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PREFA CE

The Aircraft Wake Vortex Program has an overall objective to
increase capacity at the maj or h igh-dens ity air terminals. The
joint US/UK vortex tracking project at Heathrow International Air-

port was implemented as a planned and preliminary step.

The highly professional and cooperative manner in which the
UK field site p~rsonnel operated and maintained the meteorological
and vortex tracking sensors must be rc.cognized ; the data collected

from their efforts have provided the most signif icant and comple te
data base in the vortex program to date. These data constitute

the basis for the algori thm used in the f i rs t Vor tex Adv isory
System installed at Chicago ’s O’Hare International Airport in the

spring of 1976. This system when operational will use meteoro-

log ical sensor inputs to determine when it is poss ible to
decrease aircraft separations to 3 nautical mi les fo r all classes
of aircraft.

The joint US/UK Vortex Tracking Program at Heathrow Inter-

national Airport is cons idered a complete success . The out-
standing contribution that it prov ided to the base of sc ienti f ic
knowledge on vortex behavior , as well as to the des ign and
developmen t of systems that will allow an increase in airport

capacity through the avo idance of the po ten tial vor tex hazard ,
is a tribute to the joint US/UK team effort .
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1. INTRODUCT ION

It has long been known that the wake from an aircraft can be

sufficiently powerful to cause a ser ious dis turbance to a following
aircraft under certain conditions . This is especially true of

• bight following aircraf t , and there have been numerous reports
of such light aircraft experiencing difficulty. It was realized ,

with the development of the B-747 and other wide-body aircraft ,

that the wake from such a ircraf t m ight be hazardous to following
aircraft at the minimum spac ings normally applied by Air Traffic

Control (3 nautical miles) especially in the high-density

• terminal areas where all of the aircraft are constrained to a

f ixed fl ight pa th and minimum separa tions are used to ma intain
capac ity.

As a resul t of the forego ing real iza ti on, a large evaluati on
• program was initiated in the United States to establish the theory

of the behavior of wake turbulence and to measure its character-

is tics under var ious me teo rolog ical  and f l ight conditions. For
a sho rt per iod in early 1970, the Federal Aviation Administration
set the separation distance between a B-747 and a smaller ,
following aircraft at 10 nautical miles minimum . The National

Air Traffic Serv ices in the United Kingdom later imposed a minimum
separation of 5 nautical miles behind a B-747. This minimum

separa tion dis tance was subse quently appl ied to smalle r aircraf t
• behind all wide-bodied large transport aircraft (the B-747 , L- bOll ,

DC-b , and C-5A). About this time , the FAA in the United States

imposed the same minimum separation (5 nautical miles) for

smaller aircraft behind all aircraft capable of a gross take -

off we ight in excess of 300,000 pounds (136,000 kilograms). Thus ,
• in the United States , aircraft such as the stretched versions

of the B-707 and DC-B are grouped together with the B-747 and

DC-b and other large wide-bodied aircraft . In the UK , the

increased separ at ion is given only behind the truly heavy
wide-bodied aircraft such as the B-747 , L-b011 , and DC-b

.1
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The d i v i s i o n  was s u b s e q u e n t l y  f o r m a l i z e d  in the U K on t h e  b a s i s
of a m a x i m u m  t a k e - o f f  w e i g h t  in excess of 375 , 000 pounds
(170,000 k i l o g r a m s ) ,  which embraced the Concorde .

• From June 1970 onward , unsolicited r e p o r t s  of possible wake

vortex encounters were received by Air Traffic Contro1 Officers

at London Heathrow . C o n s e q u e n t l y ,  the  U n i t e d - K i n g d o m  C i v i l
Aviation Autho rity instituted a program to gather information on

wake behavior under operational conditions , and on the way

various civil aircraft were affected by a wake vortex encounter.

This program involved having pilots of both the aircraft

experiencing the wake vortex encounter , and the aircraft thought

to have caused it , complete a detailed questionnaire . Where pos-

sible , the information was supplemented by data relating to

weather condition s and aircraft spacings (from the Meteorological
- 

. 
Office and Air Traffic Control Officers). It was pos sible , in

some cases , to measure the degree of disturbance experienced by the

affected aircraft by reference to the fli ght data recorder.

The majority of incidents occurred at or near Heathrow Air-

port and on final approach to the same runway (Ref. 1). In

some cases , the encounter took place very near to the ground.

Incidents were reported from a wide variety of aircraft pairs ,

and it was found that the heaviest jets (B-747 and L-loll ) caused

40 percent of all inc idents in sp ite of the fact that they con-

stituted only about 12 percent of all traffic at Heathrow during

peak periods. After consideration of the incident reports and

consultation with the appropriate operations groups , the separa-

tion distance in the United King dom was increased from 5 to 6

nautical miles behind wide-bodied jets for light airacraft on

the approach. The rule , promulgated in March 1974 to run on an

• experimental basis for one year , has since been extended

indefinitely .

It has been calculated that at this time , using 6-nautical-

mile separations instead of 5, the reduction in airport capacity

with the Heathrow traffic mix is about 5 percent at peak periods.

This would be expected to increase significantly in time because

_ _ _ _ _ _.~~~~~~~ 
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of traffic increases. Airports bike Chicago ’s O’Hare Internat ional ,
A tlanta ’s William B. Hartsfield International , and Los Angeles ’

International are operating near their capacity limits now . There

was therefore a strong incen tive to estab l i sh  those me teorolog ical
conditions during which the aircraft wake was not l ikely to per-

• sist in the approach corridor . The increased separations would

then be necessary only when the probabil ity of a wake vor tex
encounter was significant.

A program for collec ting per tinent vor tex dynamics data has
been under way in the United States for some time . (In 1973 , two

vortex data-collection sites were estabbished: the John F.

Kennedy International A irpor t in New York and the Staple ton
International A irpor t in Denve r, Colorado (Refs. 2,3, and 4). The

- • test s ites were ins trumented to track vor tice s shed by land ing
aircraf t and to record the amb ient mete orolog ical conditions . The

l and ing zone was monitored bec ause th is is po ten ti a l ly  the mos t
dangerous regi on as all  a irc raf t mus t fo l low essentia l ly  the
same path to execute a banding.) In a homogeneous , quiet

atmosphere , the vor tex pa ir w ill desc end to an altitude of
approx ima tely ha b f a wingspan and then beg in to move apar t
parallel to the ground. However , in the pres ence of w inds , the
vortices are affected by the wind; the induced separation motion

nea r the ground can be cancelled by the mo ti on due to a cross w ind ,
so that one vortex stalls (dwells) in the fl ight path of a

following aircraft. Several effects modify the behavior of

vortices near the ground ; wake behavior is somewhat unpredictable

due to turbubence-stimubated distortion and instabilities , and
one vor tex might rise in a wind shear (Ref. 5). In addition , the

transpor t and life of a wake vor tex are direc t ly affec ted by the
• wind magnitude and direction and the turbulence leve l (Ref. 6).

There has been close liaison between the UK Civil Aviation

Au thority (CAA) and the Federal Aviation Administration (FAA) on

wake vortex research for some years. They jointly agreed in late

1973 that it would be benefic ial if equipmen t s imilar to that
tested in the US could be installed at Heathrow for a defined3
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test program . The test program would afford the opportunity to

expand significantly the vortex track and meteorological data

base under new and varied environmental conditions , to correlate

• reported vortex inc idents (reports which could not be obtained in

the United States) with measured vortex and meteorolog ical con-

ditions , and to track vortices from a number of aircraft rarely

seen in the United States; e.g., Trident , Viscount , A-300B , and

the Concorde. In view of the increased spacings being applied

behind the heaviest jets at Heathrow , the results of such a

program would be particularly valuable in assessing those cond i-

tions unde r which the rules might be relaxed and , therefore , in

determining if significant capacity gains might be possible unde r

relaxed rules.

The CAA and FAA cont inue to collaborate in the joint develop-

ment of technology , techniques , and systems concepts to increase

runway capacities while avo iding wake vortex hazards . It was con-

sidered that use of the FAA wake vortex data-collection system

by the CAA would encourage and foster development of civil aero-

nautics and air commerce by providing further knowledge of the

effects of wake turbulence on airport capacity. A formal lease

agreement was therefore approved in February 1974 to run for a

period of six months. Unde r the agreement , the FAA delive red a

wake vortex data-collection system to heathrow Airport. The system

included an instrumentation van , meteorolog ical towers , acoustic

and ground wind sensor equipment , associated electronics , neces-

sary interface equipment , cabling, etc. The FAA also provided a

team to assist in the installation of the equipment at Heathrow

and to familiarize the UK CAA personne l in its operation and

maintenance. The CAA provided personne l to perform the installa-

tion of the equipment and a team to operate and maintain the

equipment throughout the duration of the lease agreement. The

time period was extended by mutual agreement from six months to

one year because of the outstanding quality of the data obtained

by the CAA test team.

4 
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- The vor tex track , meteo ro lo g ical , and incident report data

collected by the CAA were sent to the Transportation Systems

Center (TSC) in Cambridge , Massachusetts , for computer processing

and analysis. The results of this analysis were Periodically

provided to the CAA . An Executive Summary of the vortex tracking

program was issued in March 1976 (Ref. 7).
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2. SENSORS

Two types of vo rtex t rack ing sys tems were deployed in the
Heathrow data-collection program ; i.e., the Ground W ind Vor tex
Sensing Sys tem (GWVSS) and the Pulsed Acous tic Vor tex Sensing
System (PAVSS). Wind sensors were used to measure the ambient

meteorological conditions , and pressure sensors were used to

determine the arrival time and ground speed of the landing air-

craft .

2 .1 GROUND W I N D  VORTEX SENSING SYSTEM

When a wake vortex has descended into ground effect , it can

be de tec ted  by the d i s t i n c t i v e  wind s i g n a t u r e  i t  induces near the
ground . An a r r a y  of a n e m o m e t e r s , as i l l u s t r a t e d  in Figure 1, can
be used to track the lateral motion of aircraft wake vortices.

The two counter-rotating vort ices induce cross winds of opposite

sign.

Tests with smoke -~narked vortices have confirmed that the

• 
• peak in the induced ground wind is located directly under the

vortex center when the vortex is near the ground. Because the

winds induced by the vortices are primarily perpendicular to the

aircraft flight path , it is advantageous to employ anemometers
-
• which respond only to the cross-wind component of the wind. For

that purpose , fixed-axis Gill propeller anemometers , shown in

Fi gure 2, have proven to be satisfactory. The Gill anemometer con-

sists’ of a four-bladed polystyrene propeller , 7.5 in. (19 cm) in

diameter , molded in the form of a true-generated helicoid. The

propeller drive s a miniture d-c tachometer generator , providing

an analog voltage output directly proportional to the wind speed .

A particular virtue of this anemometer is that the output changes

sign when the cross-wind direction reverses , thus a l l o w ing the
consistent identification of which vortex is located over a

par ticular sensor. The height of the GWVSS anemometers is

selec ted to g ive an unobstructed measurement of the surface wind .
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Figure 3 shows the sensor outputs from one of the Heathrow
anemometer lines at three successive times. The si gnal from each
sensor is plotted as a horizontal line segment . The motion of the

vortex peaks is evident in Figure 3. In Figure 4, the vor tex
motion for this data run is plotted at 2-second intervals , assign-

ing the vortex locations to the sensors having the lowest and

highest signals.

2.2 PULSED ACOUSTIC VORTEX SENSING SYSTEM

The pulsed-acoustic bistat ic vortex sensor depends on the

refractive ray-bending properties of the vortex core . An acoustic

ray passing through the vortex core is bent in the direction of

vortex rotation. In the PAVSS , a 2-m illisecond pulse of acoustic

energy in the 2 to 3 kHz range is transmitted into a fan - shaped

area perpend icular to the aircraft flight path. A receive r with a

similar fan-shaped beam pattern is placed on the opposite side of

the extended runway centerline . When a vortex pair enters the

sens it ive reg ion, one vortex will direct acoustic energy downward

to the receiver while the other vortex will direct energy upward

out of the monitored region as shown in Figure 5.

Interchanging the transmitter and receiver would permit

monitoring the other vortex. Two signals are observed in the

receiver: (a) the direct line-of-si ght pulse , and (b) the pulse

which has been r e f r ac ted by the vor tex core .  The time de lay
between these two signals determine s an elliptical focus of pos-

sible vortex locations with foci at the transmitter and receiver.

The time de bay measured w ith a seco nd t ransmitt er or rece iver
def ines a second ell iptical locus with foci at the new transmitter

and rece iver.

As shown in F igure 6a , the intersection of the two loci

determines a unique vortex position. Because the scattering

angles are small , the ell ipses are fla t , so that their inter-

sec t ion may not g ive a very accura te measuremen t of hor i zon ta l

position . The accuracy of the vertical location is generally much

better. Figure 6b shows contours of constant scattering 
angle9
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for the shorter baseline . A vortex with a g iven maximum scattering

ang le 0m can be d e t e c t e d  i f  its location lies helo~
.. the contour

Note that the scattering angle for the longer baseline is

smaller , so that the shorter baseline determines the reg ion over

which the vortex can be tracked . An anal y sis of the accurac y of

vortex location show s that the horizontal posi tion determination

is meaning ful only in the reg ion where  f is larger than 0.5 radian.
Consequentl y, the useful tracking reg ion l i e s  b etween t h e  0 . 5  and
em _ radian contours in Fi gure ob . The observed values (Ref. 8) of

~m 
range from 0 .5 radian (e.g., B-707) to 1.2 radians (e.g., B-727

and DC-b ). Thus , the R-\VSS is extremely useful for tracking

B-72 7 and DC-b vortices , but is virtually worthless for B- ’O7

vortices. The maximum scattering ang le is strong ly dependent on
the size of the vortex core , small cores giving large 0m The
large B-707 core size (Ref. 9) is due to t h ì e  d i s r u p t i v e  e f f e c t s  of
the ou tboa rd en g in e s .

The PAVSS configuration at Heathrow used a multi plicity of

transmitters and receivers to provide accurate measurements

throug hout the reg ion within 200 ft (61 m) of the runway center-
line. Ei ght receiving antennas were used , six of which were also
used to transmit. Each vortex wa~ probed with three transmitters

and four receivers. The pulse repetition period :~nd antenna
locations were selected to provide unamb i guous id en t i i ic ation of

all signals (Ref. 10). Fi gure 7 shows the tracking acturacy to

be expected from the confi guration selected.

Figure 8 shows one of the PAVSS antennas. The fan beam is

produced by feeding a cylindrical antenna of para bolic shape
(width , 52 in. (132 cm) ; heig ht , 36 in. (91 cm); and focal

• l e n g t h , 30 in .  (76 cm)) with a commercial ly available horn and
d r i v e r  (60 w a t t s , e l e c t r i c a l ) .  The same t r a n s d u c e r s  are used to

• t r a n s m i t  and receive b y d e c o u p l i n g  the  r e c e i v e r  electronics
d u r i n g  the  t ime of t r a n s m i s s i o n . The effects of speaker ring ing
and backward si gnals from transmitters on the same side of the

runway centerline are minimized by transmit ting different fre-
quencies (2 and 3 kIlz) in the two directio ns of propagation and

• 14
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filtering out the unwanted signals. To compensate for the effects

- • - of atmospheric attenuation in the l ine-of-sight signals , the hi gher

frequency (3 kHz) is t ransmitted in the direction of the cross

wind. The four end antennas were elevated (as in Figure 8) to

minimize the attenuation of direct signals for the longe r antenna

separations .

2.3 AMBIENT WIND SENSORS

To provide a meaningful interpretation of the vortex behavior ,
it is necessary to correlate the vortex tracks with the ambient

wind , wind shear , and turbulence. This information was obtained

by measuring the three components of the ambient wind at two

different heights. U-V-W anemometer w ind sensors were placed at

two heights on each of two meteorolog ical towers . One tower was

placed on eithe r s ide of the runway centerline , so that meteoro-

logical information could be selected from the upwind sensors un-

contaminated by the wind s from the vortices.

The U-V-W sensors , shown in Figure 9, consist of three

mutually orthogonal Gill propeller anemometers oriented so

as to measure the three components of the ambient wind; viz.,

head , cross , and vertical winds . The Gill anemometers are

carefully designed to give close to a cosine response to varia-

tions in wind direction , so that they give a reliable indicat ion

of wind components .

2 .4 AIRCRAFT DETECTOR S

The aircraft detectors provided a precise determ inat ion of

aircraft arrival by measuring the atmospheric pressure at ground

level. When an aircraft passes over a detector , it produces a

dynamic increase in pressure which lasts for 1 or 2 seconds and

has a magnitude which depends upon the aircraft height and weight .

• 
- 

Figure l0a shows the expected shape (Ref. 11) of the pressure

si gnature . The peak pressure occurs when the aircraft is located

directly over the sensor. Two aircraft detectors , located at

separate positions on the extended runway centerline , can be used

17
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to determine the aircraft ground speed. It is conceivable that

the measured pressure signature s can be analyzed to y ield an

estimate of the aircraft weight.

An aircraft detector consists of a differential pressure

sensor which compares the instantaneous pressure to the average

pressure contained in a dewar flask with a slow leak (time con-

stant of 15 seconds) to the atmosphere. This arrangement allows

the sensor to respond to pressure transients but not to changes

in barometric pressure . Aircraft arrival times are determ ined

by the simultane ous existence of a positive - pressure above a

threshold level and a negative slope indicating- the occurrence

of the peak . Figure 10 show s the signals and gates involved in
• the determination . The pressure slope is a result of high-pass

filtering of the pressure signal using a 0.3-sec time constant .

If the aircraft detector threshold is set at a low enough

level to detect small jet transports such as the DC-9 and BAC-i ll , 
F

it can be triggered by wind gusts or even by the vortices from 
F

large aircraft . During the course of the Heathrow data collec-

tion , some experiments were performed to test the feasibility of

us ing aircraft noise to gate the pressure detector . The concept

• I appears  fea sible , and it is likely that a combined pressure-

acoustic aircraft detector would be much more reliable than a

pressure detector and give more accurate arrival t imes than a
• - purely acoustic detector. (Such a detector has been used in field

tests at Kennedy Internationa l Airport.)

20 
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3. TEST SITE

The equipment was installed at the approach end of runway

28R at Heathrow International Airport and consisted of one set of

bistatic acoustic vortex sensors (PAVSS) , two se ts of ground w ind
propeller anemometer vortex sensors (GWVSS), one Super-Eight movie
camera , two pressure sensor aircraft detec tors , and two sets of
ambient wind sensors. Of the six active runways at Heathrow (see

• Figure 11), runway 28R was selected because the approach area
provided a suitable site for the installation of the equipment ,
and since the prevailing wind at Heathrow lies between southwest
and west, the use of this runway implied that a significan t
number of landings would be monitored.

An overall plan view of the location of the sensors is shown
in Figure 12. The location of the sensors wi th respect to the
threshold of runway 28R is given in Table 1. The convention

TABLE 1. SENSOR LOCATIONS

DISTANCE FROM DISTANCE FROM 28R
28R THRESHOLD I?XTENDED CENTERLINE

DESCRIPTION ft (m) ft (m)

Inner baseline 1475 (450) N.A.
(one PAVSS and
one GWVSS)
Outer baseline . 2400 (732) N.A.
(one GWVSS )
Movie camera 1410 (430) 0 (0)

Aircraft detector 2700 (823) 0 (0)
1475 (45 0) 0 (0)

Mob ile wind tower 1500 (457) +1100 (335)

Fixed wind tower 1250 (381) -830 (-253)

21
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used required that the distances to the right of the extended run-

way cen terline as observed by a pilot of a landing aircraf t be
def ined as pos itive , and the distances to the left of the center-

line be defined as negative. Thus , dis tances to the north of the
ex tended runway 28R centerline were labeled pos itive , whi le those

-
• to th~ south of the extended runway centerline were labeled

negative . The electronics and data recorders were housed in a

Cortez ® van parked approximately 100 ft (30.5 in) south of the

extended runway centerline and approximately 1800 ft (549 m) from

the threshold of runway 28R.

3.1 PULSED ACOUSTIC VORTEX SENSING SYSTEM

A detailed description of the location of each pul sed acous t ic
sensor is g iven in Figure 13. The two antennas closest to the

extended runway centerline were offset 5 ft (1.5 in) to eliminate

direct reflections . The last two antennas on both sides of the

extended runway centerline were raised by a wood bracing structure ,
so that the speaker height was approximately 8 ft (2.4 in) (see

Figure 8).

3.2 GROUND WIND VORTEX SENSING SYSTEM

The propellers were oriented toward the negative direction ,

so that positive cross winds (winds blowing from the negative to

the positive direction) gave a positive voltage output.

3.2.1 Inner Baseline

A detailed description of the anemometer locations on the

inner baseline is given in Figure 14. Anemometers at #550 ft

(168 m), +300 ft (91 m), +250 ft (76 m), -300 ft (-91 in), and

-560 ft (-171 m) were displaced 5 ft (1.5 m) toward the runway -
•

t hr eshold to reduce unwan ted r e f l e c t ions in the pulsed acousti c
system. The anemometer at the -100-ft (-30-n) location was also

d isplaced 5 ft (1.5 i n)  toward the runway threshold to provide

safe cle arance f rom an underground high-voltage power cable. The

sensor at -560 ft (-171 m ) was displaced 10 ft (3 m) from its
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nominal position of -550 ft (-168 m) to avoid a concrete access

road . All the anemometers on the inner baseline were mounted on

Polyvinylchloride (PVC ) poles and their height above grade t%as

approximately 11 ft (3.4 m).

3.2.2 Outer Baseline

A de ta i l ed  descrip t ion  of the  anemometer  1ocat ~~ons on the
outer baseline is given in Figure 15. All anemometers on t he ou ter
baseline were mounted on PVC poles , so that their hei ght above

grade was approximately 21 ft (6.4 in). The increase in hei ght was

necessary to raise the anemometers above the local obstructions

(viz., a dirt mound , small shed , and a building). To prov i de a

minimum disturbance to existing facilities , it was necessary to

locate the outer baseline on a line parallel to a fence along

Cranford Lane which is skewed 6 degrees from a line perpendicular

to the extended runway centerline . However , all the anemometers

were oriented perpendicular to the centerline .

3.3 AIRCRAFT DETECTORS

One pressure sensor aircraft detector was initially located

at the intersection of each sensor baseline with the extended

runway centerline . It was discovered that the movies obtained by

starting a camera with the signal from the aircraft detector on

the outer baseline were too short; therefore , it was decided to

move the outer baseline pressure sensor 300 ft (91 in) farther

away to its final location 2700 ft (823 m) from the runway

th resho ld .

3.4 MOVIE CAMERA

A S u p e r - E i g h t  movie  camera (Kodak ® Model  146-0138)  was
located 1410 ft (430 m) from the runway threshold directly on the

extended runway centerline. It was mounted on a wood fence ,
approximately 4 ft (1.2 in) hi gh , and pointed slightly upward with

a f ield of v iew as sho wn in F igure 16. The movie camera was de-

signed for remote surveillance and came equ ipped with automatic
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exposure , remote con trol capab i l i ty ,  and a protective housing .

It had a zoom lens (13 to 28 mm) which was operated in the wide -

angle (13 mm) position .

3. 5 METEOROLOGICAL TOWERS

G ill-type , three-axis U-V-W propeller anemometer wind sensors

were mounted at two heights on each of two support towers to

measure the local ambient wind. The long itudinal wind sensor , U ,
was oriented parallel to the runway direction and provide d a

positive signal output for a head wind for landing aircraft. The

cross wind sensor , V , was oriented pe rpendicular to the runway

direction and pointed toward the negative direction and provided

a positive voltage output for a positive cross wind. The vertical

wind sensor , W , was oriented perpendicu lar to the plane of the
- - ground and rointed upward and provided a positiv e output for up-

ward winds. (The locations of the towers are shown in Figure 12.)

3.5.1 F ixed Tower

The fixed towe r was 50 ft (15 m) in height with one U-V-W

sensor mounted at the 20-ft (6.1-rn) leve l and another at the

50-ft (15-rn) level. The largest obstructions in the vicinity of

this towe r were the B-747 hangar , approximately 656 ft (200 in) to

t he s o u t h e a s t  w i t h  a he i gh t  of 110 ft  (34 m ) ,  and the B r i t i s h
A i r w a y s  s t o r e s , a p p r o x i m a t e l y  377 f t  (115 m) to  the sou thwes t  w i t h
a hei ght of 50 ft (15 in).

3.5.2 Mobile Tower

The mobile tower was 32 ft (10 in) in height with one U-V-W

sensor mounted at the 20-ft (6.1-rn) level and another at the

32-ft (10-in) level. The largest obstructions in the vicinity of

this tower were a tree approximately 60 ft (18 m) to the northwest

with a hei ght of 28 ft (8.5 in), a second tree approximately 60 ft

(18 in) to the northeas t with a height of 23 ft (7 rn), and a

30
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building approximately 115 ft (35 ut) to the southeast. A

- 
detailed plan view showing the relative location of these

- 

obs truc tions is given in Figure 17.
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4 . DATA COLLECTION

The da ta collec tion was organ ized around the occurrence of an
aircraf t arrival on runway 28R.  The s t a r t  of a data  run was de-
f ined as the t ime an aircraf t crossed the inner basel ine . Each
run was labeled by the time of arr ival (day:hour:rninute:seco nd)
indicated by an IRIG-B time code generator whose output was re-

corded on the data recorders. A positive event mark was used to

signal the start of a run (SOR). The duration of the SOR pulse

(0.4 to 1.6 sec) was set by means of twelve selector switches used

to encode the aircraft type according to Table 2. The arrival of

the aircraft at the outer aircraft detector was also recorded ,

but as a negative event mark to distinguish it from the SOR pulse.

Under normal operation , the mov ie camera was turned on by the outer
a ircraf t detec tor and tu rned off by the inner de tec tor. The mov ie
camera was con trolled to opera te fo r no more tha n 10 seconds per
run . The camera s ta r t  and the SOR pulse s could be actuated

manual ly fo r  a i r c r a f t  too l i ght to t r i g g e r  the  a i r c r a f t  de tec tors
or under condi t ions  when the pressure  de tec to r s  were unreliable.

TABLE 2. AIRCRAFT ENCODER SWITCH ASSIGNMENTS

SWITCH NUMBER 
- 

A I RCRAFT TYPE
1 B-747
2 B - 7 0 7 / D C - 8 / C V - 9 9 0
3 B-727/Trident
4 B-737
5 DC-lO/I•-l0ll/Airbus -300
6 VC- lO/IL-62
7 BAC-lll/DC-9/TU-l34/Carave lle
8 V a n g u a r d / I L - 18/ D C - 6 / D C - 7 / E l e c t r a
9 Viscoun t
10 Herald/F-27/HS-748
11 HS- 125/Gulfstream II
12 Tap e Off  s ignal

no swi tch Other
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4.1 PROCEDURES

The sys tem opera tor w as res ponsible for obta ining and logg ing
the follow ing information :

1. Aircraft Type (visual identification )

2. Arrival Time (time code)

3. Flight Number (VHF radio)

4. Tape Recorder Footages

S.  Wind Reported by Control  Towe r (VHF rad io)

6. General  Weather Condit ion s

7. Sensor Malfunctions .

The data recorders were turned on 20 second s before the start of
a run , and kept on for 5 minutes (GIVVSS data) or 2 minutes (PAVSS
data) after the start of run . Normally , the GWVSS data were col-
lected continually; however , the PAVSS recorder was often turned

off between runs to conserve tape.

4.2 RECORDING TECHNIQUES

The data from the various sensors were recorded on two mag-

netic tape recorders , a 4-track Ampex ® SP-700 recorder us ing

0.25-in. (0.635-cm) tape on 7.5-in. (19-cm) reels , and a 14-track
Honeywe ll ® 5600 recorder using 1.00-in. (2.54-cm) tape on

10.5-in. (26.7-cm) reels. Both recorders operated at 1.875 in./sec

(4.76 cm/sec) recording speed , leading to a 0.625-Hz bandwidth on

the f-rn channels and a 10-kHz bandwidth on the direct channels.

The channel assignments are listed in Tables 3 and 4.

The SP-700 used a unique pulse-duration technique for

recording 30 multip lexed channels on a single recording track.
The standard SP-700 electronics are designed to record 30

.4
~ cha nne l s, sampled 30 times per second , on one track at 7.5 in./sec

(19 cm/sec). Extensive modification of the electronics allowed

the speed to be reduced to 1.875 in./sec (4.76 cm/sec) for 7
samples/second , and allowed 30 channels to be recorded sirnultan-

eously on each of two tracks. The SP—700 multi p lexed ch annels

34
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TABLE 3. HONEYWELL ® 5600 C h ANNEL ASSIGNMENTS

C I R C U I T  F

CHANNEL CARD ASSIGNMENT

A voice Not used

1 direct  Speaker I

2 d i rect  Speake r I I

3 direct Speaker IV

4 d i rect  Speaker  V

5 d i rec t  Speaker  V I I

6 direct Speaker VIII

7 direct Transmitted acoustic signal

8 direct R ef e rence oscillator for
tape servo

9 d i rec t  Speaker  I I I

10 fm +1.4 volt dc SOR
s igna l

11 direc t Speaker V I

12 fin Inner aircraft detector

13 voice Not used

14 d irect T ime code

B di rec t Vo ice and time code SOR
- 

I signal

I
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TABLE 4. AMPEX ® SP-700 CHANNEL ASSIGNMENTS

Track 1 : T ime code

Track 2 : fm , +1.4 volts dc SOR

• Tracks 3 E1 4: 30 channels time-shared 0 to S volts dc , propel le r
anemometer signals on channels 1 to 21.

TRACK 3 TRACK 4
OUTER BASELINE MAIN BASELINE

CHANNEL (feet I (fee t )

1 -450 -560
2 -400 - 4 5 0
3 -350 -400
4 -300 -350
5 -25 0  -300
6 -2 0 0  -250
7 -130 -200
8 -90 -150
9 -40  -100

- - - 10 10 -50
4 11 50 0

12 100 50
13 150 100
14 200 150
15 250 200
16 300 250
17 350 300
18 400 350
19 450 400
20 550 450
21 650 550
22 U Mobile U Mobile
23 V Tower V Tower
24 W Lower W Upper
25 U Fixed U F ixed
26 V Tower V ?- Tower
27 W Lower W ) Upper
28 +2.50-volt reference i-2.50-volt reference
29 +5.00-volt reference +5.00-volt reference
30 0.00-volt reference 0.00-volt reference
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have a range of 0 to 5 volts and an accuracy of 1 percent. The

calibra tion of each multiplexed track was continually verified by

record ing signals of 0.00, 2.50, and 5.00 volts on the last three

channels. The signals from the wind sensors were amplified and

offset to fill the 0 to 5-volt recording range . The parameters

selected and the resulting velocity ranges are listed in Table S.

The recorders were equipped with reproduce elec tronics to
allow simultaneous playback , so that the quality of the data could

be verified by means of oscilloscope observations. Figure 3 showed

how the time-multiplexed GWVSS signals appeared in real time . The

PAVSS s ignals were mon itored by occasionally taking intensity-
modulated CRT pictures (termed “acous tograms”), wh ich show the
t ime history of the direc t and sca ttered signals for a par t icular
receiver. Identifying and correcting sensor and recorder mal-

functions were major responsibilities of the system operator .

In add ition to the operational and maintenance functions , the

system operator was required to make a number of system adjust-

ments , particularly on the PAVSS. The PAVSS frequency selection

was reversed when the cross wind changed directions. In addition ,

the PAVSS pulse per iod had to be adjus ted for  changes in the sp eed
of sound (i.e., as the tempera ture or the magnitude of the cross
wind changed). The aircraft-detector threshold had to be adjusted

to find the bes t comprom ise be tween missed a ircraf t and false
triggers under varying levels of turbulence.

TABLE 5. SENSOR PARAMETERS AND RANGES

ZERO RANGE
SENSOR GAIN Vol ts f t/sec (m/ se c )
Cross w ind x3 2.50 -50 (-15.2) to 50 (15.2)
(a l so  GWVSS)
Long itudinal x3 1.00 -20 (-6.1) to 80 (24.4)

Vertical xlO 2.50 -17 (-5.2) to 17 (5.2)

37

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _w~~
__

— ~~~~~~~~~~~ U ~~~- -~



~~~~
— ±  

—
~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

• 5. DAT A PROCESSING

5.1 PULSED ACOUSTIC VORTEX SENSING SYSTEM 
—

The PAVSS system is desi gned to measure the locations of wake

v o r t i c e s  by compar i sons  of the  arrival times of two acoustic

signal s :

1. The direct line-of-si ght signal prop agating along the

g r o u n d .

2. The delayed signal scattered from the vortex core.

The fundamental task of the PAVSS data-processing system is to

identify valid acoustic signals of each type. The measured time

delays are then used to determine the vortex location . Using the

difference between the measured arrival times eliminates most of

the systematic errors resulting from variations in temperature and

cross w ind . Since at Heathrow there were three transmitters and

four receivers for each vortex , one could have as many as twelve

t ime delay s, even though two are sufficient to g ive a vortex

location . Using more than two t ime delays serves to increase

accuracy and to reduce the effects of systematic errors.

5.1.1 Analog Proce ssing

The recorded data  are pa ssed through bandpass  f i l t e r s  w i t h
Q = S to i so la te  the  si gnals  f rom the t r a n s m i t t e r s  on t he  o p p o s i t e
siue of the runway . The signals are then rectified and lowpass-

filtered to generate the envelope of the received signal. The

analog processing also has the capability of generating the de-

rivative of the signal envelope which peaks on the leading edge

of the received pulse. This feature can be useful since the H

pulses , particularly those propagating along the ground , of ten
show a sharp leading edge.

5.1.2 Digital Processing

The anal og s i gnal envelope , whether direct or differentiated ,

is sampled and digitized for all receivers at 1-millisecond
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intervals by means of a Varian ® 620/L-100 minicomputer. Local H,

peak s in the data are stored if they exceed a preset amplitude

threshold selected to give an optimum signal-to-clutter ratio.

Proper speaker placement ensures that no data overlap will occur;

data from each speaker arrive in a proper time sequence so as to

constitute a distinct data “window ” spec ific to the particular

transmitter-receive r pair.

The immediate data-analysis problem lies in isolating the

valid data peaks , both direct and vortex scattered , f rom spur ious
and extraneous signals . This is a difficult but important

process since even a single bad time delay will render the

vortex location for that data frame invalid , and may have seri ous
consequences for the vortex-location history from that point on.

Spur ious s ignals are of var ious types , including both 
—

systematic and random sources. An aircraft passing throug h the

acoustic signal plane , and thereby defining the start of a data

run , generates wide-band acoustic noise which corrupts the data

for several seconds thereafter. This noise is gated out by a

delay set between the start of run and the start of analysis . A

more troublesome source of spurious signals lies in acoustic

reflections from objects near or on the PAVSS baseline ; these can

p roduce signals at fixed times within the data frame , and were

eliminated as much as possible in the field by moving or modifying

the offending objects. Several of the GWVSS poles on the PAVSS

baseline were tilted to eliminate specular reflections . Another

t roublesome type of signal is the clutter which arrives just after
the direct signal, generated by small-angle scattering from the

ground and from atmos ph er ic turbul en ce.  Th e sof twa re a l l ows fo r —

this in the reg ion of the direct signal.

Random spuri ous s ignals are also always present in the data ,

usually isolated and of a lower amplitude than the valid signals.

The ma in problems in tracking arise in deciding when the vortex

data begin to appear in a given window , and aga in when vor tex
data are no longer present. The former problem is resolved by

a combination of amplitude thresholding , a crude estimation of
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initial t ime de lays, and the application of the condition that a
certain fraction of contiguous data frames must contain t ime-

consistent data. These criteria are used to initiate tracking of

the vortex signal in a given window . Tracking of the vortex then

proceeds by means  of a c o n s i s t e n c y  a l g o r i t h m  which  e s t i m a t e s  the
a n t i c i pated a r r i va l t ime of the  nex t  si gna l  by a f i t  to  the
e a r l i e r  d a t a .  The e n d - o f - t r a c k  c o n d i t i o n , w h i c h  f o r c e s  the
algorithm to cease , reverses the initial condition and seeks a

certain number of contiguous empty data frames.

The direct , line-of-si ght si gnals detected during the data

run are not used to calculate a frame-by-frame arrival-time dif-

fe rence  because they  can be s y s t e m a t i c a l l y  o f f s e t  by the vo r t ex
w i n d s .  I n s t e a d , the  t i me d e l a y  is based on an averaged  d i r e c t -
pu l se  a r r i v a l  t ime occur r ing  j u s t  b e f o r e  the SOR as d e t e r m i n e d  by
a tracking algorithm similar to that used for the vortex signals.

Data from a fixed number of frames are ave raged.

Fi gure 18 sho w s data a ccepted a s valid by the signal-tracking

s o f t w a r e . A f t e r  these  signal tracks have been determined , in-

v a l i d  po r t i ons  of the track are eliminated by the computer

operator to y ield the clean data of Fi gure 19.

5.1.3 Vortex Tracking

The va l id  da ta  of Fi gure  19 are used to generate one of the

vortex tracks in Figure 20. A least-square s technique is used to

de t e rm ine the  v o r t e x  l o c a t i o n  whe n more than two t i m e  de lay s are
available . In the least-squares algorithm , the vortex initial

position is estimated , and the resulting time delays for each

transmitter-receive r pair are calculated. The position is then

varied to minimize the sum of the squares of the diffe rences between

the calculated and measured time delays . For each succeeding data

frame , the last position determined then becomes the new estimated

position .

Because the P ,\VS S dat a processing requires considerable

t ime and operator skill , only selected runs were processed.

E v e n t u a l l y ,  th e PAVSS data collection was terminated because the

40
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GWVSS was found to supply sufficient information for the evaluation

of vortex transport. Vortex-altitude information , av ailable only

from the PAVSS , made little impact on the evaluation.

5.2 GROUND W I N D  VORT E X SE N S I N G SYSTEM

This section discusses the procedures and techni que s used to

reduce and to process the GWVSS anemometer data , leading to the

development of the Heathrow GWVSS Vortex Data Base. The data

reduction is divided into four phases , each of which can be

performed as a separate but interrelated process.

a. Phase I , Analog Processing , creates a di g ital tape from

the analog tape recorded at heathrow .

b. Phase II , Dig ital Processing, reads the di gital tape ,
creates printer plots of vortex tracks , and tabulates the

meteorological (MET) data.

c. Ph a e  III , Aircraft and MET Data Verification , verifie s

and edits any erroneous aircraft or MET data.

d. Pha se IV , Vortex -\nalysis , includes the identification

and recording of the vortex motion and decay data used in the

development of the data base.

5.2.1 Phase I -- Analo,g Processing

The Phase I system (Figure 21) entails the playing back of

the analog Ampex ® SP-700 input tape to create a dig ita l tape , 
R

using the logsheets as a Auide . The TSC Hybrid Fac i lity (XDS-9300

Digital Computer/Beckrnan~~’ 2200 Analog Computer) is used to

process and di gitize the analog input si gnals and to generate

a di g ital 7-track tape which contains the raw anemometer data ,
- 

- 
a processed time code , aircraft-encoded run marks , and data-

validity counters. The digitization is performed at a speed

four time s faster than the original data-recording speed.
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5 .2 . 1 . 1  T i m e  Code -- Track 1 - The t ime-code  si gnal  ( t r ack  1 of the
ana log  t ape )  is ga ted  f rom the tape recorde r in to  a Datum ® 9300

t i m e  code g e n e r a t o r  and i n t e r n a l l y  converted to IRIG-B BCD (binary

coded d e c i m a l )  p a r a l l e l  o u t p u t s .  The p a r a l l e l  time code is passed

t h roug h the Beckman~~~ 2 2 0 0  computer  i n to  the XDS - 930 c~~~omputer ,
where the code is verified for character validity and then con-

verted to seconds. To assure time code continuity in the event

of da ta  d ropouts  and to  f a c i l i t a t e  the  da ta  a n a l y s i s , an estimated
t i m e  code is a lso  c a l c u l a t e d  in the XDS - 93 00 .  The raw t ime code
is assumed v a l i d  when the  da t a  have up da ted  p r o p e r l y  for  S con-
t i n u o u s seconds and have con t inued  to  m a i n t a i n  a 5-sec  c o n t i n u i t y .
Th e est i m ated t im e code is t h en updated , an d the updatin g fre-
q u e n c y  is synchronized proportional to the data rate. Wheneve r

the estimated t ime code is out of synchronization with the raw

time code , its value is set negative and is updated at the data

rate until the 5-sec raw time-code continuity has been re-

established. Both the raw and estimated time codes are recorded

on the di g ital tape. -

5.2.1.2 Run Mark -- Track 2 - The run-mark signal (track 2 of the

analog tape) is generated whenever an aircraft has tri ggered a

pressurc transducer. The outer detector causes a fixed-time

negative pulse to be generated , while the inner detector causes

a positive pulse to be generated whose duration is proportional

to the aircraft identif ication. The analog computer generates an

interrupt to the XDS-9300 at the t ime of the occurence of either

pulse. The negat ive pulse is encoded with a di g ital code of 31 8.
When the positive pulse is detected , its presence is noted in the

di g ital computer memory , and the analog computer proceeds to

integrate a constant voltage for the time that the t ime-encoded

aircraft-type pulse is present. The resulting voltage is resolved

in to  a d i g i t a l  a i r c r a f t  t ype  in the  rang e of 1 to  13 and re-
p l a c e s  the  p o s i t i v e - p u l s e  detect in the computer memory prior to

entry on the di g i t a l  tape . In the  event  of p r o b l e m s  w i t h  i d e n t i f y -
ing the aircraft code , the code was set to 14 to indicate that

the aircraft type was “Unknown .”
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The h y b r i d  log ic includes filters to ~tllow only the first

nega t ive  pu l se  to be recorded and f i l t e r s  to e l i m i n a t e  s h o r t -
d u r a t i o n  pos i t ive  pulses. False and/or mult iple aircraft detects

can occur due to noise on the analog tape , or more likel y ,  a

triggering of the pressure transducer by a vortex. The latter

case is handled  by the  dig i t a l - p r o c e s s i n g  s o f t w a r e  de sc r i bed
befo re  in Sect ion 5 . 2 . 2 .  At all other time s, the run-mark signal

is set to  zero.

- 

- 5 . 2 . 1 . 3  Anemomete r  Da ta  -- T racks  3 and 4 - The anemometer  da t a
(ground wind and m et e o r o l o g i c a l  (ME T)~ are  recorded a s y n c h r o n o u s l y
on t r acks  3 and 4 of the analog recorder  ( the  f o r ir a t  was g iven
in Table 4 ) .  Each t r ack  con ta ins  30 channe ls  of t i m e - m u l t i p l e x e d
data recorded 7 time s (nominal) per second. Each scan of the 30

channels  (synchronous  sampl ing )  is d e f i n e d  as one f rame ; t h e r e f o r e
the sampl ing ra te  is 7 frame s per second. Each sample contains a

sample-synchronou s pulse and a frame - synchronous pulse. Each

t rack is processed  by the analog computer and each signal is

sepa ra t ed  in to  i ts  r e spec t ive  channel  and dig i t i z e d .  Since there

is no s p e c i f i c  i d e n t i f i e r of each data sample , the playback is

expecting 30 samples between each frame-synchronou s pulse. By

counting samples between frames we can assume that as long as this

value is 30 , the data  are valid. With a value other than 30 , the
data  on the o f f e n d i n g  t r ack  are assumed inva l id  for  tha t  f r ame  and
are so labe led  in the  data p r o c e s s i n g .

All anemometer signals had a 2.5-volt bias added such that

- - the full-scale operating range is 0.0 to 5 . 0  volts. The Ampex ®

SP-700 has a recording playback range of less than 0.0 volt and

greater than 5.0 volts. The Beckman® 2200 A/D converter is

b iased and scaled to accommodate the full-scale range of the

SP-700. As a result , a recorded s ignal of 0 . 0  volt , when p layed
back , is di gitized to a non-zero positive number , and similarly,

4 the recorded 5.0-volt signal is di gitized to a value less than

full scale. This is significant since di g itized data falling
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o u t s ide  the  range of the  0 . 0  to 5.0 volts are flagged in the

di gital-processing program. The flag indicates that a mal-

function has occurred either in the data collection or in the

di gitization of the data.

5.2.1.4 Brush Recording and Monitor Scope - In parallel with the

di gitization , selected data from each track are recorded in analog

form on two 8-channel Brush ® (strip-chart ) recorders (Figure 22).

The raw run-mark data , the encoded run-mark , and selec ted
anemometer channels are recurded. The Beckman ® 2200 is also

configured to allow Brush record ing of any data channe l in-

dependent of the digitizing process. This capability is in-

valuable in the detailed analysis of stalled vortices.

During playback , a monitor scope was used to allow visua l

inspect ion of the anemomete r  data  (Figure 2 3 ) .  The scope , Brush
record ings , and log sheets used in combination were an invaluable

tool  for  d i a g n o s i n g  d i g i t i z i n g  p rob lems  and t rac ing t he i r  source .
In t h i s  manner , undetected problems at the Heathrow s i t e  were
diagnosed  q u i c k l y ,  and the  operat ors were notified.

5.2.l.S Digital-Tape Specification - The d i g i t a l  tape is organized

into frames with 45 frames per record. Each di gital frame con-

sisted of 40 words (Table 6) which included both tracks of 30

anemometer data words , the synchronous-pulse count for each track ,
the run-mark identifier (or zero , if none), the time code from the

reade r , the time code from the estimator , and the elapsed t ime

between run -mark pulses. Since the XDS-9300 has a 2 4 - b i t  word
s i z e , and the  A/ D c o n v e r s i o n  was to 1 2 - b i t  resolution , it was

convenient to pack the data suc h that the track 3 da ta  a long w i t h
the synchronous-pulse count occup ied the first 12 bits of the word ,

wh i le s im i larly the t rack 4 dat a occup ied the las t 12 b it s of each
word . The tape specifications are given in Table 7.
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TABLE 6. FRAME FORMAT

WORD QUANTITY BIT ASSIGNMENT

1 Channe l 1 (0-11) Track 3 , (12 -23 )  Track 4
2 Channel 2 (0-1 1) Track 3 , (12-23)  Track 4

30 Channe l 30 (0-11) Track 3 , ( 1 2 - 2 3 )  Track 4
31 Sample Coun ts (0-11) Track 3, (12-23) Track 4 

j32 Run Mark (0- 11) Volt s *lO , ( 1 2 - 2 3 )  A/C Code No.
33 Raw Time (sec.)
34 Estimated Time

(sec.)
35 Elapsed T ime

Between Base-
lines (msec.)

36 Unused
37 Unused
38 Unused
39 Unused
40 77777777 (octal)

TABLE 7. TAPE SPECIFICATI ON

:1 Density 800 BPI

Par ity Odd

Forma t B ina ry

Word Size 24 Bits

Record Size 1800 Words

Si
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5.2.2 Phase II -- Digital Processing

The XDS ® computer is configured to allow operator inputs

from a teletype and/or sense switches during the processing of

tapes. The operator has the ability to exercise certain pre-

programmed options for the diagnosis of problems and also to

remedy the problems. Any GWVSS anemometer or MET da t a cha nn el , or
even data-recording track , can be suppressed and deleted from the

processing. Also , the operator has at his disposal a hexadecimal

“dump ” of the raw digitized signal inputs. The operator can

therefore diagnose problems back through the analog computer , the

raw analog input tapes , or the Heathrow site. With this capability, —

problems were quickly rectified.

The s o f t w a r e  to  process  the MET and the GWVSS data is

structured to operate independently (Figure 24). As a con-

sequence , one may conceive of the MET and GWVSS systems as two

parallel uata -reduction systems for which the controlling software

gates the necessary data to the respective routine to be processed.

The output of the dig ital-processi ng system is the vortex printer

plots and a set of corresponding punched cards containing the air-

craft identification and the associated meteorolog ical conditions

d u r i n g  t h a t  a i r c r a f t  run . A f t e r  e d i t i n g , the  ca rds  are e n t e r e d
into the data base.

5.2.2.1 MET Processing Algorithm - T h e MET processing algorithm

calculates and smooths the wind measurements. Smoothing is

emrloyed to damp out the influence of vortices passing near the

t o w e r s  ( t h e r e b y  c o r r u p t i n g  t h e  i n s t a n t a n e o u s  MET data) as well as

to eliminate hi gh-frequency noise. For each of the four sets of

three-axis U - V - W  anemometer triads , a head wind (U), a cross wind

( V ) ,  a v e r t i c a l  w i n d  ( W ) ,  a n d a h o r iz on ta l  w in d ( H ) a r e c a l c u l a t e d

and smoothed , and a hi gh-frequency estimate of the turbulence is

calculated (see Section 6.3). The horizontal wind is der ived from

the instantaneous measurements of U and V , II = (U2 
+

Should either U or V be suppressed due to a failed sensor , the II

calculat i on is automatically suppressed.

- - 
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The s m o o t h i n g  a l g o r i t h m  is a s imp le  sliding average using

r o u n d - r o b i n  t e c h n i ques .  The smooth ing  per iod  may be varied but

e x p e r i e n c e  w i t h  JFK and Denver  da ta  established that a 20-sec
• smoothing time sufficiently damps the influence of vortices pas-

si n g n ea r the MET towers but still retains sufficient dynamic

response  to  t r a c k  the  average  w i n d s .

S in ce the MET pr ocess ing is c o n t i n u o u s , i t  is d i f f i c u l t  to
tabulate and save all the MET da ta  a s soc i a t ed  w i t h  t he  p resence ,
motion , and life of a vortex. As a consequence , a sin gle s et of
MET pa r a m e t e r s  was g e n e r a t e d  fo r  each set of t h r e e - a x i s  MET
anemometers and used to characterize the MET conditions for the

analyses. After the start of each run , the results of the

20-sec smoothing and turbulence were processed for 60 sec (or
u n t i l  the  end of t he  run , if less than 60 se c ) t o yield a mean

an d standa rd de v iation o f the MET data. In t he eve n t of dat a
dr opo u ts , t h e 60 seco n ds o f data must be collected within the

f i r s t  90 seconds of the  a i r c r a f t  run or a f l a g  will be generated

i n f or ming the ope r ato r that t h e data a re too no isy (i . e . ,  g r e a t e r
than 30-percent noise) to be considered valid. The operator once

having diagnosed the problem may suppress further MET process ing ,
and just cont inue to generate vortex tracks .

To quantize the MET data , the di gitized 0.0- , 32.5- , and 5 . 0-
volt reference signals are used to debias and to scale the MET

measurements. The sensor parameters and their ranges may be

found in Table 5.

Becaus e of n o n l i n e a r i t i e s  d e t e c t e d  in t he  r e c o r d i n g  p roces s
( m a n i f e s t e d  by the 2.5-volt digitized reference not lying midway

be twee n 0 and 5 volts) and drifts in the absolute si gnal level
during playback , it was assumed that a simple subtraction of the

2.5-volt bias and subsequent linear re-scaling would not be

acc u r a t e .  As a consequence , a second-order curve (Figure 25)

was f i t t e d  t h r o u g h  t h e  t h r e e  di g i t i z e d  r e f e r e n c e  v o l t a g e s ;  i t  was
assumed  t h a t  the  v o l t a g e  recorded  at  H e a t h r o w  (V i ) could  t h u s  be
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determined for any di gitized voltage (ni). Because the di g itized

reference voltages had both long- and short-term Jrif ts , the

second-order  f i t  was calculated for each frame of data.

Pr io r t o  t h e  ca lc u l a t i on of the  wi n ds , t h e  d i g i t i z e d
r e f e r e n c e  v o l t a g e s  are  compared  to  a s s u r e  d i g i t i z i ng con-
sistency. The dig itized reference must be monotonically in-

creasing, and the 2.5-volt reference si gnal must have no more

than a 25-percent deviation from the nominal midpoint calculated

between the 0-volt and 5.0-volt reference signals. .-\ny loss

of r e f e r e n c e  fo r  more t han  one m i n u t e  of r e a l - t i m e  r e c o r d i n g  is
f l agged  b y the  di g i t al  p r og r am , and r eq u i res operator action

to  c o n t i n u e  the  p r o c e s s i n g . Any i n t e r m i t t e n t  r e f cr e n c e  drop-
outs are flagged on the printouts . However , all continuous

long-term reference dropouts are traced to their sourLe of

or i g in .  If the loss is traced to the di gitizing process (e.g.,

an ana l o g - c o m p u t e r  failure), the tape is red ig itized . I f t h e

error is on the input tape , the log sheets arc reviewed. If

the error remains undetected on the next analog tape , t h e  equip-

ment operators at Heathrow were notified.

Having verified the reference voltages , each of the U ,V ,1~
measurements were compared with the reference voltages to assure

that the data were within 0 to S v o l t s .  I f  any  measure failed the

t e s t , i t  wa s f l a g g e d  in t h e ou t p u t , a nd i t  w a s  a s s u m e d  t h a t  t h e
e n t i r e  MET set for  t h a t  f r ame  was invalid. Again , one-minute

f a i l ur es o f this kind require operator action to analyze the input

data. Once the channel (or channels) causing the problem is

de t e c t e d  an d an al yz ed , the p r o c e s s i n g  is repeated with that

p a r t i c u l a r  c h a n n e l  suppressed  if the  p r o b l e m  is not  c o r r e c t a b l e
by r ed i g i t i z i n g  t he  tape .

D u r i n g  the  processing of each aircraft run , ti~e results of

the  s m o o t h i n g  and the  turbulence calculation are tabulated at

S-sec  i n t e r v a l s  at the  end of each run . These tabulations aid in

u n d e r s t a n d i n g  a n o m a l i e s  in t he  MET d a t a , such as vortices hitting

t o w e r s  or g u s t s  m o v i n g  t h r o u g h  the a n e m o m e t e r  sy s t e m .
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5.2.2.2 GWVSS Processing Algorithm - The GWVSS processing

algorithm is segmented into two parts: (1) the run-mark pro-

cessing algorithm which controls the start and termination of

each vortex track , and (2) the vortex tracking algorithm which

generates the vortex tracks. Vortex tracking commences with the

first detection of a new aircraft and terminates with the detec-

t ion of another  a i r c r a f t , or w he n the  time since the start of

t r a c k i n g  exceeds 270  seconds .

5.2.2.2.1 Run-Mark Processing Algorithm - A run starts w i t h  a
negat ive-pulse code followed within about 6 seconds by an

aircraft-encoded positive code . After an interval of time

(aircraft separation), another negative-pulse code is followed

by another encoded positive pulse , and so on.

Howev er , some aircraft do not tri gger the outer detector

(e.g., light aircraft) and , in some situation s , vortices can

trigger the airc raft detector a number of times. Since a

detector may not trigger properly, a hierarch y of run mark/

minimum aircraft separation/aircraft-type log ic was developed.

This log ic is described in Figure 26.

A properly detected first pulse (eithe r a negative pulse or

an a i rc r a f t - e n c o d e d  pu l se )  causes  the  i n i t i a t i o n  of vo r t ex
t r a c k i n g  i n bo th  the  outer (track 3 , denoted T3) and the inner

(t r ack 4 , denoted  T4) anemometer baselines. The processing of a

pr evio u s a i r c r a f t ( i f  any )  is p r o p e r l y  t e r m i n a t e d , and the  t i m e
c ode of the new a i r c r a f t  is s aved .  N e g a t i v e  codes  are  saved  in
a n t i c i p a t i o n  t h a t  the  c u r r e n t  a i r c r a f t - e n c o d e d  p u lse  w i l l  occur

s h o r t l y  t h e r e a f t e r .  I f  t he  a i r c r a f t - e n c o d e d  p u l s e  occurs  w i t h i n
2 0 seco n ds of t h e  n e g a t i v e pulse , it is considered a valid run .

Th e i nner  b a s e l i ne is r e s t a r t e d , and t h e  t i m e  code and a i r c r a f t
type ov e r r i d e  the  n e g a t i v e - p u l s e  i d e n t i f i e r .  A l l  t i m e  codes

as soc ia ted  w i t h  the  a i r c r a f t  t ype  r e f e r  to  t he  t i m e  of c r o s s i n g
the  inne r b a s e l i ne  since the inner detector is assume d to tri gger

w i t h  h i g her r e l i a b i l i t y  for  a l l  ai r c r a f t  t y p e s .
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S.2.2.2.2 GWVSS Tracking Al gorithm - The GWVSS tracking algorith m

is based on the distinctive si gnature of a vortex in the

anemometer signals. Since the anemometers at Heathrow faced to

the left as viewe d by a p ilot landing on runway 28R (a positive

wind blows from left to ri ght), it is possible to assign higher

than average si gnals to the starboard vortex and lower than

a v e r age si g n a l s  to the  por t  v o r t e x .  A v o r t e x  p a i r  m o v i n g  t h r o u g h
the sensor line generates si gnatures ~s shown in Figure 27. A

stalled vortex appears as a high or low signal in a single or pair

of adjacent sensors. Such a situation is distinguished from that

due to a b roken  sensor  by n o t i n g  s u f f i c i e n t  d y n a m i c  v a r i a t i o n  in
the vortex signal.

Over a finite period of time (2 seconds , 14 frames), the

sensor  w h i c h  c o n t a i n s  t he  l a r g e s t  number  of m a x i m a  is d e f i n e d  as
the starboard vortex position , and the sensor which contains the

largest number of minima is defined as the port vortex position .

When a l l  t he  max ima  (or m i n i m a )  are d i s t r i b u te d  b e t w e e n  two
adjacent sensors , the vortex is located between the sensor posi-

tions . If less than half of the maxima or minima fall in any one

sensor , it is assumed that no vortex is present. The algorithm

compares the si gnal amplitudes of each sensor with every other

sensor for a period of time and is thereby insensitive to random

spikes in the data. As a consequence , no elaborate data pre-

filters or smoothers are required to process the vortex tracks .

During quiet times , sensors which are significantly in disagree-

ment with other sensors become apparent s ince all the hi gh or low

d a t a  w i l l  appea r in a s in g le sensor , and w i l l  be i n t e r p r e t e d  as a
port or starboard vortex by the software . An experienced operator

of the program will suppress the offending sensor and restart the

p r o c e s s i n g .

Each di gitized anemometer value is compared with the

di gitized reference voltages. If any signal is outside the range

of the references , the entire frame is deleted due to the un-

certainty in the data validity, and a flag is generated.
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5.2.2.3 Dig ital Processing Output - The digital processing output

can bes t be descr ibed by referr ing to Figures 28 and 29 wh ich ar e
printouts associated with a typ ical run . The discussion of this

printout considers the run-mark logic , the GW VSS pr ocess ing, the

MET processing , and the error-detec tion flags.

The header of each run is generated when the encoded aircraft

pulse is detected , and a card is punched (defined as the No. 1 card

in the data base)  which  conta ins  the a i r c r a f t  type , i t s  t ine  code ,
and some bookkeep ing  i n f o r m a t i o n .  The header  c o n t a i n s  the t ape  ID
and the date the tape was processed (entered by the computer

operator). The case number is the computer count of the number

of cases encountered and proc e ss ed , whereas the run number cor-

respond s to the log sheet run number which must be entered by hand

when the run is analyzed. The aircraft type and preceding air-

craft type are self-explanatory. Howeve r , these types correspond

to the encoder number). During the creation of the data base ,

these encoder classifications are given subclasses to identify the

particular aircraft type in accordance with the log sheets. The

arrival time is the time at which the aircraft crosses the inner

baseline . If this time is followed by an “E” , it indicates that

this time was estimated during the digitizing process. The

separation time is calculated from the time of the previous air-

craft passage . The ground speed is estimated from the time

between the outer and the inner baseline tri ggers. There was

no temperature sensor at Heathrow; -99.90°C was arbitrarily

printed in the header. The label “Heath Both” signifies that the

operator selected both lines to be processed (either , neither , or
both lines are input options for processing) . “013-T3” identifies

that the outer baseline is recorded on track 3, and “IB-T4”

identifie s that the inner baseline is recorded on track 4.

The track to the left of the page corresponds to the outer

baseline , and the track at the center corresponds to the inner

baselin e. Each track is a time history of the port and starboard

vortex positions in the sensor lines calculated by the GWVSS

tracking algorithm . The outer baseline time since the start of

6].
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run is on the left-hand side of the page . The inner baseline time
since its start is listed to the right of the inner baseline

track. If only one pulse triggers the run , the time code to the

lefthand of the page is the only one generated. The apostrophes

on each track represent the extended centerline of the runway.

The dots to the left and right of the apostrophes represent a

+150-ft (45.7-rn) corridor. The numbers separated by dots at the

top and bottom of each track correspond to the spati i1 value

assi gned to each character position. Each character is quantized

to 50 ft (15 m), and each 100 ft (30.5 rn) is numbered.

The port vortex track is assigned the character “P” and the
starboard vortex the character “S” . Wheneve r the vortex indica-

tion is distributed across two adjacent sensors , a “-i- ” is associ-

ated with the port vortex , and a “h” is associated with the star-

board vortex.

The alphabetic characters (A,B,C , etc.) running down the page

on both sides of the tracks correspond to a validity weighting

assi gned to the port (left column ) and starboard (right column )

vortex indication. When 100 percent of the counts of high or

low samples for the 2-second interval fall into the sensor(s),

chosen for printout , the weight ing is assi gned an “A” . When 90
to 99 percent of the indications fall into the printed sensor(s)

the wei ghting is a “B” , and so on until less than 50 percent of

the indications fall in any one sensor at which point the port

weight is g iven a “ - “ and the starboard is given a “blank” .

In the upper left portion of the inne r baseline track , there

is a set of deltas (A). The deltas occur at the time the inner

aircraft detector triggered , and the number below the deltas is

the time difference between the outer and inner aircraft detector

triggers . Note tha t the time base for the inner baseline initiates

at this point. In the upper ri ght-hand corner of the inner-

baseline printout is a label “SYS. MOD .” ; beneath it is the date

of the latest modification of the d i g ita l software used to

process the data.
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One of the shortcomings of the C~VSS algorithm is that it

does not have the capability to recognize internally that it is

tracking a vortex . The system is always searching for hi gh and

low signals. As a consequence , the algorithm doe s not know that

tracks should be terminated when the vortex has left the sensor

l ine , or that the si gnal is too weak to be a vortex . In addition ,
when a low signal dominates one side of the sensor line , the h igh

si gnal can only be found on the opposite side of the sensor line .

This is illustrated in Figure 28 in the inner baseline at about

36 seconds , where the “S” has moved from the starboard side to the

port side of the “P” signals . This shielding effect holds true in

reverse when the vortices move to the opposite side of the field.

The s y s t e m  is a lso  l i a b l e  to t r ack  g u s t s  once the  v o r t e x  has l e f t
the sensor line. Again , care must be taken to assure the vortex

t r a c k  da ta  are i n t e r p r e t e d  c o r r e c t l y .

Fo l l owing the f i r s t  90 seconds of the  t r a c k  ( each  c o m p u t e r -
gene ra t ed  page is limited to 90 seconds) is the MET summar y data

(“MET. SUMRY”). The times given (Figure 28) to the left and in the

center of the summary indicate that 60 second~ of MET data were

accumulated from the wind sensors recorded on both tracks 3 and 4.

Since the recording tracks are independent and since the second

baseline is initiated about 5 to 6 seconds after the first , the

MET summary time s for each track need not agree . If the run is

short (e.g., aircraft separations of 70 seconds or less), the MET

summary is calculated for the amount of data accumulated during

t h e  run . “MU” s i g n i f i e s  the  mean da t a , w h ile “ S I C ”  si g n i f i e s  t h e
s t a n d a r d  d e v i a t i o n .

The mob i l e  2 0 - f t  ( 6 . 1 - r n )  sensor  ( M 2 0 )  and the fixed 20-ft

(6.1-rn) sensor ( P 2 0 )  were  recorded - on t r a c k  3 , whi le  t h e mobi le

tower 32-ft (10-rn) position (M32)  and the  f i x e d  5 0 - f t  ( 1 5 - n )
position (P50) were recorded on track 4. The mixing of the towers

and tracks was done to maximize the information should one of the

towers or recording tracks fail. At the time the ME T summary is

being listed , the system is also punching the MET summary cards

(identified as the number 2 to 5 cards) which eventually go into

the data base.
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Two things should be noted in Figure 28. First , on the inner
baseline (to the ri ght) at 48 seconds , an additional “S” is found

to the left of the quality codes. The column to the left of both

inner and outer baselines is reserved for error flags. The “S”
s i gn i f i e s  a “ sp ike ” has occurred  in the data dur ing t h i s  p e r i o d .
I l i e  s p i k e  ma be due to  a wrong sample  count ( i . e . ,  not  equal  to
30 ) ,  or that the data were not within the range of the reference

~o1tages . If an error is detected in the MET processing algorithm

( e . ) ~. ,  l o s s  of r e f e r e n c e  or e r roneous  d a t a ) ,  the f l ag  is an “i” .

I i  e r r o r s  ire detected in both the MET and the GWVSS a l g o r i t h m s ,
the c h a r a c t e r  is  a S. The second thing to note is the WM2 O MET
sum in ~i r y  h a s  a mean and s t a n d a r d  d e v i at i o n  of 0 . 0 .  This r e su l t ed
as t h e  s i t e  log d e c l a r e d  t h a t  t h e  sensor  was m a l f u n c t i o n i n g , and ,
t h u s , i t  i~~aS deleted from the  p r o c e s s i n g  by the compute r  o p e r a t o r .

If the run was longer than 90 seconds , the system continued

to track data until the next run mark appeared or until 270

seconds elapsed . Fi gure 29 shows the continuation of the track

u n t i l  t e r m i n a t e d  by t h e  nex t  a i r c r a f t  112 seconds after the start

of the  r u n .  Note  t h e  s h i f t  of the  “P” in the  o u ter  b a s e l i n e  to
t he - 4 5 0 - f t  ( - 1 3 5 - n )  p o s i t i o n . T h i s  may be due to a sensor be ing
sli ghtly biased too low (bent pole? , electronics?) or due to a

strong wind gust. Fi gure 29 also contains the smoothed MET and

turbulence results at 5-sec increments. They are useful to

analyse and interpret anomalous MET data which may arisc due

to gusts or vortices striking the towers .

The “Run Statistics ” are used for the analysis of the data

and of t he  s y s t e m  p e r f o r m a n c e . The ‘ RUN P ULSE” i n f o r m a t i o n  shows
that the first pul se of this aircraft passage is located on record

?0~ and frame 21 of the di g itized tape . This information is also

recorded on the No. 1 card since the processing system has the

c a p a b i l i t y  to  s ki p to  an y reco r d on the tape upon operator re-

quest and to process the following runs should it become necessary

to  a n a l y z e  any p a r t i c u l a r  run i n  g r e a t e r  d e t a i l .  The t o t a l
number of frames processed on each baseline since the run pulse
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for  t ha t  l ine  is given as we l l  as the  percen tage  of those  frame s
that were edited due to bad data. Note that 6 frames were

e d i t e d  in the inner  b a s e l i n e  and t h e i r  p o s i t i o n s  f lagged as
“sp ikes” in the flag column .

At the end of each processed tape , a summary of runs is

listed (Figure 30). The summary is used to correlate with the

log sheets and to edit the No. 1 cards . Each case is listed con-

secutively with room left for the log-sheet run number. The inner

baseline aircraft-encoder detection time is given , some t imes fol-

lowed by an “E” to indicate that the time code was estimated due

to  a loss of synchronousness  w i t h  the t ime code played back du ring
digitizing . The aircraft code is followed by the corresponding

aircraft type. The ground speed is given as estimated from the

sample rate. The separation time between aircraft is listed

(99:99:99 indicates uncalculatable separations such as those fol-

lowing the start of a tape). The record and frame of each run

start are listed for reference , and the duration of each run in

records  and f r a m e s  is l i s t e d .

5.2.3 Phase III - Editing

Phase III (Figure 31) involves editing and verifying the

cards created during the di gital processing and adding additional

data from the log sheets. The MET conditions were reviewed for

cons i s t ency  w i t h  the log shee t s  as we l l  as i n t e r n a l  c o n s i s t e n c y
be tween  towers  and t h e  U - V - W  anemomete r  t r i a d s . The da ta  on each
ca rd  to  be en te red  in to  the  da t a  base a re  g iven  in Table  8.

5.2.3.1 No. 1 Card Editing - Every run listed on the log sheets

has a corresponding No. 1 card in the data base. Each card con-

tains the tape ID , the computer-generated case number , the log-

sheet run number , the aircraft code , the time code at the inner

baseline (hours , minutes , and seconds), the estimated ground speed ,

and the record and frame to locate the run on the di g ital tape .

B - 7 4 7  w e i g h t s  were  a l s o  e n t e r e d  when a v a i l a b l e .
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M I S S I N G  DATA - RU N MARK LOGIC F A I L U R E

74 WEIGHT - WHEN AVAILABLE
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TABLE 8. DATA ON EACH CARD TYPE -:

CARD N U M B E R  DATA ON CARD

1 Run and a i r c r a f t  i d e n t i f i c a t i o n .

2 MET data from mobile tower 20-ft
p o s i t i o n .

3 MET data from permanent tower 20-ft
position.

MET data from mobile tower 32-ft
position.

5 MET data from permanent tower 50-ft
position . (1

6 Vor t ex  d a t a  f o r  ou te r  b a s e l i ne .

7 Vortex data for inner baseline . —

The purposes of the editing were to: (1) verify the time
codes , ( 2 )  en t e r  on t he  card the  l o g - s h e e t  run number  and the
specific air .raft-type code , and (3) identif y runs which were

missed during processing.

A hi gh degree of confidence was quickly achieved between the

correlation of the t ime codes or1 the log sheets and the time codes

recorded for the inne r h s’-’l inc run mark. In fact , more than 80
percent of all time - - - - i  - - - t  ches differed by no more than 3

seconds .  U t i l i : i ng ~~~I C  t ime codes and the processing summary

(Figure 30), the run nu~ ‘ ers and the specific aircraft types

(identified by letters A , B , C , etc. in Table 9) were entered
on the summary sheets and on the No. I cards. Tape-off cards were

also  c r e a t e d  when i n d i c a t e d  on the  log shee t s  and not d e t e c t e d  by
the encoding system. For those runs not processed or detected by 

I
the system , a No. 1 card was created for the run , and the case was

flagged with an 0M” to indicating missing.
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TABLE 9.  I D E N T I F I C A T I O N  CODES

AIRCRAFT ID CODE

7 4 7  1
Concorde lB
707  2A
DC-8 2B
990 2C
720 2D
7 2 7  3A
T r i d e n t 3B
737  4
DC-b SA
LiO ll SB
A-300 5C
VC-l0 6A
IL-62 6B
BAC-ill 7A
DC-9 7B
TU-134 7C
Carave lie 7D
Vanguard 8A
IL-18 8B
DC-6 8C
DC-7 8D
Electra 8E
Viscount 9
1-lerald 1OA
F - 2 7  l O B
HS-748 lOC
HS-125 h A
Culfstream II 11B
Mystere hiC
Lear  Jet l i D
Tape Off 12
Other 13
Unknown 14
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When the time codes of the case and run differed by more than
10 seconds , the discrepancy was resolved by checking the vortex
tracks. Usually, the error was due to a vortex causing multiple
a i r c r a f t - d e t e c t o r  t r i g g e r s  or due to  a p roces s ing  d i f f i c u l t y .

S.2.3.2 MET Data Editing (Nos. 2 to 5 Cards) - The MET summary
data on the Nos. 2 to S cards (Table 8) were verified for validity
and edited as required. The winds on the MET towers were compared

S 
with those reported in the log sheets and anomalies analyzed in

greater detail. Consistency among the U , V , W measurements at
each towe r and within the two levels at each tower was assured.
The data were reviewed ‘1~-it h respect to both long-term (hours) and
short-term (seconds) variation and continuity. Finally, the MET

data we re reviewed with respect to the vortex tracks. From
experience , the winds can be estimated reasonably well from

observing several vortex tracks . Should the tr0.:ks imply MET

conditions other than what trends would indicate , the MET data

were again reviewed.

5.2.4 Phase IV -- Vortex Track Anal ysis

The Phase IV (Figure 32) analysis was the hea:t of the data-

reduction effort . The vortex tracks were analyzed and the data
si gnificant to the Heathrow analysis were extracted and placed on

cards which were entered into the data base. The greatest require-

mertts were placed on manpower during this phase to identify and to

record the vortex track results and to assure validity and accuracy .

With the experience obtained from the reduction and analysis

of over 12 ,000 runs from JFK and Denve r, the data-reduction team

proceeded to analyze the Heathrow data . Confidence in the

capability of the vortex tracking algorithm has been established

through comparisons with analog Brush ® recordings (Figure 22),

and was reinforced with the results of an experimental correla-

tion procedure . As a consequence , vortices could be easily rec-

ognized and analyzed to extract the times at which they left a

+150-ft (+45.7-m) corridor about the extended runway centerline
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VORTEX RECOGNITION
RESIDENCE TIME
DEAT H TIME

( 

DEATH POSITI ON

H- 
_ __ _ _ _ _

PUNCH DATA
OUTER BASELINE-CARD N O.  6
INNER BASELINE-CARD NO. 7
VERIFY DATA

GENERAT E DETAILED

V E R I F Y  ALL RE SIDENCE ~ BRUSH ® RECORDINGS

OR DEATH W I T H I N  + 150 FT . 
~~EMOMETERSCORRIDOR GREATER THAN 

______ (EVERY 50 FT FOR
0 SEC 

+ 2S0 FT)

1

I/ EDITED VORTEX DATA
TO BE ENTERED

- 

-,
INTO DATA BASE

FIGURE 32. PHASE IV - -  VORTEX TRACK ANALYSIS
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(defined as the residence time), the vortex death time s, and the

death positions. The ingredients that went into the anal y sis of

the tracks were an inspection of: (1) the general pattern of
plotted data points , (2) the data quality letters on the side of

the tracks , (3) the time history of the local winds as well as

the MET summary , (4 )  the aircraft typ e , and (5) the data for

preceding and following cases .

A No. 6 card was created for the outer baseline , and a No. 7

card was created for the inner baseline . Each card contained the
tape ID , the case number from the printout , the port and starboard
vortex residence time s, the port vortex death time and position ,
and the starboard vortex death time and position . In those in-

stances when a vortex neve r left the ÷150-ft (45.7-m) corridor ,
its reside nce time was g iven a value of 0, and only the death time

and position were recorded. Each of these cards was verified

twice for the validity of its data.

A strong emphasis was placed on verifying all cases having a

vortex death time within the corridor or a residence time equal to

or greater than 80 seconds. It is these cases which pose a

p o t e n t i a l  t h r e a t  to following aircraft . For each of those cases ,
a detailed analog Brush ® recording of the anemometer data was

generated. The signal characteristics of each anemometer were

compared to the characteristics of all the other anemometers . In

a few cases , it was found that the vortex track algorithm was

responding to a very weak remnant of the ori g inal si gnal , and

that the vortex had dissipated much sooner. If necessary , the

associated times were reduced to that time when the weak si gnal

was first encountered. Most of the mis-identified long-live d

cases arose from sensor si gnals due to wind shifts which produced

signals which were clearly not vortices , but which produced

signals above the noise that the computer interpreted as a vortex .

The residence time s for these cases were changed to reflect the

actual time s tha t the vortices (and not the wind si gnals) exited

the corridor or expired. Once the process was completed , the No.

6 and No. 7 cards were entered into the data base , thereb y com-

pleting the data base for the final analy sis phases.
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6. METEOROLOGY

The measurement  of wind v e l o c i t y  is very important to the

study of wake vortex behavior . The wind data are used in the

various analyses beginning in Section 7. In this section , the

meteorolog ical data are examined to develop a simple characteriza-

tion of the final-approach reg ion of runway 28R at Heathrow .

6.1 WIND MEASUREMENTS

Two m e t e o r o l o g i c a l  towers were dep loyed  at  the t e s t  s i t e ,
and th ree -componen t  measurements  of the winds  were made at two
he ights on each tower. A one-minute running average of the three

wind components , which commenced as aircraft passed over the inner

pressure sensor , was used to classif y each sample or aircraft

landing . Sixty second s were chosen for the following reasons :

(1) it represents the average life of a vortex , (2) studies using

JFK data have shown that 60-sec averages give consistent and

reproduc ible characterizations of vortices , (3) it is a long

enough averag ing time that drastic changes in the winds do not

occur minute to minute (and thus , may permit forecasting of future

conditions), and (4) the time is long enough that wind gusts or

vortices do not seriously affect the averaged values.

All the meteorolog ical data referred to in the report are

60-sec averaged quantities unless indicated otherwise. The values

discussed herein only pertain to the t ime when an aircraft passed

over the vortex tracking equipment. The statistics thus apply only

when runway 28R was in operation and only during norma l working

hours.

In constructing the data base , the four sets of averaged

winds were included (the two 3-component measurements of the winds

from each tower). Howeve r , the SO-ft (15-rn) values were used in

most of the analyses. If the SO-ft (15-rn) values were not available

because of a failed sensor , the 32-ft (10-rn) sensor data were used.

If the 32-ft (10-rn) sensor also failed , data from the 20-ft (6-rn)
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sensor on the fixed tower were used. Because of the location of

a tree northwest of the 32-ft (10-rn) tower , the mobile tower was

cons idered  to  have f a i l e d  wheneve r the  winds  emanated  from the
northwest.

Figure 33 shows the distribution of the 60-sec averaged

winds recorded at Heathrow by the 50-ft (15-rn) sensor on the

fixed tower. Sixteen percent of the landings took place in tail-
wi nd cond i t ions  althoug h the tail-wind component neve r exceeded

5 
10 knots. Half of the landings took place when the longitudinal

( h e a d - w i n d/ t a i l - w i n d )  component  was less than 5 knots. The

cross-wind component was almost evenly distributed with a wind

from the north being slightly favored . One landing (a Trident)

was conducted with a 21-knot cross wind . Half of the landings

took p lace  when the c r o s s - w i n d  component was less than 4 knots;
the cross-wind component exceeded 10 knots for 8.6 percent of

t he  l and ings , and exceeded 15 kno t s  fo r  0. 4 percent of the

landings. The mean wind magnitude was 9 knots.

6.2 WIND SHEAR - - VERTICAL

The wind data from the SO-ft (15-rn) tower were examined to

ascertain the low-leve l wind shear attendant at the Heathrow

s i t e .  W i t h  t h i s  i n f o r m a t i o n , t h e  sur f a c e  roughness and friction

v e l o c i t y  can be c a l c u l a t e d  w h i c h  in t u r n  w i l l  y i e l d  expressions
for  d e s c r i b i n g  the  wind  f i e l d  p r o f i l e .  H is the  t o t a l  h o r i z o n t a l
wind magn i tude , and 0 is the  wind d i r e c t i o n .  A s u p e r s c r i p t  re-
presents the hei ght of the sensor in feet , while a subscript

represents the hei ght in meters (e.g., E1~~ and o 2
~ ). Table 10

g ive s a s ummary  of the  d i f f e rences be tween  t h e  w inds  at the  5 0 - f t
(15-rn) leve l and the 20-ft (6-rn) level. As can be expected , the

a n g u l a r  d i f f e r e n c e  dec reases  w i t h  i n c r e a s i n g  wind magnitude , while

the wind magnitude diffe rence increases. The mean wind shear ~
..as

3.6 knots/lOO feet (3.6 knots/30 meters) during the data collec-

tion . The shear exceeded S k n o t s / l O O  f ee t  (5 knots/30 meters) for

18.8 percent of the landings , and exceeded 10 knots/100 feet (10

knots/30 meters) for 0.8 percent of the landings.
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TABLE 10. VERTICAL SHEAR MEASURED AT FIXED TOWE R

H 50 _ H 2O 50 20
15 6 0 l5

_ O 
6

WIND REGIME MEAN a MEAN a
(Knots) Knots Degrees

0 < ~~~ < 5 0. 28 0 . 5 3  11.3 16.8

5 < H~~ < 10 0.94 0.62 4.9 5.3

10 < H~~ < 15 1.39 0.67 2.9 3.4

15 < E1~~ < 20 1.91 0.69 1.5 2.2

20 < H~~ < 25 2.32 1.47 1.1 1.4

25 < H~~ < 30 2.61 0.70 0.7 0.7

30 < H~~ 2.83 0.47 0.3 0.5

all H~~ 1.08 0.80 5.0 8.6

6 . 3  T URBULENCE

Turbu lence  encompasses a l l  w a v e l e n g t h s  and multiple correla-

tions in the three directional components. A powerful simplify ing

assumption is that the turbulence of si g n i f i c a n c e  is in the in-
ertial subrange of eddy sizes. Kolmogorov ’s similarity hypothesis

r e s u l t s  in the  c o n c l u s i o n  t h a t  a ll  s t a t i s t i c a l  p r o p e r t i e s  of
t u r b u l e n c e  w i t h i n  the i n e r t i a l  subrange relate only to e , the

equilibrium rate of turbulent eddy dissipation (Ref. 12). The

atmospheric wavelengths for vortex-wake breakup are probably no

larger than the primary wavelength for the sinusoidal Crow looping

instability (300 meters for a large jet), and may even be con-

siderably smaller (Ref. 6). At altitude it has been demonstrated

that c correlates well with the lifetime of vortices (Ref. 13).
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The s trength of the iner tial subr ange concep t is so gre at in
the wake area that the monitoring or predicting of its sole

var iable , c , may be quite useful for any evaluation program of

monitoring or predicting systems . However , we mus t real ize the
possible increasing inadequacy of the inertial subrange concept

for wake decay predictions as the vortices approach the ground.

The dissipation rate , c , under steady-state conditions is

equal to the mechanical production of energy plus the buoyant

production less the flux d ivergence. At Heathrow , the vertical-

velocity data from the sensor located at a height of SO ft (15 m)

were used to calculate the dissi pation rate . MacCready and Jex
- - 

(Ref. 14) find that

~
l/3 

= 0 . 6 2  H 2” 3 T~~~
’3 oT ,

for c in cm 2 sec 3, H in m/sec , T in sec , and °T in deg. T is a

characteristic time constant and was selected as 5 sec. is the

RMS angular variation and is de t e rmined  f rom

2 
- 

~ \l/2

_ I i -= 1 i N

°T N - l  / H

where w. is the vertical wind sampled at 7 times per second ,

i~ the 5-sec mean value of the vertical wind , and N=35 (7

samples/second times 5 sec). Table 11 gives the turbulence value s

measured at Heathrow and shows the number of values for any cross

wind (V) including zero cros s wind , a northern component (V > 0 ),

and a southern component (V < 0 ) .  The means and standard devia-

tions of ~1/3 are:

Measurement Any V V > 0 V < 0
cm 2 ” 3 sec~~

Mean 3.9 4.1 3.8

a 2.0 1.8 2.2
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TABLE 11 . TURBULENCE DI ST R I B U T I ONS

1/3 -
e AN Y V  V > O

(cm21~ sec~~) (number) (namber) (number)

0 . 0 - 0 . 9  70 12 54

1 .0 -1 .9  975  2 b 8  696

2.0-2.9 3601 1583 2004

3.0-3.9 3450 1953 1481

4.0-4.9 2028 1224 799

5 .0-5 .9 1097 704 389

6 . 0 - 6 . 9  5 76 35 1 2 2 2

7.0-7.9 294 162 128

8.0-8.9 191 84 106

9.0-9.9 111 39 71

1 0 . 0 -1 0.9  91 2 5 66

11.0-11.9 63 15 47
12.0-12.9 37 8 29

13 .0 -13 .9  22 7 15
14 . 0 - 1 4 . 9  16 6 10
15.0-15.9 10 5 5

16 .0 -16 .9  7 4 3
17.0-17.9 6 4 2

18 .0 -18 .9  2 0 2
1 9 . 0 - 1 9 . 9  4 3 1

>20.0 3 2 1

T o ta l  12 65 4 6 45 9 6131
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The average turbulence dissipation rate was higher for V > 0 than
for  V < 0; when V > 0, the winds are coming from the direction
of the terminal buildings , whereas when V < 0, the winds are
coming from an essentially open field. (Perhaps the differences
in the mean turbulence dissipation rate for V < 0 and V > 0 can

be attributed to the higher natural turbulence i nduced  by the
flow of wind past the terminal buildings and hangars.)

6. 4 WIND SHEAR - - HORIZONTAL

The v a r i a t i o n  in the wind across  1700 f t  (518 m) was examined
by c omparing the 2 0 - f t  ( 6 - r n )  w ind  m e a s u r e m e n t s  f rom bo th  towers .
Table 12 shows the statistics of the comparison (~‘f” indicates

the fixed 50-ft (15-rn) towe r and “m ” the mobile tower). The

distributions of the differences between the horizontal wind

magni tudes  and be tween  the angles  of the  wind were Gauss i an .
At low winds , t h e an g le s d i f f ered b y as mu ch as 180 deg but  the
magnitudes were similar. At high winds , the ang les were s i m i l a r ,

but the magni tudes  d i f f e r e d  by as much as 13 k n o t s .

6 .S  C ONTROL TOWER REPORTED W I N D S

The location of a meteorolog ical tower , particularly how far

it is from the reg ion of interest and its proximity to the

buildings or trees , affects the wind readings. For aircraft

landing on runway 28R , the control-tower operators relay to the

pilots the wind measured by an anemometer located 7 2 2  f t ( 2 2 0  m )

south of the wes t  end of runway b R .  The anemometer  is p o s i t i o n e d
at a height of 35 ft (10.7 m). The CAA personnel operating the

vortex test site often logged the wind measurement reported to

the pilots approaching runway 28R. Seven-hundred cases were
analyzed to determine the differences between the tower-reported

wind c o n d i t i o n s  and the wind c o n d i t i o n s  recorded  by the  two
meteorolog ical towers that were part of the vortex equipment.

There were five independent measurements of wind magnitude

and direction : (a) the airport t ower-reported; (b) the mobile-

towe r anemometers at the 32-ft (10-m) hei ght , and (c) at the 20-ft
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TABLE 12. H O R I Z O N T A L  W I N D  Sh EAR

I1~ °( f ) - H ~ °(m) 
_______________________

W I N D  R E G I M E  MEAN a MEAN a
Knots Knots Degrees

0 < H~ °(f) c 5 -0. 31 1.69 33.6 35.3

5 < H~~~( f )  < 10 -0.50 2.39 15.5 18.7

10 < H~
0 ( f )  < 15 0.79 2.72 9.4 10.2

15 < H~ ° ( f )  < 20 3 . 4 2  2 . 5 3  6 . 4  7 . 9

20 < H~°( f )  < 25 4 . 4 2  2 . 9 8  5 . 0  4 . 3

25 < H~~
0 ( f )  < 30 6.29 2.07 4.1 3.7

a l l  H~
0 ( f )  - 0 . 0 9  2 . 48 18 .S 2 4 . 5

(6-rn) hei ght; and (d) the fixed tower anemometers at the 50-ft

(15-rn) hei ght , and (e) at the 20-ft (6-n) hei ght. The a n a l y s i s

consisted of comparing each of these measurements . Specifica l ly,

the measurements were compared by calculating the means and

standard deviations of the differences.

Table 13 summarizes the comparisons. The distributions were

Gaussian about the means . On the average , the wind magnitude

repor ted by the control tower was greater than the 32-ft (10-rn)

t owe r m e a s u r e m e n t s  by a coup le  of k n o t s , but  t he d i r e c t i o n s  a g r e e d .
Howe ve r , t h e r e is c on s i d e r a b l e  v a r i a t i on in  t h e  d i f fe ren ces

between the i n d i v i d u a l  m e a s u r e m e n t s  as i n d i c a t e d  by the s t a n d a r d
deviation of 4 knots and over 24 deg . In par t , these deviations

can be attributed to the coarseness of the reported wind (lO-deg

i n c r e m e n t s ) .
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On the averag e, the wind magn itude reported by the control
tower agreed with the 50-ft (15-rn) tower measurements , but the

angular measurements differed by up to 9 deg. The standard

dev iations are about the same as for the 32-ft (10-rn) tower.

The wind-magnitude difference between the tower-reported

• wind and~ the 32-ft (10-rn) tower measurement was found to be

greatest at high winds (winds greater than 15 knots). Here ,

the mean difference was 4.1 knots with a a of 4.3 knots. The

larges t angular di ffe rences occurred w ith li ght w inds (less than
5 knots) with a mean of 15.8 deg and a a of 59.0 deg . When

comparing with the 50-ft (15-rn) tower measurements , the largest
magnitude difference was also for winds above 15 knots (m ean ,
2.2 knots; a, 3.5 knots). But the angular difference was about

8 deg for all winds , with the largest a (58.2 degrees) for winds

less than 5 knots. Perhap s the fortuitous agreement on the

average (but not in the individual) between the 50-ft (15-rn)

tower measurements and those reported by the tower to the p ilots

can be attributed to the similar placement of the respective

towers. Both are near a runway and have similar environs .

4
• ii
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7i DATA ANALYSIS

7.1 APPROACH REGION

The approach reg ion represents the most dangerous reg ion with
respect to vortices since all aircraft follow essentially the

same path. The most frequent type of vortex-related accident in

the United States (according to National Transportation Safety
Board reports) occurred with one aircraft landing behind another

aircraft landing on the same runway . Over 83 percent of the

accidents (Ref. 15) took place when the afflicted aircraft was

between the middle marker and the runway threshold.

The paths taken by vortices are very much dependen t on ie

altitude of the aircraft . The primary mechanism of vortex
• transport is mutual induction--vortex motion caused by each

vortex being immersed in the velocity field of the other vortex .

Lateral motion of vortices is due to transport by the ambient
wind and/or by interaction with the ground . Ground effect is

• calculated us ing the image system of class ical hydrodynarnical
theory (Ref. 16).

In the approach region , a region where ground effect is
important, the paths of the vortices could differ depend ing on the
location selected to monitor the vortices. At Heathrow , two

basel ines of sensors were ins talled pr imarily to determ ine the
importance of the differences between the behavior of the vortices

at the two locations. Vortices are continuous phenomena (the

f ield lines are solenod ial), thus insur ing that the motion at one
baseline cannot be totally independent of the motion at the other

baseline . Studies elsewhere (JFK and Denver) have indicated that

the area monitored at Heathrow is the region where stalling
vortices could be troublesome. With a baseline very near to the

runway threshold , the vortices are so low that they typically
interact strong ly with the ground and dissipate. Baselines

closer to the m iddle marker show the vortices to be out of H
ground effec t, and typically, the vortices drift out of harms way
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before descend ing close enough to the ground; a stalling vortex

is then well below the flight path and/or far off to either side

of the runway centerline.

7.2 SAFETY ZONE

Since vortices usually move away or dissipate before a fol-

• lowing aircraft arrives , the vortex track data were analyzed in

terms of how soon the vortices exit a “safety zone .” The safety

zone is a reg ion with no height restriction , centered on the
extended runway centerline. If both vortices firn m a preceding

• 
• 

aircraft have exited the safety zone , eithe r by moving out or

by dissipa t ing,  it is asserted that a following aircraft w ill not
be significantly influenced by the vortices of the first aircraft.
The safety zone is an artificial region defined to assist in the

analys is of the data, and was del iberately selected to be con-
servative.

The width of the safety zone was established by using two

cr iteria. First , a measurement program conducted by TSC at
Denver ’s Stapleton International Airport (Refs. 3 and 4) showed

that 3c or 99.74 percen t of landing aircraft were within 50 ft

(15 m) of the extended runway centerl ine in the region from the
m iddle marker to touchdown . Most of the aircraft involved in these

tests were conducting visua l approaches during clear weather;

instrument approaches should be much closer. Second , six-degree-

of-freedom aircraft-vortex encounter simulations done at TSC and

elsewhere (Ref. 4) have ind icated that if the fuselage of any

aircraft is at least 100 ft (30.5 m) from the center of any

vortex , the aircraft will not experience an unacceptable dis-
turbance . This claim is supported by limited flight test data.

The 100-ft (30.5-rn) figure is conservative and represents the most

dangerous case of a ligh t general aviati on aircraft approach ing a
vortex formed by a wide-body jet. The exact figure obviously

depends on the characteristics of the vortex-generating !

encountering-aircraft pair. Thus , the safety zone was selected

to extend 50 + 100 or 150 ft (15 + 30.5 or 45.5 
~‘) on both sides

of the extended runway centerline.
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If both vortices are clear of the safety zone , they cannot
pose a threat to a following aircraft landing on the same runway .

Note that the size of the safety zone is very conservat ive--even

if both an a i r c r a f t  and a vor tex from a preceding a i r c r a f t  are in
the safe ty  zone at the same t ime , the vortex may have decayed
s u f f i c i e n t l y  that it could not affect the aircraft. Additionally ,

the a i r c r a f t  and the vortex can be separated by as much as 200 f t
(61 m ) ,  and yet both be wi th in  the s a f e ty  zone . Fur thermore , the
vortex may have been generated by an aircraft whose vortices will

not affect the following aircraft; e.g., a HS-l25 followed by a

B-747. Thus , the existence of a vortex within the safety zone
when a following aircraft arrives does not mean that a hazardous

cond ition exists; it is a necessary but not a sufficient
condition .

7.3 PULSED ACOUSTIC DATA

The reduction and the analysis of the pulsed acoustic data
are both tedious and time-consuming . As noted in Section 5.1, the
PAVSS locates the height of the vortices quite accurately but
locates the lateral location of the vort ices very coarsely, in

• fact, with less resolution than the GWVSS for low-altitude vor-

• tices . The PAVSS can detect vortex tilting (one vortex higher

than the other) due to a coupling of the inhoinogeneities in the

vertical wind field and the proximity of the ground . However ,

by analyzing the data in terms of the time for both vortices to
exit the safety zone , tilting and vortex altitude become of
secondary importance. No new or unreported results were found

using the PAVSS data and the system ceased collec ting data on
11 November 1974.

At the beg inn ing of the project, the PAVSS data were used
to corroborate the GWVSS vortex tracks. Once it was deemed that

• the pr imary  vortex tracking system (the GWVSS) was opera t ing
correctly, the “SS data were primarily used to resolve anomalies.



The most common anomaly was the sudden cessation of one of the
vortex tracks ; the PAVSS data confirmed that the vortex evidently
dis integrated.

The PAVSS did cont r ibu te to the grow ing data base on vor tex
tilting . The tilting or banking of the plane containing the
vortex pair has been observed experimentally at altitude (Ref.

13) and in ground effect (Ref. 4). The geometry of vortex trans-

port in wind shear is shown in Figure 34. Cross-wind shear (a

• change in cross wind with respect to altitude) in the vicin ity of

the wake implies an ambient , coherent vorticity field aim ed

parallel with the vorticity associated with the vortex pair.

Interactions between the two vortical flows could produce opposite

changes in the circulations of the counter-rotating vortices.

• Thus , the velocities induced by each vortex on the other (the

descent speeds) would be unequal , and wake roll , man ifes ting
itself as an altitude mismatch between vortices , could occur
for the pair.

There is , however , a lack of defin it ive exper imen tal ev idence
or agreement about which direction the wake will roll under given

shear conditions--apparently because of the relatively weak

deterministic influences of shear on wake roll. For li gh t shear ,
it is possible that random vertical atmospheric convection of

each of the vortices could overwhelm any shear-induced motions ,
resulting in atmospherically influenced , random-roll directions.

For increasing shear however , any deterministic shear effects

should produce definite wake-rolling behavior.

The PAVSS measurements at Heathrow showed wake tilting in

both directions , w ith a preference for the down-wind vortex

descending relative to the up-wind vor ex whenever the shear was

relatively strong. The data also show , for weak shears , a tendency
toward tilting in the opposite sense to the strong shear situation

(a negati ve correl ati on between the sense of the shear and the
sense of the tilting) . In the latter case , random effects could

dominate the weak deterministic influence of the shear. The

PAVSS da ta indicated the least tendency for tilting at a nonzero
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value of shear , where the oppos ite strong and weak shear tendenc ies
are balanced out. An explanation for this behavior is not

app arent. Variations in ground effects and differences in air-
craft scale may be a factor.

7.4 DATA : AIRCRAFT TYPES

A total of 12 ,950 landings were monitored during the test

period . Table 14 lists the number of each aircraft type recorded

• along with a tally of the number of “good” data landings. “Good”
dat a mean that no data of consequence were lost due to an in-

strument malfunction . Ninety-six percent of the recorded data

were good .

• 7.5 VORTEX RESIDENCE TIMES

• The “residence ” t ime is the time required for  both vor t ices
to have exited the safety zone. The vortices may have trans-

ported out of the zone or may have decayed to an undetectable

le v e l .  Fi gure  35 shows the  p r o b a b i l i t y  for  a vor tex  to remain in
• t he  s a f e t y  zone longer  than any g iven t ime . ( I n  o ther  words , the

figure indicates for any time after an aircraft passage the

p robability of finding a vortex in the safety zone.) For example ,

16 percent of the data collected on the outer baseline at Heathrow

y ielded a vortex in the safety zone for more than 60 sec. Figure
35 is a composite of all the aircraft and meteorolog ical condi-

tions. The difference between the two curves; that is , between
the two baselines , can be directly attributed to the higher

turbu lence  caused by the w inds wh ich emana ted f rom the d irec ti on
of the B-747 hangars near the outer baseline . The higher

turbulence caused the vortices on the outer baseline to decay

more rapi dly than those on the inner ba sel ine when the winds were
from the south. No discernib ie differences between the curves

were seen when the winds were from the north. Most of the data
• discussed here in will be from the inner baseline , so that vortex

dynamical effects need not be marked by the premature turbulence-

induced dissipation.
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TABLE 14. RECORDED DATA

AIRCRAFT TYPE NUMBER OBSERVED GOOD DATA

Trident  3947 3838
DC-9 1149 1115
B-7 0 7  1133 1097
Viscount 1021 962
BAC-lil 895 863
B-727 895 874
B-747 895 791
B-737 810 768
DC-8 389 381
VC-lO 325 314
HS-l25 293 205
Caravelle 254 247

• GA 201 187
A-300 129 125
B-720 82 81
IL- 62 74 73
L-lO il 73 73
Mystere 66 52
TU-l34 64 60
Herald 60 60
F-27 60 57
Vanguard 52 51
CV-990 51 49
Gulfstream II 46 34
DC-b 30 30
HS-748 25 20
Learjet 7 7
IL- 18 2 2

• DC-9 2 2
Unknown 2 2
Concorde 1 1
Electra 1 1

Total 12 ,950 12 ,4 2 2

I
I
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The data in Figure 35 are re -examined in the following sub -

• sections to ascertain the dependence on aircraft type , the winds ,
the mode of exiting the •safety zone (drifting out or decaying
within the zone), the differences between the two baselines for

a spec if ic f l y b y ,  and the tiffie between the first vortex exiting

the safety zone and the second vortex exiting. Sections (7.5)

and (7.6) examine in detail the nature of vortices.

Detailed analyses were undertaken for all aircraft types

wher e a t least 60 ca ses were reco rded.  W ith fewer  cas es , the

data become very dependent on the specific conditions under which

the data were recorded (height of a ircraf t , wind conditions ,
land ing speed , etc.). It is presumed that with 60 or more

cases for each aircraft type that the sample space is reasonably

statistically significant .

7.5.1 Residence Times by Aircraft Type

When the data of Figure 35 are segregated by aircraft type ,

the plots assume similar shapes as shown in Fi gure 36. The type

of aircraft generating the vortices plays an important role on

the longevity of a vortex within the safety zone . The wide-body

jets constitute a si gnificant portion of the older residence time

cases. Thus , if a vortex is found inside the safety zone after

80 sec , the probability is very high that the vortex was shed by a

wide-body aircraft. Some Trident vortices also remain in the
• safety zone in excess of 80 sec. In either case , the mere

existence of a vortex in the safety zone does not necessarily

mean that a hazardous condition is present.

Figure 37 shows the same data plotted with log-linear scales.

Excep t for the TU-l34 and the Mystere , all the aircraft types

exhibited a discontinuity at 60 sec . The probability of finding

a vor tex in the safe ty zone can thus be desc ri bed us ing two
exponentials. For times between 0 and 60 sec (0 and 40 sec for

the TU-134 and the Mystere), the probability is

e 1 ,
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and for time s greater than or equal to 60 sec ,

Ae~~ 2 
(t-60)

For the TU-134 and the Mystere , the exponent will have the term
(t-40) rather than (t-60). The coefficient A is the probability
of finding a vortex in the safety zone at 60 sec (40 seconds
for the TU-134 and the Mystere). Table 15 gives the relevant

constants; to find the probabili ty of finding a vortex in the
safety zone at a time t , select the appropriate form and evaluate
the exponential. The limited number of cases does not permit

• extrapolat ing the probability at large times from the exponential
form . For instance , no vortex was found in the safety zone at
130 sec for a B-727 , yet the exponential form will yield a value
in excess of 0.0001.

The wei ght of the vortex-generat ing aircraft is an important
factor in the longevity of a vortex in the safety zone . Heavy
aircraft not only create the strongest and potentially most
dangerous vortices , but they also create the vortices which can
linger the longest. (See Appendi x A for a model of the vortex-
exiting process. Appendix B contains the residence time data for
all the aircraft.)

7.5.2 Residence Times -- Wind Effects

Cross-wind magnitude plays an important role in the mot ion of

vortices. Figure 38 shows the probability for a vortex to remain

in the safety zone for various cross winds. The figure is a

• composite of all aircraft; the data for specific aircraft types

are similar and show a trend just like that ob served in Figure
36. The lighter the vortex-generating aircraft , the closer the

curves come to the ori gin of the graph. Eighty seconds represents

an aircraft-to-aircraft spacing of less than 3 nautical miles for

the approach speeds of most modern aircraft . On the basis of

Figure 38 , it is reasonable to predict that wake vortices are
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TABLE 15. PARAMETERS FOR EXPRESSING PROBABILITY OF FINDING
VORTEX IN SAFETY ZONE

_______________  
A ______________

A ircraf t Ty pe se c~~ sec sec 1

IL-62 0.02152 0.275 0.05524

B-747 0.02297 0.252 0.05539

• L-loll 0.02291 0.252 0.07420

A-30 0 0.02450 0.230 0.05831

VC-lO 0.02450 0.230 0.07769

DC-8 0.02450 0.230 0.07839

B-720 0.02877 0.178 0.03534
• B-707 0.02617 0.207 0.06492

B - 7 2 7  0 . 0 2 5 6 2  0.219 0.10270

DC-9 0.02905 0.175 0.07628

Caravelle 0.03003 0.165 0.07576

Trident 0.02924 0.173 0.10307

B-737 0.03162 0.148 0.07015
TU_l34* 0.02734 0.335 0.07309

BAC-lil 0.03348 0.143 0.07153

Viscount 0.03321 0.136 0.10700

F - 2 7  0 .03338 0 .135 0 .2 4 5 2 6
Herald 0.04148 0.083 0.22094

HS-125 0.05407 0.038 0.11808

Mys tere * 0.05407 0.115 0.23725

*c valid to 40 rathe r than 60 sec.
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unl ikely to be troublesome a t Hea throw when there are cross winds
greater than S knots (approximately 45 percen t of the land ings
monitored on runway 28R).

Table 16 g ives the mean or average residence time for cross
winds up to 13 knots for the B-747 , B-7 07 , Tr iden t , BAC-lll , and
a composite of all aircraft . (Poor statistics precluded con-
s idera tion of h igher cross winds; there are at least 10 cases for
each of the entries in Table 16.) Two trends are apparent. For a
given cross wind , the mean residence time increases with aircraft

size. The largest mean residence time occured at a highe r cross
wind for the B-747 than for the other aircraft. Both trends are

related to the strength of the vortices ; the stronger the vortex

at a g iven height , the higher the cross wind required to stall the
vo~tex in the safety zone. The strength of a vortex varies

di ectly as the weight of the aircraft.

TABLE 16. MEAN RESIDENCE TIMES FOR VARIOUS CROSS WINDS

CROSS WIND
• (kno t s) MEAN RESIDENCE TIME S (sec)

• 
___________ 

B-747 B-7 07 Trident BAC-lil All Aircraft

0-1 26 30 26 25 26
1-2 33 26 26 27 25

2-3  35 32 28 26 28

• 3-4 38 33 29 28 30

• 4-5 41 29 26 23 26

5-6 28 23 21 19 21

6—7 23 18 17 17 17

9-10 17 14 13 10 12
10-11 17 12 11 12

ii’12 16 13 12 8 ii
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7.5.3 How Vortices Exit Safety Zone

Vort ices  exi t  the sa fe ty  zone by e i the r  t r a n s p o r t i n g  out or
by decaying in the zone . I t  is spec ifically the t ime of exit of
the second vor tex that  d ic ta tes  the res idence t ime .  Figure  39
indicates the percentage of the cases that decayed in the safety
zone for var ious  residence t imes .  Most of the vor t i ces  wi th  a
residence t ime in excess of 40 sec decayed in the zone , whereas
most of the vor t i ces  w i t h  a residence t ime of 40 sec or less moved
out of the zone.  However , the cases shown in Figure 39 represent
on1y~ 30 percent of all the data; 50 percent  of the recorded da ta

• had a residenc e time of less than 30 sec. The probability of a

vortex being in the safety zone at , say, 60 sec is less than 0.2

(Figure  35 ) ;  but if there is a vortex , Fi gure 39 ind ica tes  t ha t
the p r o b a b i l i t y  is about 0 . 7  that  the vor tex  w i l l  decay in the

• zone . Each a i r c r a f t  type d isp layed s i m i l a r  r e s u l t s .

There were cases for  which no vor tex  t racks  were de tec ted .
• This  cond i t ion  u s u a l l y  occurred in hi gh-wind  cond i t ions  and for  the

sma l l e r  a i r c r a f t .  For example , when the  cros s wind was less than
S knots, 1 percent of the B-747s and 34 percent  of the DC-9s  l e f t
no de tec tab le  vor tex  t r acks .  When the cross  wind exceeded 10
knots , 19 percent of the B-747s and 81 percent of the DC-9s left

• no d iscern ible tracks.

7.5.4 First and Second Vortex Crossings

The ques t ion  to  be pursued in t h i s  sec t ion  is :  If the t ime
• t he  f i r s t  vor tex  crosses or moves Out of the s a f e t y  zone is known ,

can the t ime the second vor tex  crosses be predicted? Note that

cross ing  means tha t the  vo r t ex  p h y s i c a l l y  m oved out of the s a f e t y
zone.

Fi gure 40 shows the  d i s t r i b u t i o n s  of the  c r o s s i n g  t imes  as a

• f u n c t i o n  of the cross wind . The b roken  l ines  i n d i c a t e  the  dis-
tributions for the first crossing , and the solid l ines ind icate
the  second c ros s ing . As the  cross  wind increases , the  f i r s t
vortex exits sooner (at least the peak of the distribut ion does),

and the distribution becomes narrower. The second vortex appears
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to exit the safety zone almost at random for cross winds up to

4 knots , but the distribution becomes more peaked and the vortex

e x i t s  sooner as the  cross wind i nc reases .  To d e t e r m i n e  whe ther  the
inclusion of the various aircraft types in Figure 40 might be

broadening the distribution s , the Trident cases were exam ined

separat ely (see Figure 41). The distributions do not appear to
• be very much different from those in Figure 40; however , for a

g iven cross wind , the peaks of the distributions appear at an

earlier time for the Tridents.

Tables 17 and 18 give the means and standard deviations for

the first and second crossing time s for all the aircraft types

taken together and for the B-747 . These values agree with the

expected magnitude of a cross wind which would cause the second

vortex to stall in the safety zone .

Knowing the cross wind , the time of the second vortex

crossing can be estimated quite well , especially for the larger

cross winds. If the aircraft type were known , then the standard

deviations in the times of first vortex crossing decrease

significantly. However , knowing the cross-wind magnitude remains
• the most important quantity for predicting the time of vortex

crossings. Knowing the aircraft type and the cross-wind magnitude

improve s the prediction of the crossing time by about S sec on the

average.  ( P r e d i c t i v e  t echn i ques are d i scussed  f u r t h e r  in Section
10.)

The da ta  were r e - e x a m i n e d  in t e rms  of the res idence  t i m e ;
tha t  is , a c r o s s i n g  was re-interpreted to mean that the first and

second v o r t i c e s  e i t h e r  t r a n s l a t e d  out  of the  s a f e t y  zone or died
within it. When the first vortex exited (physically moved out or

decayed within) the safety zone in 0 to 9 sec , the second exited

on the average between 10 and 19 sec ; the first between 10 and

19 sec , the second between 30 and 39 sec; the first between 20

and 49 sec , the second between 50 and 59 sec; the first between 50

and 59 sec , the second between 60 and 69 sec ; and the f ir s t
be tween  60 and 79 sec , the  second be tween  70 and 79 sec on the
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TABLE 17. STATISTICS OF FIRST AND SECOND VORTEX CROSSINGS
FOR ALL A iRCRAFT

First Crossing Second Crossing
Cross  Wind Mean Mean
(kno t s )  ( sec)  (sec)

1 35.3 16.8 62.2 21.3
2 31.3 17.8 59.2 22.7
3 2 5 . 3  15.7 57 .9  2 3 . 5
4 19.5 13.2 46.8 21.7

• 5 16.9 11.5 38.1 2 0 . 2
• 6 14.1 9.7 27.7 13.3
• 7 11.7 7.2 22.3 9.7

8 11.2 7 .7 18.9 7 . 0
9 10.1 8.0 18.5 7.3
10 10.5 8 . 2  17.6  7 . 3
11 9 . 2  6 .6  15 .6 4 . 3
12 10.4 9.0 15.6 5.8
13 10.3 8.6 14.7 6.1
14 10.2 10.6 14.5 3.8p

~
.

TABLE 18. STATISTICS OF FIRST AND SECOND VORTEX CROSSINGS
FOR B-747 AIRCRAFT

____________________________________________________ 

:1

First Crossing Se cond Cross ing
Cross Wind Mean Mean o

(knots) (sec) (sec)

1 17.6 9.7 47.3 24.0
2 13.3 8.0 58.8 23.2
3 13.5 7.4 64.7 24.1
4 9.4 4.4 63.3 24.2
S 8.4 8.0 38.6 25.1
6 6.9 4.4 25.5 18.2
7 4.9 ~.8 24.1 15.1
8 4 . 7  2 . 0  18.9 9 .1
9 4 .1 2 . 4  16 .7  8. 4
10 4.0 2.0 15.1 5.0
11 4 . 8  2 . 6  13.8 4 . 2
12 3. 4 2 . 3  14 .3  4 . 0
13 4 . 0  0 . 0  11.1 1.7
14 3 .3  2 . 7  11.2 1.6
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average . The standard deviations for the second vortex crossing
t ime were large . As was found prev iously, knowing the cross-wind

magnitude decreased the standard deviations.

7.5.5 Residence Times: Inner Versus Outer Baseline

The residence times measured at the inner and outer baselines

should agree on the average , but yet can exhibit large standard

dev ia t ions . Since the a i r c r a f t  a l t i t u d e  is about  the  same ove r
both baselines , the residence time s should be about the same . The

wind at the two baselines need not be the same , particularly with

low winds , and should be reflected in a random variation between

the residence times at the two baselines and lead to a non-

neglig ible standard deviation . For all the landings , the

residence times for each baseline differed by only 1.6 sec on

the average with a standard deviation of 23.7 sec; the lower
the winds (and hence , the  la rger  the v a r i a t i o n  in the winds
between the two baselines), the higher the standard deviation (a

maximum of 36.1 sec was obtained with 1-knot winds). With high
winds , particularly high cross winds , the standard deviation
decreased .

For 2 pe rcen t  of the cases , the second vo r t ex  e x i t e d , say , on
the port side at the outer baseline and on the starboard side at

the inner baseline (or vice versa). These cases are of particular

interest as even though both baselines are clear of vortices , at

• some location between the baseline s, a vortex crosses the extended

• runway centerline . In this situation , the residence time is no

longer of prime importance; it is the decay or death time of the

vortex which would indicate when the vortex no longer poses a V
potential threat to a following aircraft. The winds were always

low (less than 8 knots) when the situation occurre d , and the

cross wind was always less than S knots. Of the 2 percent of the

cases , all but three indicated the demise of the vortex within r
80 sec . The long itudinal stretching of the vortex may have pre-

vented the vortex from persisting long enoug h to present a problem

to a following aircraft . •

106

• - - ; -



-4—-- —-- — -----—- —. rr — 4-” ~~~~~~~~~~~~~~~~~~~~~~ 
-. -W’wr flw ~~~~~~~~ 

- .--.. --~ -~~~ - •; ~~~• • • —

7. 6 VORTEX L I F E T I M E S

From the beg inning of its life , a vortex pair undergoes three

forms of decay. The first form is dissipative wake decay caused

by viscous forces. This decay would gradually lead to vortex

demise if other forms of decay did not destroy the vortex ; the

vortex pair almost always is destroye d by one of two  catastrophic

decay mechanisms--core bursting or sinuous instability. Decay

mechanisms develop through coupling with atmospheric , aircraft-

induced , and self-induced turbulence as well as with normal

viscosity of air. These mechanisms effectively alter the

organized vorticity of the vortex pair , such that the encounter H
hazard to a following aircraft is abruptly and dramaticall y

reduced.

Gradual weakening of the circulation of the vortices becau se

of turbulent dissipation of vorticity occurs as the wake ages.

Regardless of the mode of decay , the turbulent transport of

vorticity away from the core reg ion of the wake results in a • -

weakening of the wake as it ages. At sufficientl y long times ,
t he wake is c o m p l e t e l y  d i s s i p a t e d .  Thus , h a rm less  t u rb u le nce is

the ultimate result of an aircraft passage through a g iven parcel

of air.

Althoug h not considered a significant decay mechanism by

itself , the dissipation or annihilation of vorticit y 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 transport , must be properly understood to develop

reliable predictive models of vortex behavior. This is

p a r t i c u l a r l y  t rue  when the vor t i ces  are  near  the  g round . Here ,
shea r  genera ted  by vo r t ex  v e l o c i t i e s  at the ground can p roduce
vorticity which mixes with and drastically affects the subsequent

motion of a vortex (Refs . S and 17).

The decay of vortices can be studied using the Heathrow

data. All the cases where both vortices were observed to die

w i t h i n  the  b a s e l i n e  were segrega ted  f rom t h e  d a t a .  B o t h  v o r t i c e s
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must die within the con fines of the baseline ; if one of the vor-
tices moved beyond the sensors there would be no way to know how
long that vortex survived. As an extra measure of conservatism ,
the vortices had to die at least one sensor inboard of the end of
the baseline. This was done because there was no way to dis-
tinguish between a vortex which expired over the las t sensor on

the baseline and a vortex which moved beyond the baseline--each
produces a decreas ing signal in the last sensor .

The average life of a vortex was measured to be approx imately

60 sec. Using the GWVSS data alone , there was no way to know
which mechanism or mechanisms were cau sing any given vortex to
decay.

7.6.1 Death Time

Studies have shown that it is the total wind which correlates

best with the decay of vortices. Fi gure 42 shows the distribu-

tion of the death time s for the oldest vortex of the pair. The
data are divided into 2-knot increments. The lower the wind
magnitude , the longer a vortex will survive on the average. As
the wind increases , the average survival time of a vortex de-

creases as well as , to a certain extent , the maximum observed
age.

McGowan (Ref. 18) devised a curve to indicate the maximum

lifetime of a vortex as a function of the total wind. He obtained

the relationshi p 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 (Figure 43). McGowan ’s curve has been

widely used in the literature. The Heathrow data include condi-

tions omitted from the McGowan curve. Most of the data that

McGowan had available came from tower tests. Smoke from canisters

on a towe r became inbedded in the vortex , and the decay was

assessed visually. By necessity this type of data involved

mainly a cross-w ind component since a cross wind was required to

translate the vortex to and past the tower. At Heathrow , the

winds were from all directions , and a particular component of the
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wind was not required to move the vortex to permit it to be

tracked. What McGowan ’s curve neglects is the effect of winds
• along the direction of the vortex. h inds along the vortex axis

apparently suppress any meanderings of the vortex , and thus , delay

at least one of the known decay modes (sinuous instability). When
• the wind is crthogonal to the vortex axis , the shearing action of

the wind across the vortex aids in the dissipation process. Thus ,

the Heathrow data alter the McGowan curve for the hi gh winds as

shown in Figure 44.

The information in Fi gure 42 can be re-plotted as in
• Fi gures 45 and 46. Here , the number (or percentage) of vortices

still active at a g iven age is plotted for various total-wind

magnitudes. The vortex lifetime for each increment of the

horizontal wind can be fitted with the form:

T1 if (t) = 1.0 t <

= e (t t A) t > ~~~

For the two cases considered here , th e B-~~47 and the Trident , t~~
was found to be a function of the total horizontal wind. An in-

creasing wind causes the vortices to dissi pate sooner. The death

rate ~ does not exhibit a strong dependence on the total wind or

the aircraft type.

The natural turbulence in the wind appears to dissi pate the

vortices in hi gh winds. ~hen the wind was above 20 knots , no

vortices existed for more than 60 sec. The vortices of the li ght

aircraft were not seen in hi gh winds; IIS-125 vort ices were never

detected when the wind exceeded 15 knots (perhaps due to the in-

creased sensor-noise level).

7.6.2 Location of Vortex Decay

As part of the data base on vortices , the location of the

vortex when it died was recorded. A vortex was defined to have

died when the vortex signal was not distinguishable from the
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ambient wind . Many vortices (about 20 percent) were never seen

in the data reduction ; in high winds , the vor tices shed by smal l
ai rc raf t neve r app eared to develop f u l l y , and apparent ly were
torn asunder  by the wind and i t s  a s soc ia t ed  t u rbu l ence .  In-
c lud ing  these  never -seen  vor tices , approximately one-third of the

vor t i ces  decayed w i t h i n  + 100 ft (+30.5 m) of the extended runway
centerline , one-half within +250 ft (-‘-76 m ), and two-thirds within

+400 ft (+122 m).

7.6.3 Turbulence and Vortex Decay

Turbulence drives the sinuous instability mechanism and acts

to erode vortices by re-distributing the vorticity within the

• vo r tex . The decay of many vortices was monitored under li gh t and
• moderate turbulent condition s (too few to be statistically signifi-

cant). The average lifetime of a vortex was 71 and S6 sec for

light and moderat e turbulence condition s, respectively. For

B-747s , the lifetimes for light and moderate turbulence condi-

tions were 84 and 72 sec; for B-707s , 74 and 57 sec; and for

Tr ide n ts , 69 and 53 sec , r e s p e c t i v e l y .

Turbulence  can a l so  a r i se  f rom the wind pass ing  around
obstacles. To the south of the outer baseline are large B-747

hangars which apparently induce sufficient turbulence in a

• s o u t h e r l y  wind to a f f e c t  the l i f e t i m e  of vo r t i c e s  m o n i t o r e d  on
the outer  b a s e l i n e .  W i t h  winds  hav ing  a southern component , the

mean lifetime of the vortices on the outer baseline was less than

the mean lifetime on the inner baseline . No difference was seen

when the winds had a northern component.

7.6.4 Othe r Lifetime Effects

Since buildings can induc e sufficient turbulence to affect
4 

the decay of v or ti ces , perhaps the prox imity of the vortices to

the res idual tu r b u l e n c e lef t b eh ind by the vor ti ces of a pre ced ing
aircraft could alter the decay rate. However , very little effect

was detected. The mean lifetime did not change as a function of

the separation time between aircraft. But the standard deviation
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did increase as the separation increased. With separations in

excess of 100 sec , neither the mean nor the standard deviation of

the vortex life t ime changed.

• 
- The maximum life of a vortex shed from an aircraft following

• a heavy aircraft was less than a vortex shed from the same type of

aircraft following a non-heavy aircraft . Insufficient data
• existed for aircraft behind heavies to be sure that this observa-

t i o n  was not  j u s t  a s t a t i s t i c a l  f l u c t u a t i o n .

7~~7 CLAS SI F ICAT I ON OF AIRCRAFT

Based on the residence-time data (Section 7.5.1) and on the

similarities or dissimilarities in the decay of the vortices

(Section 7.6), a classification or group ing of aircraft types can

be made. The categorization is based only on the behavior of the

vortices and does not directly consider the characteristics of the

aircraft (gross weight , approach speed , or wingspan) or the

strength of the vortices.

Table 15 is the primary guide in classify ing the aircraft by
- 

• 
their vortex behavior. In the following , only those aircraft

t ypes  where at least 100 landings were monitored are considered.

Table 19 shows the  p r o b a b i l i t y  of f i n d i n g  a v o r t e x  in the  s a f e t y
zone a f t e r  60 sec ( t he  va lue  of A in T a b l e  19) and a f t e r  80 sec .
The list is ordered on the basis of the calculated probability of

vortex persistence at 80 sec. This follows an ordering on the

b a s i s  of t a k e - o f f  wei g ht w i t h  two interesting anomalies: (1) the

A-300 appears high on the list , and (2) the four twin-jets appear

above the heavier trijets. The position of the A-300 mi ght be

related to the fact that there were only 125 observat ions as

against ove r 200 for all other types. The heavy aircra ft do ,

however , lead the list.

Based on the probability of vortex presence after 80 sec ,

the aircraft types fall into five groups. The B-747 and A-300

form the first group and are classified as heavies by the United

Sta tes  wei ght c r i t e r i o n ; the  B - 7 0 7 , V C - l O , and DC-8 are in the
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TABLE 19. PROBABILITY OF FINDING VORTEX IN SAFETY ZONE
AFTER 60 AND 80 SECONDS

Max. Take-off
Probability of Vortex Presence Weight

Aircraft After 60 sec After 80 sec kg

B-747 0.252 0.083 352

A -300  0 . 2 3 0  0 . 0 7 2  137
B-707 0.207 0.056 161

VC-10 0.230 0.049 151

DC-8 0.230 0.048 161

DC-9 0.175 0.038 54

Carave l le  0.165 0 .036  52
B-737 0.148 0.036 52

• BAC-IH 0.143 0.034 45

B-727 0.219 0.028 95

T r i d e n t  0 . 173  0 . 0 2 2  72
Viscount 0.136 0.016 33

H S - l2 5  0 .038  0 . 0 0 4  11

second group ; the DC-9 , C a r a v e l l e , B- 737 , and B A C - i l  fo rm the
third group ; the B-727 , Trident , and Viscount form the fourth

group ; and the HS-125 forms a fifth group . The vortices shed by

the HS-l25 should not pose a hazard threat in the air traffic

control system (except , perhaps , to li ght General Aviation air-
‘ - • • • craft). Group 1 aircraft create vortices which persist; the

a i rcraf t p lanform s, s i ze , and weight contribute to the production

• of p o t e n t i a l l y  h a z a r d o u s  v o r t i c e s .  The aircraft in Group 2 do
form persisting vortices , but each case should be exa mi ned
individually to determine whether the aircraft should be elevated

to a hi gher or lower group . (Such tests are now underway in the

United States for the DC-8 series 61/62/63 and the B-707 series
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3 0  and 420.) The lower the ranking of the aircraft in Group 2,

the more likely it is that it could be included in Group 3. It

is of note that the group ing closely follows the probability of a

wake vortex incident as reported by the Civil Aviation Authority

(Ref. 19). 
-
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8. INCIDENT

During the data-collection period (May 1974 through June
1975), the number of reported vortex encounters was markedly less
than the number reported in the prior 14 months. The difference
has been attributed to the generally higher winds during the

vortex data-collection period . Between May 1974 and the end of

June 1975 , 22 incidents were reported on approaches to Heathrow

with 6 incidents on approach to runway 28R. Of these six events ,
three occurred within 400 ft (120 m) of the ground , one occurred

at 1600 ft (480 m), and two at 3000 ft (900 m).

Of the incidents within 400 ft (120 m) of the ground , the

first occurred on 29 May 1974 and is discussed below . The next

event was reported on 13 June 1975 (a B-737 behind a B-747).

However , the vortex encounter took place approximately 6000 ft

(1800 m) from the vortex tracking equipment--too far to permit

any conclusions based on the vortex data. The third event was on

26 June 1975 (a HS-l25 behind a B-747). Unfortunately , the
vortex tracking equi pment was turned off 20 minutes prior to the

• r epor ted  encoun te r .

On 29 May 1974 at 13:59:05 , a Trident reported a 15-deg roll

(the on-board flight data recorder indicated a lO-deg roll) at

an altitude of about  100 f t  (30 m) p r i o r  to  l and ing  on runway
28R. The motion-p icture camera on the inne r baseline recorded
the rolling motion of the Trident , and indicated that the roll

began about  1800 f t  (540  m) from the runway threshold. Fi gure 47

is the frame from the motion-picture film exhibiting the maximum

roll angle . The Trident is almost directly over the extended

runway centerline.

The p reced ing  a i r c r a f t  was a B-707 which passed ove r the

tracking equipment 101 sec before the Trident. Figure 48 shows

the GWVSS data for the B-707. The port vortex was never observed

on t h e ou t e r  baseline; apparently it dissi pated rapidly. The

starboard vortex passed out of the safety zone 24 seconds after
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t he  a i rc r a f t  pas s ed ove r the sensors , and died about 36 sec

l a t e r .  The vortices lasted longer on the inner baseline . The

port vortex exited the safety zone 16 sec after the aircraft
• passed the  ou te r  sensor  (about  11 sec a f t e r  p a s s in g  the  inner

line), and eventually translated beyond the farthest operating
anemometer. The starboard vortex exited the safety zone 66 sec
after the aircraft flew over the outer line (about 61 sec after

passing the inner baseline). Based on the validity wei ghting

(Section 5.2.2.3) of the data (the ri ght-most column in Figure 48)

and an examination of the raw anemometer data , it appears that

the starboard vortex burst after 60 sec and a remnant con tinued

moving . Just before the Trident reached the reg ion where it

rolled 10 deg, the B-707 starboard vortex (or what was left of

it) has translated southward 350 ft (107 m) away from the ex-

tended runway centerline . As noted before , the Trident was

nearly on the extended runway centerline; it is concluded that

~ vortex did not cause the abnormal rolling motion.

To explain the Trident incident , the winds recorded by the

two me teorolog ical towers were studied. Figure 49 diagrams

the history of the wind vector for the 100 sec preceding the

time of the incident. The 50-ft (l5-m) anemometers were not

operating at this t ime , but the other three anemometers were ,
and the recorded winds are shown . Earlier (more than 100 sec

before the incident), the winds were relatively calm , less than

8 knots; just before the incident the winds shifted in magnitude

and d i r e c t i o n . Of p a r t i c u l a r  i m p o r t a n c e  is t he  m a g n i t u d e  of the
cross-wind shear at the time of the inc ident--greater than 20

knots/lOO feet (20 knots/30 meters) as measured on the 32-ft

(10-m) tower! Such a low-leve l shear could easily have caused

the  T r iden t  to  ro l l  in the same manner that a mild vortex en-

counter would have . The Heathrow tower reported a wind of 6

knots at 340 deg which is essentially the wind velocity recorded

by the anemometer at 32 ft (10 m). Subsequent winds did not vary

as much as they did in the 100 sec leading up to the incident;

nor did  the c r o s s - w i n d  shear  assume such a l a rge  m a g n i t u d e  a g a i n
tha t day.
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9. APPROACH GROUND SPEEDS

The two aircraft detectors (see Section 3) provided an 
-
:

accurate determination of the time of passage of an aircraft . The

detectors were positioned 1466 ft (447 m) and 2 7 7  ft (823 m) fron

the runway threshold along the extended r u nI - .a cen~ er 1i n e . E:or

the sampling rate of 7 times per second and a ground speed of 130

knots , the calculation of the approach ground speed is nominall y

accurate to within 4 knots. The data were thus quantized to 4-knot

increments for each flyby monitor ed. Both detectors must neces-

sarily fire to allow the calculation of the ground speeds; the

inner detector always fired , but the outer detector at times did

not . At the beg inning of the data-collection program , the outer

detector acted erratically; the approach ground speeds were not

calculated for the aircraft monitored during t h e  f i r s t  f o u r

months .

Table 20 lists the mean and standard deviation for the

approach ground speeds for the various aircraft monitored. The

listing is in order of decreasing mean speed . Figure s 50 , 51 ,

52 , 53 show the distributions of the speeds.

Since a large number of Tridents we re observed , the Trident

data were further examined to see the effect of the long itudinal

wind , U. (A positive U is a head wind ~.ith respect to the air-

craft , and a negative U is a tail wind.) Table 21 g i v e s  t h e

average speeds and the standard deviations , and Fi gure 51 shows

the distributions . As should be expected , the average approach

ground speed increased as the head-wind component decreased.
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TABLE 20. AIRCRAFT GROu ND SPEEDS

AIRCRAFT NO. OF AVERAGE STANDARD
TYPE CASES SPEED D E V I A T I O N

knots knots

• Concorde 1 156.0 -

IL-62 30 152.8 6.6
TU-134 19 139.6 8.0• CV-990 31 138.8 7.8
DC-b 16 136.5 8.8
Trident 1911 132.9 9.2
B-720 51 129.1 8.9
B-707 545 128.6 9.6
B-727 468 127.3 10.2
B-747 360 127.0 9.6
DC-8  184 1 2 6 . 0  8 . 8
L-1011 39 124.0 9.0
B-737 304 123.8 9.1
DC-9 396 123.3 8.3
A - 3 0 0  7 1  1 2 1 . 9  6 . 8

SA C - i l l  206 1 2 1 . 7  .9
V C - l O  157 121 .6  7 . 4
Vanguard  22  119.3 6 . 2
Viscount 77 117.6 7 .9
Caravelle 82 114.9 7 . 2
Tota l  --

- 
- - A l l  A i r c r a f t  4970  1 2 8 . 8  1 0 . 4

TABLE 21.  T R I D E N T  G R O U N D  SPEEDS

L0NGI-rUDINAL NO. OF AVERAGE STANDARD
WIND CASES SPEED DEV IATION

- 
-
• 

knots knots

U<0 158 144.1 6.0

O<1J< lO 1238 134.6 7.8

F b O < U < 2 0  495 1 2 5 .5  7 . 0
2 O <L J -z 3 0 20 117.0  7 . 4

a l l  U 1911 132 .9  9 . 2
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10, P R E D I C T I V E  C A P A B I L I T Y  AND SYSTEMS

10 . 1 W IND CR I T E R I O N

One method for regaining or increasin g the capacity of an air-

port would be to determine those time s during which all separa-

tions on final approach could be safety decreased to 3 nautical

miles. It would be expected that such t imes are dependent on the

wind velocity , as cross winds in excess of 5 knots at Heathrow

appear to allievate the wake vortex problem. To pursue the

appropriate wind conditions , data on the heavy aircraft whose

vortices had a residence time of 80 sec or more were segregated

from the data base. The United States definition of heavy air-
• craft was used . Howeve r , as shown in Table 22 , most of the cases

would be attributed to the heavy category in both the US and UK

nome nclatures.

Fi gure 55 shows the measured wind velocities for the heavy

aircraft which had residence times of 80 sec or more. A ground

sp eed of 135 knots means that 3 nautical miles is equivalent to

80 sec . Any number of geometrical patterns could have been used

• to enclose the data points , but a convenient pattern with a small -
•

enclosed area is the ellipse shown in Fi gure 55. The semi-major

axis (head-wind or tail-wind axis) is 12 knots and the semi-minor

axis (cross-wind) is 5.5 knots . Although the data points

shown are for the long-lived (residence time of 80 sec or more )

cases  detected at the inner baseline , the same ellipse also

e n c l o s e s  t h e  long-lived cases detected at the outer b a s e l i n e .
In addition ) the e l l i p s e  enc loses  the  l o n g - l i v e d  cases detected
in both the Stapleton and Kennedy International Airports data-

collection prog rams (Ref. 4).

The calculat i on of the 3-nautical-mile separation involves

an assumption of the ground speed of the aircraft which will

vary by ~- l 2 knots (see Section 9) across the major axis of the

elli pse. Using the actual ground speeds for the aircraft in-

volved , howeve r , does not alter the dimensions of the ellipse.
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TABLE 22. LONG-LIVED VORTICES

I N N E R  BASELINE: 
_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

• PERCENTAGE
AIRCRAFT TYPE TOTAL NO. NO. LONG-LIVED LONG-LIVED

DC-8-61/62/63 31 4 12.9

A - 3 0 0  125 14 11.2
I L - 6 2  73 8 11.0
B - 7 4 7  791 85 10.7
B-lOll 73 6 8.2
B-707-320 / 420  60 3 5.0

DC-iD 30 1 3.3

• V C - l 0  325 1 0 . 3

TOTAL 1508 123 8 . 2  Average

OUTER B ASE LI NE S 
_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

PER CENTAGE
AIRCRAFT TYPE TOTAL NO. NO. LONG-LIVED LONG-LIVED

B - 7 4 7  791 95 12.0
IL- 62 73 8 11.0

• DC-b 30 3 10.0

,\-300 125 12 9.6

L - l O l l  73 5 6 .8
D C - 8 - 6 1/ 6 2/ 6 3  31 1 3 . 2
VC-lO 325 9 2.8

B - 7 0 7 - 3 2 0 / 4 20 60 0 0 .0

TOTAL 1508 133 8.8 Average

‘1
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Twenty-ei ght of the long-lived cases at the inner baseline

were detected during tail-wind conditions , 95 during head winds ,
93 with cross winds from the north , and 30 cases with cross winds

from the south. For the 1508 heavy aircra ft observed at Heathrow
(Table 22), 233 occurred during tail winds , 1275 during head
winds , 741 with a cross-wind component from the south , and 767

with a cross-wind component from the north. Thus , the probability

of having a long-lived case (for the heavy category only) is

28/233 or 0.120 during tail-wind operations ; 95/1275 or 0.075

during head-wind operations ; 30/741 or 0.040 for a cross wind

from the south; and 93/767 or 0.121 for a cross wind from the

north at the inner baseline . With the wind conditions measured

during the Heathrow data collection , the chance for observing a

long-lived case during tail-wind operations was 1.6 times greater

than in head-wind operations . (A ratio of 4 to I was found in

the Stapleton-Kennedy tests.) The chance for observing a long-

lived case was 3 times greater with a cross wind from the north

than a cross wind from the south. The cross-wind anomaly is

attrib~ ted to the presence of the many buildings to the south of

the extended runway centerline wh ich induce turbulence into the

wind , thus causing more rapid decay of the vortices . Th e
probabilities for having a long-lived case at the outer baseline

are 0.155 for tail-wind operations , 0.075 during head-wind opera-

tions , 0.051 for cross winds from the south , and 0.124 for cross

winds from the north.

To determine a measure of the effectiveness of incorporating

the ellipse into a wind-criterion system which would allow all

separations at Heathrow to be 3 nautical miles , the ellipse was

overlaid on a Heathrow wind rose. The wind ros e was not the

wind rose which would be obtained from the airport meteorological

office , but rather one compiled by recording the one-minute

ave raged winds as each aircraft passed ove r the vortex tracking

equipment in the approach to runway 28R during normal working

hours. Fifty-four percent of the time the winds were outside the

elli pse , and according l y ,  the separations could have been reduced
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to 3 nautical miles. Using only the wind data measured when a

heavy a i r c r a f t  landed on runway 28R , 52 percent  of the  f o l l o w i n g
aircraft could have been spaced safely 3 nautical miles behind the
B-747 , 57 percent behind the DC-b , and 64 percent behind the
L - b O l l .  The percentage s serve only to i n d i c a te  the p o s s i b l e
benefit of a wind-criterion system as the percentages were

obtained by using data from the Heathrow environment (meteorology

and aircraft mix) and assuming the use of U.S. rules and pro-

cedures.

It must  be noted t h a t  j u s t  because winds  are measured  to  be
within the elli pse does not mean that every vortex will remain in

• the safety zone for 80 seconds or more. It is only a necessary

condition for vortices to linger. The overly conservative dimen-

sions of the safety zone , the ignoring of aircraft types , the

ignoring of vortex decay due to atmospheric turbulence or the

non-stability of the atmosp her e , etc., all contribute to re- •1
stricting the t imes when the separation standards could be de-

creased . Research should provide additional criteria to shrink
the size of the elli pse . If the winds are outside the elli pse ,
it is completely justifiable to reduce separation s to a standard

3 nautical miles.

10.2 RESIDENCE T IME AND WINDS

The ellipse of Figure 55 encloses cases where the r e s i d e n c e
time was greater than or equal to 80 seconds . Figure 56 shows the
cas es w i t h  res idence  t imes  of 120 seconds or g r e a t e r .  The rel-
atively few cases (13) make up only a small portion of the

elli pse; a circle of radius 4.2 knots encloses all the data.

The cases where  the  r e s idence  t i m e  was be tween 100 and 119
seconds are shown in F i g u r e  57 .  The elli ptical shape can be

seen to be forming . Figure 58 shows the  winds  f o r  the 9 0 - t o -
99-second residence-time cases. The sparsity of the data pre-

cludes drawing any conclusions other than that the elli pse is

obviously still valid. Figure 59 displays the wind conditions for

the 80 to 89-second residence-time cases. Many instances occurred ,
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and the data points approach the boundar y of the d l  i pse. In all

the fi gures (55 to 59), it may he noted that most of the long-lived

cases arc positioned on the left-hand side of the elli p se . Such
winds came from the north or from the direction of open terrain.

•-\s dis cussed previously, when the winds came from the direction of

the many buildings (south), the induced turbulence often caused

the vort ices to decay more  rap i d l y , thus the fewe r long- l ived

cases on the ri ght-hand side of the d l  ipse.

Fi gures 60 and 61 show the wind conditions for the residence-

t inc cases between 70 and 79 s e c o n d s  and b e t w e e n  61) and 69

seconds , r e s p e c t i v e l y .  I h e r e  are many instances where the data

fall outside of the ellipse. However , times less than 80 seconds

imply separations of less than 3 nau t i c a l  m i l e s . No te tha t a l l
the cases outside the elli pses still have a cross-wind component

of less than 5.5 knots. Perhaps , some future system could be

implemented based only on the magnitude of the cross wind ; if the

cross wind were greater than 5.5 knots , the aircraft separations

behind heavies could be safely decreased to almost 2 nautical

miles . The airport system today probably cannot accept aircraft

spaced 2 nautical miles apart , but the data do indicate that the

vortex problem could be alleviated.
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11. A I R C R A F T  S E P A R A T I ONS

The aircraft-to-aircraft spacings we re obtained by examining

the time between successive firings of the pressure sensor on the

inner baseline. Fi gure 62 displays the information; the British

definition of a “heavy ” aircraft (B-747 , L- lO ll , and DC-b ) was

used . Three separation categories are shown : a heavy behind a

heavy, a non-heavy (1i 1~ht ) behind a heavy, and anything behind a

non-heavy. On a number of occasions , the spacing was less than

that prescribed by air traffic regulations.

A trend was noted in the distributions during the course of

the data collection (May 1974 through June 1975). From May 1974

to September 1974 , the means , median s , and standard deviations as

g iven in Table 23 were observed. (Separations in excess of 270

seconds were excluded from the statistics.) The time period

coincides with the summer traffic peak which results in a queueing

situation. After September 1974 , all the spacing s increased. The

separations during the October 1974 through June 1975 time frame

were , 5n the average , greater by 7.6 sec for anything behind a non-

heavy, 2.8 sec for a heavy behind a heavy, and 5.5 sec for a

non-heavy following a heavy . For the second time period , a
majorit y of the movements were on winter schedules with the

attendant lower traffic density.
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12. C O N C L U S I O N S

By a n y  standard , the }heathrow joint project can only be con -

sidered a success . A vast amount of data were collected and

yielded valuable information on vortex dynamics and a wind

criterion for permitting reduced long itudinal spacings between

landing aircraft . In just one respect the tests were incomplete;

only one incident was recorded in the vicinit y of the vortex

tracking equi pment.

The vortex track and meteorolog ical data base expanded
• si gnificantly with the addition of the 12950 aircraft recorded

at Heathrow . Analysis showed that th e decay rate of vortices is

relatively insensitive to the aircraft type gen erating the

vortices and to the wind magnitude ; however , the l ime for the

onset of decay doe s depend on the generatin g aircraft and the

meteorolog ical conditions . The McCowan lif e tim e curv e , wh i ch has

been used extensively in recent years , w a s  ~- h o w n  to ne inaccur ate

for strong head winds; a revision was made ba~ ed on the Ih eathro w

data.

In the process of analy: ing the data , the concept evolved of

using a wind criterion , to predict when vort ices h ave decayed or

moved out of harm ’s w a y .  I t  was observed t ha t when the cross wind

exceeded a p p r o x i m a t e l y  5 k n o t s , v o r t i c e s  i~e r e  u n l i k e l y  to  cau se
a problem. Upon further analysis , it was learned that an

elliptically shaped wind criterion was a convenient description

of w i n d s w h ic h led to  v o r t i c e s  d w e l l i n g near the extended runway

centerline . Wheneve r the wind vector wn~ outside the ellipse ,

all aircraft separations could have been safely decreased to a

uniform 3 nautical miles . The elliptic a l wind criterion has been

incorporated into a Vortex Advisory System soon to be operational

at C h i c a g o ’s O’Hare In ternational Airport.

Cooperation between the United King dom and the united States

on the common goal of completely understanding the vortex

phenomenon continues. Both countries insist that vortex-imposed
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separation standards be based on sound technical criteria. With

continued interchange of information , vortex behavior should soon

be quantified to the point where aircraft wei ght categories

relative to vortex effects can be jointly established. The

ultimate result of the cooperative effort should be a joint

recommendation to the International Civil Aviation Organization

of standard separation criteria for all aircraft.

I
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A P P E N D I X  A
MODELING EXITING PROCESS

The process of exiting the safety zone can be modeled as a

series of discrete steps as shown in Figure 63. During the first

time increment , the second vortex has a probability 
~1 

of moving

out of the safety zone , a probability n1 of dy ing within the

safety zone , and a probability 
~~ 

of remaining in the safety zone .

At some finite time , 
~
‘n = 0. For each t ime interval ,

+ + = 1.

Assuming an initial large ensemble of N
1 

vortices , then at each

time interval ,

=

The parameters p, n , and y are functions of time and the wind

conditions.

Using 10-sec intervals , N~ /N 1 is plotted as a function of

time in Fi gure 64 for cross-wind intervals of 0 to 5 knots , 5 to

10 knots , and 10 to 15 knots. The data indicate that the cumula-

tive probability of a vortex remaining in the safety zone as a

function of time can be treated as a “pseudo-Poisson ” or piece-

wise exponential process. The number of vortices remaining in the

safety zone is expressed as

N(t-t 1) 
= N (t1 )e 

a1t t l < t < t Z

N(t-t 2) 
= N (t2)e

a2t , t 2 < t < t 3,

For the B-747 data , the distribution curve can be represented

by three “pseudo-Poisson ” or piece-wise exponential segments for

cross  w i n d s  less  than  5 k n o t s , and by only two segments for cross
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winds in excess of 5 knots. For the Trident data , the distribu-

tion curve can be approximated by two segments for cross winds

less than 5 kno ts , and by a single segmen t for cross winds in

excess of 5 knots.

Another mode l of the exiting process is shown in Fi gure 65.
Here , the exiting process is divided into two categories: (a) the

ji ’ process where the vortices move out of the safety zone , and

(b) the i-~’ process whe re the vortices decay in the safety :one .

Each category is considered to occur in parallel and independent

of the other category. The ori g inal number of vortices N 1 is

partioned into N1 ’, the number of vortices pre-destined to move

out of the safety zone , and N1”, the number pre-destined to decay.

Dis t r i b u t i o n  curves  for  the  ii ’ p r o c e s s  a re  shown for the

B - 7 4 7 , B - 7 0 7 , an d T r ide n t in F i g u r e r 66 , 6~~, 68. The cu rv es a r e
plotted for cumulative cross winds; that is , for V > V 0 starting

with V0 
= 0 (all winds) and incrementing in steps of 2 knots.

For all cases , there is a sharp change in the slope of the

curves going from 2 to 6 knots. Thus , there is no evidence of

a resonance in the vortex-moving-out process when the cross wind

is approximately 5 knots (the expected cross wind which would

cause a vortex to stall or dwell within the safety :one).
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•

APPENDIX B
• RESIDENCE —T IME DATA

The following ~rarhs present the resi 1ence-time data for all
the aircraft monitored in the Heathrow trials. The interpreta-

tion of the graphs is as follows: The ordinate , residence time ,
is presented in 10-sec increments ; for example , the “30” column

contain s the residence-time data between 21 and 30 sec. Each

10-sec interval has two columns ; the first column represents the

data recorded on the inner baseline , and the second column the

outer baseline . The numbers above each column are the number

of cases. Shading is used to denote the cases where the vortices

moved out of the safety zone; no shading denotes cases where the

vortices died within the safety zone.
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