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This document is disseminated under the sponsorship
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of information exchange. The United States Govern-
ment assumes no liability for its contents or use
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NOTICE

The United States Government does not endorse pro-
ducts or manufacturers. Trade or manufacturers ’
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models of vortex and aircraft behavior , the analysis indicates that
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predictions and a critique of the assumptions .
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EXECUTIVE SUMMARY

t h e  V o r t e x  Advisor y System (VAS) was developed as a means for

d e c r e a s i n g  c o s t l y c o n g e s t i o n  d e l a y s  in  a i r c r a f t  a p p r o a c h  q u e u e s  a t
the major airports. The system evolved f r o m  the  a n a l y s i s  of t he
beha vior of the wake vortices from over 50 ,000 landing aircraft.

Et was determined that vortices might present a threat to a follow-
ing aircraft onl y during specific wind conditions . Most of the
time , however , vortices do not pose a safety problem. The \‘AS in-

dicates to the controllers when vortices are not a problem ; during
these times , the interarrival separation standards could be

reduced to 3 nautical miles for all aircraft regardless of leader

or follower aircraft type.

Ihe vortex behavior data , however , were collected in the re-

gion between the middle marker and the runway threshold. Over 82

percent otT the landing accidents attributed to wake vortices oc-

curred within this reg ion. The VAS advises when this reg ion is
clear of vortices. Although some capacity gains might be realized

if the reduced separation standards were used only in this region ,
the utility of the VAS would increase if the protected region were

extended to the outer marker.

Applicable vortex behavior data did not exist; therefore , two

programs were undertaken. First , the subject of this volume of the

report , an analysis was done to calculate the relative safety of
using reduced separations from the outer to middle markers when

the VAS indicated that such reduced separations might he used near

the runway. Second , the subject of the second volume of the report ,

data were collected between the outer and middle markers to verif y

the adequacy of the safety analysis. If data collection alone

were to be used to establish safety, many years (and many data-

collect ion sites) would be required to collect sufficient data to

verif y the safety of t h e  VAS. However , if the data confirmed the

ana lvtic ~~l predictions of vortex b e h a v i o r , the analysis herein

would demonstrate the safety of using reduced inte rar rival spacings

t~h c n c~- er  the VA S m d i  cated such spacings were permitted. Conv ersely

11 
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i f  the data did not ~‘ er ifs ’ t h e  analvs i s , the VA S should l i n t  he used

to reduce Spa c ings hi et w ee ti the outer and middle markers.

Alter r ev  jew ing vortex - related accid ents and the d e v e l o p m e n t
and i n ip ! em ent at ion of the VA S , the ama ly t  i ca l  m o d e l  of v o r t e x  he  —

havi or was described. State-of-the-art knowled ge of the behavior
of v o r t i c e s , a i r c r a f t , a n d  w i n d s  aloft was used to  f o r m u l a t e  t h e
m o d e l .  .\t  a l l  t i m e s , the m o d e l  was i n t e n t i o n a l l y  caused to  e r r  on
the conservati ve sid e. ThLl s , the risks calculated usi ng this model
were proxy estimates of the real stiuat ion

The risks accepted in the present system using the 3- , 4- , and
5-nautical -mile spacings in effect near the outer marker were cal-
cu ’:ated. Twelve aircraft were considered as vortex-generati ng or
leading aircraft , and the same 12 were considere 1 as the vortex-
encountering or following aircraft : B-747 , L- lO ll , DC-l0 , B-707H ,

DC- 8H , 8-707 , DC- 8, B-7 27 , DC-9 , B-7 37 , Learjet , and PA-28 . Accord-

ing to the model , at the current separations , the risk of a hazard-

ous-vortex encounter is zero for Large and Heavy aircraft following

other Large and Heavy aircraft and nonzero onl y for some Small-

category aircraft following certain Large and Heavy aircraft. The

situations represented by the nonzero risks occur frequently in

the current system in the vicinity of the outer marker. Since these

situations occur frequently (particularly in VFR conditions) and

with nonzero risk of a vortex hazard , these risks were considered

to he acceptable--no hazardous- vortex encounters or accidents were

known to occur for these situations.

The largest of the nonzero risks was defined as a base’ine
value . If the chance of a hazardous-vortex encounter for any

leader/follower pair were found to be less than , or equal to , the

baseline value , the situation would he considered safe.

Risks to he expected when 3-nautical-mile spacings would be

permitted were calculated. Operational guidelines were then

formulated to maintain risks with VAS-reduced spacings at , or below ,

the baseline value. These guidelines are: (1) reduced separations

to he used only when the \TAS indicated that conditions permitted

such soparat ions , and ( 2 )  precision approaches are required (i.e.,

no short f i n a l s  or \ ‘OR/ l o c a l i  :er a p p r o a c h e s )  . W ith these guide -

i i i
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lin es , and the y e  r i f  i c a t  ion of  t h e  m o d e l  ( V o l u m e  I I )  the r i s k s

w ~th VAS - reduced spit e in g .~ w o u l d  be no larger than in the c u r r e n t

svstefl ) with the prese nt separation stand ards.

A brief sensitivi ty a n a l y s i s  was done to determi ne if the

conclusions of the safet y analysis were adversely affected by pos-

sible e rr o r s  in the models and/or parameters. Althoug h the detai ls

were altered , the conclusions concerning the safety of \AS-reduced

spacings were not changed.
O th e r  e v i d e n c e  wa s investigated to look for support , or con-

tradiction , of the analytic results. Wake vortex incident reports

ana lyzed by the British Civil Aviation Authority, analysis of vor-

tex-caused accidents , and the current spacings actually flown
safely in VFR all lent credence to the results of the calculations:
VA S-reduced spacings should he safe.

T h e r e  were two unresolved issues in the analysis- -the model

describing cross winds aloft is unproven and its derivation re-
quired somewhat inconsistent assumptions , and a possible problem
mig ht have been introduced by comparing two c o n s e r v a t i v e  e s t i m a t e s
of the probability of a hazard ous-vorte x encounter. Resolution of
the former issue will he addressed in Volume TI and the conse-
quences (if a n )  of the latter issue in Volume Ill. Assuming favor-
able resolution of these t w o  issues , the an a ly sis indicates the
s a f e t y of  V A S - r e d u c e d  spac ings between the outer an~ middle markers
for all aircraft. Th e s a f e t y  of  \AS-reduced spacings bet ween the
middle marker and touchdown was  established by the study of the
vo r t i c e s  f ro m o v er 50 , 000 l a n d i n g  a i r c r a f t .

An alternative analysi s was done without recourse to either of
the two unresolved issues. As suming that 50 percent of available
roll-control authority was a c c e p t a b l e  f o r  c o u n t e r i n g  t h e  r o l l i n g
m o t i o n  i m p o s e d  by a v o r t e x  ( h i g h e r  p e r c e n t a g e s  a r e  a c c e p t e d , or
a p p e a r  to he , w i t h  t o d a y ’ s s e p a r a t i o n  s t a n d a r d s ) , v ü r t c x  deca y w o u l d
he t h e  p r i m a r y  m e c h a n  i s in  p r e c l u d i n g  h a z a r d o u s - v o r t e x  e n c o u n t e r s
between the o u t e r  and m i d d l e  m a r k e r s .  V o r t e x  decay a l o n e , h i w e v e r ,

does not permit ~‘AS -reduc ed spacings for following Small aircraft.

Vortex decay alone waS shown to permit ~‘AS-reduced spacings for

Heavy and large a i rena It following Heavies.
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P R E F A C E

The concept of a Vor tex Adv isory System (VAS) evolv ed from the
analysis of an accumulating wealth of vortex-tracking data. Tens

of thousands of tracks demonstrated that the concept was viable;

however , all the data were collected between the middle marker and

the runway threshold. Before certifying the VAS for an operational

test , the Flight Standards Service of the Federal Aviation Adminis-

tration (FAA ) requested that the region between the middle and outer

marker be examined to determine its relative safety vortexwise for

the use of decreased separations.

Many people contributed to this report. The mathematical model

was developed from an unpublished working paper by Alan Bilanim and

Coleman Donaldson of Aeronauti cal Research Assoc iates of Prin ceton.
It is a pleasure to acknowledge their work as well as the able

assistance of Ben Winston of the Transportation Systems Center

(TSC) who programmed the model and helped to run the numerous cases.

I wish especially to thank R. M. Ilarris of Mitre Corporation ; his

critical reading of an early draft of this report prompted a com-

plete revision of the document. He derived the cross-wind probability

density model presented in Appendix C and made many detailed sug-

gestions for clarifying the model. Agam Sinha of Mitre Corporation
pointed out the possible problem of comparing two conservative esti-
mates (Section 5.2), and I wish to thank him for his detailed com-
ments which are reflected in Sections 5.2 and 6.1. I thank R.
Crai g Goff for supplying the AIDS data which are discussed in Sec-
tion C.4. Finall y, I would like to thank Myron Clark , Joe
Tymczyszyn Jr., Andrew flam es , and Dave Burnham for their sug-
gestions and comments on the final draft of the report. 
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p . d . f . probability density function
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Wi/AS Wake Vortex Avoidance System .

x i i i

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ 
- .  

- 
~- V —~~--’- - - ‘--- 

~~~~~~~~~ 
r — ~~, ~~ ~~

NOMENCLATURE

aE semi-major axis of VAS ellipse (knots)

A aspect atio

b wingspan (feet)

be wingspan of vortex-encounterin g aircraft (feet)

bg wingspan of vortex-generatin g aircraft (feet)

b0 initial separation of vortex pair, (i~/ 4 ) b ( f ee t )
bE semi-minor axis of \,VAS ellipse (knots)

CL lift coefficient

d distance behind vortex-generating aircraft (feet)

d0 distance required to reduce hazard radius to zero
(feet)

D distance vortices descended (feet)
e 2 . 7 1 8 2 8 . . .
erf (.) error function

E VAS e l l i p s e
E(w

~
) mean cross-wind magnitude (knots)

f fraction of maximum roll control authority

f ( y )  p . d . f .  of l a t e r a l  d i sp l acemen t  of an a i r c r a f t
about the ILS localizer beam

f (y ,z) joint density of the location of an aircraft
with respect to the centerlines of the ILS

f ( z )  p.d.f. of vertical displacement of an aircraft
about the ILS glide-slope beam

F buoyant force (pounds)

g acceleration of gravity (feet/sec2)

g (y , z ) joint density of the hazardous-encounter cross
0 0 section

G vertical displacement of aircraft about the ILS
glide-slope beam

~xy Jacobian with respect to (x,y) coordinate system

k ratio of specific heats

L lateral disp lacement of aircraft about the ILS
bocalizer beam

L
~ 

maximum allowable cross-wind component for
landings (knots)

maximum allowable tail- w ind component for landings
(kn ots)

x i v  
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distance from the runway threshold (feet)

m slope of r ’ versus b curve (feet/sec)

N baseline probability

p maximum roll capability of aircraft (radians/sec)

p maximum non-dimensional roll rate of aircraft

p(t~~E) probability of wind vector (~) being outside the
VAS ell ipse

p
~

(w
~
) cross-wind-aloft marginal p.d.f . (knots)

p
~~
(w /GLL ) cross-wind-aloft p .d.f. given a Green light on

C runway a. (knots)

cross-wind-aloft p.d.f. for runway a. (knots)

Rayleigh distribution of wind magnitude

P~~
(w) winds-aloft p.d.f. (knots)

p
~~

(w ,w ) winds-aloft p.d.f., Cartesian coordinates alignedX 
~ with runway a. (knots)

pR (r ,o) aloft wind rose (knots , degrees clockwise from
W Nor th)

p ( e )  marg inal p.d.f. for wind direction (radians)

p ambient pressure (pounds/ft )

probability of encountering a vortex

probability that a vortex is hazardous

~he probability of a ha:V~trdous vortex encounter

probability of an aircraft within the hazardrec rectangle

horizontal encounter probabilit y

~VE vertical encounter probabilit y

Q(u) probability of a standard Normal random variable
exce ed ing u

r aloft wind speed (knots); distance from center
of vortex (feet)

radius of vortex core (feet)

r radius of vortex where circulation equals F
(feet)

R distance from center of vortex (feet)

R. wind magnitude sampled two times per second
1 (k no t s)

R radius at which vortex swirl velocity equals the
0 fraction f of the maximum aileron-induced

wingtip velocity (feet)
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R o n e - m i n u t e  r u n n i n g  a v e r a g e  of the  w i n d  m a g n i t u d e
(knots)

I temperature of air in the core of a vortex (°F)
I ambient air temperature (°F)
U speed of vortex-encountering aircraft (feet/sec)

U
~ 

East/West component of wind , R~ simO 1 (knots)

U one-minute average of East/West component of
wind (knots)

v swirling velocity of vortex , F / 2~ R (feetlsec)

v(r) velocity field of a vortex (feet/sec)

‘D initial descent speed of vortices (feet/sec)

VT maximum aileron-induced wingti p velocity (feet/
se c )

V speed of vortex-generating aircraft (feet/sec)

V~ North/South component of wind , R1cosO 1 (knots)

V one-minut~t average of N o r t h / S o u t h  component  of
wind (knots)

Viine vortex swirl velocity of a line vortex (feet/sec)

VDopple r measured Doppler vertical velocities (feet/sec)

w wind vector (knots , degrees clockwise from
North)

magnitude of the aloft cross wind , w~~I (knots)

W
x 

x-component of wind aloft , head wind (knots)

W
Y 

y-component of wind aloft , cross wind (knots)

W wind  run , d i s t a n c e  v o r t i c e s  t r a n s l a t e  due to
cross wind (feet)

gross wei ght of aircraft (pounds)

x head-w ind axis , a.+l800

y cross-wind axis , a+90°; lateral displacement
of aircraft about ILS localizer beam (feet)

y lateral position of center of hazardous-encounter
0 cross  section (feet)

mean lateral position of aircraft about ILS
localizer beam (feet)

z vertical displacement of aircraft about ILS
glide-slope beam (feet)

x v i
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z v e r t i c a l  p o s i t i o n  of cen te r  of h a z a r d o u s -
0 encounter cross section (feet)

z mean vertical position of aircraft about ILS
glide-slope beam (feet)

a. runway heading (degrees clockwise from North)

F circulation or strength of a vortex (ft 2/ s ec)
intercept of F0 line with r’  axis (ft2/sec)

initial circulation of a vortex (ft2/sec)

I’ total circulation about a vortex (ft2/sec)

effective strength or circulation of a vortex
V 

(ft2/sec)

r time rate of change of the circulation (ft2/sec 2)

x-projection of ellipse E given cross wind , wc
o “ f rom ” wind d i r e c t i o n  (degrees  c lockwise  f rom

N o r t h )
0. wind direction sampled two times per second
1 (degrees clockwise from North)

7 o n e - m i n u t e  running average of the wind direction
(degrees clockwise from North)

p mean wind speed aloft (knots)

3.14159265.. .

p air density in the core of a vortex (slugs/ft 3)
p ( r )  density field of a vortex (slugs/ft 3

)
ambient air density (slugs/ft 3)

a standard deviation of the aloft cross wind (knots)

a standard deviation of lateral displacement of
I’ aircraft about the mean location (feet)

a lateral deviation of the vortex-encounteringye a i r c r a f t  ( f e e t )
o lateral deviation of the vortex-generating
yg aircraft (feet)

s t a n d a r d  d e v i a t i o n  of v e r t i c a l  d i s p l a c e m e n t  of
aircraft ab ou t the  m ea n l o c a t i o n ( f e e t )

0ze vertical deviation of the vortex-encounterin g
aircraft (feet)

v e r t i c a l  d e v i a t i o n  of the  vortex-generatin g
aircraft (feet)

x v i i  
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s tandard  dev i a t i on  in the  descent  d i s t a n c e  of
vortices (feet)

Py thagorean  sum of the h o r i z o n t a l  d e v i a t i o n s
( f e e t )
Py thagorean  sum of the v e r t i c a l  d e v i a t i o n s
( f ee t )

s tandard dev ia t ion  in the wind  run ( f e e t ) .

x v i i i
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1. INTRODUCTION

A l l  aircraft generate trailing wake \V ort ices as a consequence

of generating lift; however , the potential danger of encountering

these wake vortices h a s  o n l y  recent ly become  a p p a r e n t .  A i r c r a f t

wake vortices now constitute one of the major p r o b l e m s  c o n f r o n t i n g

the air traffic control system .

B e f o r e  1970 , landing aircraft were required to maintain at

least 3-nautical-mile separations under Instrument Fli ght Rule

(IFR) conditions. The separation standard was based primarily on

radar-operating limits , and to a lesser extent , on runway-occupancy

limitations . There were no separation standards imposed because of

vortex considerations .

With the introduction of the wid e-body jets and the increasing

number of aircraft operations at the major airports , the wake var-

tex problem has taken on increasing importance. The vortices from

large aircraft can present a hazard to smaller aircraft which inad-

v er t e n t l y encou n t e r  the  v o r t i c e s ;  the  f o l l o w i n g  a i r c r a f t  can he
subjected to rolling moments which exceed the roll control author-

ity of the aircraft , to a dangerous loss of altitude , arid to pos-

sible structural failure. The probability of a vortex encounter is

greatest in the terminal area w h e r e  S m a l l , l a r g e , and l l e a v v  a i r c r a f t

operate on t h e  same flight p a t h s  in c l o s e  p r o x i m i t y ,  and where

recovery from an upset may no t be possible because of the low

a i r c r a f t  a l t i t u d e .

According ly , t h e  s o l u t i o n  imp l e m e n t e d  by the Federal A viation

Administration (FAA ) in March 1970 was to increase the separ ation

standards behind the h eavy iets (a Heavy jet has a maximum certifi-

cated takeoff w e i gh t of 300 ,000 pounds  or m o r e )  ev o l v i n g  H 19 3 t o
4 nautical miles for a f o l l o w i n g  H e a v y  a i r c r a f t , a n d  t o  S nau-
tical miles for a following non- h e a vy aircraft. ftc standards w e r e
r e v i s e d  in  N o v e m b e r  1975  b y r e q u i r i n g  t h e  a d d i t i o n  of an e x t r a  nau-
t i c a l - m i l e  s e p a r a t i o n  a t  t h r e s h o l d  f o r  f o l l o w i n g  a i r c r a f t  wi t h a
m a x i m u m  c c i  t i f  i ca t ed  t a k e o  f ~V C  j  gh t  of  less than 12 ,S0() p o u n d s

i - I
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behind a Large o r H e a v y  a l i - craft. Th e se ino r e;i- ~cd sep ai at io n s

l ed  to a d d i t i o n a l  d e l a y s , and  L l c c r e ; L s e c I  t h e  c a p a c i t y  an d  e f f i c i e n c y

of t h e  airport 5\ V 5~~~j~j

One techni que that has been d o v e  l op e d  to  i c i ~a i n  some of t he

lost capacit y is t h e  use  of  a V o r t e x  A dvisor y sy s t e m  ( V A S )  . The
system indicates to contro llers when the separation standards can

he reduced to 3 n a u t i c a l  m i l e s  r e g a r d l e s s  of the leader or follower

aircraf t type. The \‘AS has evolved from the examination of tens

of thousands of vortex tracks and  the correlation of vortex behavior

wi th the ambient winds.

All the vortex-tracking data have been recorded in the middle

marker to runway threshold reg ion . Over 82 percnet of the landing
acciden ts attributed to wake vortices have occurred within this

reg ion (Ref. 1). The use of the VAS advises when  this region is
clear of vortices. Although some c ap ac i ty g a i n s  may be realized if

on ly  th i s  reg ion is p e r m i tt ed to use  the reduced separation stand-
ards , the utility of the VAS increases if the protected region
ca n be e x t e n d e d  to  the  o u t e r  m a r k e r .

Since applicable data did not exist , two approaches were under-
taken. First , the subject of this volume of the report , a proba-

b i l i t y  ana l ysis was done to calculate the relati ve safety of re-

duced separa tions out to the outer market when the VAS indicated

that reduced separation would he permitted near the runway. Such

am a na l y s i s  was  u n d e r t a k e n  as i t  was expected that the conditions

that permitted reduced separations inside the middle marker would

al so p e r m i t  red u ced se p a r a t i o n s to  be u se d i n s i d e  the outer marker.

The second approach , the subject of the second volume of this
report , concerns the gathering of appropriate data to verif y the
claims of the probabilit y anal y sis.

The m e t h o d  e m plo y e d  i n  t h e  p r o b a b i l i t y  a n a l y s i s  is to  use  the
best data available w h i c h  desc r ibe  v o r t e x  and a i r c r a f t  b e h a v i o r  in

the approach reg ion to calculate the chance of a vortex encounter.

At  a l l  t i m e s , t h e  m o d e l  i s  d c l  i b c r a t e l v  c a u s e d  to  e r r  on the con-

servative side . 10 g i v e  meaning to small probability values , the

numb ers ire interpreted by c omp a r 1 n .~ w ith a known safe s i t u a t i o n  .

1 — 2
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In  g e n e r a l  , t h e  p mobab l i l t  I es ca I cu I a ted Iii th i s report have been

o v e r e s t i m a t e d  in  a b s o l u t e t e r m s , hut the relative values of  the

calculated p r o b a b i l i t i e s  s h o u l d  n o t  he  affected.

Section 2 reviews the h i s t o r y  of v o r t e x- r e l a t e d  accidents to

put the FAA w a k e  v o r t e x  p r o g r a m  i n t o  p r o p e r  p e r s p e c t iv e . The m o s t
fi-equent type of vortex-related accident involves one aircraft on

approach following ano ther aircraft landing on the same runway.
Most  of t h e s e  a c c i d e n t s  have o c c u r r e d  w i t h i n  t h e  m i d d l e  m a r k e r  and
w i t h  i n t e r a i - r i v a l  s e p a r a t i o n s  l e s s  t h a n  3 nau t ical  m i l e s .

S e c t i o n  3 d e s c r i b e s  t h e  d e v e l o p m e n t  and  e m b o d i m e n t  of the  VAS
with particular reference to the Chicago O’Hare system. The key
to  the  VAS is a w i n d  c r i t e r i o n  w h i c h  has  e v o l v e d  f r o m  t h e  a n a l y s i s

of over  50 , 000 a i r c r a f t  l a n d i n g s .  Wh e n e v e r  t h e  s u r f a c e  w i n d

exceeds  a d e f i n ed w i n d  c r i t e r i o n , I F R  i n t e r a r r iv a l  s p a c i n g s  may  be

sa f e l y r ed u ced to a un i fo rm 3 nautical miles; whenever the s u r f a ce
w i n d  does not  exceed the w i n d  c r i t e r i o n , the s epa ra t ions r e m a i n
u n c h a n g e d  at  t h e  v o r t e x - b a s e d  3 , 4 , 5 , or  6 n a u t i c a l  m i l e s .  The

a n a l y s i s  of the over 50 ,000 vor tex tracks is the foundation for

t he  s a f e t y  of t h e  VAS in the  r u n w a y  t h r e s h o l d  to m i d d l e - m a r k e r

r e g i o n .

The vortex encounter model is d e r i v e d  i n  S e c t i o n  4 .  S t a t e - o f -
the-art knowled ge of the behavior of vortices , a i r c r a f t , and winds

is used  to c o n s t r u c t  an anal ytical model for calculating the prob-
ability of a hazardous-vortex encounter between the outer and

middle markers. By intent , the m ode l  i s both as general as possible

and co n s e r v a t i v e .  The d e v e l o p m en t o f t h e  m odel  m i x es r i g o r o u s
m a t h e m a t i c s  w i t h  many  eng i n ee r ing  approximations . Sufficient data

exis t to permit constructin g d e f e n s i b l e  d e s c r i ptions of vortex and

aircraft behavior. Imperfect knowled ge of the corr elation between
cross wi n ds aloft and VAS-neasured winds has led to a very mathe-

m a t i c a l , and  sometimes inconsistent , description of the winds;

limited data and observations seem to support the descript ion , but

the measurements to be discussed in Volume 11 are required for

verifica tion.

Sect i o n  5 c o n t a i n s  t h e  s~~f e t y  a n a l y s i s  f o r  the ou t er t o m i d d l e
m a r k e r  r e g i o n , b o t h  the l o g i c  and the results , encompassing all

1 — 3
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a i r c r a f t  c a t e g o r ie s  (lLeav ~V , Large , a n d  S m a l l , i t  i s  s h o w n  t h a t

i n t e r a r i - i v a l  s e p a r a t i o n s  il ay he  se t  a t  a u n i f o r m  3 naut ical

m i l e s  i n  I F R  w h e n e v e r  the  VA S m d i  c a t e s  t h a t  r e d u c e d  separ i * t i ons

m a y  he e m p l o y e d .  A i r c r a f t , h o w e v e r , m u s t  be r e s t r i c t e d  to prec i-

s io n s t r a i g h t - i n a p p r o a c h e s  f r o m  t h e  o u t e r  m a r k e r .  A p o s s i b l e

p r o b l e m  is i n d i c a ted co n c e r n i n g  the c o m p a r i s o n  of  c o n s e r v a t i ve
e s t i m a t e s ;  the analysis of this prol)lern is extensive and is de-

f e r r e d  to Volume III along with a more detailed sensitivity anal-

y sis. A s s u m i n g  s u c c e s s f u l  r e s o l u t i o n  of the  p r o b l e m  and valida-

tion of the wind model , the analysis in Section 5 shows why 3-nau-

tical-nile separations can be safe vortexwi sc regardless of the

c a t e g o ry o f t h e  leader and follower aircraft.

There are 2 main unresolved issues-- the cross-wind aloft

model and the poss ible problem related to the comparison of con-

serva tive estimates. In Section 6, the scope of the ~‘AS is reduced

to apply only to Large and Heavy a i r c r a f t  landing behind Heavy air-

craf t. Here , the safety of 3-nautical-mile separations is dis-

cussed wi thout using either of the 2 unresolved issues.

Sections 2 , 3, and 4 are no t dependent on material in other

sections. Sections 5 and 6 refer often to Section 4. flepending
on the in teres t of the r eade r , Sec tions 2 and 3 may be ski pped .

I f  t he  d e t a i l s  of t h e vortex encounter model are accepted ; Sections

- 1 . 1 .1 , 4 . 1 . 2 , and a l l  of S and 6 c o n t a i n  the ma t e r i a l  n e c e s s a r y
for unders tanding why i t is c l a i m e d  t ha t the VAS w i l l  perm i t safe

3-nautical-mile separations hetwe rn the outer and middle markers.

S e c t i o n summari:cs briefly the alt ernative s a f e t y  ana l -

yses  d i s c u s s e d  in  S e c t i o n s  5 and 6 .  Both anal y s e s use the same
model for a vor tex hazard . If a m a x i m u m  i-o1~~- c o n t r o l  i n p u t  of SO

pe rcen t of the f u l l  r o l l - c o n t r o l  a u t h o r i t y  of  ~n i ircra f t to

cou n t e r  a v o r t e x  sw i r l  l u g  f l o w  is a c c e p t a b l e  a s s u m i n g  t h e  w o r s t

case of an axi a l vor tex encounter with a ve ry s l o w l y  d e c a y i n g  vor-

t e x ) ,  then 3-nautical-mile separations between outer and m i d d l e

markers may he used f o r L a r ge and hlea ~ y a i r c r a f t  f o l  l o w i n g  H e a v i e s .

To ex tend the VAS to in c  I a l e  Sma 11  a ir cra ft two unresolved

1-4

- — -V -  - -.- .—-- - - V .- - -~~~~--.- - - --- - -~~~~ - ,  —- -~~~- --~~~~~~~~~~~~ -V



_ _  . . -V

1

u ssuies hav e been nt roducetl into t i e  a u  I es is (w ind m o d e l  and
p o s s i b l e  p r o b l em o f  comp ar i n g  c o n s e r v a t i v e  p r o b a b i l i t y  e s t im a t e s ) .

I I lavc ~rab Iv reso I v ii I \ o l u m e  I I  an d  1 1 1 )  , then the \‘AS can be
used for a 11 a i r e  r a f t  as  i s  shown in Section 5.

1 -5 / 1 - b
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2.  WAKE VORTEX ACC I D E N T S

Of the approximatel y 4 5 ,000 avia tion accidents that occurred

d u r i n g  the li- year per iod of 1964-1973 in the cont erminous United

States , wa ke vorti ces were cited by the National Transportation

S a f e ty  B o a r d  (NTSB) as a cause  or f a c t o r  in 1- 1 7 a c c i d e n t s .  So m e of

the 1-1 7 acc ide n t s  may not be g e n u i n e ly  v o r t e x - r e l a t e d ;  ana ly se s  sub-
seq uent  to  the  i s s u a n c e  of the  NTSB r e p o r t s  q u e s t i o n  the  ro l e  of
v o r t i c e s  in a t  l e a s t  63 of  t h e s e  a c c i d e n t s .  Of the  r e m a i n i ng  84
p r o b a b l e  v o r t e x - r e l a t e d  a c c i d e n t s , 27 resulted in fatalities.

R e f e r e n c e  1 d e s c r i b e s  a s t u dy  of the v o r t e x- r e l a t e d  a c c i d e n t s , and
c a t e g o r i z e s  t h e s e  a c c i d e n t s  b y t he  f l i g h t  ph a s e s  of t h e  v o r t e x -
ge n e r a t i n g  a i r c r a f t  and the  acc iden t  a i r c r a f t , t he i r r e l a t i v e  run-
ways of opera tion , and other pertinent factors.

Examination of the vortex-related accidents provides historical

perspective to the wake vortex program . The discussion below fol-

lows closely the summary of Ref. 1 published in Ref. 2. The statis-

t i cs h e r e i n  u p d a t e  R e f s .  1 and 2 to r e f l e c t  r ecent  f i n d i n g s  con-
cerning two of the accidents.

2.1 OVERALL STAT ISTICS

Du r i n g  the  pe r iod  of 1 9 6 4 - 1 9 7 3 , t h e  NTSB c l a s s i f i e d  an aver age
of 15 accidents per year as being vortex-related ; 3 accidents per

year resulted in fatalities (Ref. 1). Single-aircraft accidents ,
by comparison , o c c u r r e d  a t an annual rate of 4510 with 540 fatal.

Vortex-related accidents constituted only 0.33 percent of all sing le-

aircraft accidents. Twenty-seven of the 147 accidents were fatal

and resulted in SS fatalities (Fig. 1). There were 88 l an d i n g
accidents (21 fatal and 43 f a t a l i t i e s )  , 28 takeoff accidents (4
fa tal and 9 fatalities), and 31 in-flig ht accidents (2  fatal and 3

fatalities) . Twent y -six of the 31 in-flight accide nts were crop

dusters (1 fatal and I f a t a l  i~ v) i n v o l v e d  i n  ag i - i c u l t u r a l  a c t iv i t  ies
i n c lo se  p r o x i m i t y  to  t he  g r o u n d .

I ; i i m i n a t i n g  t h e  apparently v o r t e x - u n r e l a t e d  a c c i d e n t s  and the

i n -  f l i g h t  c r o p - d u s t e r  a c c i d e n t s l e a v e s  h 4  l an d i n g  a c c i d e n t s
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(16 fatal and 33 fatalities), 18 takeoff accidents (3 fatal and 8

fatalities) , and 2 in—flight accidents (1 fatal and 2 fatalities) .

The p robab l e  v o r t e x - r e l a t e d  a c c i d e n t s  are 84 , 2 0 f a t a l  w i t h 43
f a t a l i t i e s  ( F i g .  2 ) .

Ap p r o x i m a t e l y  f i v e - s i x t h s  of the l and ing  a c c i d e n t s  and three-

quar t e r s  of the t a k e o f f  accidents  occurred at c o n t r o l l e d  a i r p o r t s .
For t he t e n - y e a r  per iod of 1964-1973 , the v o r t e x - r e l a t e d  acc iden t
rate at towered airports was less than 1 per 3-million landings and

less than 1 per 10-million takeoffs. The air carrier rate was less

V than  1 per 4 0 - m i l l i o n  ope ra t ions  for  both l and ings  and t a k e o f f s .

Genera l  a v i a t i o n  a i r c r a f t  we igh ing  less than  12 , 500 pounds
have been the primary victims of the vortex problem . The general

aviation aircraft seems to be a lmost  as vu lne rab l e  to the vo r t i ce s
of a i r c r a f t  we ig h ing  more than 100 , 000 pounds as to the  vo r t i ce s
of aircraft weighing more than 300 ,000 pounds (Ref . 1).

There have been only two-probable vortex-related air-carrier

accidents: a DC-9 landing accident (a training fli ght behind a DC-

10) at Fort Worth , Texas; and a DHC-6 (Twin Otter) takeoff accident

a t Ken nedy International Airport , Jamaica , New York. The latter ,
however , was an intersection-takeoff accident involving an aircraft

weigh ing  less than  12 , 500 pounds .

The s tudy of the  NTSB da ta  base i n d i c a t e d  t h a t  a l l  the p r o b a b l e
v o r t e x - r e l a t e d  l a n d i n g  acc iden t s  occurred when the  a i r c r a f t  separa-
tions were less than the separation standards (Ref. 1) . The only

probab le  v o r t e x - r e l a t e d  l and ing  acc iden t  t h a t  occurred under
I n st r ume n t F l i g ht  Rules  ( I F R )  was an in - f l i ght  vo r t ex  encoun te r  where
both  a i r c r a f t  !A e re c o n d u c t i n g  missed  approaches .

2 . 2  L A N D I N G / L A N D I N G :  SAM E RUNWAY ACCIDENTS

The most frequent type of vortex-related accident involved an

aircraft on approach following another landing aircraft landing on

the  same runway . F i f t y - s e v e n  such acc iden t s  occurred  beh ind  con-
v e n t i o n a l  a i r c r a f t  ( 4 5  pr o b a b l e )  , and 7 occur red  beh ind  l a n d i n g
h e l i c o p t e r s  ( a l l  p r o b a b l e )  . This  ca tegory  thus  accounts  for  more

2 - 3  
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than 82 percent of the vortex-related landing accidents , and about

76 percent of all-probable vortex-related accidents . Since the

Vortex Advisory System (VAS) seeks to minimize delays by decreasing

landing/landing separations during certain wind conditions , the

v o r t e x - r e l a t e d  l a n d i n g/ l a n d i n g  accidents  are examined in g r ea t e r
detail. Only the fixed-wing aircraft-caused accidents are consid-

ered below .

2.2.1 Encounter-Point Statistics

Table  I. p resen ts  the encoun te r -po in t  s t a t i s t i c s .  For the
• p robable  v o r t e x - r e l a t e d  land ing  accidents , 33 percent  of the vor tex

encounters too k place a f t e r  the v ic t im a i r c r a f t  had crossed the
runway th resho ld , 54 percent  between the runway th resho ld  and the
m i d d l e - m a r k e r  r eg ion , and the remaining 13 percent occurred more
than 1 nau t i ca l  mi l e  f rom the runway t h r e s h o l d .  Thus , 87 percent
of the landing acc iden t s  occurred w i t h i n  the region of the midd le
m a r k e r .

The accidents outside the region of the middle marker seem

to be rather random encounters occurring because a small aircraft

is approaching low and w i t h  poor l a te ra l  navi ga t ion . In th i s
manner , the smal l  a i r c r a f t  manages to encounter  vor t ices  even when
the vor t i ces  have been blown away from the extended runway center-
line.

V 
Compara t ive ly  few acc idents  r e su l t ed  f rom vortex encounters  at

high al titudes. This may be partially explained as higher

encounter  a l t i t u d e s  provide  space in which  the a i r c r a f t  can recover .

2.2.2 Aircraft Types Involved

Figure 3 shows a landing weight histogram for accident air-

craft involved in landing accidents behind fixed-wing aircraft

landing on the same runway. It is clear that small general aviation

V 
a i r c r a f t  is the p r i m a r y  v i c t i m  of the vor tex problem . About  85
percen t  of the acc ident  a i r c r a f t  weighed less  t h a n  400 ( 1 pounds ,
while almost 97 percent wei ghed less than 11 ,000 pounds .

2 - 5

— - -------- -- - • - - ---- - -~~ --~-V-. •-- • - -- — - . • — — • - - ---~~-- . —V - , -  ~~~~~~~~~~~~~~~~~~~ -



-V -V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 

~~~~~~~~ -~~~~ • _
• . -.~~~~r -.__ - ---

~ j ..._~. —‘II

C
— -~ CF-

C
— -C 7 C C C 1 1  I . I C) C
C C IC C t I C C C C..
C CU  — —
C

C C
(0 114 C C
F- C
C C  —
C O

If) CC  C
UZ C V  F-u-i C C C) C I-) C -‘I C) C C

F- H C — 1 C  — — C
U

U 00  —

U C C 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _C —  - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —

;IN 
~~~C

C 0~~~~ ~~~~ .0
— F -  H C— <  C

ZHIX C V

Z ~~ 
— C Z C C ‘~~ — I’) IN U)

~~ C C
U — C C C  ~~ I’) C C ‘0 Z I’)

C U U C ’ C .  C ‘ I I I C V IN

C < r ~ — 1) — 7 CI) IN N- CI) 7 N-

: L1~~~~~~~~~~ ~~ -~ 
I_i) ~r I-i) :~< 0C C~~~~C 

I V I I V
— <  C C CI) ‘0 IN I -  .0 ‘0

—

U~~~ 7 C C -~ C

E-.

HF-
E—’ Z < C N- N- C .—~ 1’) C C C

— 
—IC C CI) N- C C

C)
-C CC
C C C

0 —

C
I~~~~Z~ C C)

(1) 7) 1 -  C C — NJ C N. C
U F- C C — IN IN IN C)

C C —V C
H

U C —

z_ l I 
—

Z V :C F-
7 ( / ) VC C
CC F - C -’ < C

E-’ E-’ C H C .-~ C II) C .t ‘0
— C- C — — C 1 IN . 4 V —0 C) C C- C U > -  V V V V V V

~~ 
“

~ ~~Z CU  — V — C U) NI N- U) 0 ‘
0 C < V j ~~~~ V V V V V 7 • ‘0
U ,C .—. U C) V. I — I’) -VI ‘0

HI C C -C C C - ., C C I’) I - ~~ Q

C C - C — C

~~ 
-
~~

-~ ‘-I I)
o 0

0
0 UI I-. ~ ... C C .-, 2 7— V
.V 0 0  C- C I~ I’) C~

C 0 ~~~~~~~ ~ C~~~ —I~~~ ~~
C C C  0 ~~~~~~ •-~ C)~~~ C O  V 0 0
F- C  F- H ’-’ O C- C O  C O  4-J O 0 0
7’- 7. ‘O C  I’ ) C  C C  H O C
C) - I-. 4-. C.’C C) — V — C-
‘C-C CV U CV C) •VL V E  C E  C)~~~~ )J- ’ E <
C _ i I-’ C - V 1 0  N O  C O  C O  C O  I-’ 2 O  H
7 V ., 1-. 0 V 0 C) 4-. U) I.. CO C 0 1-. 0

V C C .-‘ < C  F- C) C ‘0 C.. — C I’) CC 7 — C H

2 - 6

_ _ _ _ _ _ _  _ _  

~

‘

‘ 1

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - .  - 1I~~~~~~~~ ..
’ 

— - •  w~~~~~~~~
-r
~~~~ — ‘—~~~~~~ 

V

IN

6 - D U ~~~~
N-

~~~~1
C If)
C 1-
H Z ..-L
~~ C
C C C
C I ‘IN

C U - 
~‘)CI U

0
C C—
1 - C
C C C-
O F-. -> < NJ

C 1)
C C C.
C C N - C

V II
O >< C))
1-’ C V~ -3U C

I- ~~~~0 F--.
O C I N C  Z
C C H

C

IN C t~Z 1~IF~IV~11 i-.. H I> ’
U .~~

C C C
C <

C
H 0
0 C 0

C. 
C C C

I p
8 [0t VNSSIJ <

55 HJ3~8 
‘OI~ 

\V\~5([3J ~~~~~

O T Z VNSS~j 3 ‘0~~-Vd ~ ~~~~ ~~
-

S £ H J~fl 8 ( 
~~~~~~~~~~ C Z

8 Z - Vd ______________________________ V.1

£-J .  l1~IUI’ID .If)
V)E-

_______________________________ z
C C U-I

C C) U) C)
NJ .-. ~~~~ HI

L O U
Vk � IOL ) . LL VJ  11J~)I~1LM N~1A I 9  JH ,L

NI LdV~flHIV •I,N~IU IflV dO ~i.q8i~11N

2 - 7

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -V~-



- -~~- - - - --- -~~~.- -~~~~~~~~~~~ -- - —. - .
~~~~~~~~

- - -
~~~~~~~

-

\s for the vortex-ge nerating aircraft which caused these acci-

dents , the lar ~ cst number of accidents (12) were attributed to
8-707’ s, followed by 6 accidents attributed to B-727 ’ s. Figure 4

i n d i c a t e s  the weig hts of the vortex-generating aircraft. More

than 90 percent of the accidents hav e been caused by non-Heavy

air-carrier aircraft wei ghing less than 300 ,000 pounds; this may
not be si gnificant g i v e n  t he  r e l a t i v e l y  few Heavy aircraft com-

pared to the many non-Heavy air-carrier aircraft during the period

of this analysis. Some accidents have even been attributed to

Vortices from aircraft wei ghing less than 25 ,000 pounds .

2.2.3 Reported Wind Conditions

Appro x i m a t e l y  t w o - t h i r d s  of the a c c i d e n t s  occurred under wind

conditions of S knots or less. Some accidents in the N1 SB data

base did occur with winds hig her than 10 knots; most of these ac-

cidents , however , were found to be unrelated to the vortex problem .

2 .3 HISTORICAL PERSPECTIVE

The p r eponde rance  of v o r t e x - r e l a t e d  a c c i d e n t s  fo r  l a n d i n g
aircraft occurred between the middle-marke r location and the run-

way threshold. Accordingly , the United States program on aircraft

wake vortices (Ref. 2) concentrated on the middle marker to thresh-

old reg ion to develop a Wake Vortex Avoidance System (WVAS) as an

integral part of the Upgraded Third Generation Air Traffic Control

System (Ref. 3). The Vortex Advisory System (VAS) concept e’olved V

from the analysis of approximately 50 ,000 vortex tracks , and is

proposed  as an i n t e r i m  measu re  to decrease  de l ays  a t  the  m a j o r  hub
terminals.

2 - 8
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3~ VORTEX A D V I S O R Y  SYSTEM

Trailing vortex wakes of large aircraft can pose a hazard to

smaller following aircraft. As a result , large separation dis-

tances have been imposed LO :~aintai n safety. (Separation distan c~-s ,

in this report , refer to the interar i-ival spacings he t-I%een air-

c r a f t  imposed during final approach under Instrument Fli ght Rules .)

Under the sponsorship of the FAA , the TSC has c o l l e c t e d  an  a b u n d a n t
amount of information about vortices. Analysis of the extensiv e

data on vortex behavior as a function of meteorolog ical conditions

has indicated that there are wind conditions during which vortices

do not pose a threat to a following aircraft (Refs . 2 , 4 , and 5) .

3.1 VORTEX DATA COLLECTION V

A f t e r limited tests had been conducted at Boston ’s Logan

International Airport , the -John F. Kennedy International Airport

became the first extensive test site for the stud y of vortex be-

havior. The purpose was to evaluate two vortex-sensing systems ,

the Ground Wind Vortex-Sensing Sys tem (Gh~VSS) and the Pulsed V

Acoustic Vortex-Sensing System (PAVSS). Each system consists of

sensors (propeller anemometers or acoustic radarsj strateg icall y

placed on lines perpendicular to the extended runway centerline.

The instrumentation (two GWVSS lines and one PAVSS line) was set

up in the middle-marker to runway-threshold reg ion of runway 31R.

In addition , a meteorolog ical tower was erected to monitor simu l-

taneously the winds. R e f e r e n c e  2 describes the test site and the

ope r a t i o n  of the v o r t e x - s e n s i n g  s y s t e m s .

At t h e  t i m e  t h e  K e n n e d y  s i t e  was  b e i n g  e s t a b l i s h e d , t h e  A i r

Traffic Service of the FAA requested that the Instrument Flig ht

Rules (IFR) and vortex separations app lied under FUR he checked to

ascertain their adequacy for protecting airliners from an i n a d v e r -
te n t vortex encounter . Because of the expected limited traffic

u s i n g  runway 3lR , it was d e c i d e d  to i n s t r u m e n t  a s econd  runway .

Since Kennedy did not h a v e  a d e q u a t e  r e a l  e s t a t e  f o r  the  v o r t e x -
t r a c k i n g eq u i p m e n t  in  the middle-marker area  of  t h e  o t h e r  r u n w a y s ,

3- 1

- - -V - -V .- --



• ~~~~~~~~~ . - . 
- 
— - - - - -  

- - -

a second a i rpo rt t~as s e l e c t e d-  - I)enver ‘ s Stapleton i n t e i -n a t  i o n a l

Air p ort . I’he choice of Stap leton was  p romp ted b y :  l )  available

r e a l  e s t a t e  i n  the middle-marker reg ion of runway 26L; (2) the

different climate of Denver , Colorado , as compared with Jamaica , 
- 

-

New York ; and (3) the chance to record aircraft types which do not

f r e qu e n t  K e n n e d y ( e . g . , t h e  B - 7 3 7 )  . Two GWVSS , one I’AVSS , and two
m e t e o r o l o g i c a l  t o w e r s  were set up at Stapleton (Ref. 2).

[)ata collection began at Kenned y in July 197 3 , and at Stap le-

ton in August 1973. By N o v e m b e r  1 9 7 3 , a t  w h i c h  t i m e  the S t a p l e t o n
site was closed , vortices from 10 ,000 aircraft had been monitored

(3100 at Kenned y and 6900 at Stapleton). The da ta demons t ra ted V

that under IFR , current vortex separations were indeed adequate

for preventing a vortex encounter. In fact , the data indicated

that for most of the time the separations were unnecessarily re-

strictive (Ref. 2).

For the next 2- V
~2 years , the Kenned y si te was used  as i t was

o i i g inall y intended--an operational site for testing and evaluat-

i ng v o r t e x  s e n s o r s .  V

Since June 1970 , almost 40 0 u n s o l i c i t ed repor ts of p o s s i b l e
vortex encounters (incidents) were received by air traffic control

officers at the London heathrow International Airport. Conse-

q ien tl y, the British Civil A~~i a t i o n  A u t h o r i t y  i n s t i t u t e d  a p r o g r a m
to gather information on vortex behavior under operational condi-

tions , and on the effect of a wake vortex encounte i by civil air-

c r a f t  ( R e f .  6). Ihe majority of reported incidents occurred at or

near Heathrow and on final approach. No accidents were recorded V

however. In some cases , the encoun ter took p l a c e  v e r y  n e a r  to  t h e
ground. Incidents were reported from a wide v a r i e t y of aircraft

pair s (leader/follower), and it w a s  found that the heaviest jets

(B- 4 and L- 10h1 ) w ere  c i t e d  in 40 p e r c e n t  of all reported inci-

dents , even though they c o n s t i t u t e d  on1~’ abo u t  12 p e r c e n t  of a l l
traffic at Heathrow during peak periods (Refs . 7 and 8). A fter

cons ide rat ion of t h e  i n c i d e n t  r e p o r t s  and  c o n s u l t a t i o n  w i t h  the

appropri at t- o p er a t ions groups , the approach- separat ion d i s t a n c e  f o r
I i czhter i i  r c r a t  t tol lowing a w idc -ho d~- jet in the United King dom

3 - 2  
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was increased in March 1974 from five to six nautical miles.

T h e r e  has  been close liaison between the British Civil Avia-

tion Authority and the FAA on wake vortex research for some years .

They join tly agreed in late 1973 that it would he beneficial if

eq u ip m ent  si m i l a r to that tested at Stapleton and Kenned y were in-

stalled at Heathrow . The test program would afford the opportunity

to expand substantially the vortex track and meteorolog ical data

base under new and varied environmental conditions , to correlate

reported Vortex incidents with measured vortex and meteorological

conditions , and to track vortices from aircraft rarel y seen in the

United States (e.g., ~~~~~~~~~~~~~~~~ Viscount , and A-300).

The equipment (two GWVSS , one PAVSS , and two meteorological

towers) w a s  emp laced between the middle-marker and runway-threshold

area of runway 28R , and became full y operational in May 1974 . Data

collection continued through June 1975. A total of 12 ,950 l and ings
was monitored (Refs. 4 and 5). 

V

As a result of the Heathrow tests , the correlation between the

a m b i e n t  m e t e o r o l o g y  and  vortex behavior was underscored (Refs . 4

and 5). It was  noted that it w o u l d  he safe to use decreased sepa-

rations often; thus , t h e  c o n c e p t  of the VAS evolved. The concept

of the VAS co n s i s t s  of m eas ur i n g t h e  wind in the approach reg ion ,

comparing the wind velocity with a wind criterion , and indicating

to the air traffic controller when sepa r a t i o n s c o u l d  he s a f e l y  de-

creased . —

Tests were continued at Kenned y to assist in the desi gn of

the VAS and to study the decay of vortices in the terminal area.

Portions of the tests began in the fall of 1975 , but the full tests

began in March 1976 and continued to the close of t h e  Kenned y s i t e

in January 1977. Over 4700 aircraft passages were monitored in the

March 1976 to January 1977 t i m e  f r a m e .

The decay of vortices was s t u d i e d  a t  K e n n e d y  u s i n g  a Mono-
static Acoustic Vortex-Sensing System (MAVSS) (Refs. 9 and 10).

The anal ysis of the data led to a revision of t h e  separation

standards for aircraft w i th a m a x i m u m  certificated gross takeoff
wei ght of less than , or equal to , 12 ,500 p o u n d s  ( c l a s s i f i e d  as

.~1 —
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Small ai rcra ft by Air l i a f f i c  Control) fol lowing Large (Large--

a i rc r a f t of more  t h a n  12 ,500 pounds m a x i m u m  certificated takeoff

weigh t UI) to 30() ,000 pounds) and  He avy a i r c r a f t . The new s e p a r a  -

tion rules , app lied at the runway threshold , were promulgated in

November 1975; f ew vortex-related accidents have occurred since

then. The present FUR landing separation requirements are: three

nautica l miles for any aircraft follo w ing a Small aircraft and for

large and Heavy a i r c r a f t  f o l l o w i n g  a L a r g e  a i r c r a f t ;  f o u r  n a u t i c a l
miles for a S m a l l  f o l l o w i n g  a L a r g e  and for a Heavy following
another h eavy ; five nautical miles for a Large follo w ing a Heavy;

and six nautical miles for a Small following a Heavy.

I h e primary purpose of the tests at the C h i c a g o  O ’ h a r e  I n ter -

national A irport was the evaluation of the \V .\S concept. The mid-

dle-marker reg ion of runways 32 L , 14R , and 27R were each instru-

mented with a GIcVSS line. Outputs from the \A S were compared with

a c t u a l  v o r t e x  b e h a v i o r  measured by the three GIVVSS lines. Between

July 1976 and September 1 9 7 , over 22 ,500 a i r c r a f t  l a n d i n g s  w e r e
m o n i t o r e d .  In  S e p t e m b e r  l9~~7 , the development tests of the VAS

we re terminated ; an upgraded \-AS for operational use is now being

imp lemented at O’Hare.

Anal ysis of vortex behavior from over 50 ,000 aircraft landin gs

showed that a wind-rose criterion could he used to determine when

separations may be reduced uniformly to three nautical miles be-

tween the middle marker and threshold regardless of leader /follower

aircraft type (Refs . 2 , 4, and 5). Most of the time , vor tices in

the middle-marker to touch-down reg ion ei ther transport away from

the extended runway centerline or decay to an innocuous level.

The few cases when  a v o r t e x  p e r s i s t e d  n e a r  the e x t e n d e d  r u n w a y  cen-
te r l i n e for a time commensurate with , or in excess of the three-

naut i cal-mile standard , were studied in great detail. It was  ob-

served that t h e  m e a s u r e d  o n e - m i n u t e  a v e r a g e d  w i n d s  c o u l d  he used
to  p r e d i c t  w h e n  v o r t i c e s  w o u l d  no t  p e r s i s t  n e a r  t h e  extended runway

c e n t e r l i n e .  W h e n e v e r  t h e  w i n d  e x c e e d s  t h e  w i n d - r o s e  c r i t e r i o n ,
uni form three-nautical -m ile spacings may he used with s a f e t y  vor-
texwise inside the middle marker (the region wh e re the vortex data

were collected). Not one of the vortices from the more than
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50 , Ut))) a i i-c r a f t w o u l d  h a v e p ose d t v p i~~~~ t V  l en ins ide the middl e

ma rk e r i f  a 11 i r i t e  ra r r  i v a I s c l u g  — w e  - t h ~
- - n:i ut i cal ni l ie s du r —

i n g  the times when t h e w i n d  e xc e e d ed  th e w ind—rose criterion .

Therefore , it is asserted that the sa f et y of the \\S has been dem-

onstrated for the middle-marker to runw ay-threshold reg ion. For

details abou t th i s da ta c o l l e c t i o n  and  ana l y ses , see R c f s . 2 , 4 ,

a n d  5 .

3. 2 VORTEX A D V I S O R Y  SYSTEM DESIGN

lhe \VA S was desi gned to use a w V i n d _ r o s e  c r i t e r i o n .  T h e  c v - ~~~~
compares the measured wind magnitude and direction (with ie~~!’~

-
~~t t~~

each  runway h e a d i n g ) w i t h  the wind criterion . The result of the

c o m p a r i s o n  is i n d i c a t e d  via a simple display; a green light n~.-ans

that three-nautical-mile spacings may he u sed  f o r  l a n d i n g  a i r c r a f t ;

and a red l i gh t means that the normal three , f o u r , f i v e , or six-nau-

tical-mile spacing should he used under 1FR depending upon the re-

spective aircraft types. No vortex tracking sensors are used.

‘Ihe VA S consists of four major subsystems : (1) a meteoro-

l og i c a l  s u b s y s t e m  fo r  t h e  m e a s u r e m e n t  of the winds; (2) a data-

processing subsystem for the processing of the wind data , and ,

using the VA S al g o r i t h m , for determining when spacings between

interarr ival aircraft may be reduced; (3) a data-display subsystem

for the display of separation requirements and wind conditions to

the air traffic contro llers; and (4) a performance-monitoring and

d a t a - r e c o r d i n g  s u b s y s t e m  fo r  maintenance and archival purposes.

3.2.1 Meteorolog ical Subsystem

The meteorolog ical subsystem consists of a n e t w o r k  of  i n s t r u -

ment eLl towers p laced abou t t h e  a i r p o r t  p e r i m e t e r .  I n  c o n c er t , each
r u n w a y  end would have a single 50-foot tower approximatel y half w ay

between the runway t h r e s h o l d  a n d  the middle marker and about 100))

feet to one side (to prevent vort ex imp ingement on the tower dis-

turbing the m e t e o r o l o g i c a l  m easurements). The p r o x i m i t y  of runway

t h r e s h o l d s , h o w e v e r , c a n  o f t e n  permit the p lacement of a sing le

t o w e r  to s e r v e  two ( o r  m o r e )  runways. Seven  t o w e r s  a r e  u s e d  i n

3 - 5
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th e O’Hare sy ste m to p r o ~ I ic  w i nil dat a on 12 runw ay ends

I ach 50— foot tower i 5 1 fl St i-umen tel w I t Ii 3 sets of w i rid magn i —

tude and d i re ct lui , s e n so r s , one  s e n s o r  at the 50—foot height and

t lie rema iii lug two a t  4 7 f ee t  . t h e  r e d u n d a n c y  p r o v i d e d  by a t r i p  1 e —

sensor i n s t a l l a t i o n  gr e atl y i n c reas es ~yxtem r e l i a b i l i t y ,  i n s u r i n g

a equ i s i t ion o I v a lid w i nil data and de t cc t ion of sensor fa i i ures

the instr umentation tr a n s m i t t i n g  the meteorolog i c a l da t a I ron
cacti tower to a central f a c i l i t y  consists of a multi p l e x e r  w h i c h
sequentially samples t h e  s e n s o r  o u t p u t s , and  a l i n e  modem w h i c h
ser iali :es the data and transmits then over a wire pair to reed y-

ct- s in the control tower. A 16-channel , 12-bit m u l t i p l e x e r is
used . t h e  mul t i plexer ope rates under the control of the modem

which commands the scan rate, the modem operates in a lines-

swi tching mode at a crystal controlled 54-40- li : hit rate. In addi-

tion to the six m u l t i p lexer channels used to read the three wind

speed-and-direc tion outputs , f o u r  c h a n n e l s a re  used  to mon i tor the
s t a t u s  o f  thc tower electronics by monitoring a puce i s i o n - v o l t a g e

re f e r e n c e  and power— supp l v on t p u t  s

Tower electronics are h o u s e d  i n  an  e n v i r o n m e n t a l  e n c l o s u r e

moun ted near the base of each tower. since li gh t n i n g  s t r i k e s  a re
a m a j o r  p r o b l e m  i n  t h i s  t y p e  of  i n s t a l l a t i o n , ex t ra care w a s  t a k e n
to i n s u r e  against l i g h t n i n g  d a m a g e .  - \ 1 l  i n p u t  a n d  output s i g n a l

lines a re  p r o t e c  t c d  w i t h  t r a n s i e n t  a r r e s t o r s .  The i n p u t  w O - H :

p o w e r  l i n e  is  r eg u l a te d , and contains a separate transient arrest-
V u .  Standard l - -\A control 1 ines :i re used to transmit the data from

e a c h  meteorological tower to the control tower.

3 . 2 . 2  D a t a - p r o c e s s i n g _ Subs tern

lhe serial data stream from each meteorolog i c a l  t ow e r is re-

c e i v e d  by a m o d e m  w h i c h  c o n v e r t s  t h e  i n p u t  i n t o  p a r a l l e l  l n - h i  t
w o r d s  r e p r e s e n t  i n g  t h e  o u t  p u t  of  e a c h  c h a n n e l  s a m p l e d  h ’  t h e  t o w e r

ins t rum entat ion . the output from each receivin g modem is input to

a microprocessor (one for cacti meteorolo gical tower ), the micro-

processor s ‘amp le the w I rid data i t  a two s a mp l e s / s e c o n d  r a t e  . The

s an i p i  ed w m d  m a g n  i t ii de IB~ ) and wi rid d i rection (0 ) are used to

3 - (I
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c o m p u t e  a one-minute running a v e r a g e  (R and 0 )  b y t h e  fol low ing

scheme : f o r  each s am p l e , compu te IJ~ R~~s i n . and V.1 = R 1 cos0
~

t h e n , c o m p u t e  iT and V u s i n g  a r u n n i n g  1 2 8 - s a m p l e  aver age , and  com-

p u t e  ~ = (~~2 + V ) ~2 and  ~ = tan~~~(V/~~). .-\ 1-minute a v - r a y e  (ac-

thai ly a 6 - 2 - s e c o n d  a v e r a g e )  was  c h o s e n  s i n c e  t h e  a v e r a g e  l i f e  of a

vortex was found to he 1 minute (Rcfs . 2 and 5).

The microprocessor also performs the functions of failure

d e t e c t i o n  and g u s t  computation. The samp led R 1 and from each

sensor on a t a w e r  are compared at the end of each sampling intervai
(1~ second), and must agree to within 3 knots and 20 degrees , re-

spectively; if they do not agree , at least one of the sensors is

assumed to have failed. Normally, the 50-foot sensor data are

selected; if a 50-foot R. or 0~ fails , the microprocessor switches

to t he 4 7 - f o o t  R~ or 0 . w h i c h  is not  in the  w i n d  shadow of the
tower. Failure of at least two R. ’s or 0. ’ s to agree for ei ght

successive samp les (4 seconds) causes a tower-failure signal to be

generated. The microprocessor calculates the wind-gust magnitude

using a sliding 32-second interval. W ithin each 32-second interval

the samp led wind magnitude is averaged using a 4-samp le running

a v e r a g e . M o m e n t a r y  peaks  due to hi gh - f r e q u e ncy g u s t s , w h i c h  w o u l d
not affect airc i-aft operations , are filtered out by the 4-sample

r u n n i n g  a v e r a g e .  Any  m e a s u r e d  peak  m u s t  be a t  l e a s t  9 knots above

~ 
to he c o n s i d e r e d  a g u s t , and the gust value is the peak value

observed during each sliding 32-second interval.

In addition to outputs of i~, ~~~~, and gust (if any), the micro-

processor outputs system status words to indicate which specific

failure (if a n y )  is detected. Failure indications are displa yed

on the system-maintenance console , thereby providing maintenance

personnel with the means to effect rap id repairs.

The microprocessor also contains the \V .\ V .~ wind-criterion
a l g o r i t h m  in look-up table form for determining the separation

standard: the 3/ 4 / 5 / b n a u t i c a l  m i l e s  or 3 n a u t i c a l  miles for all

a I r c r a f t .  The VAS wind criter ion is ti-ic inner of the two concen-
tr i c  e l l i pses in F i g.  5. The inner elli pse has major and minor
a x e s  of 1 2 . 5  and 5 . 5  k n o t s , r e s p e c t i v e ly ;  t h e  o u t e r  e l l i pse , 1 4 . 5
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and 7.5 knots , respectivel y. The major axes ar e  a l i g n e d  i n  t h e
direction of the runway. If the averaged w i n d  ~ector is oim or in-

side the inner ellipse , the 3/4/5/6-nautical-mile separations are

i n d i c a t e d .  I f  t h e  a v e r a g e d  w i n d  \ V e c t o r  i s  on or outside the outer

ellipse , the uniform 3-nautical-mile separation is indicated. Vl~he
1-egion between the two elli pses serves as a huffer :one to prevent

rapid changes between the 3/4/5/6- and the 3-nautical-mile separa-

tion indications. If the averaged wind vector is on or inside t he
inner ellipse , the w ind must increase so as to reach the outer

ellipse before the 3-nautical-mile separations are indicated . I f
the averaged wind vector is on or outside the outer elli pse , the

wind mus t decrease so as to reach the inner elli pse b e f o r e  the
3/ 1/ 5/ 6 - n a u t i c a l - m i l e  s e p a r a t i o n s  a re  i n d i c a t e d .

3 . 2 . 3 D a t a - D i s p lay  S u b s y s t e m

Two types of displa ys are used in the VA S , a sys tem-monitor

disp lay and a runway-monitor display.

3.2 .3.1 System-Monitor Disp lay

The s y - s t e m - m o n i t o r  d i s p l a y  i s  i n t e n d e d  f o r  use by t h e  t o w e r -

cab and TFR-room supervisors . The disp lay indicates in summary

form the winds measured by all the meteorological towers. The

primar )- func tion of t h e  disp lay is to provide an overview of the

w i n d  c o n d i t i o n s  across the airport enabling the s u p e r v i s o r  to
select an operating configuration which will maximize traffic flow.

3.2.3.2. Runway-Monitor Disp lay

The runway-monitor disp lay is intended for use by a controller

responsible for traffic on a sing le runway. The controller selects

the specific runway via a set of thumbwheel switches. The control-

ler also indicates if arrival or departure winds are desired , e.g.,

enter A321. for arrivals on ru nw a y  32L , and D32L for departures

from 321. . t h e  disp lay thereafter accepts data with the correspond-

ing label from the data bus . Thus , if A32 1 , is entered , w ind patan-

e t i - r s  m e a s m i m - e d  at the towem - near the approach end of runway 32L

a r e  d i s p l a y e d , w h i l e  a 1)321 . e n t r y  c a u s e s  w i n d  p a r a m e t e r s  m e a s u r e d

3-9
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at the tower near the approach end of runway I 4R to 1)0 d i s p la y e d .

Separations are indicated by a red or green li gh t  a n d  are
indic ated only when an arrival r u n w a y  is se1ected . A red li ght

means that 3/4/5/6-nautical-mile separations need to be maintained

during IFR; a green li ght means that all 3-nautical-mile separa-

tions may be used. the dimemsions of the \AS w i n d  c r i t e r i o n
(inner elli pse of Fig. 5) have been defined to permit aircraft at

or within the middle marker to safely land if the \AS suddenly

t r a n s i t i o n s  f r o m  g reen  to r ed .

3 . 2 . 4  P e r f o r m a n c e - m o n i t o r i n g  and I)ata-recording Subsystem

To f a c i l i t a t e  m a i n t e n a n c e  of the  VAS , a sy s t em m a i n t e n a n c e
pane l indicates the status of the various components and if re-

pairs arc needed. All the data output by the VAS are recorded on

nine-track dig ital tape. This tape contains a complete record of

a l l  VAS operations for use in system diagnostics and to meet 1A .-\

ope r a t i o n a l  r e q u i r e m e n t s  f o r  a record  of a l l  a i r  t r a f f i c  c o n t r o l
operations.

3-10
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~~ VORTEX ENCOUNTER MODEL

The wind criterion employed by the VAS ensures that vortices
wil l  no t pose a problem to a landing aircraft between the mi ddle

marker (MM ) and touch down when the green li ght is on. Permitting

separations to decrease below the 4- , 5- , and 6-nautical - m i l e

standards inside the MM will contribute to minimizing delays . h ow-

ever , si gnificant improvements in minimizing delays can be realized

if the  coverage  of t he  VA S - p r o t e c t e d  reg ion ca n be e x t e n d e d  to t h e
outer marker (OM). Measurements have been made of vortex behavior

between the MM and OM; Volume II of this report addresses a com-

prehensive vortex data collection program in this region .

The objectives of this section are to derive a general model

for  c a l c u l a t i n g  the probability of a hazardous vortex encounter

between the OM and the MM and to determine the applicability of the

VAS green li ght to this region . The intent is to be as general as

possible , so that the results may be applied at any airport.

Limitations of the model (i.e., anomalous vortex behavior , terrain
e f f e c t s , e t c . )  w i l l  be de l i n e a t e d  h e r e i n  or in t he  a p p e n d i c e s .
However , the model is based on state-of-the-art knowled ge of how

vortices , aircraft , and winds behave.

Two i n depe n de n t conditions must be met for a hazardous vortex

encounter to occur. First , the trailing vortex system must he

sufficiently strong to be h a z a r d o u s  to the  v o r t e x - e n c o u n t e r i n g  or
following aircraft , and second , the following aircraft must encounter

the vortices of the leading or vortex-generating aircraft. Thus ,
two probabilities are defined , the probability that a vortex is

h a z a r d o u s , 
~h ’  w h i c h  is r e l a t e d  to the strength of the trailing

vortex sy s t e m  and to  the size and control characteristics of the

vortex-encountering aircraft ; and the probability of encountering

the vortices , Pt,, which is related to the fli ght paths of the two

aircr a ft and to the motion of the vortex 5)-stem . The probability

Ct a ha zardous vortex encounter , 
~Iie ’ 

is then

P = P P . ( 1 )he h e

4 - I
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I . 1 t’ROB .-\ R I  t , I TY OF A VO RIl: X I~N C O U N F F R

-I . 1.1 l l ef immi ti rnm of V o r t e x  Encounter

Refore d e m - i v i n g  an analytic expression for the probability of

a h a : ar d ous vortex encounter , it is necessary to define what is

m e a n t  by an enco u n t er . .\Ithough the definition is simp le and by

no means comp lete or uni que , it does take into a c c o u n t  a p r a c t i c a l
criterion for a hazardous vortex encounter to occur. This cri-

terion is that the swirling velocities of the vortex induce veloc-

ities on the wing of the vortex-encountering aircraft in excess of

the roll velocities which result with full aileron deflection . In

other w o r d s , a ha:ardous condition exists when the vortex induces

roll rates exceeding the roll control authority of the vortex-pene-

trating aircraft. Analysis of flight test (Refs . 11 and 12) and

simulation (Refs . 13 and 14) results has verified that the cri-

terion agrees with pilot assessment of a hazardous vortex en-

counter. To be conservative in the model , a more stringent e n -

ten on shall be used: a hazardous condition is defined to exist

when the vortex-induced roll rate exceeds some fraction f (to be

defined , hut less than 1) of t h e  roll control authority of the

v o r t e x - e n c o u n t e r i n g  a i r c r a f t .  Since the aircraft are in trail ,

onl y the worst case of an axial vortex encounter is considered

he r e in.

The vortex wake at a distance behind an aircraft is , i n
general , comprised of two counterrotating vortices spaced a dis-

tance b0 apart. Sufficiemtl y far from t he  c e n t e r  of each  vortex ,

the swirling velocity v is described by

r 2 )
~~~~~~~

where F is the circulation or strength of the vortex , and R is the

distance from the center of the vortex. Inside the circle of

radius R , the swirling velocities are larger than v although the

swirling velocity is zero at the center of the vortex. Define R0
as the radius at which the sw irl velocit y equals the fraction f of

4 — 2
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t i m e  m a x i m u m  a i l e r o n — i n d u c e d  w i n g t i p  velocity V T :

F
- 

~~~~~~~~~~~~~~ ( 3 )

R defines a cross section , such that if the wingspan of an air-

craft is embedded in the circle of radius R , the fraction f of0
the roll-control authority of the aircraft is exceeded . Thus , for

a po te n t i a l l -  h a z a r d o u s  v o r t e x  encoun t e r  the vortex tangential

velocity at R0 m u s t  he  g r e a t e r  t h a n o r e q u a l  to fv T.

For a vortex-encountering aircraft of maximum roll capability

p and w i n g s p a n  h
~~

,

p b (Pb e\ ( 1 )
v T = =

where P1)e1
~

2U = ~ i s t h e  maximum non-dimensional roll rate and tJ is

the a i rspeed of the vortex-encountering aircraft . Th u s ,

R = _ _ _  
( 5 )

° 2-rr f~ 1J

defines a hazard radius about each vortex dependent on vortex

strength , maxi mum non-dimens i onal roll rate , fraction of the maxi-

mum aileron-induced wingtip velocity imparted to counter the von-

tex-swirling velocity, and airspeed.

For commercial jetliners , the maximum tip velocity for full

aileron deflection is ,at a minimum , six percent of the flight

speed; for general-aviation-type aircraft , the maximum tip velocit)-

is at least ei ght percent of the flight speed . (The maximum non-

d i m e n s i o n a l  r o l l  r a t e  is the product of the aileron-and-spoiler

c o n t r o l  e f f e c t i v e n e s s  and t h e  m a x i m u m  a i l e r o n- a n d - s p o i l e r  d e f l e c -

t i o n  a n g les  d i v i d e d  h -  the roll-damp ing coefficient (Ref . 15).

-\i l crons and spoilers for new c o m m e r c i a l  j e t l i n e r s  are  des i gned  so

that P is a t least ((.06.)

I n s i d e  a c i r c l e  of r a d i u s  R 0 , t h e  c h a r a c t e r i s t i c  v o r t e x -

4-3
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s w i m  h o g  velocities are larger than the maximu mmm wingti p velocities

a tt a i n a b l e w i t h the f r a c t i o n  f of the roll capability of the vor-

tex-e n cou mi tering aircraft. If the wingspan of the vortex-encoun-

teri ng aircraft is smaller than 2R0, t h e  a i r c r a f t  ca n he e n t i r e l y

immersed in a swirling flow w h O S e  ta n ge n t i a l  v e l o c i t y  e x c e e d s  t h e
fm -action f of the aircraft ’ s roll authority. On the other hand ,

if the wingspan is larger than 2R 0, vortex-induced swirl velocities

c a n n o t  exceed t h e  f r a c t i o n  f of the roll authority of the aircraft.

thus , the condition for a potentiall y hazardous vortex encounter

is t h a t

R 0 
- b / 2 .  ( 6 )

According to the model then , a potentially hazardous vortex

encounter can o c c u r  o n l y  i f  R 0 ~ b0,’2 , a nd i f  a f o l l o w i n g  a i r c r a f t
is fully located within the cir cle defined by R0. The probability

of a potential hazard is:

1 R ~~b / 2 ,
~ 

=
1 

° C 
( 1)

h (o R < b / 2 .0

The encounter is either hazardous (P 1 
= 1) or it is not (P1 

= U ) .
To be c o n s e r v a t i v e  “ so f t ” or pa r t i a l  e n c o u n t e r s  are  cons ide red  to
he hazardous . P1 

= 0 includes encounters of little or no concern ,

and = I includes cases which are serious as well as many which

arc of li ttle concern . Thus I’ = P P is defined as zero whenhe h e
the hazard radius R0 decays below be/2~ 

and is finite for a spe-

cific following aircraft when R0 exceeds be/2• Note that 
~he 

= 0

does not preclude a vortex encounter , it means that an encounter

is not h a : a r d o u s .

4 . 1. 2 V o r t e x  Dec~y

The hazard posed by a vortex primarily involves the vortex

streng th. The s t r e n g t h  or  c i r c u l a t i o n  of a vortex decays with

di stance behind the v o r t e x  - g e n e r a t  i n g  a i r c r a f t , and the decay is

- 1 — -I
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influenced b y m a n y  factom-s . Close behind the aircraft , the m l  -

tial di spe m -s io n of the wake is governed by confi guration , which

i n c l u d e s  g e o m e t r y  ( p a r t i c u l a r l y  f l a p and engine p lacementi and

thrust and f l a p  settings.

While the initial vortex-decay rate is configuration-sensi-

t i v e , u l ti mmm atelv the decay rate must be determined by self-decay

of the vortex pair coupled with atmnosp heric shear , turbulence , and

stratification . W h i l e  there is some understanding of the turbulent

mechanisms involved in dissi pation of vortices , no theories which

can reliabl y predict the decay of an aircraft wake are availa b le

today. Theories do exist for describing the onset of either of

the two catastrophic decay modes: sinuous insta b ilit )- or vortex-

linking (Ref. 16) and vortex-bursting (Ref. 1 7 ) .  The predicted

time s are generally within a factor of two of the observed times

for both breakup b y l i n k i n g  and by bursting . Atmosp heric turbu-

lence is t h e  m e c h a n i s m  that c a u s e s  catastrop hic decay to occur.

To be co n s e r v a t i v e  in  t he  mode l , t h e  c a t a s t r o ph i c  decay modes

(which occur most of the time ) will be i gnored; only the slowest

decay mode (viscous deca ) will he considered .

Decay b y edd y v is cosity involves extremel y c a l m  a tmosp h e r i c
c o n d i t i o n s , w h en l i n k i n g  o r b u r s t i n g may not  he oc cur r i n g , h u t
there is still sufficient aircraft-generated turbulence to cause

e v e n t u a l  v o r t e x  e r o s i o n .  A i r c r a f t  in  a “ d i r t ) - ” c o n f i g u r a t i ’~n
(gear and flaps down) generate turbulence which is added to the

wake permitting eddy-viscosit y decay of the wake. Considering

onl y this mode of decay establishes an outer limit or upper bound

on the life of a vortex.

Fddv-v iscosi t y-cau sed decay of the vortices behind “dirt y ”

aircraft is illustrated in Fi gure 6 (Ref. 18). The sources of the

da t a are the ground-based measurements taken b y TSC a t K e n n e d y
I n t e r n a t i o n a l  A i r p o r t  ( R e f .  10 1, N A S A / F A A  f l i g h t  t e s t  m e a s u r e m e n t s
using probing aircraft (Fi g. 25 of Ref. 19) , and NASA tossin g-tank

results (Ref. 20). -\lthoug h the definition of vortex strength

differed for the different d a t a  s o u r c e s , t h e  m a j o r  r e s u l t s  w o u l d
n o t  ( I i  I f e r  i f  o t h e r  d e f i m i  i t  i o n s  w e r e  u s e d .  

_ __ __ _ __ 1-V ~~~~~~~~~~~~~~~~~~~~~~~
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l I m e f i g u r e  shows that non-d im n ensiona l izing the circul a tion

Es - an  e f f e c t i v e  in it i a l circulation and non-dim nen sion alizin g

d i s t a n c e d b e h i n d  t h e  v o r t e x - g e n e r a t i n g  a i m - c r a f t  b y’ i t s  w i n g s p a n

b , it~ lift coefficient C 1 ,  and its aspect ratio A , cause the

d a t a  points to  c o a l e s c e  f a i r l y w e l l .  I t  i s  r e m a r k a b l e  t h a t  such
d i v e rse  n m e a s u r e m n e n t s  i n d i c a t e  s i m i l a r  d e c a y .  Beyond dC 1 /b g

A of

9 . 5 8  ( c o r r e s p o n d  ing to  t he reg io n h e~ ond a b o u t  50 span  l e n g t h s )
t h e  d a t a  f i t  i s

I’ / d  c \ - i
= 9 . 58 

~~~~
— ~ L ; . ( 8 )

0 ‘g /

In this region , the eddy viscosity acts to diffuse the v orticit y

c a u s i n g  wake  d i s s i pa t ion to proceed  as d 1 or (time )~~~. Earlier ,

w h e n  r / r 0 is esse n t i a l l y  c o n s t a n t , a i r c r a f t  c o n f i gu r a t i o n effects

are acting to diffuse vorticity so that decay can subsequentl y

occur.

The shape of the curve in Fi gure 6 s h o w i n g  cons tan t r at short

distances and thereafter a (time)~~ dependence is the same as foui~
f o r  t h e co r e circulation of a B-747 in landing confi guration

m e a s u r e d  by a laser Doppler velocimeter (Fig. S in  R e f .  2 1 ) .  The
‘~b r e a k ” f o r  the  l a s e r  m e a s u r e m e n t s  o c c u r r e d  a t  abou t  33 span
l e n g ths , somewha t closer to the vortex-generating aircraft than

t h e  “bre ak” shown in Fi g u r e  6. Other investigators (several

pa pers  in  l-~ef . 22) have found sli ghtly different shaped curves or

noted d e c a y  to  he s t r o n g e r  nea r the  g r ound , bu t  the main feature

of cons tant circulation followed by decay appears consistent w ith

a h l  observations.

Figure 6 shows that circulation is reduced to 20 percent of

i t s  i n i t i a l  m a g n i t u d e  by dC L /b gA = 50 , about 250 span lengths hack

(A / C 1 i s  abo u t 5 f o r  m o s t  l a n d i n g  a i r c r a f t  d u r i n g  t h e  a p p r o a c h ) .
Fo r  a B - 7 4 7  a t  a p p r o a c h  speed , this is about 8 n a u t i c a l  m i l e s  h a c k
it a time of 205 seconds. For a B - 7 2 7  at approach speed , this is

about 1 .1 nautical miles hack at a time of 131 seconds. If the

amb i e m i t  t u r b u l e n c e  is  I i g i-u t  or  g m - e a t er , c a t a s t r o p h i c  d e c a y  t h r o u g h

4 - 7
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linking or core--bursting will occur before these times. However ,

onl y eddy-viscosit y decay will he assumed in the model to insure

t h a t  t he  mode l i s  c o n s e r v a t i v e .  The h a z a r d  r a d i u s , R 0 , th u s

becomes

R = 
r

‘~ 2-mr fpU

= 
1 .52 1’~ 

M— cL \ 1
f~ U ~~~ A )

1.52 r /a i d  ‘~- 

fjU k 5 b g)

7 6 r b -~~~~ (9 )
= 0 g for uL

L > 9 . 5 8 .
f~ (Jd b

g
A

As the distance behind the vortex-generating aircraft , d , increases ,

the hazard radius R0 decreases. Recalling equation (6),

7.o r b bo g (10)
f~Ud

is required for a potentiall y hazardous vortex encounter. Thus ,

= 1 ( a n d  
~he > 0) onl y when

15.2 F ho g , dC (11)
f~ Ub e f o r  L > p . 58 .

b g A

W hen the s o l u t i o n  to e q u a t i o n  ( 11)  y i e l d s  d < 9 . 5 8  (CL/hg
A )
~~

then R0 can never exceed be /2 at any distance , thus there is no

d i s t a n c e  at w h i c h  a potentially hazardous encounter can occur , and

d = 0.  (1 2 )

4 - 8
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5 I I  rernen t s ( Re I s  . 2 , 2 1 , a nil va r i ous pap e rs in 22 ) show

t h a t  t i m e  c i r c u l a t i o n or  s t r e n g t h  of a v o r t e x  i n c r e a s e s  w i t h  t h e
sp at i a l ex ten t abou t a v o r t ex up to  an u l  t i m n a t e  v a l u e  F~ ; the

r a d i u s  a t  w h i c h  g i s  a t t a i n e d  is  d e n o t e d  by r~ . I f  t h e  v o r t e x
f i e l d  i s  samp led (such as by an a i r c r a f t  w i n g )  w i t h  a probe w ith
r- r , only a por t ion of ç w i l l  he e x p e r i e n c e d . G i v e n  two air-

craft with d i f f e r e n t  w i n g s p a i i s  , as l o n g  as b < 2 r , t h e  s t r e n g t h
of  t h e  v o r t e x  e xp e r i e n c e d  h~’ th ’: a i r c r a f t  w i t h  t i m e  l a r g e - i -  w i n g s p a n
w i l l  he greater th a n  for the smaller wings pan. \-ar ious radial

d e p e n d e n c i e s  h a v e  bee n c l a m m e d  b y r e s e a m - c h e r s  ( R e f .  2 )  ; a l i n e a r
v a r i a t i o n  w i th b e f o r  F i s  adop t ed h e r e i n  as i t  is c o n s i s t e n t  w i t h
strength data measured using real aircraft (Refs. 10 , 21 , and 23)

r a t h e r  than aircraft models in towing tanks (Refs. 2 and F).

Equation (1 1)  r e q u i r e s  an e s t i m a t e  of t he  i n i t i a l  s t r e n g t h
r of  a v o r t e x  ( s t r e n g t h  b e f o r e  the  onse t  of d e c a y ) .  The initial

s t r e n g t h  F~ of t h e  v o r t i c e s  as w o u l d  be e x p e r i e n c e d  h >- an encoun-
t e r i ng a i r c r a f t  of w i n g s p a n  b e is s h o w n  in  A p p e n d i x  -\ to h a v e  t h e
fo  rmm m

F o = mh~ + “ m t  (13)

where  m and F . a re  two c u r v e - f i t t i n g  p a m - a m e t e r s ;  v a l u e s  of m andm t
are tabulated in Appendix A. Equation (11) may now be re-

wri tten (dC
1 /h g

A .~~. 9.58),

1 5 . 2  b
d ( —  —i (mh + I’ - ) .  1 4 )

f~ jJ b e e t n t

W hen  dC /h -\ < 9 . 5 8 , e q u a t i o n  ( 1 2 )  i s  v a l i d  ( i . e . ,  no ha :a r d )I. g

The NTSI3 data base (Sect ion 21 indicated that to the extent

s e p a r a t i o n  d a t a  ~cere ;ivai l ;i bl e a l l  t i m e  probable vortex—related

I and ing ace i d e n t s  o c c u r  red when  tim e sepa rat ions were I es s than the

respec t ive separation standards. To det ermine an tipper hound for

t h e  f r a c  t i o n  f o I t h e  max i n i e m m  r o l l  — con t 1-01 author i t v , t h e  d i  s t a n c e

el was set e qu a  1 t o  t h e  r e sp e c t  i X C  SC pa r a t  i Ofl st a a d a  rd . The

4 - 
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S t  a mme l a ret s t h a t  pe r t a i mm t o  t h e —  PM I c a t  i on w crc- us c-il ( ; , 4 , a n d  5
im aut ica 1 n i l e ’ s ) ,  n o t  t h o s e  f o r  t i e  r u n w a y  t i m i - e sh o l d  b e a t  i o n  13 , 4 ,

and  6 n a u t  m c  a 1 m m i i 1 es ) . 1 a hi e 2 shows t i m e  1 2 a i rc ra  f t  con —

s i d e r e d  a long w i t im t h e  i r l a n d i n g  speeds  and  w i n g s p a n s  . T a b l e  3
s h o w s  t i m e  upp e  m~ b o u n d  on t h e  f r a c t  i on  of r o l l  - c o n t r o l  a u t h o r i t
required to neutralize the vort ex-s wi m - I velocity. The largest f

i s  0 .  56 , and  o c c u r r e d  f o r  t h e  PA- 28 f o l l o w i n g  t h e  DC- 8.

T n  t h e  sp i r i t  of b e i n g  c o n s e r v a t i v e , f w i l l  be s e t  equ a l to
one - half the maximum ~- a1ue found in lab le 3 (f = 0.5 x (0. 756) =

Ii .378). No further justification is offered; an f = 0.378 means

tha t o n l y  o n e - h a l f  of the m a x i m u m  r o l l  au th o r i ty r e q u i r e d  to
s a f e ly  f ly  t he  c u r r e n t  s e p a r a t i o n  s t a n d a r d s  is  e x p e c t e d  to  he
conservative.

Using f = 0.3~ 8 and equation (14) (or equation (12), if
necessary), the distances at which the ha7ard radius heconmes

snaller than the semispan can be calculated. These distances are

g iven in  Table 4. Ignoring for ti -ic m o m e n t  t h e  S m a l l - c a t e g o r y  a i r -
c r a f t  ( P A -  28 and  Learjet ( , t h e  o n l y  c a l c u l a t e d  d i s t a n c e s  i n  excess

of 3 nautical miles are for the B - 7 2 7 , B - 7 3 7 , and  D C - 9  f o l l o w i n g

the  B - 7 - ) 7 . E x c e p t  f o r  t h e s e  cases , separa tion standards could be

set at 3 n a u t i c a l  m i l e s  b e t w e e n  the  PM and  MM w i t h  or w i t h o u t  a
\ ‘AS.  ( R e c a l l  t h a t  t h e  a c c i d e n t s  a r e  c o n f i n e d  to the  g r o u n d - e f f e c t
r e g i o n  i n s i d e  t h e  M M . )  N o t e  that the D C - 9  m u s t  he 2 . 5 4  n a u t i c a l
m i l e s  b e h i n d  t h e  I ) C -  10 to  r e du c e  t h e  p r o b a b i l i t y  of h a : ar d  to :ero.
I h e  DC -  9 a c c i d e n t  at D a l l a s - F o r t  W o r t h  G r e a t e r  S o u t h w e s t  i n t e r n a -
t i o m - m a l  A i r p o r t  o c c u m r r e d  w i t h  t h e  D C - i )  a b o u t  2 nautical miles be-

h i n d  t h e  D C — I n .

So f a r  t h e  m n o d e l  has on l y cons  i d e r e d  v o r t e x  decay . To show
that 3 na um t ica l miles is sale behind the H-747 w h e n  VAS is  u sed ,
t h e  m o d e l  m u s t  now he e \p a n e l eel to  c o n s i d e r  bo th v o r t e x  m o t i o n  w i t h
t h e  w i n d  and v o r t e x  d e s c e n t .  I t  is vem- v important to note , how-
e v e r , t h a t  v o r t e x  decay ; m l o m m e  does  p e r m i t  d e c r ea s e d  s e p a r a t i o n
s t a n d a r d s  f o r  m o s t  a i r c r a f t  p a i r s  o u t s i d e  of g r o u n d  e f f e c t .

I - l i )
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TABLE 2 . A I R C R A F T  PARAMETERS

Aircraft Model Landing Speed Wingspan
(ft/sec) (ft)

B-707/120B 232 .3 130.9

B-727/100 205.8 108.0

B-737/l00 197 .0 93.0

B-747/200B 238 .0 195.7

DC-8/20 222 .0 142.3

D C - 9 / 2 0  189 .6  9 3 . 3

DC-lO/30 232.3 165.3

L-loll/200 241.1 155.3

B - 7 0 7 / 3 2 0 B  232.3 145.8

DC-8/62 210.2 148 .4

PA - 2 8 / l 8 0  110.0 3 0 . 0

L e a r j e t -2 5  154 .0  35 .6
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4 . 1 . 3  E n c o u n t e r Probability

lhe pi-obab i i i  ty  o f a hazardous encounter is the product ol th~
pr o b a b i l i t y  t h a t  the vortex is hazardous , 1 h (1 if R0 > h / 2 )  , and

the probabilit y of encountering t h a t  h a z a r d o u s  v o r t e x , 
~e This

-- ectio m. computes the probabil ity of encounter for the follo w ing

ai r c m - a t t  where encounter is defined as being fully immersed within

the ha:ard reg ion defined by R0.

F i g u r e  7 shows  the encounter region in the cross plane of the

a p p r o a c h  p a t h .  The ori gin is taken as the nominal location of the

generator aircraft at the time of its passage through the cross

plane. Normally this would be the point at which the g lide path

inte m- cept s the cross plane , as ;hown in the figure. The late ral

d i s p l a c e m e n t from the ori g in is denoted by y and vertical by :, as

shown. Navigation errors of the generator aircraft a re  a s s u m e d  to

be i n d e p e n d e n t  N o m m i l l y  d i  s t r i b m i t e d  w i  t I m  s t a n d a r d  ~e v L m t i o n s

and  o , respectivel y , statisticall y defining the generation

p o i n t  of the vortex paim .

Ihe follower aircraft , as shown in Fi gure 7 intercept ing the
c ros s p l a n e , may  be on a d i f f e r e n t  n o n m i n a l  f l i g h t  pa th f r o m  t h a t  of
the generator. The mean lateral and ve m -tical displacements of the
follower describing t i -m is flight path are labeled L and G , re-

spec tively. These are also assumed i n d e p e n d e n t  Normall y dis-

t r i h u t e d  w i t h s t a n d a r d  d e v i a t i o n s  -. -i and aze
Ihe p o s i t i o n  of the center of the vortex pair is a function of

descent rate , cross w ind , and the time since the passage of the
genera tor. I~ a n d  I) are time m -esu lt an t nmean lateral and verti cal
transp ort component s , w i t h standard deviations and a

~~
. (The

evaluation of these para m e ters w ill he considered further in the
next se ction s.) In additi on to the variance associated with the

transport mechanis m , the position of the vortex p a i r  i s  a l s o  sub-
J O e  t t o  t h e  v a r i a n c e  in the n a v i  g o t  i o n  o f  the g e n e r a t o r , th u s  the
tot a l lateral amid vertica l variances a r e :

I 1 -I
= ~ + o I l 6

- 1  — 1 -I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -
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(1 = 
~3 + () . ( 1 7 )

z :g I)

t~i th the locations of the center of the vortex pair and the

follower aim-craft thus defined , the encounter can he defined sta-

tistically and its probability calculated . Sectiom i 4 .1.1 defi n e d

a p o s s i b l y  ha z a r d o u s  encoun t e r  to he that c o n d i t i o n  w h e r e  the en-

tire wingspan of the encounter aircraft is within the vor te ’.\

ha:ard cross section. Two d i s t i n c t  cases  m u s t  be evaluat ed dept-nd-

ing upon the relationshi p of to b0, t h e  spacing between t h e -  t n o
v o r t i c e s  ( b  = 7 T h / 4 ) :

0 g

1. R~ > >  h 0 -- hazax - d radius much larger than the separation

between the two vortices. In this case the hazard cross sec-

tion can be considered to he a sing le circle of radius R0
located at the center of the vortex pair.

~~~. R — b - -  h a :ard radius of time same magnitude or smal l er
0 0

than the separation between the two vortices. In this case

the ha:ard cross section can best be considered to he two dis-

tinct circles of smaller hazard radius (corresponding to the

strength and circulation of the single vortex).

These two cases am- c illustrated in i- igurc 8.

For the hazard potential to exist , the wingspan of ti -me fol-

l ower must lie fully within the R circ le. The hazardous encounter

cross section is defined hy the geometric pattern mapped out by

t i t t i n g  a w i n g s p a n  he inside the circle. If 2R 0 
< b~~ the cross

section is zero . Otherwise , if the center of the encounter cross
section is located at (y 0, z0), the center of the vortex-encounter-

i ng a i r c r a f t  m u s t  l i e  on the y- ax i s  b e t w e e n  v 0 
+ (R ~ - h e / 2 )  and

- (R 0 
- h

~~
7 2 )  an d  on ti -m e : -a x i s  between 4 ( R 0

2 - he
2/4)l

~~ for
the a i r c r a f t to be c o mm m p le te lv  e n g u l f e d  w i t h i n  a c i r c l e  of r a d i u s

F i gmi re 9 s h ow s  t h e  g e om e t  m v .  F o r  m a t h e m a t i c a l  c o n v en I em i ce

let the ha zardous encounter cross sect ion lie the rectan g le (see

4 - 1 6 -
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Figure 9) of Ime ig ht 2 (R 0
2 - be

2 / 4  )2 and width 2 (R 0 
- b0/fl 

rather

than the smaller ellipse- like shape (a conservativ e approximation).

The net mean posi tion of the hazardous encounter cross section

relative to the follower aircraft is

h o r i : o n t a l :  1V - 1.

vertical: U - G .

Th e ne t variance i n t h a t  p o s i t i o n  is

- 2 2 2 2
horizontal: = °yg 

+ °ye 
+ °w 

(18)

2 2 2 2
vertical: = °zg 

+ 
°ze 

+ 

~D 
(19)

Thus the  h c i - i :o n t a l  and vertical encounter probabilit ies are the

probabili ties that Normal variates for the aircra ft/vortex spacing

with the above means and variances lie within + ( R 0 
- h /2) hori-

zon ta l l y  and ÷ CR 2 - he 2/4Y~ 
of zero:

I W- L + (R -h /2)\ f w - L  - (R0
-h
~
/2)\ -

P = erf I ~~~~~~~~~~~~~~ J - erf I — — - —  
J 

, ( 2 0)
HE 2 

\ v’~~ ai~ / \ ~~ a0 /

P = ilerf ~~~~~~~~~ erf (___ 
~~~~~~~~~~~~~~ (21)

VE 2 
~~ 

~~~~ 0\~ — /2 /

For case (1), R0 
> >  the probability t h a t  the v o r t e x -

encountering aircraft is within the hazard rectangle is g iven

directl y by the product of P01 
and

I~I — p  P ( 1 1

e HE VI

- 1-19
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For case (2), R0 h0, two smaller circle- s of radius R~ //~ a r e used
to m a i n t a i n  equa l  a r e a  of time circles (and , hence~, continuity of

t h e  p r o b a b i l i t y )  and to  r e f l e c t  the  e f f e c t  and i d e n t i t y  of bo th
vortices (Ref. 2 4 ) ~ A ssuming that both circles r e m a i n  r e l a t i v e l y

close to the center of tu e vortex pair , then

P = 1 p p
e — III VI (23)

with and P\.[ evaluated at the reduced radius. ihe size of R0
where case (1) transitions to case (2) is not unique; i t  is m e r e l y
a mathematical technique to avoid double counting areas of over-

lapp ing hazard radii when is small enough to distinguish the two

v o r t i c e s .  The break point assumed between case (1) and case (2)

in the program g iven in Appendix D is at R0 50 percent above the

vortex separation

R = 1.5 h = h . ( 2 4 )
0 0 8

The probability of a hazardous vortex encounter , P10~ is cal-

culated by substituting the R0 calculated [from equation ( 9 ) 1  fo r
a given imteraircraft spacing, d , into the above expressions for

P01 and ~~
E, and integrating over all possible wind runs h :

~he 
= 

~h~~e 
= 

~VE ~HE p(lV) dh . (25)

To d e t e r m n i n e  t h e  e x p e c t e d  e n c o u n t e r  r i s k  fo r  a g i v e n  a p p r o a c h , 
~i e

should he integrated along the direction of fli ght from ti-m e OM to

the flM. Instead , the maxinmum value of 
~Ime for two aircraft at

n m i n i m n u m  p r e s c r i b e d  s e p a r a t i o n s  is e v a l u a t e d  to d e t e r m i n e  ti -m e

m a x i m u m  potential h a z a r d  a t  the m i n i m u m  s p a c i n g . The i n t e g r a t i o n

along the final is not meaning ful as t he two aircraft will no t

maintain i d e n t  i c a l  s p e e d s  or s p a c i n g s  bet ween the ON and NM . If

the following aircraft is slower (foster) t h a n  t h e  leading aircraft ,

4 - 2 0  
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t h e  s e p a ra t  ion  w i l l  i n c r e a s e  ( d e c r e a s e )  as t h e  a i r e  r a t  t p r o e c - c - d

a l o n g  t h e  I L S .  h e m - e m , t h e  s e p a r a t i o n  i s  i m e l d  f i x e d , a n d  1 he i s
evaluated at the location between the ON and MM w h e r e  P w o u l d  hehe
at a m aximumu at the mni n imum legal spacing (for all aircraft pairs

is m a x i m i z e d  a t  the ON location--all calculatio ns m -ere done with

the following aircraft at the ON , and the ON w a s  a s s u m e d  to  be
nautical miles from the romm w av as this also maximizes 11 hC~~

• T h i s
places a conservative upper bound om t h e  e n c o u n t e r  risk ti -mat might

be experienced on f i m a l  approach be tween the outer and middle

m a r k e r s .

4.2 NAVIGATION MODEL

It is assumed that ti-m e navi ga tion deviations of :he vortex-

ge n e r a t i n g  and v o r t e x - e n c o em n t e r i n g  aircraft were Normally distrib-

uted . It is further assumed that the peaks of the lateral and

vertical distributions are coincident ; that is , the mid points of

the two distributions intersect on the nominal fli ght path.

In a study conducted for the FAA (Ref. 25), an Unusual Events

Recording System was i n s t a l l e d  on a B - 7 3 7  fo r  6 months  of opera-

tion. Fi gures 10 and 11 show the measured standard deviations fur

IFR operations . (The localizer course was defined for a 10 ,000-

foo t runway). Beyond 5 nautical miles , the B-737 data indicate

e x t r e m e  v a r i a t i o n s  as the data frequentl y included portions of a

turn preceding the localizer intercept near ti-m e ON . Inside the

ON , the lateral deviations for the B-737 IFR approaches to a number

of airpor ts are the same as for simultaneous approaches to parallel

r u n w a y s  a t  Chicago ’s O’Hare International Airport by several air-

craf t types (Re f . 26). Opera tions in ti-ic vertical p lane covered

almost ti-i c entire + 0 . 7-degree width of the glide-slope beam at a

range of 1 to 8 nautical miles from the runway threshol d. This

dispersion for h R  opcm - a t i o n s  w a s  greater ti-ian expected , but was

attributed to ti -me p ilot using a visua l approach as soon as the

a i r p o r t  was  in  s i g h t .

The b r o k e n  l i n e s  in  F i g u r e s  10 a n d  11 a r c  a l e a s t- s q u a r e s  f i t
to the B-737 data collected inside the ON (about 26 ,000 feet (4.3

4 - 21
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nautical mmi i les) from the r u n w a y  t h r e s h o l d  f o r  t h e  m e a s u r e m e n t s ) .
[he equat ions for the s t am m dare l dc - v iat ion are:

a = 0.O l l 2 L  - 9.420o ,
y T

( ‘ 6)
= O . O O 3 9 L ~ + 9 . 8 0 4 9 , -

where L1. is the ci ist anc e l in feet) from the rimnwa v threshold. The

cot-rela tion coefficients of the least-squares fit to and 0 : are
(1 .98  and 0.96 , respe ct i v e l y .  I t is assumed that equations (26)

may be u sed f o r  any  II S r u n w a y  h et’1~c-en t h e  r u n w o v  t h r e s h o l d  and
the ON (-1 to 7 nautical mmm i le s  f r o m n  t i - i c r u n w a y  t h r e s h o l d )

4.3 VORTEX-DESC ENT RATE MO!))

To c a l c u l a t e  t h e  v e r t i c a l - e n c o u m i t e r  p r o b a b i l i t y  ( E q .  ( 2 1 ) ) ,
t h e  v o r t e x - d e s ce n t  d i s t a m c e  I) and t h e -  s t~~r’Wi rd de- ~ lot ion a a r e
r e q u i r e d .  ih e  s t a t e  of  k n o w l e d ge on v o r t e  x - d e s c e n t  i s  o f t e n t i m e s

m i s i n t e r p r e t e d ;  Ap p e n d i x  B r e v i e m ~s t i - me  e x i s t i n g  data.

V o r t e x - d e s c e n t  r a t e s  used  h e r e i n  ~e r -  ext r ;m cted fm-om n laser-

Doppler-velo cimmi eter measurements taken a t  the i ohn  F. Kennedy

International Airport (Refs . 27-29). I n i t i a l  descent rates were

ex t r a c t e d  f r o m  the  v o r t e x - t r a c k  d a t a  g i v e n  in Referenc e 8; only

initial descent rates were extracted as the v e rtic e s entered and

became dominated by g r o e m n d  e f f e c t  m~ i thin about 1 ) seconds. .\s di s-

cussed in Reference 30 am i d i n  Appendix B , t u e  i n i t i a l  d e s c e n t  r a t e

i s a good d e s c r i ption of the vortex des cem - it for the first 30 to 60

seconds of the life of d o r t ex  o u t s i d e  of g r o u n d  e f f e c t .  C a t a -

s t r o p h i c  d e c a y  ( l e a d i n g  t o  t h e  e a r l ; -  c h e m i s e  of a v o r t e x )  a . i d  a t  -

mosp her ic s t a b i l i t y  affect the descent rate , (lot are neglected.

F i g u r e  12 shows B - 4 ~ i n i t i a l  descent rates c x t m ; m c t c -d f r o n

the Kenned y data. The m e a n  m i t  m l  d e s c e n t  r a t e  i~as f ou nd t o  he

6 .  3 f t  . /
/ see with a s t a n d a r d  d e v i a t i o n  of 1 .9 f t / s e c  . ) [o r  t h e

B- 0 7 , t i m e  rican [nit [a I d e s c e n t  r a t e  t~as  5 . 2  f t / s e c  w i t h  a s t a n d a r d
devi ot ion o 1 -~ f t / s e c .) - \l thoug h the standard d eviations are

relative l- .- 1;trge , most of contribution to t h e l a r g e  d ev i a t i o n s  e ’r ~-
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f rom the  r e l a t i v e - h >- l a r g e  num nber  of c a s e s w i th h i gh de scent rates.

It was not possible to justif y extr ac ting i n i t i a l  descent

r a t e s  f o r  o t h e r  a i r c r a f t  types  u s i n g  the  Kenned >- data as there

were too few cases ( t h e r e  were at l e a s t  100 c a s e s  each of the  B - 7 u 7

and B-747). Assuming elli ptic w i n g  l o a d i n g , t ime i n i t i a l  vor tex

c i r c u l a t ion i s g iven  by (Ref . 2 ) :

— 

4 W
~— -rr pVb ‘ ( 2 7 )

where is the gross weig ht of the aircraft , and p is the density

of the aim- . The theoretical initial descent speed is then given

b y :

- 

F0 - 

8 W ~V D
_

2rb - 

3 ~~0 IT PVb g ( 2 8)

(b 0 = ~ b g~ w i t h  e l l i p t i c  loadi n g ) .  W i t h  p = 2 . 3 4x l 0  ~ sl u g / f t 3 , t he

calculated initial descent rates are 5.3 and 6 . 8  f t / s e c  for the

B-707 and B-747 , respectivel y. (The values of the parameters used

are given in Tables  2 and 5. The w ei gh t s  a re  the  m a x i m u m  l a n d i n g
wei ghts.) The calculated and measured initial descent rates agree

quite well: 5 . 3  and  5 . 2  f t / s e c  f o r  t h e  8 - 7 0 7 ;  6 . 8  and 6 . 3  f t/ s e c

f o r  t h e  B - 7 4 7 .  Thus , initial descent rates for other aircraft

types were calculated using the assumption of elli ptic wing load-

ing, and sta n d a r d  deviations were selected based on the magnitude

of the initial descent rates (see ‘I’able 5).

4 . 4  CR O SS- i ~ i ND M OD EL

Ninds are three-dimensional motions of the air , and  consi st

of v e r y  l a r g e  to x-e ry s m a l l  scale tempom -al and spatial u .m ri a t ion: .

The v a r i a h i l  i t y  of the -  w i n d  is c a u s e d  and g o v e r n e d  by t h e  rota! i n

of the earth (Coriolis force), geographic characterist i cs (such as

orographic effects) , an d  t h e  ova i l a b m i e  s o l a r  e m m e r g v  r e a c h i n g  t ! — e

4 - 1 u

_



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _

~~~~~~~~~~~~~~~~~
-
~~~~~~~~~~ 

~~~~--: ~~~~~
- - — --~~~~~~ —~--- -

U
ci) ~~

00 00 Cl Cl Cl 00 00 Cl Cl Cl N- Cl
o —

+..c — ‘~~ -4 — .-4 -4 ~-4 ~4

NI
U

~~ LII
LI-i ‘—

VI L11 ~0 LII 00 Cl N- NI C C C L/1

- ,-1
.IIt
0-.

1-.z
U
Cl)

C

4 1
1-. -~~

o
C) C C C C C C C C C C C C

C C C C C C C C C C C C
~Q C C LII C C LII C ~~ C C ~Q VI
—4

LII ~- C N- NI -i ~~ Cl C VI VI 00 VI VI
-~~ Cl ~~ C ‘0 Cl ~~ Cl C ‘0

,4 NI -~ -4 LII .-4 NI ~~ VI

-~ 0
00

-~
(-4

Ii)
a
-4

-4 c~i
C)

0 0 0 0  00 C LII
0 C C C C C C C NI

NI NI C C C C NI 00 I I))
-4 NI .-4 .-4 NI C NI C VI ~~.. — ~.I $..
..-~. ~~~. 

—~. — . ~ -.. NI ‘0 NI ~~.. I C) a
N- N- N- N- N- ~—. ~ — ~~--. C ~-4 00 -~~~ ch
C C NI VI 00 00 Cl .-4 C NI p--. C~
N- N- N- N- N- I I I I -4 I CC C)

U I I I I I U U U U I .
~~ C) ~~~

00 00 00 00 00 C C C C .-~ 0-. ~-) -~

4 - 2 7

- - - -- - - ---— -- --— -.—- — ---~ --—-~ — 
—---- -—— —. -- -— — ——~~~~~~--------—— -— - ---— --- -—------ - —~~~~ —-— -. --—-- --—----.—-—~ --- — --.------—-—- .



_______ - ____________

e a r t h ’ s a t m o s p h e r e  a n d  s u r f a c e  w h i c h  i s  f u r t h e r  a f u n c t i o n  of the

t i m e  of clay . Other el omi n at i iig f a c tors c a u s i n g  w i n d  v a r i a b i l i t y
a-i -c l a n d - s e a  i n f l u e n c e s , t e l - r a i n  t y p e , el eva t ion , avail able water ,

vegetation , and m a n y  additional natural and artificial constitu ents.

Constructing a wind model , especially one which implies a

correlation between surface-wind measurements and the winds at

a l t i t u d e s  above  g r o u n d  leve l in excess of 1000 f e e t , i s  d i f f i c u l t .
Adequate m~ind models exist for t h e  p lanetar >- boundary layer (be-

tween ti-ic ground and about 500 feet in altitude ) as ti-m e turning

of t he  w i n d  w i t h  h e i g h t  is relatively small. Above the p l a n e t a r y

boundary layer , little is known abou t how to r e l a t e  t h e  w i n d s  w i t h

s u r f a c e  m n e a s u r e m n e u t s .  H o w e v e r , t h e  a n a l y s i s  of t he  VAS does n o t

r e q u i r e  a c o m p l e t e  w i n d  mo d e l , o n l y  one w h i c h  p r o b a h i l i s t i c a l l y

i-elates w i n d s  a t  t h e  s u r f a c e  in  “ g r e e n  l i gh t ”  c o n d i t i o n s  to the

t~inds aloft.

C r o s s  m~i n ds  p l a y  a r o l e  i n  p r e v e n t i n g  v o r t e x  e n c o u n t e r s  d u r i n g

approaches to landin g . I h e  l a r g e r  ti -m e c r o s s -w i n d  c o m p o n e n t , the

less likel y that a vortex encounter can occur. For small or rero

cross-wind componen ts , vor tex encounters are prevented by the
d i s s i p a t i o n  of t h e  v o m - t i c e s , by t h e  v e r t i c a l  disp lacement of the

v o r t i c e s , and  by t h e  r e l a t i v e  f l i g h t  p a t h s  of t h e  a i r c r a f t .

The anal ytical model discussed in Section 4.1 requires a

cros s-wind p .d.f . to calculate the pro h ahi l it > - of a ha :ardous-

vortex encounter. The cross-wind model is presented in Appendix C

and is s u m m a r i z e d  b e l o w . J u s t i f i c a t i o n , i f  an > , for the model

a w a i t s  t h e  c o l l e c t i o n  of w i n d  d a t a  ( V o l u m e  I I  of t h i s  r e p o r t ) .

E x i s t i n g  data (discussed in Appendix C) do support the m o d e l  even

thoug h the derivation of the model contains some inconsis tencies.

The c r o s s - w i n d  m o d e l  w a s  f o r m u l a t e d  u s i n g  w i n d s  t r e a s u r e d  by
aerovanes mounted on a 1500- f o o t  t o w e r  ( R e f .  3 1 ) .  The c r o s s-

w i n d  p.d. f . , p ( m ~~) , i n  t e r m i m s  of  t h e  mea t - i  w i n d  speed  a l o f t  ~ m a y

he w r i t t e n  ( Ap p eneh x C ) :

= ! e c
2
’~
~2
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fox- w~ > 0. U s i n g  ~= l 8 . 6  k n o t s  ( o n e  of  t i - i c  observed valu c- s in

R e f . 3 1 ) ,

- -0 . 0 0 Z 7m ~ 
2

P c~~~c
) = 0.0518e c . ( 2 9 )

The \\S measures w i n d  vel oc it > - 50 feet a b o v e  t h e  g r o u n d  at

the approac h-i end of the active runmc a > . The algorithm for deter-

m i n i n g  “vor tex safe ” or  “g re- c- n li ght ” condi tions in the MM to run-

wa>- threshold reg ion relies on the one-minute average wind vector

observation ly ing outside an el l i pse (Fi g. 5) that is aligned w ith

the  r u n w a y  c o o r d i n a t e  s y s t e m .  The c a l c u l a t i o n  of surface cross-

wind probability dens it>- is strai ghtforward , involving the develop-

ment of a conditional surface wind rose ( b a s e d  on the wind v e c t o r

not being inside the \‘AS ellipse), am-id then , performing ti-ic vari-

able transformation on the conditional surface wind rose.

The procedure is less clear for inferring a cross- w ind p .d .f.

aloft given a “red light/green li ght” obser~ ation of surface winds.

L i t t l e  i n fo rm a t i o n exists that can be broug ht to bear on this

problem. Generalizations can he made: steering or vee r i n g of t h e

wind occurs with increasing altitude , and wind speed increases w ith

altitude. Specific data that could be used to d e f i n e  an a n a l o g  to
the surface elli pse for use at altitude do not appear to exist.

i n  t he  absence  of such  specific detail , a simp le statement is

pos tulated: if the VAS x-eg is ters a “grE-en light ,” the winds aloft

are also outside of the VAS ellipse. Ihere are several questions

ari d additional assumptions imp lici t  i n  th e use  of t h i s  p o s t u l a t e

( d i s c u s s e d  a t  l e n g t h  in  A p p e n d i x  C). However , limited data col-

lected at O’Hare appear to be i n  agreement with t he postulate.

The verification of t h i s  c o r r e s p o n d e n c e  i s  one  of ti-me s u bj e c t s  o f

Volume II. Figure 13 shows the two p.d . I. ’s: pc (w’c) (equation

( 2 9 ) )  fo x -  t h e  c r o s s - w i n d  m a g n i t u d e  wi th no w i n d  i n f o r m a t i o n  f r o m

t h e  VAS , and Pc ( v/~~
0) for the c r o s s - w i n d  m a g n i t u d e  w h e n  the \\S

reg i s t e r s a “ gree n l i g h t . ”

-1— 29
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-I . S A N A l Y T I C  MO D E!

Sections 4.1 through 4.4 describe an anal ytic model for cal-

culating the probability of a hazardou s-vortex encounter. A com-

pute r routine for doing the calculations is given in Appendix I).

The steps in the calculations are summarized below .

The initial vox-tex strength is calculated from:

= mb e
+r jnt,

wh e re b e is the w i n g s p a n  of the  v o r t e x - e n c o u n t e r i n g  a i r c r a f t .  The
decay of the vortex strength is given by (equation (8))

F 
- 

d C - l
— 9.58 (~~

- -~L)

for d > 4 7 . 9  b . The hazard radius is then calculated:

R =

g 

~~
° 2ii fpU

I f  R0> be/2 ,
~~
then a hazardous-vortex encounter is possible depend-

ing on the l o c a t i o n  of the following aircraft with respect to the

vortices. The horizon tal encounter probability is (equation (20))

~HE = ~~~~ erf(~~~~~~~~~~~~~
2

er~
(
~~~~~~~ 0~~~~~~

)},

the  v e r t i c a l  e n c o u n t e r  p r o b a b i l i t y  is  ( e q u a t i o n  ( 2 1 ) )

1 (~~-~ ~~~~~~~~~~~~~~~ 
D - G  - J R 2 -b 74

= erf j - e r f  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J ,

4 — S 1 
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so that tim e probability that the vortex- encountering aircraft is

w i t h i n  t h e  h a z a r d o u s - v o r t e x  e n c o u n t e r  cro s s  s e c t i o n  i s :

~e 
= I: ~HE ~VE p~~( w ) dw ,

where p
~
(w) is the p .d .f. for the wind . The p r o b a b il i t y  of a

h a z a r d o u s - v o r t e x  e n c o un t e r  i s :

0 d > d
P = — 0 ’

e h e P d < de —

wh e r e (eq u a t i o n ( 1 4 ) ) :

d0 = 
15 . 2  

~~ 
(mb e 

+ F int)~ ~~~~ > 9 . 5 8 .

4 -~~2 
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5 ,  RE SUL TS OF SAFETY ANALYSI S F OR A LL A IR CRAFT

in  this se-ct ion , the results of the VA S safet >- am m ule s is are

presented. The anal ytical process coflsists of seven fundamental

s t e p s

1. Calculation of the ordinar y risks accepted jim the prc -sent

system using 3/4/S-nautical -mile spacings.

2. Establishment of a baseline probabilit y as a maximum

a c c e p t a b l e  r i s k .
3. Calculation of the new risks to be expected when using

3-nautical-mile spacings during VAS green-li ght conditions .

4. Formulation of operational guidelines to maintain the

risks i~ith VAS-red uced spacings at or below the baseline risk.

5. Sensitivity analysis on the conclusions to determine if

the conclusions are adversel y affected by potential errors in the

models and/or parameters.

6. Comparison of the conclusions to the availab le bod y of

physical evidence of risk and acceptability.

7.  Formulation of a refined set of operational guidelines

and recommended ac tions .

The model presented in Section 4 is used for the calculations . The

fraction f of the roll-control capai - ii l it v (Section 4 .1. 2) is taken

as 0.378.

5.1 RISKS 18 PRES SYSTEM

In any prohahilit > - analysis dealing w ith small numbers , it is

important to i n t e r p r e t  t h e  r e s u l t s  i n  a mne aningful way . B e c a u s e  o f
the many conservative assumptions enacted in defining t h e  m o d e l  and
i ts parameters , the absolute probabilities themnse lves have li m i t e d

meaning. Comparison among the various probabilities at- c expected to

be m e a n i n g f u l  h o w e v e r  ( p o s s i b l e  e x c e p t i o n  i s  d i s c u s s e d  in  Se c .  5 . 2 ) .

The l a r g e s t  p r o b a b i l i t y  fo r  a ha z a r d o u s - v o r t e x  e n c o u n t e r  at

t i m e  c u r r e n t  s e p a r a t i o n s  o c c u r s  f o r  ti -m e P A -  25 f o l l o w i n g  3 n a u t  i c a l

m i l e s  b e h i n d  t h e  DC-8. la hie I shows that t i e  h a : a r d  r a d i u s  sh r in k s

5 - 1
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to zero at a s e p a r a t i on  of 6 n a u t i c a l  m i l e s .  ( N o t e  t i - m a t  this dis-

c u s s i o n i-efers to the reg ion near ti-me OM where the separatio n

standard is 3 nautical miles; the separation standard calls for

-1 nautical miles near the MM due to the possibility of a vortex

stalling in ground effect.) All probabilities will be compared

with the DC-8/PA-28 probabilit y of a hazardous-vortex encounter.

Table 6 shows the risks at the OM for the various aircraft

pai rs at  the  c u r r e n t  3/ 4 / 5  s e p a r a t i o n s  r e l a t i v e  to the risk for

the DC-8/PA-28 pair. Most of the entries are zero. According to

the model , the risk of a hazardous-vortex encounter is zero for the

airliners following other airliners at the current separations and

nonzero only for the Small category of a i r c r a f t  f o l l o w i n g  c e r t a i n
airliners. However , no accident is known to have been caused by

vortices when any of the respective aircraft were separated by the

appropriate 3 , 4 or S n a u t i c a l  m i l e s .

5.2 BASELINE PROBABILiTY

The situations represented by the nonzero probabilities in

Table 6 (the PA-28 5 nautical miles behind a B-747 , DC-b , L-lO ll ,

D C - 8 H , or B - 7 0 7 1- I ;  t h e  L e a r j e t  5 n a u t i c a l  miles behind a B-747; the

PA-28 3 nautical miles behind a DC-8 , B-707 , or B-727; and the

L ear j e t  3 na u t i ca l  m i l e s  be h i n d a DC-8 or B-707) occur frequently

in the vicinity of the OM . Since these situations occur frequentl y

(particularly in VFR conditions) and with nonzero probability of a

vortex hazard , these risks are considered to be acceptable as no

h a z a r d o u s - v o r t e x  e n c o u n t e r s  are known to have occurred. Refer-

ence 1 (and Section 2) examined these situations in great detail ,
and found no a p p a r e n t  h a : a r d .

The baseline probabilit y , N , is defined as the largest of the

non:ero probabilities (DC-8/PA- 28i . If the probability of a vortex

encounter for any leader/follower pair is found to he less than or

equal to N , the situation will he a s s u m e d  t o  he s a f e .  I f  t h e
probabi lit>- of a hazardous-vort ex encounter were greater than N ,
i t  w o u l d  no t  n e c e s s a r i l - c  mean  that a hazardous condition existed- -

it would mean , however , that a vortex encounter mi ght occur , and

5 - 2  

- - - —---- -~ - - ---- - --— --- - -- ---------- --- — -- --~~~~~ - - -



r ~ 
-

- ~~~~~~~ - -

00 ~1- r- NI NI .,I-
(J I) 0 0 0 0 LI) LI)

0 0 0 0 0 0 ~~
- 0 0 0 0 0

-t
0 0 0 0 0 ~—4 0 0 0 0 0 0

t) FI) ,‘ r—
C- C C-

1-. 0 0 0 0 0 — 0 0, 0 0 0 0

C 0 0 0 0 0 = 0 0 0 0 0 0

Ia t~ 0 0 0 0 0 0 0 0 0 0 0
I -

0 0 0 0 0 0 0 0 0 0 0 0

0 0, 0 0 0 0 0, 0 0 0 0

(I-i
Z
0 NJ 0 0 0 0 0 0 0 0 0 0 0 0  

0 0 0 0 C~ 0 0 0 0 0 0 0
00

t.—4 N~0 0 0 0 0 0 0 0 0 0 0 0 0
~-. r—
U 0 0 0 0 0 0 0 0 0 0 0 0
I-, 00

-

~~ 0 0 0 0 0 0 0 0 0 0 0 0

-~~ ~~~ 0 0 0 0 C 0 0’ 0’ 0’ 0, 0’ 0,

I—. I.-. ~~~

0 0 0 0’ 0’ 0’ 0 0’ 0 0 0 0’
r-
00

L) —

La 00 0 0 0 0’ 0 0’ 0 0’ 0 0’ 0 0’ 

I— ~-‘ U 0’ 0’ 0’ 0’ 0 0 0’ 0’ C’ 0 0’ 0’
0

0 ‘-4
Id. 00 0 0’ C) 0’ 0 0’ 0 0’ 0’ 0’ 0 0’

-4 —

~~~0o
0 0’ 0’ 0’ 0’ C- 0’ 0 0’ 0’ 0 0’

U ‘
0 U 0’ 0’ 0’ 0’ 0’ 0’ 0’ 0 0’ 0’ 0’ 0

‘0 0’
La —

LL~~~ N-
.-~ I—. ~~

- 0 0’ 0 0’ 0 0’ 0’ 0’ 0’ 0’ 0’ 0’
00 N-
—u: 0 0, 0’ 0’ 0’ 0’ 0’ 0’ C’ 0’ 0’ 0’ 0’

00

I-. 4-’
U ‘—‘ = 0)
~ 1— 0’ —a = - I - F— N- -‘-i 00

- ,1 ‘r~ ,—l 0’ 00 0’ 00 0’ r-~ C) ~~ F-~ ~—j
-~~ N- ‘ ~-4 , N- ‘ N- t - N- cO

U C-) I U ‘ 
-
~~ ‘ 0) .~~

~~

0)

5 -3  

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



- - ~~~~~~~~ - -—- - ~~~~ -~~~~-- — -~~ - -~ ----.~- - -- -=-—

t h e  d e g r e e  of h a z a r d  c ou l d  depend  on how m u c h  l a r g e r  the prohabi 1-

i t y  was c o m p a r e d  w i t h  N ( a n d  to  t h e  a c t u a l  r o l l  r e c ov e r y  c a p a b i l i t y
of t he f o l l o w i n g  a i r c r a f t ) .  A l s o , it does not mean that I in N 1

l a n d i n g s  of a PA- 28 he lm i t - i d a D C - S  w i l l  r e s u l t  i n  a h a z a r d o u s - v o r -

tex  e n c o u n t e r ;  the model and its parameters have been purposel >-

c h o s e n to  he conservative.

Ih e r e is , h o w e v e r , a possible problem w i th conmparing two con-

servative estimates. Absolute conservatism of estimates of two

elements does not necessaril y impl y conservation in their compari-

sons. For examp le , s t e  F i g. 1 1 . Consider a proposed case where

r e d u c t i o n  to  3 nautical u ile s undex- \TA S-green conditions is recom-

mended. Both the estimated baseline and the estimated proposed

p ro b a b i l i t i e s  of a hazardous irorte-: encounter are conservative

estimates of the actu al baseline and proposed probabilities. Based

on these estimates one would claim that the hazard associated with

the proposed case is below that associated with the hase line case

( b e c a u s e  p r o p o s e d / e s t i m a t e d  < b a s e l i n e / e s t i m a t e d )  and  hence the

proposed case is acceptable. However , it is possible that the

a c t u a l  p r o h a h i l i - t v of the proposed case is greater than the actua l

pro na hilit > - of the baseline case (as is shown in Fig. 14), and

hence the situation represented by the proposed case is more

hazardous than the baseline case. To determine the consequence s

~iF any) of the situation just described requires detailed analysis

and is deferred to Volume III.

I f  t he r e a d e r  is concerned  abou t  the possible problem and its

consequences , the analysis in Section 6 avoids the problem by in-

troducing a VAS which excludes reduced separations for the Small-

category aircraft. The remainder of Section 5 as sumes  tha t the
problem is r e s o l v e d  in f a v o r  of the  a n a l y t i c a l  app roach  used here-
i n .  Even i f  t he  p r o b l e m  of comparing conservative estimates does

app l y in ti -mis ana l>-s is , most of the r e s u l t s  in  t h i s  s e c t i o n  w i l l

not he altered.

5.3 RISKS t~ITli V\S

The p r o b a b i l i t i e s  of  a h a z a r d o u s - v o r t e x  e n c o u n t e r  am - c shown

S- -I
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i n  Table 7 f o r  \ . -\S -  t~u-een conditions. Here , all the- aircraft a r e -

spaced a t  3 n a u t i c a l  miles , and the p i - oh u h il ities arc- g i v e n  rela-

tive to N , t ue baseline va lue. Oni >- one entry exceeds time baseline

probability; a value of l . 8N is f o u n d  f o r  t he  P A - 2 8 , 3 nautical

m i l e s  b e h i n d  t h e  B - 7 4 7 .  T h i s  p r o b a b i l i t y  r e d u c e s  to  l . U N  f o r  a

s e p a r a t i o n  of 3.5 na imtical miles. Figure 15 shows how the proba-

bility (in units of N) v at ies as a function of the distanc e of the

PA- 28 from the runway threshold , given that t h e  P A - 2 8  i s  3 nautica l

miles behind the B-7-1 7 in VAS-green conditions . If the OM is more

than 29 ,000 feet (4.7 nautical miles) from the runwa~- t h r e s h o l d ,
the n the  p r o b a b i l i t i e s  can  exceed ti -m e b a s e l i n e  v a l u e .

It is important to reiterate that decreased separations will

be permitted only when the VAS displays a green li ght. I)uring

VAS-red conditions , t I uc model  i n d i c a t e s  p r o b a b i l i t i e s  of a h a z a r d -

ous vortex encounter in excess of N . Because of the difference in

fligh t speeds , it is unlikel y tha t m a n y  of the a i r c r a f t pa i rs can
maintain a 3-nautical-mile separation (e.g., B-7-17/PA- 28). The

unir om - m 3-nautical-mile separation is intended only inside the OM .

In most situations the aircraft are in trail with the present

s t a n d a r d s  w e l l  b e f o r e  r e a c h i n g  t h e  ElM so ti - m e m i n i m u m  s e p a r a t i o n s

obtainable using VAS wi l l he approximatel y 3 , 312, and 4~ nautical

miles.

S.  I U P E R A l I O N A I  GU I I ) E L T N I I S

To maintain ti-m e risks wi th V A S - r e d u c e d  spacings at or below

the ~as e l i n e  r i s k  N , certain operational guidelines are required.

Table 7 shows ti-m at nonzero probabilities a r e  o b t a i n e d  f o r  ti -m e S m a l l

category of aircraft following most of ti -i c airliners . Reduced

separations are permissible d u r i n g  \ A S - g r e e n  c o n d i t i o n s  as t i - me
vortices of ti-m e preceding ai :craft a r e  d e s c e n d i n g  a n d / o r  t r a n sl a t -

ng o u t  of the path of  the f o l l o w i n g  aircraft. Ihere may be prob -

lems if these Small aircraft ( as  w e l l  a s t ie B- 2 , I ) C - 9  , and

B-~~37 behind a B-~~4 j  a r e  turned on at , or ;ul lo we e l to  descend to ,

lower altitudes than the l a d i n g  a i r c r a f t .  During tEe trails of

the VAS , ti -me Small categ ory of aircraft should i-me positioned at 3

5- 6
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nan t i ca I am i i (-5 1) elm i nd other cat ego r i es on 1 y 1 1) 0 t h  a i rc ra ft are

turned on t i m e  IL S  at or b e y o n d  t h e  ON , and  b o t h  a r e  making prcc I —

sion (i.e., locali:er and glide slope) approaches. Because 01 the

gcne m -a llv slower speeds of the Small aircraft , prohibiting short

finals w i l l  c a u s e  the 3-nautical -mile separation at the ON to in-

crease g r a d u a l l y  to 4 nautical miles at the MM .

A l t h o u g h the probability of a vortex encounter for the B-7-17 /

EA -2 8 pair at 3 nautical miles is found to be in excess of the

baseline probability N , the conservative assumptions throug hout

the analysis should preclude the necessity for  segrega t ing the
PA- 28 (and other civil sing le-eng ine or lig ht-twin aircraft) from

following the B-747 at 3 nautical miles. The problem (if , indeed ,

there is a problem) exists onl y in the v icinity of the OM where

the PA-28 will have amp le room to maneuver.

5 . 5  S E N S I T I V I T Y  A N A L Y S I S

A sensi tivity analysis has been done to determine the effect

on the no rm a l i z e d  encoun ter p r o b a b i l i ty and I of possible errors

in the models and/or parameters . Details are presented in Appendix

E. Althoug h the probability values do change depending on ti-m e

details of the w ind , navi gation , vortex-descent , vortex decay , and

roll-recover >- capability models , the results and conclusions con-

ce - i - f l i ng the  s a f e t y  of the VAS , ho w ev er , do no t  a p p e a r  to r e q u i r e
alteration. -\ll ti-me calculations were done with ti-me following air-

craft at the ON as ti -mis is the location at which the encounter

probability is maximized. The ON was assumed to he 7 nau t i c a l
miles from ti-m e runway as  this also maximizes the probability.

5 . 6  O I l I E R  E V I D E N C E

Othem- evidence was examined to look for s u p p o r t or contrad ic-

t i o n  of t h e  c o n ch i s  i o n s  of t i - me  s a f e ty  a n a l y s i s .  Th ree  i n d e p e n d e n t

o hs c  r v at  i o n s  l e n d  c r e d e n c e  to  t h e  a n a l vt  ic resei l ts : w a k e  v o r t e x

I nc i  d e n t  r e p o r t s  ama ly:ed by t h e  B r i t i s h  C i v i l  Av i a t  i o n  Authorit y ,

a c c i d e n t  d a t a , a nd V EI l s p a c i n g s .

The  ( l v i i  A viation Au thorit y of Great Britain has been

5 - 9



ant i l v :  i n g  i~akt- Vo rte x IIIC ide- nt s (no a c e  i d e n t s  ) reported in the

Unit ed kingdom since 1972 )~Refs . b - 8  and  S i - c t  i o n  3 . 1 ) .  Through

September 1 977 , 353 incidents h ave been tabulated. Wh e n  t h e  docu-
mented L’) incidents occur ting between It-unway threshold and an

altitud e of 100!) feet above ground level were correlated with the

w i n d  oc:tt -u red a t a hei ght of 30 feet ( t h e  c e n t e r f i e l d  s e n s o r  a t
t ime  l o n d o n  H e a t h r o w  I n t e r n a t i o n a l  A i r p o r t ) ,  on l y 3 incidents were

found when the winds exceeded the VAS wind criterion in Fi gure 5

( R c f s . 7 and 8). A ll severe incid ents (reported bank ang les in

excess o! 30 degrees) occurred in wind conditions well inside the

ellipse (VAS-red conditions). The three incidents which occurred

in wind conditions outside the elli pse (VAS-green conditions) were

within 2 knots of the wind criterion. Time 2 incidents farthest

outside the elli pse occurred at an a l t i t u d e  of 1000 f e e t  (one  had
a i-epor ted ha nk a n g l e  b e t w e e n  10 and  30 deg rees , and the other less

ti-man 10 degrees). The third it i :ident occurred with cent erfield

winds just ou tside the elli pse (less ti-ian 0.25 knots from ti-me
b o u n d a r y )  and r e p o r t e d  a r o l l  e x c u r s i o n  of l e s s  t h a t - i  10 d e g r e e s .

I h e  h e a t h r o w  c e n t e r f i e l d  w i n d s  w e r e  a v e r a g e d  o v e r  a 10 - m i n u t e
p e r i o d  and t h e  r e s u l t s  do not contradict the V-\S concept and ti-m e

s a f e ty  a n a ly s i s .  I h e  \ A S  , however , uses 1-min ute-averaged winds.

An a n a l ysis of vortex-caused accidents (Ref. 1 and Section

2.2 .1) noted that those accidents which occurred between the MM

and ElM have di s t i n c t  characteristics. Ihe vortex encounters seemed

to he rando m , and occu r red onl y because the Small aircraft were

approaching at a low altitude with poor lateral navigation . Those

a i rc raft a pp a r e n t l y w o u l d  not  h a v e  e n c o u n t e r e d  v o r t i c e s  i f t h e
aircraft were on a precision approaci i .

The chance of a vortex encounter increases as int erarrival

a i r c r a f t  s e p a r a t i o n s  d e c r e a s e .  \ I - R  o p e r a t i o n s  o f t e n t i m e s  a re  con-
ductc-d with interarri val separations which are less ti-ian the IER

minimum separations. But these smaller spacings are flown safely

in VEIl . ((f course , VER and IFR operations are not the same; in

\FR the Hlot accepts more risk as he is more am~are of  h i s

e n v i r o n m e n t .  The V- \S p r o p o s e s  a 3 - n a u t i c a l - m i l e  m i n i m um a nd o n ly

5-10
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during specific wind condi tions.

5. 7 CON C LI J S I O N S  AND R E C O M M E N D E D  A C T I O N S

Ihe \AS as described her ein is intended for independent

s i n g le-runway landings . Closel y spaced p arallel runw ays and runway

intersections will require a case-by-case examination to determine

how \ A S  should operate. For examp le , an 8-knot cross wind indi-

cates VAS-green conditions , and separations m ay he reduced to a

uniform 3 nautical miles. However , if the vortices are blown

t o w a r d  a closel y spaced parallel runway, the wind criterion that

insures vortices cannot pose a threat to an aircraft landing on

the same runway may not insure ti-mat the threat is nonexistent for

an aircraft landing on a downwind parallel runway . Either the

wind criterion will need to he modified or operational restrictions

will need to be enforced to prevent a hazardous condition.

The analysis has not considered other than straig ht-in ap-

proaches that might occur under IFR (e.g., sidestep or circling

approaches). These other approaches are not necessarily unsafe

with the VAS ; indeed , such extensions need to be done at some

future time , but t h e  analysis herein addressed only strai ght-in

IFR approaches.

The results of the analysis show that , subject to verifica-

tion of several assuniptions , uniform 3-nautical-mile separations

between the runway threshold and the outer m a r k e r  may he used

safel y when : (1) the VAS registers a green li ght , and ( 2 )  all

aircraft are restricted to an ILS approach between the ON and

touch down . Short finals and VOR or localizer approaches with

reduced separations should not be permitted (short finals are pre-

cluded in IER) ; the flight paths of these non-precision approaches

ac t to increase the probability of a vortex hazard. The normal

vortex descent and t r a n s l a t i o n w i t h the wind which decrease ti-m e

h a z a r d  p r o b a b i l i ty for precision approaches can move the vortices

into the path of an aircraft on a s h o r t  f i n a l  or on a VOR or

localizer approach. Exten sive data have demonstrated the safety

in the threshold to middle marker region; probability anal\- sis

5- 1 1 
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based on state-of-the-art k no w l e d ge of v o r t e x  behavior extends the

safe reg ion from middle to outer marker. For many of ti-m e aircraft
pairs a simp lified analysis is appropriate that avoids the use of

u n v e r i f i e d  a s s u m p t i o n s  ( see  S e c t i on  6 ) .

The r e s u l t s  h e r e i n  are de r ived  f rom an a n a l y t i c a l  m o d e l .  A
d a t a - c o l l e c t i o n p r o g r a m  is und erway  to v e r i f y t h e m at h em a t i c a l
anal y sis. Appendix F describes the data-collection effort at

O ’h are . Until the confirmation tests are comp leted , the anal ysis

is only as good as the model . However , the model is conservative

and has been shown to be relativel y insensitive to the assumed

p a r a m e t e r s .

When the \AS indicates reduced separations may be used , the

state of knowled ge of vortex behavior is consistent with safel y
applying the reduced separations out to the outer marker. If the

tests at O’Hare confirm the model predictions , the FAA should be

justified in commissioning the VAS as a tool for decreasing delays

at the major airports.
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6 , SAFETY ANALYSIS FOR HEAVY/HEAVY AND HEAVY /LARGE

The two m a i n  u n r e s o l v e d  i s sues  of t h e  approach presented in

Sections 4 and 5 wex- e time wind model (Section 4.4 and Appendix C)

and the potential problem related to the comparison of t w o  conserva-

tive estimates (Section 5.2). I f , howeve r , the VAS were  to he used
to i-educe only the h eavy/Heavy and Heavy/Large standards (omitting

the Heavy/Small and Large/Small cases), then the two unresolved
issues will not be consider ed in the safety analysis as will be

shown in ti -mi s section. The discussion below addresses the safety

of 3 - n a u t i c a l - m i l e  separations for j e t l i n e r s  d u r i n g  V A S - g r e e n
conditions , and then expands the analysis to include all Large
aircraft.

6 . 1  HAZARD MODEL

In Section 4.1 .1 , it was argued that a potentiall y hazardous-
vortex encounter can occur onl y if R > h / 2  and if a following
aircraft were fully located within ti-me circle defined by the hazard
radius R0. The probability of a hazard is defined as zero when

R < h / 2 .o e

If one accepts this definition , then for all those pairs of aii-

craft with R0 < b / 2  at 3 nautical miles , t he  standards can be
reduced. TI-me two  u n r e s o l v e d  i s s u e s  do not  a p p l y  to  t h e s e  c a s e s .
Using f = 0.378 (one-half the maximum roll authority required

safely to fly the current separation standards at the assumed

speeds) and equation (14) (or equation (12) if necessary) , the

distances at which R becomes smaller than be!2 are calculated and

presented in Table 4. Most of the calculated distances are less

than 3 nautical miles; for these aircraft pairs , the model in-

dicates that the separation standards can be set at 3 nautical

m i l e s  b e t w e en the outer and middle marker with or without ti-m e \AS .

The VAS will be required to indicate wi-men 3 nautical miles may be

used between the middle marker and t i m e  r u n w a y  t h r e s h o l d  h o w e v e r .

The Small-category aircraft following Ileavy-an i L a r g e - c a t e g o ry

6-1
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a i r c r a f t  and the B-727 , B-737 , and 1)C-9 following the B-747 have
yielded calc u lated distances in excess of 3 n autical miles. It
w ill be shown that the condition of R < h / 2  can be expanded to
e m b r a c e  t h e  B - 7 2 7 , B - 7 3 7 , and DC -9  f o l l o w i n g  the B-747 , and that
time VA S can he applied to the operations of Heavy/Heavy and Heavy !
Large combinations of aircraft.

R e c a l l i ng e q u a t i o n s  ( 5 )  and ( 8 ) ,  t h e ha z a r d r a d i u s  is

R = 
r

o 2ir f p U ( 5 )

- 

9 . 5 8  r 
f d  

C L \  - l  fo r  dC /b A > 9.58.- --——--
~

---——- ‘ - -— -—
~~~ I. g —

2rfp U  
\
bg A j

I n t r o d u c i n g  equa t i on  (13) and r e a r r a n g i n g ,

9 . 5 8  (A / C  ) (m im + F h
11 ___  

1. e i n t /  g
o f~~U 2-i-id

T h e f o l l o w i n g r e l a t i o n s h i p s  ca n be inferred from the above

e q u a t i o n :

a .  R 0 inc r ea s e s  i f  f , p ,  or Ii dec r e a s e s .
b. R increases if A/ C

1 
or ti-m e estimate of vortex decay

( i n d i c a t e d  by 9 . 5 8 , t he b r e a k p o i n t  of the decay c u r v e - -
Fig. 6) increases.

For a given aircraft pair , hg~ h e~ 
and d are constants. Since m

and F int are selected as ultimate or maximum va lues  (Append ix  A ) ,
they may be considered constants. A p of 0.06 (airliners) or 0.08

(general-aviation aircraft) is a lower hound (Section 4.1.1), so

that it also may be considered a constant. The 9.58 value is an

uppe i -  limit on the  decay p a r a m e t e r  (Fig. 6) except , possibly, for

t h e  B - 7 2 7 .  For  t h e  c a l c u l a t i o n s  to f o l l o w , 12.0 is used for the

B - 7 2 7  decay  p a r a m e t e r  ( t h e  suspec t  B - 7 2 7  data in Fi g. 6 are in-

cluded), and 9.58 is used for all other vortex-generating or lead

a i rc ra  f t .
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I h u s  t h e  v o m - t e x  d e c a y  p a r a m e t e r  may also be considered a constant.

Setting R0 equal to he/2 i

- 

(A / C 1 ) (nbc 
+ F int~

h
g 

(9.58)

II 1T
~~

dh
~

Table 3 is obtained by setting d equal to the current separation

s t a n d a r d s ;  T a b l e  8 is  o b t a i n e d  by s et t i n g  d equal  to 3 n a u t i c a l
miles- -many of the entries are the same as in Table 3.

The l a r g e s t  f v a l u e  in Tab le  8 is 0 . 4 5 8  for  the  B-747/DC-9
p a i r .  I f  t h i s  f v a l u e  is a c c e p t a b l e  ( i . e . ,  a s s u m i n g  the  a i r c r a f t
ever finds itself in a vortex , it w i l l  require no more than 46

percent of an aircraft ’s roll-control authority to counteract the

rolling motion of a vortex) , then the 3-nautical-mil e standard

can be app lied under the assumption that R0 < b
e/ 2  i m p l i e s  no

v o r t e x  h a z a r d .  I t  is no ted (se e T a b l e  3) t h at , a c c o r d i n g  to the
h a z a r d model  f values greater than 0.458 are required now at the
current separation standards and assumed speeds for the DC-8/Lear-

jet and for the general-aviation-type aircraft following Heavy and

Large  ai r c r a f t .

6 . 2  S E N S I T I V I T Y  A N A L Y S I S

The purpose of this section is to examine the sensitivity of

t h e  pa r a m e t e r s i n t h e  exp r e s s io n

= 

( A / C 1 ) (nim 
+ F int)hg

(9:S8)

U

As indicated for R0 in Section 6.1 , the elements of importance are

(A/CL) and U. 
i)ifferenti atiflg

t i  = 

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

MA/ C 1 ) +
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6 .2 .1 B - 747/I)C-9

Con sider first ti -m e B-747/DC-9 combination as it gives the

lar c~est f value for the airliners at 3-nautical-mile separation.

The m a x i m u m  non-dimensional roll rate , ~, , is assumed to I)e 0.06

as ti -m is is ti -me minimum value for airlinems. However , the l)C-9 has

considerably more lateral roll power . Reference 32 i n d i c a t e s  t h a t

in  l a n d i n g  c o n f i guration wi th rudder -fixed p v a r i e s  f r o m  a b o u t  (l .0
a t  100 knots to 0.25 at 180 knots; with the outboard spoiler in-

o p e r a t i v e  the  v a l u e  at  180 k n o t s  f a l l s  to 0.16. At the si-iced

assumed in ti -me calculations for Table 8, p i s  a b o u t  0 . 12 .  Thus , a

more realistic value of f w i l l  be ( 0 . 4 5 8 ) ( 0 . 0 6 ) / ( 0 . l 2 )  = 0.229 ,

and the B-747/DC-9 combination no longe r represents the worst-case

situation (even with different speeds).

6.2 .2 B-747/B-737

The B - 7 4 7 / i I - 7 3 7  pairing has yielded the second largest f value

in  Tab le  8. Aerod y n a m i c  c o e f f i c i e n t s  in Ref . 33 indicate ti -mat p

is abou t  0 . 1 0  f o r  t h e  13-737.  Thus , a more realistic value of C is

0 . 2 6 5 , amid now t h e  B - 7 4 7 / B - 7 3 7  c o m b i n a t i o n  no l o n g e r  r e p i e s e n t s

a w o r s t - c a s e  s i t u a t i o n .

6.2.3 B - 7 4 7 / B - 7 2 7

Si nce the  B - 7 4 7 / [ ) C - 9  and B - 7 4 7 / B - 37 pairings have been

e l i m i n a t e d  as contenders for the w o r s t - c a s e  s i t u a t i o n , t he B - 7 4 7 /
B-~~2~ is nex t in line . Ti-m e pertinent aerod y n a m i c  c o e f f i c i e n t s for
d e t e m - m i n i n g  p f o r  the B-727 could not be obtained. Thus , f = 0. 4 0 0

is taken to be the largest f value required by an a i r l i n e r  to  f l y

s a f e l y 3 - n a u t i c a l - n i l e  s p a c i n g s  b e t w e e n  ti - m e o u t e r  and m i d d l e
m a r k e r .  T i - m i s  f i g u r e  i s  l e s s  t i - m a n  some C v a l u e s c a l c u l a t e d  u s i n g

today ’ s sepa  i-a t  ion  s t a n d a r d s  ( see  T a b l e  5) .

~n u p p e r  b o u n d  on the u n c e r t a i n t y  i n  f i s  f o u n d  by e v a l u a t  in ~~

equa tion (30) usin g the largest positive de viation in - \/ C 1 and the
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l a m C e s t  n e g a t  i \ e  dcv iat ion  in U. A/C
1 

is  ap p i - o x i m at e d  by 5 . 0  i n

a l l  calculations . A m o r e  1-i l - e c i s e  v a l u e  f o r  t he  B - 7 4 7  i s  5 . 1 1t L
i s  abou t I - I f o r  a l a n d i n g  13- ~‘4 7 (Ref . 2 1 )  and  A i s  t h e  w i n g s p a n
divided b -- the m e a n  aci-odynamic chord , 195 .7 / 2 7 .3 = 7 . 2 ) .  i h e
app roach speed fo i  t he  B- ~~2 7 v a r i e s  b e t w e e n  a b o u t  105 and  150 k n o t s
f o r  l a n d  i n g  we i g h t s  f r -on  o p e r a t i o na l  e m p t y  we i g ht P l u s  r e s e r v e s  to
maximum l a n d i n g  w e i g h t .  U s i n g  the slowest speed ,

Af = ~ :~~
00 ( 5 . 1  - 5.0) - 

0.400 ( 1 7 7 .2  - 2 0 5 . 8 )

= 0 . 0 0 8  + 0 . 0 5 6

= 0 . 0 6 4 .

The maximum f required for 3-nautical-mile separations is f + A f

or 0 .464 , less than half the available roll-control power. However ,

f values greater than 0.464 are f o u n d  for some aircraft nairs using

today ’ s standards (Table 3). T h i s  s u g g e s t s  t h a t  V A S -r e d u c e d
separa tions for jetliners are s a f e .

6.2. -I 0th-icr Aircraft Pairs

Similarl y , ti-m e rema im ing leader/follower combinations can he

examined. However , the B-747/B-727 case discussed above leads to

ti-m e largest value of C + ~f .

The a r g u m e n t  p r e s e n t e d  h e r e i n  c a n n o t  he u s e d  w i t h  f o l l o w i n g
S m a l l  :m i m - c r a f t .  The P A - 2 8  w o u l d  r e q u i r e  f v a l u e s  in exces s  of 1.0

following the 8-747 , DC-8 , and 8-707 at 3 nautical miles as may be
s een h > appropri a tel y scaling the entries in Table 3.

6.3 VAS FOR H E A V Y  AND LARG1.~ AIRCRA FT

In Section 6.2 , it is shown that ti-m e decay of vortices alone

w i l l  perm i t 5 - n a u t i c a l - m i l e  separations between t h e  outer and mid-

d i e  m ark ert~ f o r  the a i r l i n e r s  or t r a n s p o r t - c a t e g o r y  j e t  aircraft.

Using V-\S-reduced s p a c i n g s  f o r  a i1eav~- or a l a r g e  a i r l i n e r  f o l l o w -
ing  a h e a v y  p r o b a b l y  ca l - i  he i m p l e m e n t e d , b u t  e f f e c t i v e l y  i n t r o d u ce s
a m e w c a t e f o r y  for a i r  t r a f f i c  c o nt r o l l e r s  to  c o n t e n d  w i t h ( i i e a v v ,

h -  6
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L a r g e , anu SinaI 1 ye i s u s  h eavy , Large jetliners , o t h e r  i~a r g e , a n d

SinaI 1). A lthoug h time “othei- Large ” c a t e g o r y  aircraft operate less

frequentl y into the large airports , it will obviousl y be e a s i e r
fo r the  c o n t r o l l e r s  i f  a l l  Large  a i r c r a f t  use V A S - r e d u c e d  s p a c i n g s .
In this section , it is shown that \-AS -reduced separations may he

used safely by Heavy/Heavy and Heavy/Large combinations; ti -me

analysis does not depend on t h e  unr esol ve d i s sues  in S e c t i o n 5;

n a m e l y ,  t he wind  model and the  p o s s i b l e  p r o b l e m  i~i t h  conparing

conservative probability estimates.

G i v e n  an a c c e p t a b l e  f value , the m i n i m u m  approach speeds con-

sis tent with a safe vortex encounter 
~~~ 

= 0) can be calculated

for ti-m e various Large aircraft. However , wha t is an acceptable

v a l u e  of C? T a b l e  3 shows ti -mat tiie maximum f required for the

current separation s t a n da r d s  is 0.756 for the PA-28 3 nautical

m i l e s  beh ind  a DC-8. To be conservative , a s low speed is used in
those calcula tions for the PA-28; a more typ ical PA- 28 speed at

the  outer  marke r  is about  95 k n o t s .  U s i n g  95 k n o t s , f r educes  to

0.519. For the purposes of this analysis , 0.519 will be used for

t oday ’ s s e p a r a t i o n s , r a t h e r  t i -man  t he  m o r e  c o n s e r v a t i v e  0 . 7 5 8 .  U s i n g

f = 
(A /C L) (mh e 

+ t int )  h
g 

( 9 . 5 8 )
11 iip dh

a pa r amet r ic  equation can he found for determining ti-m e minimum

fli ght speed U required to give f = 0 . 5 19  f o r  t he  v a r i o u s  l a r g e

aircraft. The worst-case situation is when a B-747 is the vortex-

generating or lead aircraft. Selecting the B-N? specifics m ,

p
in t ’ b , and A/ C L .  W ith some r e a r r a n g i n g  of t e r m s , t h e  above

equation becomes

( S .  1) ( 9  . SS~~~19 5 . 7 )  (19. 56 b
~~

+ 1148 . 1 1 )
U =

( 1 9 . s bI + 1 1 4 8 . 6 )
= 0.522

p I-i

I) —

- —-
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F i g u r e  l b  s } 1om ~s U cer su s b f o m  f = 0 . 5 1 9 .  Chi c  t w o  cur~ es a r e
f o r  p = I) . 06 t i i h .  I ) - (5 . For a spec if Ic a i ream - f t  ( e . g .  , h t i m i d  p j
t he cu m~ e s show t i m e  m m i mum speed r e q u i r e d  to  g i cc f = I) . 51 9 ; h i  g im e r
speeds  l e a d  t o  toi~cr ~a Iu e s  of  C .  F o r  t h o s e  a i r c r a f t  f o r  w h i c h

a e r o d y n am i c  c o e f f i c i e n t s  arc available , the X’ s mark the calculated

m i n i m u m  U .  F or  t he se  a i r c r a f t , -as long as tim e sp eed U i s  g r e a t e r
t h a n  or equal to ti-m e plotted value , C i -t ill be less th ii or equa l

to 0 . 5 19 .  T h e  interpretation of Fi g. 16 is as follows. Time model

( S e c t i o n  4 . 1 . 1  and 4 . 1 . 2 )  gives a :ero probability of a hazardous-

vortex encounter at \AS -m- educed s~~icings and an a s s u m e d  s a f e  C =

0 .5 19  if , for instance , time Lea m -jet -25 passes ti-ic outer marker m -i t h

a speed of at least 90 knots and the DC-9 at least 50 knots ( s i n c e

D C - 9 s  r e q u i r e  a speed  in e x c e s s  of 50 k n o t s  to  fl y, they certainl y

i -mass  t h e  o u t e r  m a r k e r  w i t h  a speed of at  l e a s t  50 k n o t s ) .

For t h o s e  a i r c r a f t  w h e r e  p is not a v a i l a b l e , the  m m i n i n u m

f l i g h t  speed a t  t h e  o u t e r  m a r k e r  r e q u i r e d  to g i v e  
~h = 0 m ay  he

i-cad from the appropriate curves in Fi g. 16. Excluding milita r \

aim- c m-aft (fighters are designed to achieve at least p = 0.09), a l l
the  L a r g e  a i r c r a f t  can he c h e c k e d  to  f i n d  t h e  l a r g e s t  m i n i m u m  U .

For  e x a m p l e , a f t e r  t h e  L e a r i e t  m o d e l s , ti - m e n e x t  l a r g e !-  m~ i ngsptiits

a r e  4 2 . 3  f e e t  fo m - t h e  .\erospatiale Corvette and 4 2 . 9  feet for t fe

Dassault it a l con_ l0 . These aircraft have a p of t t  least 0.OS , t i f l u

t hus , lead to  a m i n i m u m  U of  111 and Hf  k n o t s , r e s p e c t i v e l y .

Similarly, checking each  of time Large aim -craft and usi n g ti -m e ap-

propriate p leads to a largest minimum U of 111 knots.

The c a l c u l a t i o n s  above  h a v e  s h o w n  t h a t  V A S - r e d u c e d  s p a c i n gs

are safe between t h e o u t e m -  and m i d d l e  ma r ke r for the ai rl in ei - s and
fom- the non-airliner Large aircraft if their speeds at the (N are

at l e a s t  111 k n o t s .  S ince  a p p r o a c h  speeds  a re  L -~~u a l l v  i n e x c e s s  of
120 k n o t s  at t i e  o u t e r  m a r k e r , the use of VAS-reduced spacings ma >-

be a p p l  ied f o r  i i e a v v / h l e t m v v  and  H e a v y / L a r g e  c o m b i n a t i o n s .

I f  a u m a x  i mum I of P - S I P  is acceptable I m c c a l l  ti -i a t some of
today ’s st  i n d a r d s  r e f l e c t  l a rg e r  f v a l u e s -  C a b l e  3 )  , t h e  VA S c an
be used to p e rmit 5 - n a u t i c a l - m i l e  s e p a r a t i on s  in  V - \ S - g m - e e n  c o n d i -
t i o n s  F~ r Hea v y  a nd l a m - ge t m i m - t r a f t  f o l l o w i n g  a H e a v y . I t  m u s t  i - c

6-  8
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no ted  that a maximu m f of 0.519 does not mean for instance , th at

every aircraft follo wing 3 nautical miles behind a B-747 will re-

quire the use of half its roll-control power to conduct its

approach. According to the model , if an aircraft ever iinds itself

in the vortex of a B-747 3 nautical miles ahead , the extreme upper
theoreti cal limit on the f required will he about 0.5 , within the
control capabil ity of aircraft. Pending further analyses and data
collection (Volumes III and II , respectively), the Small-cat egory
aircraft , if this restricted VAS is adopted , retain their present
separation standards regardless of the VAS condition .
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7. SUMMARY

The discussions in Sections 5 and 6 have presented al-

ternative safety anal yses of the V A S .  Both analyses used the same

model of a vortex hazar d (Sections 4.1.1 and 4.1.2). At this

point , the two analyses follow different arguments. The restricted

\ A S  in Section 6 notes that vortex decay is the primary mechanism

outside the middle marker for avoiding hazardous-vortex encounters

by h eavy and Large aircraft following 3 nautical m iles behind Heavy

aircraft . The probability of a hazardous-vortex encounter is zero

if the parameter f, the fraction of the roll-control authority

required to counter the rolling motion imposed by a vortex , is

about 0.5. If this value of f is acceptable (higher values are

accepted , or appear to be accepted , with today ’s safe separation

s ta n d a r d s )  , t h en the VAS m ay h e used to reduce Heavy/Heavy and

H e a vy / L a r g e  I F R  s t a n d a r d s  to  3 n a u t i c a l  m i l e s  be tween  the  o u t e r
m a r k e r  and t o u c h d o w n  d u r i n g  V A S - g r e e n  c o n d i t i o n s .

The analysis of the safety of 3-nautical-mile separations

under VAS-green conditions for all aircraft required a more de-

tailed model. To calculate the probability of a hazardous-vortex

encounter by a Small aircraft behind a Heavy or Large aircraft ,
decay alone was not sufficient. It was necessary to introduce a

cross-wind-aloft model which contains acknowled ged mathematical

inconsistencies but yet seemed to correlate with limited data. The

analysis also required comparing conservative estimates of hazard

probabilities; a possible problem w i th this method was indicated.

A ssum ing the results of the data collection (Volume II) and the

detailed analysis of the use of conservative estimates (Volume I ll )

validate the calculations in Section 5 , the VAS may he safel y used

to reduce separations b e t w e e n  the o u t e r  m a r k e r  and t o u c h d o w n  fo r
all aircraft during VAS-green conditions.

7 - 1/ 7 - 2
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APPEN DIX A

INITIA L VORTEX STRENGTH

The strength F of the vortices shed by the lead aircraft

parameterizes the degree of hazard to the following vortex-

encountering aircraft . The strength or circulation of a vortex

may be used to determine quantitativel y roll moments and rates an

aircraft would experience if inadvertently caught in a vortex.

A Monostatic Acoustic Vortex-Sensing System (MAVSS) (Refs. 9

and lO)has been place at Chicago O’Hare on the approach to runways

14R and 32L since the summe r of 1976. The function of the MAVSS

is to measure a vertical profile of the vertical component of the

wind . Since the vertical component of the ambient wind is zero at

the ground , the vortex winds are measured with little interference

from the ambient wind . A single MAVSS antenna measures the veloc-

ity profile of a vortex as it drifts over the antenna; an array of

antennas samples the vortex at different time s, and thereby,

measures vortex decay.

The measured vertical velocity distributions are used to cal-

culate an “effective strength” - - the strength of a line vortex

which will produce the same torque on an aircraft as the measured

velocities will produce. In other words , the first moment of the

measured vertical velocity distribution is defined to be equal to

the first moment of a potentia 1 or line vortex (Ref.lO):

~ b / 2  
1b / 2

J ~
‘
i.ine vortex r dr = J Vpoppier r dr ,

-h /2 -b /2e e

çbe/2 1
b / 2

I —1- — r d r = I V r d r ,
j  2ir r j  Doppler
-b / 2  -b / 2e e

~h e ’2
= 

2~ V r dr .Do p p 1cre b / 2
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F’ is the “effective strength ,” be the wingspan of the vortex-

encountering aircraft , and VDo pple r are the measured vertical

velocities.

At  Chicago , Vpoppier data hav~ been collected for 1398 B-707s,
6 5 1 1 B - 7 2 7 s , 758 B - 7 3 7 s , 495  B - 7 4 7 s , 744 D C - 8 s , 2 7 9 7  DC-9s , 1073 DC-

lOs , 3~
)I 1. - l O l l s , 223 B-707Hs , 204 DC-8Hs , 356 small propeller-driven

aircraft , and 68 Learjets. The reduced data consist of four values

of F’ -- F’ evaluated for seinispans (be!2) of 16.5 feet (5 meters),

33 feet (10 meters), 66 feet (20 meters) , and 100 feet (30 meters)

To determine F0, the initial vortex strength required in the

analytic model , the maximum values of I’’ for each aircraft type and

for each semispan were retrieved from the MAVSS data. The max imum
values were used as the stronger the vortex , the greater the hazard

posed by that vortex. By using the largest observed values of F’ ,
the model is using the “worst case” in the sense of safety. A

linear least-squares fit to the four F’ values (see Fig. 17) for

each aircraft type was made yielding an expression of the form ,

F0 = m be 
f “int ’

where m is the slope , and Fint is the intercept of the F0 line with

the F’ axis. Note that there are many data points not shown

below those plotted in Fi g. 17; for example , there are 1397 data

points below each of the values plotted for the B-707- -only the

largest F’ value was plotted. Thus , the initial value of the

vortex strength is a function of the wingspan of the vortex-en-

countering aircraft. The parameters are listed in Table 9 along

with the correlation coefficient for the linear regression.
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TABLE 9 . PARA METERS FOR F0

C o r r e l a t i o n
A i r c r a f t  Type Slope In t e rcep t  C o e f f i c i e n t _

(ft/sec) (ft2/sec)

B-707 18.02 920.6 0.996

B-727 17.95 895.4 0.993

B-737 11.23 642.9 0.993

B-747 19.56 1148.6 0.968

DC-8 13.52 1270.5 0.977

DC-9 12.29 837.0 0.998

DC-b 15.46 1010.3 0.969

L-lO1l 16.35 958.5 0.977

B-707H 14.88 1007.4 0.966

DC-8H 16.13 982.2 0.990

PA-28 9.54 521.8 0.971

Learjet-25 5.20 
— 

71 5 . 2  0 .9 9 9
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APPEND IX B

VORTEX DESCENT

The purpose herein is to review the mechanisms governing vor-

tex descent. The material follows closely the discussion of vortex

transport in Reference 2.

B. 1 VORTEX DESCENT OUT OF GROUND EFFECT

For vortex-transport calculations , the Rankine vortex model

is usually used:

v(r )  Fr 
~ 

(32)
2rr c

for r < r
~~
, and

v(r)  = , (33)

for  r > r c . I’ is the strength or circulation of the vortex , and

r
~ 

is the radius of the core. The basic assumption of vortex

transport is that the transport velocity of each vortex is the

velocity of the surrounding velocity field evaluated at the cen-

troid of each vortex. The velocity field is composed of the am-

bient wind and the velocity imposed by other vortices. Equation

(33) can be used to calculate the mutual induction of vortices

upon each other if rc is less than the separation distance between

the vortices (b0).

After the wing-vortex sheet has rolled up, the trailing sys-

tem consists of a pair of vortices of finite rotational core area

with a core radius a relatively small fraction of the vortex span .

If the vortex pair is immersed in a “still ,” homogeneous inviscid

flow , the pair is convected downward at a velocity F/2rr b0 . Th e
classical analysis (Ref . 2) shows that there is a closed recircu-

lating mass of air , of roughl y oval proportions , associated with

B-l 
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the concentrated vortex pair , and that the cell is convected down-

ward at a uniform speed . Plow exterior to the cell never enters

it. Thus , a long vortex pair , which may be regarded as substan-

tially two-dimensional , will move downward in an unbounded fluid

with constant velocity for all times.

In real flows , this situation does not persist indefinitely,

and most experiments show the rate of descent decreases , and

finally, approaches zero. This is caused by diffusion of core

vorticity by some combination of laminar and turbulent viscosity,

and it will occur even in homogeneous (unstratified) flows . Much

effort has gone into explaining and quantifying the effect , but

the subject still remains controversial. A rational interpretation

of the effect , coup led with careful observations , which greatly

assists explanation of the effect , has been put forward by Maxworthy

(R ef . 34).

Maxworthy conducted experiments with vortex ring s in water ,

using various visualization techniques to identify where the flow

went. When the vorticity was relatively well distributed in the

ring , he observed that the outer flow was entrained into the back

of the cell , causing an increase in the cell volume . At the same

time , a portion of the cell vorticity was shed into the wake ,

removing both vorticity and momentum from the cell. The combined

effect was to increase the cell size and to reduce its propagation

velocity .

The mechanism of mass entrainment is important for further

development of vortex transport. Fi gure 18 is a sketch of the

vortex flow field , in coordinates fixed at the core centers , so

that the outer flow is represented by a uniform and unsteady flow

from below. The cell has a well defined stagnation point , A , and

over the front portion , a well defined cell boundary , A-B. Across

this boundary , the pressure and velocity fields of inner and outer

flows are continuous , the only discontinuity being between the

inner vortical fluid and the outer h-rotational flow . Because of

both laminar and turbulent effects , the vorticity of the inner

vortical flow is transferred to the outer flow , and as a

B- 2
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consequence , the total p r e s s u r e  of the flow is reduced . After

passing the maxi m um-velo ci ty point near B , the outer flow , con-

tained approximatel y by the stream tube DC , is u nable to recover

s u f f i c i e n t  ve loc it y to rejoin the outer flow a t the rear , and

r e m a i n s  as p a r t  of  the stationary c e l l .  Thus , t h e  c e l l  si ze is
increased . At the sa m e tim e , a n ei g hbo r in g s t r e a m  tube EF acquires
a smaller amount of vorticity, and suffers less pressure reduction ,
so tha t it does depart from the cell at the rear , but at a lower

than free-stream total pressure . This portion develops into a

wake behind the cell.

The same process causes entrainment of the outer flow into

the cell and a detrainment (removal) of some of the cell vorticity

and momentum . A further process occurs on the centerline of the

cell , AX. Here , vorticity is annihilated by diffusion from the

left- and right-hand cells. Thus , three vorticity transfer mech-

anisms occur , and the overall effect controls the cell dynamics.

Maxworthy (Ref. 34) showed that initially the vortex-shedding

to form the wake was extremely weak since the cell vorticity at

the boundary was quite weak. Thus , although the cell grew in size ,
it did not lose momentum , and the impulse was conserved . In these

circumstances , the main vorticity loss occurred along the center-

line and was small , and there was minimal wake-momentum loss.

During the later stages in growth , when more vorticit v was present

near the boundary between the inner and outer flows , the wake

developed. Vorticity and momentum were shed from the cell , and

thus , the momentum in the cell decreased while the cell size in-

creases. Both of these effects contributed to the reduction in

descent speed and the final complete annihilation of the cell

momentum for the two-dimensional vortex observed Lv )‘laxworthv. It

is noted that for a three-dimensional vortex pair such as an air-

craft wake , vortex annihilation caused by three-dimensional effects

(sinuous instability and core-bursting) , almost always precedes

the two-dimensional ~~rt e x annihilation.

It must be noted that Maxworth y ’ s experiments were conducted

with vortex ring s at extremely low Reynolds numbers for which the
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flow was certainl y laminar. However , flow-visualization tests with

finite wings also exhibited a detrained wake . These experiments

were also performed t very low Reynolds numbers. It is possible

that during the later stages of development of an aircraft-trailing

vortex system that similar processes of mass entrainment and momen-

tum detrainment occur. For laminar transfer , the time scales

would be too long to be of interest , hut if the transfer were

assumed to he turbulent , it mi ght be possible to account for some

of the observed effects. Thus , it appears very probable that the

later development of a vortex pair follows qualitativel y the

stages described by Maxworth y with an additional initial stage.

The three stages are postulated as shown in Figure 19 .

Stage I - -  The Inviscid Cell: Here , the vorticity is con-

fined to well within the cell boundary. The cell boundary is

defined as the streamline between the flow which remains with the

vortex pair and that which remains with the ambient air. On the

boundary itself , there will be no laminar mass or momentum trans-

fer (since there is no distortion) , and turbulent transfer will

have no net effect since both inner and outer flow have the same

total pressure. In these circumstances , the core size is less

than the cell size , and the inviscid cell model w ill be a good

representation of the dynamics. The time rates of change of cell

size and vortex strength are zero; the descent velocity is constant.

Stage II - -  Th e E n t r aining C e l l :  As the  core  v o r t i c i t y
diffuses and approaches the cell boundary, the first process (of

mass entrainment) occurs , and the cell grows: F = 0. The descent

velocity reduces sli ghtly from the inviscid value because of

greater vortex separation resulting from cell growth.

Stage III - -  The Decay ing Cell: During the later stages ,
substantial mass entrainment and momentum and vorticity shedding

occur , causing a wake to develop behind the vortex p a i r .  Thus ,
various catastrophic instabilities usually develop before the

complete decay has occurred.
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B . 2 VORTEX BUOYANCY

Vortex buoyancy is the aerostatic force imposed on the vortex

by virtue of the difference in density between the air contained

within the vortex and the surrounding ambient air. There are

three sources of this density difference: The first is a result

of the static underpressure of the vortex. The second is the

result of entrainment of hot exhaust gases from the eng ines .  The
third is the result of descent through a nonadiabatic atmosp her e .
The first two effects give the vortex a positive (upward) buoyancy

force. The third may give a positive or negative force depending

on the temperature-lapse rate of the surrounding atmosp here. The

magnitude of these effects on vortex motion is small compared with

mutual induction .

For the first effect , the momentum equation for cylindrical

f low gives

2 2dp - Pv - p F
— — 2 3 ’4 mr r

where the second part of the equation is valid outside the core

for the Rankine vortex . Assuming adiabatic conditions in the core ,

= F~D P~O
k 

= constant , (35)

where k is the ratio of specific heats , and the subscript refers

to ambient conditions . Equations (34) and (35) may be used to

find dp/dr:

k- 1
kp~~p 

d - ______

1~~~~~~~ 
P — 2 3  r .  (36)

p r~ 4 n r

Integrating between the limits of infinity and r ,

B-7
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r k i
= 10

k-l 
- ~ ~~~~~~~~~~ . (37)

S l r r j

As an example of the magnitude of the effect , for the flig ht
conditions for a landing B-727 and an assumed core radius of 2
feet , the density is 0.00138 slugs/ft 3 compared with an ambient
density of 0.00235 slugs/ft 3 . The upward buoyant force is

F = 2ir g f  (p
~ 

- p (r)) rdr. (38)

(I n prac tice , the integral would be taken from the core radius ,
rc , because the equation is based upon the Rankine vortex assump-
tion , and is only valid for r > r

c .)

Engine-exhaust extrainment is another aircraft variable which

can affect the vortex-transport process through variations in the

vortex buoyancy. The density variation caused by exhaust e~1train-

ment is

p = p T /T , (39)

where T is the temperature of the air in the core of the vortex ,

and Tc.~, 
is the ambient air temperature.

The third cause of buoyancy is vortex descent through a non-

adiabatic atmosphere. The interface between the wake fluid and

the exterior atmosphere is only a dividing streamline ; it does not

support shear or pressure. In the presence of atmospheric turbu-

lence or turbulence in the wake , the streamline is perturbed , and

some mixing between the interior wake fluid and the exterior atmos-

phere occurs. When the mixing is small , as it is when the wake is

young and the turbulence is low , the wake fluid retains its iden-

‘ci t y and its physical properties as it moves about through the

atmosphere . One consequence is the creation of aer os tatic forces

b-S
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as the w ake m ov es in to reg io ns of v a r i e d  t e m p e r a t u r e  and d e n s i t y .
For example , an upward  (or b u o y a n t )  f o rce  is d e v e l o p e d  on those
segments of a wake descending into a stably stratified atmosp here

if there is little or no mixin g of the ambient air with the wake

fluid. Results of experiments on wake buoyancy are presented by
Tombach (Ref. 35) ; he showed that a wake descending into a stable

atmosp here acquired buoyancy, until at some later time , turbulent

mixing between the wake and the atmosphere became strong enoug h to

erode the temperature difference between them . Increasing ambient

turbulence shortened the period during which buoyancy was acquired ,
and as a consequence of more rapid mixing , resulted in more rapid

decay of both buoyancy and vortex descent.

The aerostatic forces are a result of an increase in the tem-

perature of the fluid in the wake oval , caused by adiabatic com-

pression as the oval descends into a denser atmosp here. An atmos-

pheric temperature stratification other than adiabatic (neutral)

will result in a temperature difference , and hence , a density

difference between the wake and the atmosp here . Buoyancy will thus

be created for wakes descending into a stable atmosphere (the most

common situation) with no mixing . Theoretical models with no mix-

ing (Ref. 36) indicated that the buoyancy so acquired accelerated

wake descent and decreased vortex spacing . The experimental

observations discussed above indicated , however , the possibility

of a r etarding tende n c y ca u sed by buoyancy, but mi ght be a con-
sequence of entrainment rather than of buoy ancy .

Overall , the effects of aerostatic forces on vertical wake

motions appear to he of smaller order than the dissipative mechan-

isms associated wi th turbulence , which could overwhelm the buoyancy

effect , and thus , result in the difficulties experienced in prop-

erly isolating the buoyancy influence. A comprehensive discussion

of both theoretical and experimental observations on the descent

of a wake in a stratified fluid is given i n  Reference 30 .

The predominant effect of atmospheric stability appears to be

the indirect one associated with the vertical air currents result-

ing from atmospheric mixin g . In a stable atmosp here , this mixing

B - 9
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is suppressed , resulting in reduced vertical air motions and

reduced effects on vertical wake motions . In unstable conditions ,

vertical atmospheric activity and resulting wake motions are amp li-

fied . Such motions may be either upward or downward , thus unpre-

dictable wake ascent or descent can result under such unstable

atmospheric conditions.

The effects of atmosp heric stratification on initial wake

descent rates are shown schematically in Fi gure 20. For a stable

atmosp here , the wake descends initially at a speed which is con-

sistent with the inviscid anal ytical model. Random influences

become more evident for less stable conditions. The figure applies

only to vertical wake motion during the first few moments after the

wake has been fully formed. Subsequent vertical wake motions are

influenced by buoyancy, turbulence , and the continued random action

of vertical air motions (which are accentuated for less stable con-

ditions) . Not all of these factors can be quantified at present.

Vertical air motions often become quite pronounced under the

influence of thermal activity near the ground . Extreme vertical

convolutions of wakes can occur because of convection by these air

motions . Under these conditions , the vortex pair is stretched and

distorted into a highly nonlinear confi guration where mutual and

self-induced vortex velocities act to amp lify the process. Figure
21 shows such a wake generated near the ground under conditions of

hig h atmospheric therma l activity. The impossibility of dealing

with such a resultant wake structure on anything hut a statistical

basis is clearly evident. Howev er , it remains to be shown that

such a convoluted wake may pose a hazard in operationa l conditions.

All wake motions near the ground do not exhibit such extreme

behavior. Under stable atmospheric conditions and reduced thermal

activity, the wake and the vortex pair undergo more orderly motions

which are fairl y well understood and can be approximated analyti-

call y. uch conditions are also those of greatest operational

interest because these same factors are conducive to wake persis-

tence. Wakes generated or moving into ground effect are subjected

B- b

9
_



r , - - 
:.: ~~..- -~- ‘ — , —

I 

.d
. 4 ,
, I
I i i  zi-~~~I I 0 0 ) 0
I I
I I
I I
I l l
1 1 1
f ‘ %  c~ u
I l l
I I I
I I I  0)
I i iI I I
I I 1

4.1
I .,.

~ ~~~ CJD .—l U)
1 1 1 —4
I I 1 .~~
f ~ 

0.. ~~ C)
I I
I I
I I tim Z~~t~ ~-.I I 0~~~ -~ o

C) I I Li
if ~r’~I I

K I Q)
(~~0.) I I -~~ Z C)’-4 0

~~~~~ I I
O t i )  ml) C/) 1-’ C~~~U
0~. 

I o
4.1 1 1 E

tH O  I 4.1 0~~I’4 ~ ~~
0 0.) ~~~~~~~ I LO~~~0 II.~ I
~~ a
0)0)

~~~ 17 .,-
~ ~—, 0 c ~~’e-’

< 11 a U)
11 ‘~~~~~~

- H4 4-~~~~~0

~ 2~&~j _ % .
~\i t - -~: ~~~~ 

- 
~~~ 

.
~~~~~ ~~~~~Hill

_/~~~~ IT! L x~t~ ~,.
~~ — ~ua~ sy 0 ~~~~~~~~~ —0

X~~t D o j a \  I n D T l . ~~1\ .~t an : -1

B - l i

.. _ _ _ _



- . -.---— 
. ~~~~

- “
~ r~~iw- -_-._-..- ~~~~ ,- .

FIGURE 21. VORTICES IN GROUND EFFEC T

B-1 2

- - - - V - - ~~~~~~~~~~~~~ -- _- . - .~~~~ - - -~~~~ - - 



- —~~~~—--. “-- -- --~~~~~ — V -- - ’ -- ..-----— -- V - V -,- ------V - V.,-,- ”

to the influences of the induction velocities generated by the

underground or image vortices. The vertical motion of the wake

gradually and predictably slows and eventually stops at an alti-

tude equal to about one-half the initial vortex spacing . The

vortices then move apart.

B.3 DESCENT DATA

Tombach (Ref. 35) studied the descent of vortices shed by a

light , twin-engine aircraft (AeroCommander 560F) . Cameras recorded

the motion and decay of smoke-marked vortices.

Descent trajectories for the AeroCommander vortices are

shown in Figure 22 for unstable and neutral stratifications , and

in Figure 23 for stable isothermal and inversion conditions. The

solid line in the figures is the theoretical descent rate based

on elli ptical wing loading . The broken lines indicate other de-

scent rates for comparison .

In Figure 22 , the wakes actually rise in the two unstably

stratified cases shown , probably due to being carried upward by

the considerable vertical currents which accompany instability.

The high turbulence which naturally occurs in such an unstable

atmosphere results in very brief lives for these wakes. The wakes

in a neutral atmosphere show a fairly rapid descent , with initial

speeds well exceeding the theoretical descent rate. After 20 to

30 seconds , the descent has slowed , but the speeds still exceed

the theoretical rate.

For the more stable atmosp heres (Fig. 23), th e range of
initial descent speeds bracket the theoretical descent rate and

are within about 25 percent of it. As before , there is often slow-

ing down of the speed of descent after 30 to 40 seconds , with

descent speeds at 50 seconds typicall y about 1/2 to 3/4 of their

initial values.

wakes often exhibit considerable banking or tilting of the

plane containing the vortex pair. Fi gure 24 displays trajectories

for wakes which have banked in excess of 25 degrees. Surprisingly,

B-13 
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bank ing does not change the descent speeds greatly; the trajecto-

ries do not look much different than those for unbanked wakes.

The data show the effects of atmosp heric stability on the

descent of vortices. Slowing of descent appears to be caused by

the turbulent erosion of the wake strength (with an attendant

decrease in the potential hazard if the wake were encountered by

an aircraft) - The data are consistent with the three-stage char-

acterization of the life of a wake discussed in Section B .l.
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APPENDIX C

CROSS-W I ND PROBABILITY DENSITY

C. l GENERAL DERIVATION OF CROSS-WIND PROBABILITY DENSITY USING
WIND-ROSE DATA

Wind-rose data are ordinarily presented as a polar-coordinate

p.d .f. (or more usually as a discrete probability distribution)

for the joint probability of a wind magnitude (r) and “from ” direc-

tion (0). Denote this wind-rose as p~ (r,e).

To determine the p.d.f. for the cross wind on a given runway,

consider the following transformation of variables , where a is the

runway heading , and (x ,y) defines a cartesian coordinate system

with the positive x-axis aligned with the runway heading (Fig. 2$).

The transformations from the wind-rose to the runway-coordinate

system are:

head wind : W r c o s( a  
- 0),

cross wind : w~ = r sin (co - 0 ) ,

and the inverse transformations are:

magnitude: r2 = w2 + w2x y

direction: 0 = a - tan
~~
’(w

y/w x) .

The standard formula for transforming the joint p.d.f. is

Pw(Wx~~y
) = 

~ Xy~ ~~ 
(/
~
2÷~

2 a - tan
~~

(w y/w x)). (40)

where IJ is the absolute value of the Jacobian of the trans-x y
formation :

C-l
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ar 3r

~w ~wx y
J = = -l 

• (41)X)’ ~~ 
~c2 +~~

2

~
W

x ~ W
y X y

Thus ,

+ w2 ’ a~
tan ’(w

y /wx))
= ( 4 2 )

V’w2 ~w
2

x y

is the representation of the wind p.d.f. in cartesian coordinates
aligned wi th the runway heading a .

Since the concern j n vortex analysis is with the cross-wind
magnitude , def ine wc = IW~ I . The marg inal p.d.f. for wc is found
by integrating out w

~ 
at w~ = + w

c :

= 

£ EP w (W x~
W c

) + 

~ w x ’ c~~~~~~x (4 3)

At this point , it is useful to make a simplif ying assumption that
the wind distribution is symmetric about the x-axis; i.e.,

= p ( w , - ‘.~~~)
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‘1’ hen

= 2f pw(Wx~
Wc) dw

~
,

p~~(~ç2 + , a
~
tan

~~
(w \/w c ) )

= 2f 
x c dw

~
, (4 4)

12  2
V W ~~ + W

giving the cross-wind p.d.f. from the wind rose.

Wind-rose data are a statistical representation of the proba-

bility of a particular wind vector being randomly encountered on

(or above) the airport. The transformation to cross wind on a

given runway is strictly speaking only valid for a randoml y se-

lected runway . Selecting ~‘ particular runway for landing is an

act imply ing prior knowledge of the wind magnitude and direction ,

the usual strategy being to pick a runway heading (a) to minimize

tail and cross winds . Under such conditions , limits on the allow-

able cross and tail winds should be imposed when defining the

cross-wind p.d.f ,, given that runway a has  been selec ted.  For
example , le t  L t be t h e ma x i mum a l l o w a b l e t a i l  wi nd , a n d L

~ the
maximum cross wind , then  an improved  e s t i m a t e  of the c r o s s - w i n d
p.d.f. when runway a is in use would he

- 

1L 
Pw x ~

W
~~ 

dw
~

Pc/a(1~
T
c) 

- 
L 

. (45)f  c 
fL

~ 

Pw x~
wc)

This will he further modified by runway usage and noise considera-

tions.
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C. 2 CROSS-WIND PROBABILITY DENSITY DLRIVEI ) FROM ‘l OWER L)A’I’J\

Crawford and Hudson (Ref. 31) measured winds using aerovanes

mounted on a 1500-foot towe r located near Oklahoma City. Reference

31 presents annual relative frequency distributions of wind speed

in 2-knot intervals for various levels on the tower. ‘Ihe concepts

of Section C.l will mow be app lied to the wind data of Craw ford

and Hudson to obtain a transformation to cross wind.

A number of assumptions are required to derive the cross-

wind p.d.f. :

Al. The magnitude of the wind vector is as described in

Reference 27 .

A2 . The wind direction is equally likel y in any direction

( i . e . , r andom ) .

A3. Wind magnitude and direction are independent random

variables

A f o u r t h ass um p t i on is i m p l i e d  b y t h is a p p r o a c h , as d i s c u s s e d

at the end of Section C.l;

A4. The selection of runway direction is independent of the

wind behavior above the surface.

Crawford and Hudson state that the wind magnitude measured

about 1 ,000 feet above ground could be well approximated by a form

of Rayleigh distribution

2 2
r -r /2o

= e , r > 0 , (46)

where o is related to the mean observed wind speed ~i by

o .

By Al above , this R a y lei gh distri b ution can he taken to represent

the marg inal p.d .f. for the speed of winds aloft at the airport.

c-s

.~
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By \2 , the marginal p.d.f. for wind direction can he written

p0 — , (48)

for 0 < 0 < Zr. Combining them with A3 , the assumed wind rose for

winds aloft becomes

2 2-r
R r ( 4 Cr~ 

(r , 0) = 2 e , -

2ro

for r > 0 and 0 < 0 < 2ii- . A4 states that this wind rose holds

without regard to the runway in use; without loss of generality,

the runway direction may be disregarded , and a may be set equal

to zero. The cross-wind p.d.f. is , then ,

~ - (w  2 + w 2)/20
2

= _12. 
~~~~~~~ 

e c

(50

- ~

—

~
—— -W ~~

2
~~~~~

2

with w~ > 0. Note that this is the p .d.f . for the magnitude of a

Norma l random variable (i.e., w~ is distributed Normally with :ero

mean and variance 02), which is to be expected , since the Ray leigh

distribution is the p.d .f. for the vector sum of two identica lly

distributed Normal random variables. Falls and Brown (Ref. 35)

substantiated that wind components may he considered hiv a riate

No r m a l l y  d i s t r i b u t e d .

The c r o s s - w i n d  p . d . f .  may be r e w r i t t e n  in t e r m s  of the mean

wind speed aloft (u)

2 2- .TT w / 4 ’
~i

p ( w )  ~- e  c 
, w > 0  (51)

c c p c —
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and the mean cross-wind m agnitude is i’elated to the mean total

wind by

E ( w ) = 
~~

‘ p

The observations reported by Reference 31 g ive ii = 18.U knots at
1166 f e e t  abo v e g r ou nd le v el , with 17 .2 and 18.7 knots at the next
lower (873-foot) and hi gher (1459-foot) levels , respectivel y .

Using the 18.6-knot value , the derived p.d.f. for cross-wind mag-

nitude is

Pc(~
1 ) = 0.0538 e 0 00227

~ c
2

c 
‘ (52)

with a mean of 11.8 k n o t s .

If the winds of interest are correlated , even weakl y, with

runway s e l e c t i o n , t hen f a c t o r s  come i n to  p lay  t h a t  could inva l i -
date  A2 to A4 above , and the more specific anal ysis must he app l i e d .
The effect of selecting a specific runway for approaches into the

wind will , in general , further limit the variance of the Cross

wind , making low cross-wind speeds even more likel y. Acknowled ging

this effect in the anal ysis could have distinct effects on the

safety calculations for vortices of non-zero potential ha:ard

since such calculations rel y in the main on cross-wind transport

effects for reductions in encounter probabilities.

C.3 CROSS-WIND PROBABILITY DENSITY FOR A VAS-GREEN LIGHT

The procedure is much less clear when attempting to infer a

cross-wind p .d.f. aloft given a “ r e d / g r e e n  l i g h t ” o b s e r v a t i o n  of
surface winds. If there were a simple one-to-one mapping between
the surface wind vector and the wind vector at altitude , then an
appropriate determination of the wind rose aloft conditiona l on a

surface “green light” could be made. However , i t  i s  not  r e a s o n a b l e
to expect t h a t  such a mapp ing can h e e s t a b l i s h e d , or t h a t  a n y sim-

p le one -  t o - o n e  c o r r e s p o n d e n c e  s h o u l d  e x i s t .  In  f a c t , i t  is

~~~~~~~~~~ - --- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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i’easonable to expect that a statistical rather than d ete rm in i~~t j c

relationshi p will exist--that is , any particular ~‘ind v e ctor ob-

served on the ground may relate probabilistica ll y to a large set ot

possible wind vectors aloft (and vice versa). ‘ihis makes the i loft

interpretation of a “green/red light ” surface observation much moi’e

cumbersome and its description dependent on observed statistical

data--the measured wind rose aloft given a “green lig ht ” at the

surface. The latter mi ght indeed bear no relationship to surface

winds , in wh ich case the observation of a “green light ” would

convey no information of use in establishing the p .d.f. for cross

winds aloft.

In the absence of specific meteorolog ical rules , a simple

assumption is postulated:

AS. If the surface wind is observed outside the \‘AS elli pse ,

then the wind vector aloft will also always lie outside of such an

elli pse.

This assumption has several drawbacks and further assumptions

implicit in its use: Steering of the wind vector may cause a vec-

tor nominally outside the ellipse near the MM to be inside the

ellipse when applied aloft. A given surface-wind observation may

yield a probability distribution aloft that is radically different

V from the normal wind rose; when an area (such as the “green light ”

region) of the surface-wind distribution is considered , the re-

sultant conditional wind-rose p .d.f . may not be a simple scaling

up of the ground-wind rose , and most certainly will not look much

like a scaled surface-wind rose. Thus , caution is needed in the

use of A5.

A further assumption is imp licit in t he  app l i c a t i o n o f A~~:

A6.  I f  a “ g reen  l i g h t ”  occur s , winds aloft maintain their

normal (relative) probability r e l a t i o n s h i p  that was expressed by
the unconditional aloft wind rose.

This results in a rather uni quc mapping between the surface and

aloft--not quite deterministic , hut extremely ri g id. It implies

sufficient correlation between the two wind vectors to he at

C -8
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d i r e c t  odds w i t h  A 2-A4. ‘I’his remains an u n a n s w e r e d  c o n t r a d i c t i o n
to be resolved by the results of the data collection (Volume II of

this report). With AS and A6 , the determination of the conditional

p.d .f. for winds aloft given a “green light ” at the surface is

straightforward.

The VAS elli pse (E) is oriented with the runway-coordinate

system ; the semi-major axis aF of the ellipse is aligned with

and the semi-minor axis b E with Wy~ Define the conditional cross-

wind-aloft p .d.f. g iven a surface “green li ght on runway “ obser-

vation to he p~~(w /GLa). This is found (see Figure 26) by inte-

grating the unconditional aloft p.d.f., Pw(~ x~
Wy)~ 

along the two

lines w >, = + wc , and then normalizing by the prior probability

that the wind vector (c’) is outside the elli pse , p(~~E). (Note

that this is not the a priori probability of a “green light ,” which

is the same calculation applied to the surface wind rose. In gen-

eral , when app lied at altitude , the value obtained will be larger

than the VAS effectiveness at the surface because of the higher

wind speeds expected at altitude , some of which in fact may occur

with “red light” conditions at ground level.) Thus ,

= ~ w x ~
W
c) 

+ 
~w x ’ c~~ p (~ iE)

(53)

+ I w x ~
W
c) 

+ Pw (wx~~
wc ) ]

~~~~ E)

where

= b’j~ \fb~~wc
2 0 

~~
. W c

< bE

0 bE
< w c < L

~
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As before , simplifications can he made regarding the symmetry of

cross wind , and , when data show no prevailing winds from any d i r e c -
t i o n , then  h e a d - t a i l - w i n d  s y m m e t r y  m i g h t  he acceptable also , yield-

ing

~~, ~R j ~
’
2+ wc

2,a~ tan (wc/w x
) )  dw

~ (54)
= 4 f — 

Vw~
2 + w 2 p(~~~E)

with

p(w~E) = 4 f f~ 
P~(V~
’
~ 

Wc
2
~ a- tan

1
c ’~~x~~ dwx

dw
c (5 5)

£ +

Since symmetry in all directions has been in effect assumed , a can

be set to zero without any further loss of generality.

The assumptions in the application of p
~~

(w
~
/GLa) are A5 and

A6 plus any conditions that guarantee that

A7. The unconditional aloft wind rose is symmetrical with

respect to the selection of runway direction.

Note that condition A7 (symmetry) is satisfied by A2 and A3

(independent , equall y likely wind direction) , but that the same

claim of lack of surface/aloft correlation that was stated as A4

still remains at odds with the basic physical premise of using a

surface observation to provide information on wind behavior aloft.

The assum ed Rayleigh ‘s ind rose , conver ted to cartesian runway

coordinates , is

~~ 
(\J~~~

2 
~~w

2 a-tan ’wy/w x fl
n (w ,W )  =

W X )‘ ., /  Z 2
x y

C -I l 
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- (w  2 + w 2)/202
X 

~“ . (56)
2’,w2

Thus , by substitution ,

~~ 
- ( w~

2 + wc
2)/2ci2

e dw
~p ( w /GLa) = 

C 
2 zW C f~~ g~~ - (w~~~ + w  ) / 2 o

J0 j~ e X C dw
~

dw
~

-w 2 /2a 2 ( 5 7 )

= 

Q ( e/ o ) e  ~ 
2 2-w /2o

J0 Q(c/o)e C dWc

where

~~ i 
-v 2/~

Q(s/o) = f  — e  dv ,

a =\J~~

(ji is the mean local wind alof t) and

aE / 2  2

C = 

~~
— 

V
bE - Wc 0 < w < bE

0 w > b E

for the conditional p .d.f. for cross-wind magnitude aloft given as

a VAS “green light on runway a” and Al to A6 are valid

C-l2
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(notwithstanding the unanswered contradictions among the assump-

tions). Given the parameters p= 18.6 knots , a1. = 12.5 knots ,

h1. = 5.5 knots , and a= any runway  d i r e c t i on , the equa t ion  can  he
evaluated numericall y, and is shown in Fi gure 13 along with the

no-VAS c o n d i t i o n .  ‘ihe VAS “ green l i g h t ”  obser v a t i o n , as ex pec ted ,
implies a shift in the p.d.f. from lower to higher cross-wind

values.

A more comp lete discussion of the material in this appendix

can be found in Reference 38. In particular , the assumptions and

the imp lications of the assumptions are discussed in detail.

C. -~ DATA COLLECTI ON

When the surface wind is outside the VAS elli pse , does the

wind vector aloft also lie outside the ellipse? This is an assump-

tion (AS), which was invoked in the absence of any specific mete-

orological rules relating winds at the surface to winds along the

ILS out to the OM. To test the assumption , wind data extracted

f rom A i r c r a f t  I n t e g r a t e d  Data  Sys tem ( A I D S )  r e c o r d i n g s  were  u s e d .

The AIDS package consists of an onboard computer which records

Inertial Navigation System data along with aircra ft-control inputs

(throttle , flaps , etc.). The data came from 62 KLM B-747 landings

at Chicago O’Hare International Airport. The wind was determined

in approximately 25-foot intervals between 50 and 1300 feet above

ground level. The flig hts occurred between 1 July and 23 October

1976.

Whenever the wind exceeded 10 knots at the surface , little

turning or change in wind direction was noted among the various

altitudes (usually less than 20 degrees). Between 6 and 10 knots ,

the wind direction varied up to 40 degrees. Below 6 knots , l a r g e

variations in wind direction were noted (sometimes exceeding 100

degrees). Fifty of the 62 approaches occurred during “VAS-green ”

conditions. For the 50 approaches , the winds aloft were in agree-

ment with \5 for 48 approaches (96 percent). One of the two

approaches not conforming to ..\5 yielde d a discontinuous , and hence ,

su sp ect w i n d  p r o f i l e , wh e r eas t h e  ot h e r ca se  may have occurred in

•1 C- 1 3
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“VAS- red” condit ions as  the surface wind wa s on t h e  ed ge of t h e
\‘AS ellipse (a 5.5-knot cross wind). However , it does appear that
A S is warranted.

It is acknowled ged that the AIDS data are restrictive as the

B-747 landings occurred at about the same time each day (approxi-

matel v 1600 Local Standard Time). Until the comp letion of the

data collection discussed in Appendix F (the anal ysis will be con-

tained in Volume II of this report), the AIDS data are the only

relevant data available ; they don ’t c o n t r a d i c t  AS or the cross-
wind aloft model.
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APPENDIX D

L I S T I N G  OF CO MPUTER PROGRAM

The encounter-probabili ty model described in Section 4 was
coded in FORTRA N fo r  r u nn i n g  on the TSC D E C s y s t e m - l O .  Figure 2’~
is a listing of the routine. Many comments have been inserted to
permit identif ying the corresponding equations of the probability
model . Lower case letters cannot be used in programming the DEC
system-lO. Usually the notation used in the program is a strai ght-
forward interpretation of the parameter in the text (e.g., F fo r
f, SIGD for T or TT for t, etc.). Examples where the program
notation may be confusing ly inconsistent with the text are listed
below :

TEXT PR OG RAM
b BF
e

b g B

b0 BG

P DHAZ O

LT EL

P c (W c ) PC W

RR or R

0 SIG W D

P-i
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ThIS PACE IS BEST QUALTTY PRAC1’ICA~LZ
FR(~!M (~~ Y ~ ixceil 5a~lJ ’i’ I) i)DC 

-

C... E T~L C j F T L ’
~ Ai ~i 1 I 1 Y  4NAL Y ~~I S

C... O(t1 / T .~u o.~~I N S T f r ~ CLDL , , 21
CLM M L N / ” C . ,I D/ PC~~( 5 L , 2 )

D I M f \ S I f I ~ K L C C P I~~) ,I’~A S( 2)
LI ML N S I u I I  P J E S U 4 ( o ) , T T  ,P J 1(d ~).~~k ( 6 ) ,~~t J Io)  ,PUt ,a (~~)
D I M I  NO ld ~ SI  ~~ D( ~ )

C... T~L V A S  , V A S  0< J S S ~~l N L )
D A T A  IV A S / ’  , ‘ ~.I1h’ /
j~~L~ “ Lu [~~/ 1,t /

L~~[N(J ~~l T , ~~L~~tCE ’L P l ’ p A C C L S , = ’ LUL L j1’ ,M 1UE ’ A S C L I ’ ,
F I L E  E “~C 1K. ’)

C A L L  P~’~, E T
10 C L N I I ” L F
C... F- IS ThE ~- ‘ SC T I t 5  U- ‘~L L L — C L ” ~T kuL Au TF1 U ,~IT ’Y

F=0 .  379
DC lO GO JJJ 1 , 1 3
.J=JJJ
I F ) J .E..).13) Gt) 10 430
DC 1OCO J F J = j ,j~
JF = ~~FJ
C A L L  C A l F IL( J , h~C ,B,V , 5 L L P F , E I N T , V C , S j C - ’ l D )
C A L L C A T ) - I L I J F  ,1ALF ,t-F - ,U, S LI,’ E F, B IN TF ,VD F ,S I,,F ’c F

C... T I f r E  INC ~~~ M c N T  1SE C /~~.’~)
D 1=E C7 (./V

C... u I S 1 A F~C~ (F l) F~~CM R U N W A Y  TH PL ShIC ,LC
EL = 34 CC C. 0

JL= R O C J .O
C... G A M M A  F I T

U A (5LO PE*(t3 F /3.28J ~3 4 I + ô L N T I * ( 3 .2 8 J d a ,)*S2

~,F I T E ( 5 , 4 0 O J )  F ,I 4C , ’+, 1 ,~~A M , V u . S t ~.,MD, SLCPE,,3 jNT
4C0 0 FL,r’U A T ( I H L, ‘ ENCC&,N T EF ~ AN A L Y S I S ’  ,3X, ’I’= ’,I-b.4/

* ‘ C E N E ) ~A TI~~~ A / C ’ / l X ,A 5 ,l X , ’Vr ’ .Ft.1 ,1X ,lb r ’.F 6.[,1*,’(,AP ~MAC = .

* ,fo..L,I X ,’V .) ~ ‘ , I-o .//~~X , ’S I~.MJ =‘ ,F~~.~~,1x, ’ S L C P E = 1

* .F~~.3,IX, ’lt A T E Q C E P T  = ‘ ,F-?.3/)
~P iTE(5 ,S~)03) lAC E ,t . , i ~F

500C F (,kM A1(1 X , ’F OLL U,~c R A/C ‘/1X ,~~’,,~~X . ’L) =‘ ,co.z.ix ,’~~F = ,F 6 .1I
C... PF RI C T a M A N A L Y S I S  FC F< F O L L C W F R  DISTANCES UP TO
C... 6 NM A l 1— NM INC sI-M L N T S BE H ISO L.ENE F~A 1 C ~
C...
C. . .  C A L C U L A I r  M I N I M L P ’  J I S T A N C E  F -C R u ,‘F’L d A O I L I T Y

U H A Z 0 = ( ( O A M * B I / l P F * 1 ) ) ) * ( 2~..5)o*’~.SE/ 6C7b.) /F
I F - I  JF. • 11 IDH AL C.
IDH . G
000 47.9*8/607o .0
IF ( C FA LO. L 1 .Ju.i) I L)F-IC=1
If- IC F AZO .Ll .DCD ) CHAZ O =C1 ) I)
~a RI T€ ( 5, 5CC I) D N A Z O , I O r t Q

Sod F C~~M Al( / ’  MINIM UM C I S1AF\fL F U R  0 PR (’AAL ILLLTY ’,F7 .2,’ NM. ’,13 )
1=2. *91

DC 259 1=3, 6
1= 1+0 1
I I I  1 1 = 1

C... C A L C L L A T I C N  OF U - C C U N T E f~ C R G S S  ~ E CTI UN
Q (O.?$’.’*T )/ 3
GA M M A 6A M

C. • .;AF4MA A T T I N L A T I O N  A F T E k  B R E A K P C I N T
IF (C.uE .9 .Sd) ~,A~’MA N.58*G A M MA /Q

C... EN C C L N I E R CM I S S  S E C T I L N  (N)
PP ( I )= (2 . b 5 3 * GA M M A ) / (U * E j

IF( J F .DL .11) N I ~( I  1= 0. (5*~~~(I)

F I G U RE 2~~~. L I S T I NG OF COMPUT ER PRO GRAM OF
P R O B A B I L I T Y  MODEL
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THIS PAGE IS BEST QUALTTY PB.ACTICABLI

FROM C.O~~~ 
FUR~ISkiF~

1) I’Q D~~ ~~~~~~~~~~~~

C... V O R T E X  D E SCENT P A R A M E T E R S
DD( I )= ‘w U*T
51 6001 I) = S I G M U * 1

2~~U C O N T I N U E
E I.E L + DL
i f - IE1.uE.S9000.O) GO 10 1000
S IDY O .01 12o8*EL—c.4 2o~~3
S IGl= C . 0O 3)~6b*EL+9.d04 8-)5
wi’ ) TI (5,’~OCO) EL , S IU Y ,S IGL

9000 FC P M A I ( / /  • L= ’ ,F8 .0, ‘ FEET’ , 5x, SI~~MY = ’,F6.0,5X , ‘5I~.,MZ= ’ ,F 6.C)
DC 1500 K 11 1,2
DU 255 1= 3, 6

255 P D E S C M ( I ) = 0
KkL l .I~LG U P ( K L 1 )
L L = K KL I—i

h kl TE (5,60 C 0) IV A S I K L I )  ,LL ,(I,1= 3 ,6),( TT (j ) , 1=3,6)
6000 F L F M A T ( / A 5 ,’ VA~~’/’ PD tS UM’ ,13 , ’ — 50 K T S’ /4 (SX, I1 , N M ’ ,SX l /

I 4(3T ,F 6.1,’ SECS ’))
ha ’ IT E l 5 ,6666) I RN (I) , I = 3, A )

6666 I C k S I S T  (4(3x ,F 6.1, ’ F E E T ’ ) )
C... PLRF LNI’I A~d A L Y S I S  FÜ R EACH CNU SS —aaINi ~ SPEED A~ U ACCU MULATE
C... P R C B A ~~I L I T Y AS A F U N C T I C N  CF CR C~ S—~~I N D

DC ~‘J0 K K K L I , S 1
CC ‘, 1=3,6

(I)
P E E l I)= 0.
PDE~ (I )= 0.
HA ZM H—B F/ 2.
IF ( H A Z I a .LE. O .) .0 IC 4

bu=3 .C*I. ,.14159)*L ’/b .J
IF (k.Ll.3., ) Ki. =1
jF IP. L 1’ .d,) ~=3~~~Q7 *.~

0=901 1 )
1= IT I I)
S IG D=S ILL) D f I )

C... h I N )  HJN
a,= E L C A T  (a~— 1 ) *1 . ô b b* T

C... D [v I A T IC N IN h I N D I.’jF-,
S IChD= 15 .0*1*1 .68M

C... HC a ’ I Z C N T A L  ‘D E V I A T I O N
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C... V F R T 1CA L D E V I A T I O N
Sl U V SCk T (2 .O*S ICZ*SIu Z t~~L a ,.IJ *Sh ,aL) )

C... C A L C U -A T F  ‘ C K I I C N TA L  ~“~, (UN1 f ~ P P Y b A ~~I L I T Y  1~~Eh )
CALL E R FU ~(~a , a1A L h, S l~,,r , P EI1J

C... C A L C U L A T E  V E R T I C A L  F’~CL u ” T E k  a’k0bAL’ I ., i T ~ I P E V )
H A L S C k T I i A L H + ’ ( N + ~~’/2 .))
C A L L  E P F~~N lo, H A L V , S I G V , P E V )

C... Pa~0 5 A r I L I T ’! OF 5 ,iA LA ~~JC LS L N C ( J r I E F  (P~~E)
P O E )  L ) = P i M * P E V

C... a.H U N  LESS THO ~. ‘u N U T  ~f~tA 1E ,. T h A N  b E / L ,  h A V E  IC, C U N S I c E R
C... EA C h  V L’a ’TE X 5E- ~A~~4T~~L Y

If - ~~~~~~~~~ PD [(I)= 2. ,)*P OL II)
C... P5< 1” A~~I L 1 T ’y U T  A FI AZA US L~ .CUi,O1Ea~ u I V EN TM,: CPU5S ~~~INO

P~;f R I !  )= PJF I I )~~P~~. (a ~,N L I I
C.. • P~ U~~A~~IL I T V ‘ II’ A M 4Lt.RUu~~S I000UN1ER A C C U M U L A T I D  OP
C... r ’~ ,‘- C T O S S— = I \  F 0 1 V 1 0  ~A~a NIT , Ji J E

i-’OF Sl iM (I )  =P )E SU~ (I )  ~ ii .~ I
4 C u T I O U S
3U )  Cr0 1 I~~L 5

FI GURE 2 7 . CONTINUED
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TBIS PAGE i~ BF.ST QUAI
IT’I PRACTICA~~~

F~~M C,t~ki~
L ~U ~ ‘ki1~1) ~~ 

LQC, ... ... ... .-

W~ 1111 5, 8000) (PL L SUMI ~ ),K= 3,6)
b000 F U R M A T I  JX ,41 1P ,:11j .3, 4X))

15C 0 C O N T I N u t
G E  I C  250

taco C O N T I N U E  V

GO TI 10
400 C O N T I N U E

CL O S E  I U N I T = 5 )
S T O P

E N D

SUB R O U T I N E  JAT F II(J,I AC C,l3C,VC, 51 (PLC,BINTC, V CO,SI ~~OO j
DI M E N S I O N  I A C ( 1 2 ) , 8 1 1 2 1 ,V ( 1 2 ) , S L E J P E ( 1 2 ) , B I N T L  [2),V0U2),$IGU ([2)
DATA (14CR ), 8(L) , V IL ) , S LO P E (I ) ,B I N T (L ) , VD ( L  ),SIGC (L ),

1= 1 ,  12)1
1 ‘87 07 ‘, 130.9, 232 .3, 5.491, 85.525, 5.22, 1.82,
2 ‘13727 ‘, 108.0, 205.8, 5.471, t~3.I 86,’ 6.55, 1.9
3 ‘13131 ‘, 93.0, 197.0, 3.424, sc.729, 6.54, 1.90,
4 ‘13147 ‘, 195.7, 238.1, 5 .So3 , 106.712 , 6.32, 1.94,
5 OC— 8 ‘ , 142.3, 221.2, 4.122, 118.034 , 4.88, 1.60,
6 ‘DC— 9 ‘, c3 .3 , 189.6, 3.746, 77.763 , 6.24, 1.90,
7 ‘CC—tO’ , 1o 5.3, 232 .3, 4.712 , 9 3 . 8 6 4 ,  7 .00,  1.9C,
8 L I O I P ,  1 55 .3, 241 .1, 4.983, 89.351, 6.98, 1.90,
9 ‘8707H’ , 145.8, 232 .3, 4.536, 93.593, 5.52, 1.60,
1 ‘DC—al - I ’ , 148.4, 210.2, 4 . 9 15 ,  9 1 .2 54 ,  5.72, 1.80,
1 ‘ P4 2 8  ‘, 30.0, 110.0,  2 . S C 8 ,  4 8 . 4 7 5 ,  4 .00,  1 .70 ,
1 ‘ L E A R  ‘, 35 .6 , 1 54 . 0 ,  1 .586 ,  6 6 .4 4 1 ,  7 .5 1 ,  1.90/
I A CU = IAC ( J
B C=B (Ji
V C= V t J )
SIC F E C= SE O P E IJ
B INT C=BI N T I J)
V CC = VC I J I
S IGD C=S 1GD (J )
R E T U R N
ENC

S U B R O U T I N E  T4D TR( X ,P,C )
C FOR X .GE.0, CA L C U L A T E S  A R E A  UNDER NCR M AL OI S IR IB LsTI UN CURVE
C FOR X = X TO I N F I N I T Y
C IBM S T A T I C S  PACKAGE FSS PAGE 78

A X =  48 5 I X )
T = 1 . O / ( 1 . 0 + 0 . 2 3 1 6 4 1 9 * A X )
0=0.  308S 4 2 3 * E X P ( — X * X / 2 . 0 I
P = D * T * ( ( ( ( t . 3 3 0 2 7 4 * T — 1 . 8 2 1 2 5 6 ) * T + 1 . 7 8 14 7 8 ) * T — 0 . 3 5 6 5 6 3 8 ) * T
* + O . 3 1 S 3 8 1 5 )

RE TURN
END

SUB RO UTINE ERFUN(h,S,SI O,PE )
E X = I W + R ) / S I G
E Y = ( W — R ) / S I G
CALL N D T R I E X , P E X , D E X )
CALL N C IR (EY, PEY ,DE Y)
IF (EY.L1 .0.) GD TO 20
PE. PEY— F EX

FI GURE 27 . CONTINUED
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GO TO 21
20 PE =1. 0— IFE Y +PEX)

21 R E T U R N
END

SU B R C L T I N E  P~a SIT
COM M C N /P C W I N D / P C I I S L , 2 )
DATA A ,B,E MUI I2.5,5 .5, 18.6/
S I G = S ~ RT( 2./3. 1 415926535)*EMU
T S I G 2 = S I G S S I G* 2 .
8 2 = B * e
AC 8= A / B
E M U I = 1  .IEMU
S UM C
DC 2 1= 1 , 5 1
W C = I — 1
hC2= iaC*rl C
E ) I X = E X P ( — h C 2 / T S  162 )
PC,,) I ,l)=E M U1 ~~E X X
0= 0.5
IF(I.u T . 6) GO TC 3
EP S = A C S * S C T T  (132—h C Z)
CALL N D T h I E i~S/SI~~,C~,OUM)

3 PC~~( 1,2) C *E XX
SU P’= S IM+ PC hII .2)

2 CO N T I N U E
DC 4 1=1 ,51
PCN( l, 2 I P C R(I, 2)/SL.M

4 C C N T I N U E
R E T U R N
END

FI GURE 27. CONCLUDED
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A P P E N D I X  E
S E N S I T I V I T Y  A N A L Y S I S

In the following anal yses , the calculations were done by posi-

tioning two aircraft (B-747 and I)C-9) at a 3-n a u t i c a l - n i h ’  separa-

tion. In addition , the following aircraft , the I)C-9 , was  assumed

to be over the ON as the probability of a vorte x encounter is

largest at the ON location. \‘A~ -green conditi ons arc assumed , and

all probabilities are referenced to the baseline value N. The

B-747/DC-9 pair was used as it g ives the largest probabilities for

the airliners.

The key variable in the conservative safety analysis is the

fac tor f , the fraction of the roll-control authority needed to

counter the swirling velocities of a vortex. In S e c t i o n  4 . 1 . 2 ,
it was argued that any value between 0.5 and  0.756 could have been

selected , but one-half of 0. ~56 w a s  used  to he conservative . It is

instructive to determi ne the value of f at w h i c h  N , the baseline

probability , is exceeded for a jetliner following another jetliner.

The probability of a vortex hazard excecd~ \ in \ ‘AS-green condi-

tions for a DC-9 3 nautical miles behind a B- ’747 onl y w ith an f

less than 0.32 .

The f l i g ht  speed e n t e r s  i n t o  t h e  s t  ren~~t h  and  hence the decay

rate of the vortices shed by the lead or ~ort c x - l ~e r 1e ra t in g aircraft ,

and parameterizes the roll-rate capa h i1 i t~ ot t h t -  l o h l o w i rsg  o r

vortex-encountering aircraft. Fi gure .~S sh ls ~s h ow t h e  F r e l 1 a I ~ i l i t V

of a vortex hazard (in units of N) varies w ith the fli ght speeds

for the DC-9 following t h e  B - 7 4 7  at 3-nautical-mile spaci ncs in the
v i c i n i t y  of the  ON . The two c u r v e s  w e r e  o b t a i n e d  by u s i n g  t h e

n o m i n a l  v a l u e s  of a l l  t he  p a r a m e t e r s  a n d  ~ a r y i n g  i u s t  t h e  l a n d i n g

spe ed of the  B- 7 4 7  to ge t  the  c u r v e  l a b e l e d  B- 7 4 7  , or the  l a n d i n g
speed of the  D C - 9  to ge t  t h e  c u r i e  l a b e l e d  I)C-9 . The B- 17 w o u l d
need to he traveling at an inordinatel y hi gh approach speed to

increase the probability to N. The I)C-9 would need to he fly ing

about 10 knots less than the typ ical landi n F speed (close to stall

L. - - - _ _  _ _
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FIGURE 2 8. NORMALIZED PROBABIL ITY OF A VORTEX ENCOUNTER FOR A
DC- 9 THREE NAUT ICAL MILES BEHIND A B-747 DURING VAS-GREEN
CONDIT iONS AS A FUNCTION OF THE FLIGHT SPEEDS OF THE AIRCRAFT .
The solid dots indicate the nominal values of the flight speeds.
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speed) before the probability exceeds N.

Figure 29 indicates the effect of varying the initial descent

speed of t h e B - 7 4 7  vortices. Low initial descent speeds for the

B - 7 4 7  a re  not uncommon , but as noted in Appendix B , low initial

descent speeds (as compared with theoretical values) usually occur

during unstable atmospheric conditions when vortices have shorter

lives. The standard deviation in the descent speed CO p) does not

substantially affect the calculations as shown irs Figure 30. This

should not be unexpected as the vertical deviations of the two

aircraft about the glide-slope beam (o) are much larger than the

deviation in descent distance (equation (24)).

l’he size of the hazard radius is related to the magnitude of

the initial strength of circulation of the vortices. Fi gure 31

shows the normalized probability of a vortex hazard versus the

initial circulation. Since the value of the initial circulation

was obtained by fitting the maximum values of r’ for various air-

craft wingspans (Appendix A), a large increase in seems h i ghly
unlikely.

The wind model derived in Appendix C permits the calculation

of the probability of a hazardous-vortex encounter for no VAS

information and for VAS-green conditions. Since the model for

VAS-green conditions was derived using a number of assumptions , it

is important to examine the sensitivity of the results of the

safety analysis to the choice of wind model. The probability of a

hazardous-vortex encounter for 3-nautical-mi le separations ap-

proaches zero for all jetliner combination s if f is greater than

0.458 regardless of the wind model used. ‘I’he difference between

the no-VAS and \‘AS-gre en models is importa nt only for the B-727 ,

B-737 , and DC-9 following the Ii- 7 4 7 , and  for the PA-28 and Learjet

following most of the airliners.

The r e s u l t s  of t h i s  b r i e f  s e n s i t i v i t y  ana l ys  i s  show that the

hazardous-vortex encounter model is not too sensitive to changes in

single input parameters . Althoug h only the DC-9 following the B-747

case has been discussed herein , it represents the apparent “worst

case ” in terms of safety for the airliners (see Table 7).
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FIGURE 29. NORMALIZED PROBABILITY OF A V O R T E X  ENCOUN T E R FO R A
DC- 9 THREE NAUTICAL MILES BEHIND .\ B- V . 4~~ DURING VA S-GREEN
CONDITIONS AS A FUNCTION OF THE IN ITIAL DES CENT SPEED OF THE
B-747 VORTICES. The sol id dot indicate s the nominal value of
the initial descent speed.
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FIGURE 30 . NORMALIZED PROBABILITY OF A VORTEX ENCOUNTER FOR A
DC- 9 THREE NAUTICAL MILES BEHIND A 8-747 DURING VAS-GREEN
CONDITIONS AS A FUNCTION OF TUE STANDARD DEVIATION IN THE
INITIAL DESCENT SPEED OF THE B-74 7 VORTICES. The solid dot
indicates the nominal value of the standard deviation in the
initial descent speed.
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APPENDIX F

CONFIRMATION TESTS

To verif y the results of the probability analysis , a laser-

Doppler velocimeter (LDV) is being used to monitor both the vortices

shed by landing aircraft and the winds aloft . The vortex-descent/
translation/decay models and the cross-wind aloft model are to be
confirmed.

F.l LASER-DOPPLER VELOCINETER

There are only two practical methods for tracking vortices

which are between 200 and 1000 feet above the ground : the

photo theodolite tracking of smoke-marked vortices , and the use of an

LDV . The former technique ,qould involve dedicated aircraft ; only

those aircraft made available to the program could be investigated ,

and tracking would cease when the smoke detrained (not necessarily

at the death of a vortex). There are technique variants , such as:

using cameras with telephoto lenses , using markers other than smoke

(chaff or snow would permit vortex-tracking with a microwave radar),

using a tall tower to disper se the smoke , etc . An LDV , on the other

hand , can be deployed at an airport on a noninterfering basis , and

thus , yield data on various aircraft under operational conditions .

An LDV measures the Dopp ler spectrum of laser radiation back-

scattered by atmospheric aerosols. The instrument incorporates

means to transmit the laser radiation to the region of interest ,

to collect the radiation scattered from the aerosols , and to
photomix on a photodetector the scattered radiation and a portion

of the transmitted beam. A difference-frequenc y component , at the

Doppler-sh ift frequency, is generated at the photo detector , and is
translatable into an along-optic-axis wind-velocity component. For

a CO 2 laser operating at a wavelength of 10.6 microns , a Doppler

shift of 97.1 kHz corresponds to a 1-knot line-of-sig ht velocity.

Details of the operation of an LDV system may he found in Ref. 27-

29 .
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Figure 32 shows the mobil e FAA /TSC L1J\ housed in a 24-foot ,

2-1/2-ton , detachable-bod y truck. The system is deployed under the

approach to runway l4R at Chicago ’s O’I’Iare International Airport.
Initiall y, the LDV was  dep loyed under the approach to runway 27R ,
but the lack of traffic , in particular the lack of B-747s , prompted

moving the system to 14R during April 1978 . The data collection

and relevant analyses are described in Volume II of this report.

In the vortex mode , the LDV is used to measure the velocity

field of the vortices by scanning the l ase r  beam t h r o u g h  var ious
ranges and elevation angles. Doppler spectra are processed by a

minicomputer system in the van ; the largest Doppler shift (and hence ,

the largest velocity) is interpreted as the maximum vortex tangential

velocity (the velocity at the core radius , V
T of equation (3)). The

vortices are tracked by following the location of the largest

Dopp ler shifts , one from each side of the vortex center. Vortex

strength is calculated using the velocity field (the method is

similar to that used in the MAVSS; see equation (51) in Appendix A).

In the wind mode , the LDV beam is focused at a range of inter-

est , and scanned 360 degrees in azimuth while holding the angle

from the zenith constant (typically 30 degrees) . If the horizontal

wind remains constant during the time of a complete rotation

(approximately 2 seconds), the line-of-sight Dopp ler-velo city

component will be a sine wave whose amplitude is a measure of the

horizontal wind magnitude , whose phase is a measure of the wind ,

and whose average value is a measure of the vertical speed. By

refocusing the LDV to a series of heig hts , a profile of the three

wind components can be mapped.

F . 2 ABBREVIATED TE ST PLAN

Since the VAS equipment is in place at O’Hare , it permits

correlation of high altitude (200 to 1000 feet above ground level)

vortex behavior with VAS outputs. It is important to collect

enough runs for the data to be statistically significant , and to

experience various meteorological conditions.

- 
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The ambient wind conditions as measured by the VAS aio being

recorded for correlation purposes. It is expected that the con-

ditions w h i c h  i n di c a t e  t h a t  reduced separations may be used

(green-light conditions) are the same conditions which lead either
to the qu~ ck demise of vortices aloft or to the rapid translation of

vortices out of the landing corridor. Anomalous vortex behavior , if

it occurs , is expected only when the VAS indicates vortex-based

separations should be used (red-light conditions)

Aircraft altitude above the LDV van is being measured to

determine the initial altitude of the vortices and , hence , to allow

the measurement of the vortex-descent distance. A theodoli -t e

empl aced near the runway thresh old , and pointed up the glide slope ,

is being used to measure the azimuth and elevation of the aircraft

as they pass over the LDV .

To characterize the atmosphere , an acoustic sounder and a

pyranograph have been deployed at O’Hare. The acoustic sounder

monitors the heights of atmosphere structure fluctuations and

inversion layers. The pyranograph monitors the cloud cover by

measuring the solar and sky insolation ; knowing the cloud cover

allows an assessment of the atmospheric stability.

All the data are being compiled in a data base for analysis.

For each flyby the following information is obtained: aircraft

type , VAS tape and run number , LDV tape and run number , aircraft

lateral position and height with respect to the LDV system , time

code , VAS-averaged winds near runway threshold , VAS status (red

or green light) , winds aloft measured by LDV (when available) ,

inversion height(s) (if present), pyranograph output , general

weather conditions (precipitation , gustiness , etc . ’1 
, p o s i t i o n

and age of each vorte x de tec ted by the LDV , strength (when possible)

of the vortices , and (when known) type of operation (IFIR ., VF R , or

visual approach)

Studies will he undertaken to identify the ~t a ti s tic all v

significant correlations among the vortex behav io ’ , ambient

meteorological conditions , and VAS outputs. In particular , the

F- 4
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measured vortex translation , descent and decay will be conipared

w i t h t h e r e s p e c t i v e mode l  adopt ed i n Sec t i on 4 . If the data indicate

that any of the models must be modified , the encounter probabilities

will be recalculated and the consequences (if any) delineated.

The winds aloft are also measured by the LDV and compared with

the  VAS - measured winds . The compar ison  is r e q u i r e d  to verif y the

cross-wind model developed in Appendix C. A data base is being

compiled consisting of: time code , VAS-averaged winds near the

appropriate runway threshold , VAS status (red or green light),

and averaged winds at various altitudes above the LDV . Cross-wind

models will be derived from the data for the “no-VAS” and the “VAS-

green ” situations , and compared with the models in Appendix C

(equations (52) and (57), respectively) . If the validity of the

models in Appendix C cannot be substantiated , the probabilit y

analysis will be revised using the LDV-obtained models.
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