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A ~onostatic .\coustic Vortex Sensing System (MAVSS) was installed at
Chica go ’ s O’!lare Internatio nal Air port to measure the strength and
decay of aircraft wake vortices from landing aircraft . Th e MAV SS
consists of an array of acoustic antennas which measure the vertical
profile up t o  6() m altitude of the vertical component of the wind.
The d e c ay  in wake vortex strength is measured as the vortex passes
over successive antennas in the arr ay. Vo lume I describes the MAVSS
princi ples of operation , the hardware developed , and data reduction
methods emp loyed. Vo l ume II (to he published at a later date)
analy:es the data collected in order to determine whether B - O ~ and
DC-8 aircraft s h o u l d  continue to he divided into “heavy” and ~non-
heavy ” categories on the basis of wake vortex hazard. Volume Il l
(to he published at a later date) describes the statistical methods
used to u n d e r s t a n d  wake vor tex decay and presents data on all common
jet tran:port 1 r c ratt
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PREFACE

An understanding of the statistical nature of aircraft wake

vortex decay can lead to improved airport capacity . The Vortex

Advisory Syst em (VAS), about to become operational at O’hare

International Airport , reduces aircraft spacing when the wind

conditions are known to eliminate the wake vortex hazard . The
VAS is based on data concerning vortex position only and takes

no account of vortex strength . This report presents statistically

si gnificant data on the decay of wake vortex strength measured

with the Monostatic Acoustic \‘ortex Sensing System (MAVSS).

These data could be used to refine the wake vortex aircraft cate-

gories (of specific interest is the current division of B-707’s

and DC-8’ s into two categories) and to assess the influence of

various meteorolog ical conditions on wake vortex decay . The

latter analysis may lead to enhancement of the Vortex Advisory

Syst  em.

The writer would like to acknowled ge the contributions of

others to the work presented in this Volume . The MAVSS was in-

stalled and operated by Ill inois Institute of Technology Research

Institute (111(U ) who built the MAVSS for one baseline. The data

reduction was carried out by John Wink le r . Jim Ha l l ock ’ s sugges-
tions on the report are appreciated .
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1. INTRODUCTION

The T ranspo r t a t i on  Systems Center (TSC) has had the respon-

sibilit v for developing vortex sensors which can be used at

airports to study aircraft wake vortices generated under normal

o p e r a t i n g  c o n d i t i o n s . The Monostatic Acoustic Vortex Sensing

Sys tem (MAVSS) was the f irst sensor developed which could measure
vor tex  s t r e n g t h  and decay . The MAVSS was initially tested in 1972

at the N a t i o na l Aviation Facilities Experimental Center and sub-

sequently developed at Kennedy AirportJ~~ Because of p oor
hardware reliability, much of the Kennedy MAVSS da ta wer e of
limited value . In the summer of 1975 the MAVSS was rebuilt at

TSC to be much more reliable. It was then used in December 1975

for the B-747 Rosamond Lake tests~
2
~ and then installed at O’Hare

Runway 32L. Subsequently, an additional MAVSS was constructed

and installed at O’Hare Runway 14R.

Each MAVSS antenna measures the vertical p r o f i l e of the
vertical component of the wind above the antenna . This measure-

ment is particularly appropriate for aircraft wake vortices

since the ambient wind has virtually no vertical velocity coin -
• ponent. The vertical velocity signature of a vortex is thus

easily and accuratel y measured as the vortex drifts over a MAVSS

antenna. The decay of a vortex can be monitored as it passes

successively over several antennas located on a baseline per-

pendicular to the flight path. The primary purpose for the

MAVSS data collection at O’Hare Airport was to determine how

vortex decay depe nds on a ir craf t type and me teorolo gical condi-

tions . Both ends of Runway 32L (i.e., 14R) were instrumented in

order to generate data as rap idly as poss ible under all wea ther
cond it ions .

The MAV2 S ba sel ines were loca ted 610 m from the runway
thre sho ld for Runway 32L (see Figure 1), and 472 m from the
runway threshold for Runway l4R. The extent of the baseline made
use of the available real estate. Only two antennas we re located
on the s ta rboard side (look ing toward the threshold) of the

- —-_---—~~~~~ ~~~~~~~~~~~~~ 
A-~
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runway at 61 m and 122 m disp lacements from the runway centerline.

On the port side four (14R) and five (32L) antennas were installed

at the same 61 m spacings.

Three additional MAVSS antennas available for the 32L in-

stallation were located about 472 in from the runway threshold in

art experimental configuration designed to measure vortices which

were stalled near the runway centerline. In conjunction with the

Ground Wind Vortex Sensing System (GWVSS) anemometer baseline
457 m from threshold (See Figure 1), these MAVSS antennas could

allow one to measure the vortex strength by computing the velocity

line integral around the vortex . The three !‘IAVSS antennas measure

the vertical velocities on the runway centerline and 30.5 in to

either side . The GWVSS aneiaoineters measure the horizontal velo-

cities in between . These experimental measurements have not been

processed at this time .

The results of the MAVSS data collection at O’Hare will be

presented in several volumes. This report , Vo lum e I , documents
in detail the sensing system and the data processing methods .

Volume I I  w i l l  p resen t  the r e s u l t s  f rom a spec i a l  s tud y of B - 7 0 7

and DC-8 aircraft which currently fall into two wake vortex

wei ght categories. Volume III will present the results for other

a i r c r a f t  types and w i l l  desc r ibe  the s t a t i s t i c a l  analysis in

detail.
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2 . PRINCI PLES OF OPERATION

The ~!\~ SS ant enna confi gur ation is illu strated in Fi gure  2 .
A shor t  pul se of a co u stic en t - r g r  is  t r a n s m i t t e d  i n t o  a n a r r o w
v e r t i c a l  bea m .  A c o u s t i c  si~~n a 1 s  s c a t t e r e d  b y t e m p e r a t u r e  f l u c t u a -
t i o ns in  t h e  i i i-  a r e  rece  i v e d  by an o v e r l ap p ing  r ece i ver  b e a m .
S e p a r a t e  t r a n s n i t t i n - ~ and r e c e i v i n g  a n t e n n a s  a r e  emp lo yed to
pre v e n t  a n t e n n a  r i n g i n g  f r c m  o b s c u r i n g  low a l t  i t u d e  r e t u r n s .  The
a l t i t ude o f  t h e  r e g i o n  b e i n g  p r o b e d  i s  d e t e r m i n e d  f r o m  t h e  t i m e
d e l ay  t a f t e r  t h e  t r a n s m i t t e d  p u l s e :

= c t / 2 , ( 1 )

whe re  c is the speed of soun d .

T he d a t a  are analv :ed by sampl ing the r e t u r n  s i g n a l s  a t
various times (i.e. , r ange  g a t e s )  du r i n g  t he  4~u)-ms period be tween
transmissions. Normall y , 16 r a n g e  gates with 20-ms spacing are

processed. The volume of t h e  re gion cont rihut in~ to  a r a n g e  g a t e
depe n ds upon t h e  an t enna beam w id t h (es t ima t ed i t  — o  f u l l  w i d th)
and the transmitted pulse w id th (-6 JR width = 20  ms), the pro-

cessor in tegration time (-3 JR w i d t h  = lo ms~ and the range gate

scan  t ime (9  m s e c ) .

• The ave rage vertical component of the w i n d  in a range gate is

mea sured from the Ilopp lo r s h i f t s in the  re tu r n i n g  s i g n a l s :

- f )
v = C 

— 
0 

, (2 )
2 f0

where f is the transmitted frequency and I is  the mean  f r e q u e n c y
o f the power  s p e c t r a l  d e n s i t y .  The mean  s q u a r e  dcv ia t  ion of t h e
f r e q u e n c y  (: - f1 is used to  g i v e  an i n d i c a t i o n  of co n f i d enc e
i n t h e  me an v a l u e  I. The m i s  fr e q u e n c y  dcv m t  ion is n o r m a l l y
25 Hz  for good d a t a .  In  t h e  p r e s e n c e  of s t r o n g  v e l o c i t y  g r a d i e n t s

- (e.g., at the vortex core) or poor signal-to-noise ratios , the

frequency d e v i a t i o n  becomes  l a r g e r .  The D o p p l e r  s p e c t r a  a r e
a n a l y z e d  w i t h  a r e a l - t  iin e s p e c t r u m  a n a l y z e r  h a v i ; g  a 3 J R  w i d t h  of

4
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30 Hz and a sample spacing of 20 lIz. In  o rde r  to  reduce inter-

ference between antennas and to simp lif y data processing, two

different transmitted frequencies f0 are used: :950 and 3600 Hz.

A d j a c e nt  a n t e n n a s  have d i f f e r e n t  f r e q u e n c i e s .  The d a t a  f rom t w o
a n t e nnas  a re  m i x e d  t o g e t h e r  so t h a t  t h r e e  s p e c t r u m  an a l y : er s  o~-
crating simultaneousl y under computer control can process six

antennas. A frequency range of +280 Hz is scanned , which gives

a m a x i mum v e r t i c a l  v e l o c i t y  of 16 r n / s e c  and 13 r n / s e c  r e s p e c t i v e l y
f o r  f~ = 2 9 5 0  and 3600 Hz a c c o r d i n g  to  E q u a t i o n  2 .

The b a s i c  dat a su pp l ied  by a single a n t e n n a  a re  shown in
Fi gu res 3 and 4 .  Fi g u re 3 p l o t s  t h e  v e r t i c a l  \ e l o c i t y  in eac h
ra nge g a t e  v e r s u s  t he  t i m e  a f t e r  a i r c r a f t  p a s s a g e .  Fi gu r e 4

—~~~~~p lo t s  t he mean square  f r e q u e n c y  d e v i a t i o n  (f  - f )  in t he  same
f o r m a t .  The numbers  at  the l e f t  ed ge of a r ang e g a t e  a re  ha l f
the  t i me ( i n  m i l l i s e c o n d s )  at  w h i c h  the  r a n g e  g a t e  a n a l y s i s  was
s t a r t e d .  A number of t i m i n g  c o r r e c t  ions  are required to convert

this number i n t o  the  r a n ge g iven  b y E qu a t i o n  1.

The vortex arrival in Figure 3 is  si g n a l ed  by a r e v e r sal of
the vertical velocit y components in many range gates. The hei ght

of the  v o r t e x  can be e s t i m a t e d  as the range showing the largest

velocities before and after the reversal.

The s p e c t r a l  sp read da ta  of Fi g u re  4 g i v e  an i n d i c a t i o n of

t he v a l i d i t y  of t h e  v e l o c i ty  m e a s u r e - : c n t  in  F i g u r e  3 . When t he
ambie nt  no i se  leve l  i - ~ v e r y  h i g h , f o r  \annl e , lus t after the

aircraft passa ge , the spectral w i d t i - i s  lar g e fo r  a l l  r ange
gates. A linear ti nt - variable gain is ise~ to coopensate for the

range  dependence  of t h e  s c a t t e r e d  s i g n a l .  Consequently, the

e f f e c t s  of a m b i e n t  no i s e  a re  more  ~ronoanced at higher ranges.

Excessive spectral width will also occur fo r  re g io n s w i t h
abnormall y small scattered sign a l , even with normal ambient

noise. The other source of excessive spectral width is velocit y

variations within the M A V S S  resolution cell . This effect is

generally most pronounced at tb e vorte ’ core.

1)
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The method of e x t r a c t i n g  v o r t e x  i n f o r m a t i o n  f rom th e  MAVSS
data assumes that the vortex pas~~es o ’er the a n t e n n a  a t  c o n s t a n t
transport speed VT and at roughl y constant hei ght h .  I n t h i s
cas e the  v e r t i c a l  v e l o c i t y  at  r a n g e  z = h d i r e c t l y m e a s u r e s  t he
r a d i a l  dependence of v o r t e x  t a n g e n t i a l  v e l o c i t y  v ( r ) ,  a s s u m i n g
negli gible vortex decay during passage. The transport speed

VT is used to convert elapsed time since aircraft passage T to

r a d i u s  r v ia  the  r e l a t i o n s h i p r VT (T - T0 ) w he r e T~ i s  t he

v o r t e x  a r r i v a l  t i m e .  S i n c e  a g i % e n  va l ue of r is obse rved  t w i c e -
during the vortex passage , the two values of v ( r )  are averaged

together. The vortex circulation 1 (r ~ 
can t h e n  be e v a l u a t e d

f r om the  eq u a t i o n

~(r )  = 2-rrrv(r). ( 3 )

Since r is proportional to the  e s t i m a t e d  v a l u e  of 
~T ’  t h e  circu-

lation is also proportion a1 to VT. Thus , this method of

m e a s u r i n g  v o r t e x  c i r c u l a t i o n  is  s t r o n g l y dependen t  upon V T
being well defined , accuratel y measured , and large enoug h to

i g nore decay . The v o r t e x  a r r i v a l  t i m e s  at  s u c c e s s i v e  a n t e n n a s
are used to estimate VT.

The method of evaluating vortex strength is to calculate

the average vortex circulation up to radius b:

r’ft) = 
~f~~

P(r)dr , ( 4)

w h i c h  is p r o p o r t i o n a l  to  the  r o l l i n g  monument  on a wing  of span
2b under some simp le assumptions . Figure 5 shows the MAVSS d a t a

for one vortex; the velocity v(r) and circulation r (~l p r o f i l e s
a r e p l o t t e d  as circles and the average circulation as pulses . The

sol id  l i n e s  are  leas t  squa re  f i t s  t o  t he  v e l o c i t y  p r o f i l e .

:1
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FIGURE 5 . VORTEX VEL OCITY AND CIRCULAT I ON PROFILES
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3. HARDWARE

F i g u r e s  6 : I I ~ d show a hloc~ d~~L ar .  0 1  t h -  ~~\SS i a L d s a r e .

A crystal clo ck generates the ba~ ic 40r ~iset i-n od het~~eer; Ira n-

n i t  p u l s e s .  A s m o o t h - e n v e l o p e  l o w - s  ~i - -band t r a I l — m I t t  id s ~g lL I l is

generated by pass ing a 20 msec square pulse throug h a low -p ass

filter and using the result to modulate ;t ca rrier (using an anal )g

multiplier ) . The transmitted si gn al then pass es throu g h a pair - 1

diodes which attenuate small si gnals and , there b y , reduce the

transmitter feed-through. l:ach transmitting t ran c llLc e r ~s dr iit- u

by a ~Dfl watt power amp lifier which is driven ~ 1st sh ort o~
clipp ing . A line transformer is used to raise the volt ;i~ e I I r

t r a n s m i s s i o n  to  the  t r a n s d u c e r  which also has  a l i n e  t r a n s f o r m e r .
The 32L MAVS S used A t l a s  P 0-6 (1 1 ® d r i v e r s  f o r  bo t h t r an s n it t  i n g

and receiving. The 14R MAVSS used Altec Lansing

drivers . The electrical power into the drivers w a s  appro ~~imatel ’

150 watts.

The drivers were coupled to t h e  a n t e n n a  d i s h e s  b > conical

fiberg lass ho rns 20 cm long and 13 cm i n  diameter. The throat

of the cone matched the output diameter of the driver. The 32L

antenna dishes were 1.2 on square par aholoids with a ‘ h cm f o c a l
length. The dishes were enclosed i~ith a p lywood box (see Fi gure

8) covered w ith acoustic foam in order to reduce the antenna

side response. This provision is imp ortant , since most sources 
-

• of nois e , including interference from other a n t e n n a — , are located

at ground level. The dishes used  i n  the 14R ~ AVS~ antenn as were

specially designed for convenient enclosure wi t h  l~~ cm wide

sheets of plywood . The mold for these dishe s was cast against a
• 1.8 on diameter 53 cm focal length ~;u~n a l u m i n u m  pa raboloid. The

- - paraboloid was sliced to a 114 cm inch square which fit neatl y -

inside a 122 cm square box 1ined with 2.5 cm thick pol yurethane

foam . The transmitter and receiver beams were made to intersect
- at 25 m altitude by tilting the boxes or disp lacing the trans-

ducer s .
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The r e c e i v e r  si g na l  i s  f i r s t p r o c e s s e d  by the pr eamplifier

shown in Figure ~~. A passi ve IL t u n e d  (Q~~~ ) h i g h - p a s s  f i l t e r

serves to attenuate noise helo~ the operating frequency and to

raise the si g n a l  i m p e d a n c e  t o  H K  . . .\r t h i s  impedance level the

electronic noise added b y  the FF1 amp lifier is neg lig ible com-

pared to acoustic noise , which is typ ically 10 dB above J o h n s o n
noise . The hi gh-pass filter is needed to attenuate the strong

low-frequency noise component which would otherwise overload the

pre-amp lifier. The enhanced noise for lower frequencies is due

to both greater transducer efficiency and poorer noise shielding

by the p lywood enclosures.

C ___________________

OPFRAT I ONAL 
______

TRANSDUCER TRANSFORMER 1RANSFoRJ~1FR

I~IGL RJ 9 . PRI A~TPI. I I I.R P IRCUIT DiAG RAM

.\ It ci- the p t - c — a m p  1 i I ci- vo ltage g a i n  o f  10 0)  , the signal
p a s s e s  t h r o u g h  a ii in p e d a n c e  r e d u c  i ng t I - a u s  lo Ille r and then t o  t h e
c e n t  r a l  e l e c t r o n i c s  lo c at  t o n  v 1 . 1  3 sh i c i  iled c a b l e  pa l  r . The s i g n a  I
is then ampi i f  ied w i t h  an a d j u s t  1 e c a i n  amp i i I icr and pa s sos
through a Q=5 band p a s s  f i l t e r  (-1 p ole t o r t h e  321. Un it , 2 p o l e
I 01 t ( I L  14k  U n i t  ) . (he s 1 g n u  1 is then 1 t I r l  ied by a 1 i iieii I 1l1 I~I j )
in time to correct lot- the flo u T- I ll 1.L n gc d e p e n d e n ce o f  t h e  H I c k —
s c a t t e r  i n t e n s i t y .  T h e  S i gna Is to ho recot-ded t I C  mon i t o red by a
i i u l t j s c r c c n  o s c i l l o s c op e .
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Li.  DAT A R E C O R D I N G

( h e  a c ot i s  t i c  d a t  ;t w i - r e  reco  r d e d  on a 1-1 cha nne l i f i s t  r une  11 Ii —

t 1 on I t - c o  rdc  r - (hi- sp ~ i~ 1 of  I — / 8 1 P~ 
g ;i y e  -I - I hoti i~~~ 1 t  CI I d  ill

f o r  a 2500 foot 10- 1/ 2 inch diameter reel of tape. ‘Ih i - cha n n e l
a s s i g n m e n t s  a l - i- s h o w n  i n  T a b l e  I .  Four channels w e r e  u sed  t o

r e c o r d  op e r a t  in g  informa tion -anti up t o  t e n c h a n n e l s  w e r e  a v a i l -
a h l - •- f o r  a c o u s t i c  d a t a .  I R I G  B t i ne cod i -  w a s  r e c o r d e d  to  a l l o w
ci- rr€- (ut j o n w i t h  other dat and t o  e n a b l e  a i r c r a f t  r u n s  t o  he
i d e n t i f i e d  by t h e i r  a r r i v a l  t i m e s .  The two  t r a n s m i t t e d  fre-
quenci es wet - c r e c o r d e d  C1’ t o  a l l o w  c a l i b r a t i o n  of t h e  Dopp l e r
shifts. • \ short dc p u l s e  w a s  r e c o r d e d  which was synchroni :ed

w i t h  t h e  peak  i n  the trans mitted si gnal to g ive the time reference

f o r  t h e  range calculation. A dc pulse w a s  a l s o  r e c o r d e d  to  i n -
di c ;t te when n i l  a i r c r a f t  p a s s e d  t h e  a n t e n n a  a r r a y .  The d u r a t  i o n
of t h i s  p u l s e  i —as  encoded  to  g i v e  t h e  a i r c r a f t  t y p e  w h i c h  w a s

i n p u t  by t h e  o p e r a t o r  v i a  a computer terminal . f t i s ‘~t n r t  - o f -
run  pulse was triggered a u t o m a t  i c a l  lv 1w d e t e c t  i n g  t h e  a i r c r a f t
e n g i n e  n o i s e .

The a c o u s t i c  d a t a  reco r d i n g  c h a n n e l s  were  set f o r  1 percent

t h i rd h a r m o n i c  d i s t o r t i o n  a t  1. 0 V (2 . 8 \ ) i np u t . Them s pp
cI i p n ini~ le v el was about 7 V . The system gain was adiusted

- - Pp - -

to g ive  o c c a s i o n a l  s c a t t e r e d  s i g n a l  p e a k s  ab ove  -1 on a

s u n n y  -i f i - e r n o o n  with s t ron g t h e r m a l  ac t i v i t y . The s ca t t e r e d

signal fl-on wa ke vortic e s is similar to that obtained under such

conditions. The dy n am ic  range for the instrumentation recorder

used  in  the  3 2 L  s y s t e m  is 34 dB f o r  10 k I t :  band  w i d t h  and , there-

fore , s h o u l d  he abou t  -16 d R  f o r  t h e  600 l I z  band  w i d t h  u sed  in  t he

M AV SS .

- The op e r a t o r  t urn ed the recorder on before the arrival of 
-

an  a i r c r a f t  and u s u a l ly  r ecorded  c o n t i n u o u s ly  as su c c e s s i v e

a i r c r a f t  a r r i v e d .  The r e c o r d e r  was turned off after two

minutes when there was a gap in aircraft arrivals. b’hile data

were being ri-corded , the monitor oscilloscopes were ~et to

15
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display the reproduce outputs from the t ape recorder so that

proper recording could be verified b y the operator.

T-\B1J~ I . RIICORI)ER ChI\NNII I A SS I (;N, 1I~ ;T

Speed = 1- 7/ 8 ip s

LEVI : I. Si  G~~AI
C I I A N N P L  F I P I  V c ;n s •\‘\ l  I:~~~r\

1 Direct 1 . ( I  1

2 D i r e c t  1 .0  2
3 Direct 1 .0 3
3 I ) i r e c t  1 .1) 4

5 Direct 1.0 5

6 D i r e c t  1 .0  I R I G  B
Time Code

7 Pit -ec t 1.0 T1- ansnl i tted
Fre (luenc i i-s

8 Direct 1 .0

9 Direc t 1 .0

10 Direc t 1.0 S

11 Divect 1 .0 9

12 Dire ct 1 .0 10

13 1 in 4.0 Sync ( ons
p u l s e )

1-1 10 1. 0 Run  S t a r t

I)irec t channels: cal ibrated level 1 °~ d i s t o r t  i o n

3 dB Band w i d t h  = 10 kI t :
FM C h a n n e l s :  c a l i b r a t e d  l e v e l  40~ d e v i a t ion

3 dB Band  w i d th = h 2 5  I I :

16
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5. DATA P R O C E S S I N G

I L -  steps i i i  t h e  da t a p r o c e s s i n g  a r e  sh own  in  Fi g u r e  10 .
I l ~e ~n :i1og ~api-- — i t i t  ie c t -iv od at ISP and p r o c e s s e d  t o  y i i - l d  d a t a
f o r  e n t ry i n t o  a J a t i  base. An e d i t i n g  p rocess  is i n c l u d e d  to
assure t h a t  o n l y  v a l i d  i n f o r m a t i o n  is e n t e r e d .

S . 1 PASS 1 : S P E C T R A L  ANA LYSTS

t h e  f i r s t  s t o p  i n  t h e  d a t a  p r o c e s s i n g  is  t h e  s p e c t r a l
a n a l y s i s  of  the d a t a  t o  y i e l d  t h e  v e r t i c a l  velocity and the mean

squ a re frequency s i - r e a d . Three  r e a l - t i m e  sp e c t r um  a n a ly z e r s ,
Fett er -ti Sc ient i fic Mode l (IA-i S © 

, a r e  c o n t r o l  led  by a \‘ a r i a n
6 I ~ ’ t -  100 m i n i c o m p u t e r  s y s t e m . © The si gnals from two antennas

of d i f f e r e n t  f r e q uency  a~~e m i x e d  t o g e t h e r  and p r o c e s s e d  b y one
a n a l y z e r .  S i x t e e n  evenl y spaced range gates are processed in the

t i ne  be t~~een acoustic pulse transmissions (400 ms). In each

r a n g e  g a t e  28 f r e q u e n c i e s  a r o u n d  the  l o w e r  t r a n s m i t t e d  f r e q u e n c y
are processed , followed by 28 frequencies around the hi gher

transmitted frequency . Since the spectrum analyzer requires
(1 . 7 ms f o r  each  frequency analyzed , a total of 18 ms are con-

sumed in spectral scanning for each range gate. The analog

outpu ts of the spectrum analyzers are multi p lexed , passed through

an a n a l o g  squaring modu le  and di gitized b y a 9-bit A/P converter.

The n ialog s~(Iiaring yields the p ow e r spec t r a l  d e n s i t y  d i r e c t l y
w ith no computer overhead. Unfortunately, the dynamic range is

r educ ed t o  2 7 dB , w h i c h  is much l e s s  than the dynamic ranges of

r e c o r d e r  ( 4 6  d R )  and s p e c t r u m  a n a l y z e r  (50 d B ) .  In  o rder  to
regain additional d y n a m i c  range , each spec t rum a n a l y z e r  is con-

nected to two multi p lexer channels , one of which is preceded by

a 16-dB amplifier. The computer then selects the data array

having the most suitable gain. The 6x28 word data blocks for

each spectral scan are transferred to the computer by direct

memory access. The three spectrum analyzers are synchronized

in order to allow this efficient way of transferring data.

17
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The a s s e m b l y l a n g u a g e  f i r s t - p a ss p r o c e s s i n g  p r o g r a m  ca lcu-
1 at e~ the mean f r e q u e n cy  of  t h e  s p i c t  r u m  and  t h e  mean  s q u a r e
dc~ jot ion 01 the spe ctrum Prom the mean . ‘Ihe m ean Dopp l er shLt

i s  c o r i v e i - t e d  t o  i t  ~~~~ t o o  i t y  whi -~h i s  t h e n  o u tp u t  f o r  s t o r a g e  t o
d i g i t a l  t ~tpe it’ inches i n  d i a m e t e r .  The m e a n  s q u a r e  1ev i a t  i o n
is  a l s o  s t o r e d  as  an indication of data qualit y . The computer

also p lots the data from a selected antenna on a CR1 storage

d i sp l ay . The raw frequency spectrum , t h e  ~- e 1o c i t v , or  t h e  m e a n
square frequency dev i a t ion  can he chosen  f o r  d i s p lay  by t h e
op erator. The disp lay allows the oper ator to adjust the gains

a n J m i x i n g  1ev -Is for the various antennas for the best results.
It has not been possible to eliminate t he need f o r  a s k i l l e d
opera to r a t th i s  point in the data processing. The operator
also checks the spect i -un anal y zer calibration , using a program

which analv:es and plots the Ph’ transmitted si g n a l s  r e c o r d e d
on the tape .

The analog tape is reproduced on a Sabre IV ® r ecorde r  a t

t h e  r e a l - t i m e  sp e e d .  The m a j o r  p lay back  p r o b l e m s  have  been

a s s o c i a t e d  w i t h  the two fm c h a n n e l s  w h i c h  p r o c e s s  t h e  sync  and
start-of-run Pulse. The positive pulses correspond to increased

fm frequency which become more sensitive to the azimuth ang le of

t h e  p I a c h o c k  h e a d .  O c c a s i o n a l l y ,  t h e s e  p u l s e s  h a v e  d ropped  out

e because of incompatible recorder-reproducer head ali gnment . The

amp litude of the pulses was reduced to minimize this effect.

~ii~~o p uisos w ould h ive been a wiser selection.) The pi a~ 
-

b a c k  s y s t e m  has been p lagued with spurious start-of-run pulses

f r o m  a v a r i e ty  of s o u r c e s .  T h e r e f o r e , t h e  c o m p u t e r  p r o g r a m  uses
• the ‘- P - \ \ - S  - a n t e n n a s  t h e m s e l v e s  as g a t i n g  d e v i c e s  i n  a i r : ra f t

detection , acce pt in g start-of-run pulses only when much noise is

• presen t in the \lAVi-~S spect ra .

5. 2 P\S~ 2 : VORTEX \NALYSIS

The vorte \ anal ysis program proce sses the velocity and

f r e q u e n cy  s p r e a d  d i g it a l d a t a  tape output of pass 1 to  give

v o r t e x  a r r i v a l  t i m e s  and  v o r t e x  s t r e n g t h . The da ta output

19
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consists of numerical value s a n d  CR’!’ lot .- sl owing the vurt i- ,x

d e t e c t i o n s .  Tht o o i ’ t e x  pr ocrssi:ig p rogi i:-- is written in ! I ~T!~A~ :

and operat es automatica t l y.

H i -  v o r t e x  a r r i v a l s  a t  an I o t C I i i ~ ore iden tified by cop-

re la t i n  t h e  ye b c  it s da t  a w it h a f u n c  t i on  wh i c h  approx i m a  t s-s
a v o r t e x  s i g n a t u r e . i t  c o n s i - ~r s  of a v e r t i c a l  w i n d ow l S  m h i g h
a n d  a h o t -i: oatal s i n g l e — c y c U  -allu re wave 20 ii l o n g .  The

e r t i c a l  c o r r e l a t i o n  i s  o P t  a i m e d  nv s : I r - u i i n g  t h i t  v e l o c i t i es  i n
f i v e  r a n g e  g a t e s .  n u t - o v e r l a :  p i n g  sums  a r e  g e n e r a l  ed f o r  each

~t n t e n n ; t  , i t s  sh o w n  ~n I ’ us n rc 1 1 . ‘‘ i t  a p m ;  n t s w i t h  c- so o S S  i Ot

no 1 se a r e  c l i n t  iou t ed f r o m  t h e  sums by c- ,~c ludi rig h a t  a t - ;it h a

r o o t  m e a n  s q u a r e  f r e ~p I i ’ n c \  S p r c S ; I d  t o u t e r  t h a n  a set  r e sh o l - 5 ,
t u u a l l v  97 H:. This hr eshol d is - s t  ‘ o r e j e c t  o n ly  v e r y  poor
v e l o c i t y  P i t t ;  ~n o r d e r  t o  a s s l i r t -  t h a t  f e w  vo r t ices pass i i n d e —
t e e  t e d  . i l i c -  i o su l  t i ng v o r t e x  s t r e n g t h  m a y  he c o r r up t e d  by

n o i s e  a n d  need  t o  bc e d i t ed o u t  of t h e  f i n a l  d a t a  b a s e .

The horizon tal correlation is more comp licated because a

spe cific distance d depends upon the speed w ith which t h e  v o r t e x

passes the an tenna , If one assumes con stant vortex speed from

tb ’ runway centerline , the time t~T fo r  ~i specific distance to

pass the antenna is given by ‘T=Td/ fl, where  I is the vor tex
arrival time and 1) is the dist ance from the antenna t o  t h e

centerline. The width of the corre lator oust expand propor tion-

a l l y  w i t h he elapsed t ime . The s t a r t  1mg and e n d i n g  p o i n t s of
t h i s  s e a r c h  a r e  set  by defining maximu m and minimum transport

v e l o c  i t  i e s  to  be cons i d e re d .  The f o u r  r a n g e  sun s a re  sea r c h e d
in t h i s  f a s h i o n  and t h e  mos t  p o s i t i v e  and m o s t  n e g at  i v e  c o r r e l a -

t i o n s  a r e  a s s i g n e d  as t h e  t w o  v o r t i c e s .  I n  o r d e r  t o  a v o i d

s p u r i ou s  s i g n a l s , t h e  p r o g r a m  r e q u i r e s  t h a t  each  s i g n  of t h e

v o r t e x  v e l o c i t y  sun c o n t r i b u t e  a t  l e a s t  0 p e r c e n t  of t h e  cor-

relation and that t h e  c o r r e l a t i o n  m u s t  be a bove  a t h r e s h o l d .

A n o t h e r  c o n s i s t e n c y  c h e c k  r e q u i r e s  t h a t  b o t h  v o r t i c e s  h a v e  t h e

p r o p e r  p o l a r i ty . I f  t h e  v o r t e x  a r r i v i n g  f i r s t  ( d e s i g n a t e d  ~l)

• h - a s  t h e  p o l a r i t y  e x p e c t e d  f o r  t i e  v o r t e x  a r r i v i n g  second ~~~~~
then the vortex having t h e  s m a l l e r  m a g n i t u d e  c o r r e l a t i o n  is
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r e j e c t e d  - m ci a no t h e r  s e a r c h  i s  c o n d u c t e d  o ver  t h e  ap p r o p r i a t e
t imes  w i t h  rcn~p e ct  t o  t h e  \ - u i t e x  r e t a i n e d . The v e r t e x  a r r i v a l

ii ne- a r e  i n d i c a t e d  in F i g u r e  11 by a v e r t  i c a l  l i n e  w i t h  a s l a s h
throug h the ri  nge sum w h e re  the e x t r e m e  v a l u e  o c c u r r e d  . The
voi ’t cx h e i g ht i s  f u r t h e r  r e f i n e d  by s e a r c h i n g  f o r  t h e  r a n g e  g a t e

‘ g i v t l g  the largest correlation w i t h  a sing le- cycle square wave.

The v e i o c i t v  a n d  f r e q u e n cy  s p r e a d  p r o f i l e s  fo r  t h i s  r a n g e  g a t e

a r e  p l o t t e d  in  Fi g u r e  1 2 .

The vortex transport velocities needed t o  t r a n s f o r m  t i m e

i n t o  v o r t e x  r a d i u s  a r e  obtaine d by m aking use of the vortex

a r r i v a l t iines  at s u c c e s s i v e  a n t e n n a s . The a v e r a g e  t r a n s i t
v e l o c i t y  b e t w e e n  t w o  a n t e n n a s  i s  s i m p ly the :lntenna separation

d l v  i- led 1w t h e  d i f f e r e n c e  in  ; tr r i v a l t i m e s . The v o r t e x  de tec-

t i o n s  a r e  o r d ere d 1w t h e  d i s t ance  of  t he a n t e n n a s  f r o m  t h e  r u n w ay

c e n t e r l i n e .  I f  o n ly  one  v o r t e x  d e t e c t i o n  is o b t a i n e d , t h e
t r : i t s —~n e r t  v e l o c i ty  is estimated assuming the vortex w a s  generated

at the centerline and moved out at constant velocit y . Such
vor t i ces ha v e  low a c c u r a c y  an d  a r e  d e s i g n a t e d  in t he  d a t a  base

w ith a I l )  s t a n d i n g  for a one-antenna transport velocit \ . If

m o r e  t h a n  one d e t e c t  i o n  is m a d e  f o r  a p a r t  i c u l a r  v o r t e x , t h e
t t r a n s p o r t  v e l o c i t y  for the first and l a s t  a n t e n na s  is g i v e n  by

t h e  a v e r a g e  t r a n s i t  t i m e  t o  t h e  a d j a c e n t  a n t e n n a .  These  v o r t i c e s

h a v e  i n t e r m e d i a t e  r e l i a b i l i t y  a n s~ a r e  d e s i g n a t e d  w i t h  a ( 2 )

i n d i c a t i n g  t w o — a n t e n n a  t r a n s p o r t  v e l o c i t y .  I f  an a n t e n n a  has
au~ a c e n t  d~- t e c t  i on s , t h e  t r a n s  i t  v e l o c i t  ie~- t o  each  a r e

a v e r a g e d  t o  g i v e  t he m o s t  r e l i a b l e  t r a n s p o r t  v e l o c i t y .  The
\ - o r t l ces a re  m a r k e d  w i t h  a (~

) i n d i c a t i n g  a t h r e e — a n t e n n a
t r a n s p o r t  v e l o c i t y .  The c a l c u l a t e d  t r a n s i t  velocities
b e t w e e n  a n t e n n a s  are used only if they fall within a

ph y s i c a l l y r e a s o n a b l e  range. The t r a n s p o r t  v e b o c i t  ies  a re
c a l c u l a t e d  to  a r e s o l u t  i o n  of 0 . 1 n / s e c .

F i gu re 12 a l s o  c o n t a i n s  p l o t s  of t he  v o r t e x  h e i g ht  and
l a t e r a l  p o s i t i o n as ;m f u n c t i o n  of  t i m e .  The f i n a l  s t e p  i n t h e
v o r t e x  d a t a  p roces s  1mg i s  t he c a l c u l a t  ion  of a v e r a g e  c i r c u l a t  ion

‘ ‘ f o r  t o u r  r a d i i i , 5 , 10 , 20 , and  0 m .  The v a l u e s  f o r  p o s i t i v e

• a nd  n e g a t  i v e  radi i i m u s t  b o t h  he p r e s e n t  and  t hc~ a r e  a v e r a g e d
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for a valid result. Since the vorte x core often exh ibit s large

frequency spreads , the S and 10 in r’ calculations ignore fri--

quency spread as an indicator of data va l i d i t y . Powever , beyond
10 in , data points ~ith mean square frequency de~-ia t ions above the

threshold are rej ected. Ihe p ro gram m t  p o l a t e s  a rc -iind one had
velocity point hut stops if two successive bad points are en-

countered .

During the course of the proces si ng , two ou tput files are

generated on the disk which are subsequent lv cop ied l to a -inch

diameter magnetic tape . The first file cont ains a summar y of

the results. The second contains the velocit y and frequenc y

spread  p r o f i l e s  f o r  ea c h  V o r t e x  d e t e c t e d .  in  a d d i t i o n , h a r d

cop ies o f t h e  CRT p lots shown in Fi t- t i res 1 0 a n d  11 a r e  generated

automaticall y. -\ telet ype records ‘! okbee~ i ri g ” m e s s a ge s  t o  k e ep

a r e c o r d  o f  t h e  p r o c e s s i n g .  The s u m m a r y  d a t a  f i l e  on the m u g  -

netic tape is converted to a listing and punched c a r d s , which are

used in the editing process.

S . ~ hI1ITING

The data generated by t h e  a u t o m a t i c  p r o c e s s i n g  p r o g r a m  s t i l l
contain spurious vortex detections and  invalid circulation data.

These are edited out of the data by scanning the summary print-

outs in c o n j u n c t i o n  w ith the disp lay hard cop ies shown in

Figures 11 and 12 . The inva lid vortex detections are simp ly

deleted . Invalid circulation values are set to zero . Invalid

vortex detections also generate incorrect values for transport

velocities. Often a transport velocity can he improved by

us ing  t h e  arrival time of a vortex too weak or noisy for automatic

detection , but easily identified by an experienced eye .  C o t - r e c t i n g
the transport velocities also necessitates a change in the average

circulation values since the averaging radius a n d  t h e  circulation

are  both proportional to the transport velocity. The new values of

average circulation are obtained by l i n e a r  interpo lation (and also

e x t r a p o l a t  io n up to 10 p e r c e n t  he y ondl  t h e  largest p rt\ ious data

p o i n t ) .  I I  t h e  a v e r a g e  c i r c u l ; m t  i on  i s  p r o p o r t i o n a l  to t h e  averagin g

radius , as  i s  o f t e n  t h e  case  f o r  s m a l l  radii , this c o r r e c t  ion l e a v e s
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the average circulatio n unchanged since the effects of transport

v elocity on both parame ters cancel. The fina l corrected set

of da ta cards is incorporated into the data base.
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