/2 -b/2

or dr
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b/2 r- b/2
T dr = j. Vdoppler °r dr
-b/2 ~b/2

b/2 .
' = 2%_ j' Vdoppler r dr,
-b/2

where I'” is the "effective strength", b is the wingspan of a

hypothetical vortex-encountering aircraft, and V are

Doppler
the measured vertical velocities.

To perform the integration, the radial parameter is trans-
formed to time by noting that the radial distance from the vortex
center and the vortex transport velocity VT’ are related by r=VTt.
The horizontal transport velocity is obtained by noting the times
at which the vortex is directly over each sensor and assuming a

constant velocity between sensors.

Strength information was not obtained for every vortex. Six
conditions had to be met before I'” values were calculated from the
MAVSS data. First, the aircraft had to be airborne as it passed
the MAVSS array. Second, the vortices had to pass over the MAVSS
antennas; often, because of the magnitude of the crosswind, no or
only one vortex passed over the array. Third, the calculation of
a transport velocity of less than 2 knots is unreliable and since
I'“ is dependent on VT’ a I'” calculation was not considered valid
unless VT was greater than 2 knots (an error in the determination
of VT is directly reflected in the calculation of I'"y. This leads
to the fourth condition; the vortex signature had to be observed
by at least two of the MAVSS units to permit a reasonable estimate
of VT. The fourth condition implies a fifth condition that the
vortex does not decay below the threshold of detection before
passing over two antennas. Finally, the sixth condition was that
the signal noise level should not be too high to disrupt the vortex
signal. High winds or other aircraft could introduce high ambient
noise levels.



TABLE 14. MAVSS DATA BASE

llumber of Cases with r“ Evaluated at:
ATLCRAFT 1YL 5 Meters | 10 Meters 20 Meters 30 Meters
B-707 117 117 114 103
B-727 529 528 468 405
B-737 72 72 58 53
B-747 81 80 75 67
DC-8 480 478 438 375
DC-9 468 468 391 327
DC-10 60 60 56 51
L-1011 196 196 184 161
BAC-111 30 30 26 22
Other 7 7 7 7
TOTALS 2040 2036 1817 1571
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Even with these limitations, I'“ data were obtained for 2040
aircraft (36 percent of the total number of aircraft recorded).
Table 14 indicates the I'” data by aircraft type. The table shows
the number of cases for I'” evaluated with b/2 of 5,10,20, and 30
meters (17,33,66, and 100 feet). The number of valid cases with
b/2 of 30 m (100 ft) is usually less than the number for b/2 of
5 m (17 ft) as the signals from the outer portions of a vortex were
sometimes indistinguishable from noise or corrupted by the presence
of the other vortex.

Figure 81 shows a composite of all the B-707 T~ data for the
four selected b/2 values. If both vortices passed over four
antennas, then eight data points will appear in the plot (four for
the port vortex and four for the starboard vortex). Unless other-
wise noted, the I'” data to be discussed herein will be for b/2
of 20 m.

Figures 82 and 83 show the I'” data for the various aircraft
types. 1In general, it is noted that the average I'” for a given
time t increases with b/2. This indicates that the velocity field
of a vortex extends to at least b/2 from the vortex center. These
composite plots begin to indicate vortex decay; the older the vortex
vortex, the lower the I'". Fig. 84 to 87 group the I'” data into
20-second intervals and show the mean, maximum, and minimum values
of I'” in these 20-second intervals. The numbers above the maximum
values are the number of cases in that interval. At least three
cases were required. The mean values show the decay of strength
with time. Note that for a given time interval the heavier the
aircraft, the larger the mean I'”. Gross takeoff weight appears
to correlate strongly with the magnitude of I'", as expected.

7.10.2 Vortex Decay Modes

Fig. 88 to 91 show individual cases of the decay of vortices.
I'” values are shown for b/2=5 m (the triangles), 10 m (the plus
signs), 20 m (the X signs), and 30 m (the diamonds). The top
graph in Fig. 88 exhibits a gradual decay with a halving of
strength approximately every 60 seconds. The dissipation varies

as t-1 and is probably a turbulent or viscous diffusion process.
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But, note that the larger the b/2, the faster the decay--the

decay is apparently taking place at the outer portions of the
vortex. This is contradictory to current turbulent decay theories
which predict decay to proceed from the inner portions to the outer
portions. This inward decay was prevalent among the various cases
and is an important new mechanism of vortex decay. Decay, here,
refers to the change in strength for a given b/2 value. The total
strength or energy of the vortex may not be decreasing, but the
organized vorticity is spreading outward from the outer portions

of the vortex. Thus, to an aircraft penetrating the vortex at

various times, the vortex is effectively decaying.

The bottom graph of Fig. 88 displays a case where the
strength rapidly decays. The strength decreases by a factor of two
in approximately 15 seconds. It is suggested that this rapid
decay may be caused by a sinusoidal instability in which the vortex

has linked with its image vortex.

The top graph of Fig. 89 exhibits a third decay mode: the
vortex undergoes a rapid decay which is curtailed leaving a
relatively constant, but weaker, vortex in its stead. It is
postulated that vortex breakdown, or core bursting, has occurred,
leaving behind a remnant which interacts weakly with the atmos-
phere. The strength of the remnant correlates with the size of
the vortex-generating aircraft: B-727 remnants (top of Fig. 89)
are weaker than L-1011 remnants (bottom of Fig. 91).

Reference 15 found that the three decay modes (turbulent
decay, sinusoidal instability, and breakdown) were about equally
probable for landing aircraft. Although subject to much inter-
pretation (and imagination), it appears that for takeoff vortices
turbulent decay was the most probable form of decay followed by
breakdown and sinusoidal instability; the probabilities were
about 1/2, 1/3, and 1/6, respectively.

7.10.3 General Decay Model

The strength or circulation of a vortex decays with distance
behind the vortex-generating aircraft, and the decay is influenced
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by many factors. Close behind the aircraft the initial dispersion
of the wake is governed by aircraft configuration, which includes
aerodynamic geometry (particularly engine and flap placement) and
thrust and flap settings. While the initial vortex-decay rate 1is
configuration-sensitive, ultimately the decay rate must be deter-
mined by self-decay of the vortex pair coupled with atmospheric
shear, turbulence, and stratification.

The MAVSS data were examined to see if a general decay function
or model could be derived. Only the takeoffs for which three or
more I'” values were obtained were considered. Many functions were
tried, but one model did fit the data quite well.

The circulation calculated for the vortex as it passes over
the MAVSS sensor closest to the runway is defined as PO . All
circulation values are then normalized to FO. The distance
behind the vortex-generating aircraft is non-dimensionalized by
multiplying the distance d by the aircraft's 1ift coefficient CL
and dividing by the product of the aspect ratio A and the wingspan
b. By non-dimensionalizing the problem, the characteristics of
each aircraft type are included as a normalization in the model.
The distance d behind the aircraft is given by the speed of the
aircraft (liftoff speed) times the vortex age as the vortex passed
over the MAVSS sensor. The best data fit, in a least-squares
sense, 1is

<10.0
g 1.0 P A —

b
°  10.0 (g . EL)‘l a®L >10.0
b

=

b A

Thus, T'" is constant for dCL/ba 10.0 (corresponding to a distance

of up to 50 wingspans) after which I'” dissipates as d_1 or

(time) 1.

Constant circulation at short times/distances followed by a
(time)_1 dependence was also found for the core circulation of a
B-747 in landing configuration (Ref. 16). The '"break" for the

B-747 measurements occurred at about 33 wingspan lengths, somewhat
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closer to the vortex-generating aircraft than the "break" found
for the takeoff vortices. Other investigators (several papers in
Ref. 17) have found slightly different shaped curves, but the main
feature of constant circulation followed by decay appears con-
sistent with all observations. Takeoff vortices, however, seem

to begin to decay later than vortices shed by landing aircraft.

7.10.4 Probability Models for Vortex Decay

To determine the probability that a vortex will decay to a
given T~ in time t, the strength data were segregated by aircraft
type and treated as an ensemble. The calculated values were
connected by straight lines as in Figs. 88 to 91. The lines were
extrapolated to t=0 by setting T'“ at t=0 equal to the first
calculated T” value. By noting - the time it took for the vortex
to pass over the last two MAVSS sensors where the vortex was
detected, the time when the vortex should have passed over the
next sensor was extrapolated. The TI'” at this extrapolated time
was defined as zero and a line was connected between this point and
the last calculated T”. To calculate the decay probability, the
ensemble of the straight-line segmented decay curves was examined
in 10-second intervals.

The number of vortices having a I'” greater than a limiting

circulation, divided by the total number of cases of each air-

Ty
craft type is gefined as the probability fraction, F(t,FA,b),

which depends on the vortex age and aircraft wingspan. The proba-
bility fraction is plotted for four values of FA (50, 100, 150 and
200 mz/sec) in Figs. 92 and 93. As an example, the probability

that the strength of a B-707 vortex is at least 100 mz/sec after

70 seconds is 0.22. After some initial time, the probability curves
assume the form of a single straight line which can be represented
by the exponential e—Bt, where B is the decay rate. The slopes

of the curves are approximately the same, regardless of aircraft
type. Thus it appears that the decay rate of takeoff vortices is
only weakly (if at all) dependent on the aircraft which generated
the vortices. However, the initial time at which the probability
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curves could be approximated with a straight line does depend on
the aircraft type--the heavier the aircraft, the older the vortex
before the onset of the final exponential decay. For example,

the final exponential decay for FA=100 mz/sec begins at about 110
seconds for the B-747, 70 seconds for B-707, and 40 seconds for

the B-727. (The discontinuity.in the DC-10 curve for FA=50 mz/sec
can be attributed to poor statistics--there were only 3 cases where

T exceeded 50 mz/sec between 80 and 110 seconds).

An indication of the functional dependence of the initial
portions of these curves can be obtained by plotting the probability
function as a function of the square of the age as shown in Fig.

94. These curves also tend to take the form of a straight line
leading to the conclusion that F(t,FA, b) has the form
exp (—BPA tz) for this region of the curve.

7.11 LASER DOPPLER VELOCIMETER

In general very little quantitative information was obtained

from the three series of laser tests conducted at Toronto Airport.

7.11.1 Ravine Site

The lack of data yielded no reportable quantitative results
from the analysis of the data collected at this site.

7.11.2 Finger-Scan Tests

Vortex tracks were generated for many of the takeoffs. Since
the van was midway between two of the GWVSS lines, there was little
information to be obtained by comparing tracks from two systems.

In addition, the time period was at the beginning of the program
before all the subsidiary equipment was operating properly. Since
reduction of the laser data was time consuming (both labor and

computer time), the reduction and subsequent analysls were limited.

Circulation values were calculated for a few cases as a CTOSS
check on the MAVSS. Vortices were noted to stall in the vicinity
of the runway, but analysis of stalling vortices was postponed

until the second series of LDV measurements.
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7.11.3 Arc-Scan Tests

The GWVSS data were analyzed first to determine which LDV
runs to analyze. Eighty-eight stalling or partial stalling cases
were identified from the GWVSS data, and the corresponding LDV

runs were processed.

It was difficult to distinguish a stalled vorteX when the
nonstalling vortex was moving toward the LDV. 1In this situation,
the laser beam passed through the translating vortex to a focal
volume at the stalled vorteX, and the back-scattered energy returned
through the moving vortex to the LDV. Perhaps the spectra from
the two vortices are mixed enough to make signatures difficult to

recognize.

The partial stalling cases were examined first. A partial
stalling case is one where a vortex is first detected by the GWVSS
on one side of the runway, then the vorteX apparently moves back
over the runway and sometimes appears to emerge on the other side
of the runway. The cases where the vortices apparently crossed
over the runway according to the CWVSS data were shown by the LDV
data to have jndeed done just that. The LDV data confirmed the
CWVSS analysis. At times the vortex did not reappear after the
signal was lost by the anemometer nearest the runway; the LDV data
showed that about half the time the vortex moved over the runway
and decayed. The estimate of the vortex 1ife for these cases
based on GWVSS data alone was found to be about 20 seconds too
short on the average. For the other half of the time, the vortex

apparently decayed over/near the anemometeTr nearest the runway.

The stalling cases were examined next. These cases were
characterized in the CWVSS data by one vortex moving off (away
from the runway) and the other vortex never being detected. The
LDV data showed that a vortex was present near or over the runway
and, hence, not sensed by an anemometer. In this situation, the
longest time that the LDV continued to detect a vortex was 65
seconds. Although this is a relatively short time, the few cases
do not rule out the possibility that vortices could persist in the

area for longer times.
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8. CONCLUSIONS

The Toronto joint TSC/FAA/MOT project must be considered a
success. Over 5000 takeoffs were monitored and the data produced
valuable information on vortex dynamics and decay. A wind
criterion anal:_ous to that of the Vortex Advisory System has been
tentatively identified which could permit reduced longitudinal
spacings between departing aircraft. Since the project examined
vortex behavior in a regime where only meager information existed
(takeoffs), it is not surprising that new effects were also found.

Capacity restrictions due to wake-vortex-imposed separations
are a major contributor to traffic delays at the large airports.
The Vortex Advisory System should decrease delays through reduced
interarrival times; the data collected at Toronto indicate that
a similar system for reducing inter-departure times is possible.
Additional data will be required, however, as the over 5000 take-
offs do not contain a sufficient number of Heavy aircraft to be

statistically significant for a safety-related program.

The study of vortex decay has indicated that the same decay
mechanisms are taking place for takeoff vortices as for landing
vortices, but the relative frequencies of the three mechanisms
are different. Turbulent decay seems to be the dominant mechanism;
a new finding which will revise interpretation of turbulent decay
theories is that the decay takes place from the outer portions of
the vortex towards the center (not vice versa as existing theories
predict). The McGowan vorteX lifetime curve, which has been
extensively employed in the literature, has been revised as a

result of the Toronto tests.

Takeoff vortices appear, on the average, to last longer and,
hence, to move farther than landing vortices. This result was not
unexpected as departing aircraft are heavier, with a corresponding
stronger vortex, than landing aircraft. There have been few take-
off accidents attributed to wake vortices; it was thus postulated

that the various departure paths and distribution in heights of
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the

departing aircraft alleviated the vortex problem. The Toronto

measurements confirm this postulate; the heavier and stronger

vortex-producing aircraft usually are lower at a given location

than the more vortex-prone lighter aircraft.

The only incomplete part of the data collection was the in-

-ability-to-monitor-the region—above the runway.  If a vortex was

not
the
but
and
the

observed, it was not known whether it decayed or stalled over
runway. The laser velocimeter attempted to answer the question,
the limited data and the difficulty and expense in reducing
analyzing the laser data precluded a definitive response to
question.
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APPENDIX A
SPECIAL HELICOPTER TESTS

The Canadian military requested that the Ministry of Transport

provide them with Tnformation concerrming—the possible hazard due to
the vortices shed from heavy helicopters, expecially in control-

zone operation oOr operations where heavy helicopters work in close

proximity to each other. It was decided that the Toronto test site

could be used to obtain information on the characteristics of these

vortices. The superintendent, Aerospace and Criteria, granted

special permission to perform dedicated testing of helicopter

vortices at the test site. A Boeing Vertol 114 (HA47 Chinook)

helicopter was made available by the 450 Squadron of the Canadian

Armed Forces for a one-day test.

Five series of tests, each containing five passes over the
sensor systems, were defined. The first four series were performed
with the helicopter operating at various speeds and climbing
slightly as it passed through the sensor system. The heights of
the helicopter were 30-40 ft (9-12 m), 50-60 ft. (15-18 m), and
70-80 Fft (21-24 m), as it passed sensor lines 1, 2, and 3,
respectively. A sketch of the flight path is given in Fig. A-1.
The flight path for the fifth series of tests was designed to
simulate an operational helicopter landing. The aircraft crossed
line 1 at an altitude of 200 ft (60 m) and continued to descend to
a landing point 400 ft (121 m) past line 2, as shown in Fig. A-2.

The speed and gross weight for each run are given in Table A-1.

The results from these tests clearly demonstrated that the
vortices from the helicopter could he detected by both the GWVSS
and MAVSS. A detailed quantitative analysis of vortex behavior 1is,
“awever, not possible with these results since the number of
shserved cases was not statistically significant. The results are
cihulated in Table A-2. The analysis of the MAVSS data shows that
«he calculated helicopter circulation, when heavily loaded and

travelling at the slowest speed (first series), compare with the

A-1
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TABLE A-1. HELICOPTER OPERATIONAL PARAMETERS

RUN NO. GROUND SPEED GROSS WEIGHT
(knots) (pounds)
i 25-30 39500
2 25-30 39100
3 25-30 38850
4 25-30 38600
5 25-30 38350
6 50-55 37900
7 50-55 37700
8 50-55 37500
9 50-55 37300
10 50-55 37100
11 70-75 36850
12 70-75 36700
13 70-75 36550
14 70-75 36400
15 70-75 36250
16 100-105 35850
17 100-105 35700
18 100-105 35550
19 100-105 35400
20 100-105 35250
21 NA 35100
22 NA 34950
23 NA 34800
24 NA 34650
25 NA 34500

NA: Not available ,




average measured circulation of a DC-9 (from the data of Section
7.10), as shown in Fig. A-3. Heavy weight and slow speed are the
conditions which are expected to produce the largest circulation
as can be seen from the circulation equation (Ref. 2):

r oo AW
ToVD

where W is the gross weight, p the air density, V the flight speed,

and b the wingspan (the length of the rotor for helicopters).

The cases wherc a vortex remained in the +200-ft (+60-m)
corridor for longer than 60 seconds were isolated and are listed
in Table A-3. It is surprising that the vortices remain in the
corridor at relatively high crosswinds (~7 knots); it demonstrates
the need for further controlled testing to investigate this

phenomenon.

Analysis of the vortex tracks show two discrepancies with
the logged flight parameters. First, the aircraft velocities in
the first series of tests were reported to be 25-30 knots; analysis
of the tracks leads to the conclusion that the velocities in this
series were approximatcly 50 knots. A typical set of data for this
series is shown in Fig. A-4. The detection of the port vortex on
the third baseline clearly begins 30 seconds after the detection
of the first vortex on the first baseline. Since the baselines
are separated by 2500 ft (758 m), the calculated aircraft velocity
is 49 knots.

Second, the detection of vortices on bascline number 3 during
the last series of tests is contradictory. The {light path
described in the test plan defines the helicopter landing at a
point 400 ft (121 m) past haseline number 2. Since vortices ccase
to be generated when the aircraft touches the ground, no vortices

should have been detected in line number 3.
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TABLE A-3.

HELTICOPTER VORTICES WHICH WERE

OBSERVED TO REMAIN IN THE REFERENCE
CORRIDOR LONGER THAN 60 SECONDS

WIND
RUN NO. LINE NO. U v
KNOTS KNOTS
1 1,3 -3.7 -3.5
4 3 -2.3 -7.8
5 1 -3.9 -6.5
7 2 -3.7 -4.5
9 2 -2.1 -5.3
12 1 1.9 2.5
19 2,3 -0.9 -7.3
21 2 -0.3 )
24 2 0.3 -5.0

12
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APPENDIX B
DATA BASE

All the data collected at the Toronto International Airport

were reduced, converted to engineering units, and stored on

magnetic tapes.

These tapes formed the data base used in the data

analyses. The following list indicates the information stored

on the tapes.
ATTRIBUTE
Tape Number
Run Number
Weather
Aircraft Type
Time Code

Aircraft Speed

Temperature
Head Wind
Cross Wind
Vertical Wind
Total Wind

Turbulence

EXPLANATION/COMMENT

GWVSS tape number

GWVSS run number

Sunny, Cloudy, Rainy, Snowy, etc.
B-747, DC-8, etc.

Julian Day: Hour: Minute: Second

Speed (m/sec) measured between the
three baselines

Ambient temperature (°C)
60-sec average, three sensors (knots)
60-sec average, three sensors (knots)
60-sec average, three sensors (knots)
Horizontal wind (knots)

In energy-dissipation rate units

(c/m2/3/sec)

Standard deviation in 60-sec average
head wind (Knots)

Standard deviation in 60-sec average
cross wind (Knots)

Standard deviation in 60-sec average
vertical wind (Knots)



P Death Time

Standard deviation in 60-sec average
total wind (Knots)

Standard deviation in 60-sec average

2/3/

turbulence (cm sec)

Lifetime of port vortex (seconds)

[ s El o L

P Death Position

S Death Position

P1,S1

PZ,82

P3,S53

P4 ,S4

H1

H2

H3

MAVSS Run Number

Antenna Number
Location

Vortex Number

Vortex Age

Transport Speed

Vortex Height

Li Lot
Chiferi ends

Location of port vortex when it died
(meters) :

Location of starboard vortex when it
died (meters)

Location of vortices at 30 seconds
(meters)

Location of vortices at 60 seconds
(meters)

Location of vortices at 90 seconds
(meters)

Location of vortices at 120 seconds
(meters)

Height of aircraft at baseline 1
(from photos) (meters)

Height of aircraft at baseline 2
(from photos) (meters)

Height of aircraft at baseline 3
(from photos) (meters)

When MAVSS data recorded

Which antennas yielded strength data
Port of starboard vortex

Age of vortex at each antenna
(seconds)

Lateral speed of vortex crossing
antenna (m/sec)

Height of vortex above antenna (m)

3
F



Effective strength
sec)

Effective strength
sec)

Effective strength
sec) - -— -

for b/2=5 m (m%/
for b/2=10 m (m%/

for b/2=20 m (m%/

I' (5 m

' (10 m)
' (20 m)
I' (30 m)

Correlations

Arrival Number

250 Copies

Effective strength
sec)

Numbers indicatihg
data

Number of antennas
transport speed.

B-3/B-4

for b/2=30 m {mzf
quality of MAVSS

used to calculate
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