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SYMBOLS AND ABBREVIATIONS 

A, normal a c c e l e r a t i o n ,  f t jsec2 o r  g 

b wing span, f t  
- 
C wing mean aerodynamic  chord, f t  

CD d r a g   c o e f f i c i e n t ,  

C L  l i f t  c o e f f i c i e n t ,  

C 1  rol l ing-moment   coeff ic ient ,  qoSb 

Cxn p i tching-moment   coeff ic ient ,  pitching moment. 

d rag   fo rce  
qos 

q0S 
l i f t  f o r c e  

r o l l i n g  moment 

qosc 

cmo Cm a t  zero  angle   of  at tack 

Cn yawing-moment c o e f f i c i e n t ,  

CT t h r u s t   c o e f f i c i e n t ,  

yawing moment 
qoSb 

t h r u s t   f o r c e  

qOs 

thrus t   o f   inboard   engines  
'TINBD qOs 

'TOTBD qOs 

thrust   of   outboard  engines  
~~ 

I CY 
I qOs 

11 FG g r o s s   t h r u s t   o f  a l l  engines ,   lb  
11 

I h a l t i t u d e ,  f t  

I i H  h o r i z o n t a l   s t a b i l i z e r   a n g l e   o f   i n c i d e n c e ,   r a d  

s i d e - f o r c e   c o e f f i c i e n t ,  s i d e   f o r c e  

I 

'I 

'I 

I 

N 2  percent  maximum RPM of  engine 

P r o l l   a n g u l a r   v e l o c i t y ,   r a d / s e c  

9 p i t ch   angu la r   ve loc i ty ,   r ad / sec  

V 
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dynamic p res su re ,   l b / sq  f t  

yaw angu la r   ve loc i ty ,   r ad / sec  

range  from runway th re sho ld ,  f t  o r  nmi 

wing r e fe rence  area, ft2, o r  Laplace  operator  

t h r u s t ,   l b  

a i r speed ,  f t /sec,  knots  

approach  speed,  knots 

reference  speed,   knots  

s t a l l  speed,  knots 

a i rp l ane   we igh t ,   l b  

l a t e r a l   e r r o r  from ILS l o c a l i z e r   c e n t e r l i n e ,  f t  

angle   o f   a t tack ,   rad  

a n g l e   o f   s i d e s l i p ,   r a d  

f l i gh t -pa th   ang le ,   r ad  o r  deg 

g l ide-s lope   angle ,   rad  o r  deg 

average   a i le ron   def lec t ion ,   rad  

column d e f l e c t i o n ,   i n .  

e l e v a t o r   d e f l e c t i o n ,   r a d  

f l a p   d e f l e c t i o n ,   r a d  o r  deg 

a u x i l i a r y   f l a p   d e f l e c t i o n ,   r a d  or deg 

rudde r   de f l ec t ion ,   r ad  

deviat ion  f rom  reference 

A6FauxCTINBD 

e r r o r  from g l ide   s lope   o f  ILS 

e r r o r  from l o c a l i z e r   o f  ILS 

a i r p l a n e   p i t c h   a t t i t u d e ,   r a d  
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TV 
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SUMMARY 

A f l i g h t  and s imula tor   inves t iga t ion   has   been   conducted   to   de te rmine  
methods for  implementing  steep  two-segment  and  decelerating  landing 
approaches .   For   the   research   je t   t ranspor t   used   in   the   s tudy  a r e d u c t i o n   i n  
noise  of  approximately 11 PNdB (9EPNdB) a t  a po in t  1.1 n a u t i c a l  miles from 
the  runway threshold  was achieved  with a two-segment  approach  with an upper 
segment  of 6" and a lower  segnient o f  2.65" which in t e rcep ted  a t  a n   a l t i t u d e  of 
250 f e e t .  The two-segment p r o f i l e s   w i t h  an i n t e r c e p t  a t  400 fee t   reduced  
noise   about  10 PNdB a t  a po in t   1 .5   nau t i ca l   mi l e s  and 1 3  PNdB (11 EPNdB) a t  
a po in t   3 .4   nau t i ca l   mi l e s  from the   th reshold .   Dece lera t ing   approaches  on a 
normal  approach  angle (2.65") reduced  noise  only  moderately 3 t o  4 PNdB, b u t  
combining d e c e l e r a t i n g   w i t h   s t e e p e r   o r  two-segment  approaches  reduced  noise 
11 PNdB (9 EPNdB) a t  a p o i n t  1.1 nau t i ca l   mi l e s  from t h e  runway th re sho ld .  

The noise  abatement  landing  approach  profiles  evaluated  in  this  program 
could  be  flown  in a mod i f i ed   j e t   t r anspor t   w i th   t he  same p rec i s ion  as conven- 
t ional   inst rument   landing  approaches  without  a s i g n i f i c a n t   i n c r e a s e   i n   p i l o t  
workload. The p i l o t s   p r e f e r r e d  two-segment  approach p r o f i l e s   w i t h  an i n t e r -  

r e n t   j e t   t r a n s p o r t s   i n c l u d i n g  a f l i g h t   d i r e c t o r   m o d i f i e d   f o r   n o i s e   a b a t e m e n t  

I 

I 
I c e p t   a l t i t u d e   o f  400 f e e t .  The research  airplane  had  improvements  over  cur- 

'I p r o f i l e s ,  an a u t o t h r o t t l e ,  and s t a b i l i t y   a u g m e n t a t i o n   t h a t  improved  longitu- 
I d ina l  and l a t e r a l   d i r e c t i o n a l   h a n d l i n g   q u a l i t i e s .  The e v a l u a t i o n   f l i g h t s  

~ opera t iona l   l imi t a t ions   o f  two-segment  approaches i n  an environment more 

! 

I were  f lown  under   s imulated  instrument   condi t ions  in   dayl ight   and  in   near-  
idea l   weather .   Fur ther   research  is  needed  to  examine  the  requirements  and 

r e p r e s e n t a t i v e   o f   a i r l i n e   o p e r a t i o n s .  

INTRODUCTION 

Inves t iga t ions  o f  methods of  reducing   the   no ise  of j e t   t r a n s p o r t  
a i rplanes  during  take-off   and  landing  have  been  the  subject  o f  ex tens ive  NASA 



research .  The recen t   p rog res s   o f  NASA r e s e a r c h   e f f o r t s   i n   v a r i o u s   f i e l d s  of 
n o i s e   a l l e v i a t i o n   o f   l a r g e   s u b s o n i c   j e t   t r a n s p o r t s  i s  summarized i n  refer- 
ence 1. For   noise   abatement   in   the  landing  approach,  much o f   t h e   e f f o r t   h a s  
been  concentrated on the  use  of   modif ied  landing  approach  prof i les   and  tech-  
niques.   Reference 2 has  shown t h a t   t h e  use of   increased  approach  angles  i s  
a f e a s i b l e   o p e r a t i o n a l  method f o r   d e c r e a s i n g   t h e   n o i s e  on landing.  With a 
s teep   approach   the   no ise  i s  r educed   i n  two  ways. First, a steep  approach 
permits  a reduct ion   in   engine   th rus t ,   and   second,  a s teep   approach   p laces   the  
a i rp l ane  a t  a h i g h e r   a l t i t u d e  above the  ground a t  a given  dis tance  f rom  the 
runway.  Measurements of   noise   of  j e t  t r a n s p o r t s  (ref.  3) have shown t h a t   t h e  
combination  of  reduced  thrust  and h i g h e r   a l t i t u d e   c a n   r e s u l t   i n  a s i g n i f i c a n t  
reduct ion   in   no ise .   Reference  4 poin ted   ou t  some of   the  problems  of   the 
s t eep   approach   t ha t  must be   so lved   be fo re  it could   be   cons idered   opera t iona l ly  
accept ab le .  

Decelerat ing  landing  approaches are another  means o f  reducing  noise .  A 
decelerat ing  approach s ta r t s  a t  h igh   speed ,   the   engine   th rus t  is r educed   t o  a 
low value,  and t h e   a i r p l a n e   d e c e l e r a t e s   t o   t h e   l a n d i n g   s p e e d  a t  a po in t   nea r  
t he  runway. The decelerat ing  technique  can  be combined with  normal ,   s teep,  o r  
various  two-segment  profiles.  The no i se   r educ t ion  w i l l  depend on t h e  amount 
of   engine   th rus t   reduct ion   used   dur ing   the   dece lera t ing   per iod .  

A combined f l i g h t  and s i m u l a t o r   i n v e s t i g a t i o n  w a s  conducted  to  determine 
what  would b e   r e q u i r e d   i n  a j e t   t r a n s p o r t   t o   e n a b l e   p i l o t s   t o   f l y   s t e e p  o r  
decelerat ing  noise   abatement   landing  approaches  with  the  precis ion common t o  
normal  instrument  landing  approaches  without a s i g n i f i c a n t   i n c r e a s e   i n   p i l o t  
workload.   This   invest igat ion was l imi t ed   t o   t he   s tudy   o f   t he   bas i c   p rob lems  
of  noise  abatement  approaches  and,  therefore,   did  not  include  the  effects on 
p i l o t   o p i n i o n  of  a i r p l a n e  o r  guidance  system  fai lures  o r  adverse  weather  con- 
d i t i ons .   A i rp l ane   sys t ems   were   s tud ied   t ha t  would  provide  the  pi lot   wi th  
improved  guidance,   adequate   f l ight   path  control ,   and a reduced  workload. The 
systems  and  profiles  were  developed and i n i t i a l l y   e v a l u a t e d  on the   s imu la to r  
b e f o r e   b e i n g   e v a l u a t e d   i n   f l i g h t .  The f l i g h t   i n v e s t i g a t i o n  was conducted  in  
a four -engine   j e t   t ranspor t   under   s imula ted   ins t rument   condi t ions .  The 
r e s u l t s   o f   t h e   p i l o t ' s   e v a l u a t i o n   o f   t h e   p r o f i l e s  and the   a i rp l ane   sys t ems   t o  
a l leviate   the  problems  of   f lying  noise   abatement   approaches are reported 
he re in .  The measured  reduction  in  noise  with  the  various  noise  abatement 
approach p r o f i l e s  i s  d iscussed   in   appendix  A.  A de ta i led   d i scuss ion   of   the  
development of   the  systems  used on t h e   a i r p l a n e  i s  p resen ted   i n   r e f e rence  5 
and fur ther   d i scussed   in   appendix  B .  

A summary of   the   inves t iga t ion   has   been   prepared  as an NASA Technical 
F i l m .  The 23-minute, 16-mm sound f i l m  e n t i t l e d  "Landing  Noise  Reduction, A 
Study i n  Abatement of  Noise From Mult i -Engined  Aircraf t  Through Modification 
o f  Approach Path, ' '  F i l m  No. AT-137, is  a v a i l a b l e  f o r  loan from the  F i l m  
Library ,  Ames Research   Center ,   Moffe t t   F ie ld ,   Cal i forn ia ,  94035. 
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EQUIPMENT 

Research  Airplane 

The Boeing  367-80  (707/KC-135 pro to type)   four -engine   tu rbo   fan   j e t   engine  
a i r p l a n e ,  shown i n   f i g u r e  1, was used i n   t h e   i n v e s t i g a t i o n .  The a i r p l a n e  
cont ro l   sys tem,   descr ibed   in   re fe rence  5,  was the   f ly -by-wire   type ,   and   p i lo t  
c o n t r o l l e r   i n p u t s  were processed by  on-board  analog  computers. The a i r p l a n e  
was flown as an i n - f l i g h t   s i m u l a t o r   f o r   i n i t i a l   s t u d i e s   o f   s i n g l e  segment 
s teep  approaches,  as descr ibed   in   re fe rence   6 .   For  two-segment  and dece lera-  
t i on   approaches ,   t he   a i rp l ane  was conf igured   for   var iab le   cont ro l   sys tems,  
which are d e s c r i b e d   i n   r e f e r e n c e  5. 

The fo l lowing   paragraphs   descr ibe   b r ie f ly ,   wi th   s impl i f ied   b lock  
diagrams,  the a i rc raf t  sys tems  tha t  were e s s e n t i a l   t o   t h e  program. 

Basic longi tudina l   cont ro l   sys tem-  The e v a l u a t i o n   p i l o t  flew from t h e  
r i g h t  seat ,  as shown i n   f i g u r e  2 .  Mechanical   character is t ics   of   the   evalua-  
t i o n   p i l o t ' s   c o n t r o l  column are shown in   the   force /d isp lacement   p lo t   o f   f ig -  
ure   3 .  The fly-by-wire  control  system  elements  consisted  of an e l e c t r i c a l  
s i g n a l  from a column-mounted posi t ion  t ransducer ,   analog  computers   to   process  
t h e   s i g n a l s ,  and e l e c t r o h y d r a u l i c   s e r v o a c t u a t o r s   t o   p o s i t i o n   t h e   e l e v a t o r s .  
For   the   bas ic   a i rp lane   cont ro l   sys tem,  column inputs  were g e a r e d   d i r e c t l y   t o  
t he   e l eva to r   s e rvos  as shown in   the   b lock   d iagram  of   f igure  4.  Di rec t  l i f t  
con t ro l  (DLC) could  be  interconnected  through  the column, as shown i n   f i g u r e  
4 .  P ropor t iona l   e l eva to r   de f l ec t ion  was provided  to   compensate   for   pi tching 
moments due t o   d e f l e c t i o n   o f   t h e   a u x i l i a r y   f l a p s .  

An automatic trim sys tem  ( f ig .  4 )  r e a l i n e d   t h e   s t a b i l i z e r   w i t h   t h e  
e l e v a t o r  whenever a set  th re sho ld   va lue  was exceeded.  Although  essentially 
an  open-loop  servosystem, it performed as a zero- force   t r immer   wi th   the   p i lo t  
ac t ing  as a follow-up. 

Rate-command/attitude-hold sys t em-   In   t h i s   sys t em,   a i r c ra f t   p i t ch ing  
ra te  was commanded as a func t ion   o f  column d e f l e c t i o n .  With  zero-column 
d e f l e c t i o n ,   z e r o   p i t c h  ra te  and a c o n s t a n t   a t t i t u d e  were commanded, r e s u l t i n g  
i n  an a t t i t u d e - h o l d   f e a t u r e .  Thus, t h e   a i r p l a n e   p i t c h   a t t i t u d e  was s t a b i -  
l i z e d   a g a i n s t  a l l  ex terna l   d i s turbances ,   such  as atmospheric   turbulence  or  
a i rp lane   conf igura t ion   changes ,   and   responded  on ly   to   the   p i lo t ' s   inputs .  
The system i s  f u r t h e r   d e s c r i b e d   i n   r e f e r e n c e  5 ,  and a s impl i f i ed   b lock  
diagram i s  shown i n   f i g u r e  5 .  Bank angle  compensation was incorpora ted  t 6  
command the   a i rp l ane   p i t ch   r a t e   t ha t   accompan ies  bank ang le   i n  a s t eady   t u rn .  
The "downspring"  loop  provided a fo rce   g rad ien t   t o   t he   con t ro l   sys t em  o f  
0.6 pound per  knot  below  reference  speed. The AV dead  zone was included,  
with no fo rce  change  from 0 t o   1 . 7   k n o t s  below  reference  speed. 

Flap  system- The boundary-layer   control  (BLC) f l a p s ,   p r e v i o u s l y  
i n s t a l l e d  on t h e   a i r p l a n e   ( r e f .   7 ) ,  were modi f ied   to   p rovide  a c o n t r o l l a b l e  
a f t  f l a p   ( a u x i l i a r y   f l a p )   f o r   d i r e c t  l i f t  con t ro l  (DLC) . See   f igure  6 .  
Des ign   de t a i l s   o f   t he   f l aps  are d i s c u s s e d   i n   r e f e r e n c e   8 ,  and the  aerodynamic 
c h a r a c t e r i s t i c s  are p r e s e n t e d   i n   r e f e r e n c e s  9 and  10. 
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The a u x i l i a r y   f l a p s   o p e r a t e d  a t  a d e f l e c t i o n  rate of  29"/sec,  which is  
comparable t o   t h a t   o f   o t h e r   p r i m a r y   f l i g h t   c o n t r o l   s u r f a c e s .  The n e u t r a l  
p o s i t i o n   o f   t h e   a u x i l i a r y   f l a p  w a s  10" down r e l a t i v e   t o   t h e  main f l ap .   Th i s  
p o s i t i o n   p e r m i t t e d   a u x i l i a r y   f l a p   d e f l e c t i o n s   o f  t20" f r o m   n e u t r a l   f o r  DLC, 
which  gave a response  of  approximately kO.1  g normal a c c e l e r a t i o n  at landing 
approach  speeds. 

The modified BLC f l ap   pe rmi t t ed  a wide  range  of  landing  approach 
speeds.  With a trim s e t t i n g   o f  40" f o r   t h e  main f laps   and  10"  addi t ional  
d e f l e c t i o n   f o r   t h e   a u x i l i a r y   f l a p s   ( 4 0 " / 1 0 " ) ,  a landing  approach  speed  range 
of 110 t o  1 2 2  knots  was poss ib l e   w i th   t he   eng ine   t h rus t   l eve l s   u sed   fo r   t he  
noise  abatement  approaches.   These  speeds  corresponded  to  about  1.25 Vs f o r  
t he  low engine  thrust   required  for   the  s teep  approach  segment ,  and  1.35 Vs 
a t  power r e q u i r e d   f o r   t h e  normal  approach  angle. A 3Oo/1O0 f l a p   s e t t i n g  was 
used  for  approach  speeds  between 130 and  145 knots,  which  gave a s t a l l  margin 
g rea t e r   t han   1 .3  V s .  

Di rec t  l i f t  cont ro l -   Di rec t  l i f t  con t ro l  (DLC) was provided by t h e  
d e f l e c t i o n   o f  the a u x i l i a r y   f l a p s   ( f i g .  6 ) .  The block  diagrams  of  the DLC 
system as used  with  the  basic   control   system  and  the  ra te  command con t ro l  
system are shown i n   f i g u r e s  4 and 5 ,   r e s p e c t i v e l y .  The  diagrams show t h a t  
t h e r e  were two methods  by  which t h e   p i l o t s   c o u l d   c o n t r o l  DLC. The primary 
method was b y   d e f l e c t i n g   t h e   a u x i l i a r y   f l a p s   i n   p r o p o r t i o n   t o   c o n t r o l  column 
inpu t ;   t he   gea r ing  and o t h e r   c h a r a c t e r i s t i c s  are p resen ted   i n   r e f e rence   5 .  
The o t h e r  method was b y   d e f l e c t i n g   t h e   f l a p s   i n   p r o p o r t i o n   t o   t h e   d e f l e c t i o n  
o f   t he  thumb c o n t r o l l e r ,  which was t h e  same as a trim swi tch .  I t  was mounted 
on t h e   r i g h t   s i d e   o f   t h e   e v a l u a t i o n   p i l o t ' s   c o n t r o l   w h e e l .  

La te ra l -d i r ec t iona l   s t ab i l i t y   augmen ta t ion   sys t em-   A i rp l ane  la teral-  
d i r e c t i o n a l   h a n d l i n g   q u a l i t i e s  were improved  by  augmentation  which is  
desc r ibed   i n   r e f e rence   5 .  The la te ra l -d i rec t iona l   augmenta t ion   sys tem  pro-  
v ided   tu rn   coord ina t ion ,   reduced   d ihedra l   e f fec t ,   increased  b damping, 
i n c r e a s e d   r o l l  damping,  and i n c r e a s e d   s p i r a l   s t a b i l i t y .  

Autothrot t le   system- A s impl i f ied   b lock   d iagram  of   the   au to thro t t le  
system is  shown i n   f i g u r e  7. A i r p l a n e   p i t c h   a t t i t u d e  was used   to   p rovide  
l ead   i n fo rma t ion   t o   t he   sys t em.  A l l  f o u r   t h r o t t l e   l e v e r s  were  mechanically 
servo   dr iven ,   and   the   p i lo t   had   the   op t ion   of  manual ove r r ide .  The system 
automatical ly   maintained a prese lec ted   re ference   speed   except   dur ing   dece lera-  
t ion  approaches when the  reference  approach  speed was programmed t o  change as 
a func t ion   of  commanded a u x i l i a r y   f l a p   p o s i t i o n .  

E l e c t r o n i c   a t t i t u d e   d i r e c t o r   i n d i c a t o r  (EAD1)- The EADI is  an  advanced 
ca thode- ray   tube   type   o f   a t t i tude   d i rec tor   d i sp lay .  The phi losophy  behind  the 
design and  development  of  the EADI i s  d i s c u s s e d   i n   r e f e r e n c e  11. Figure 8 is  
a photograph   of   the   cockpi t   ins ta l la t ion ,  and f i g u r e  9 i s  a ske tch   o f   the  
instrument face w i t h   t h e  symbols i d e n t i f i e d .  The display  had  exposed dimen- 
s ions  of   5 .4   by  7 .2   inches,  and  could accommodate a maximum of 11 items of 
symbolic  information. The symbols  were  superimposed  over a video  scene  from 
a c l o s e d - c i r c u i t   t e l e v i s i o n  camera. The TV camera ins t a l l a t ion   unde r   t he   nose  
o f   t he   a i rp l ane  is  shown i n   f i g u r e   1 0 .  

4 



i Information  displayed on t h e  EADI  ( f i g .  9),  but  not  normally  found on 1 c o n v e n t i o n a l   a t t i t u d e   d i r e c t o r   i n d i c a t o r s ,   i n c l u d e d   t h e   f o l l o w i n g :  

1. D i g i t a l   r a d i o   a l t i t u d e  

2 .  F l igh t -pa th   angle  

3 .  P o t e n t i a l   f l i g h t - p a t h   a n g l e   ( l o n g i t u d i n a l   a c c e l e r a t i o n   s c a l e d   t o  
i n d i c a t e   t h e   s t e a d y - s t a t e   f l i g h t - p a t h   a n g l e  which  would r e s u l t  i f  speed and 
eng ine   t h rus t  were he ld   cons tan t )  

4 .   Er ror  from t h e  ILS beam, d isp layed  by a unique method 

5 .  Te lev i s ion   p i c tu re   o f   t he   r ea l   wor ld  

The t e l e v i s i o n  camera  had a zoom l e n s   s e t  a t  a foca l   l ength  of 
approximately 2 1  mm. This  gave a h o r i z o n t a l   f i e l d  of view  of  about  37',  and 
a 0 . 7  magni f ica t ion   of   the   rea l   wor ld   perspec t ive  when t h e   p i l o t ' s  head was 
i n  normal p o s i t i o n .  The c e n t r a l   p o r t i o n   o f   t h e   v e r t i c a l   v i d e o   f i e l d  was sup- 
pressed  above t h e   h o r i z o n   t o   g i v e   t h e  symbols addi t iona l   unc lu t te red   space  
above the   hor izon .  The camera was aimed 3.5'  down from t h e   a i r c r a f t   w a t e r l i n e  
r e fe rence .  

The v ideo   p i c tu re  and many of t h e  symbols  could  be  switched on o r   o f f   t o  
permit  evaluation  of  various  combinations.  An add i t iona l   f ea tu re   o f   t he   d i s -  
p l ay  was t h e   a b i l i t y   t o  choose  black,   white ,   or   shades  of   gray  for   the  color  
o f   t he  command ba r s ,   speed   e r ro r ,   f l i gh t -pa th   ang le ,  and p o t e n t i a l   f l i g h t - p a t h  
angle .  

The l a rge   s i ze   o f   t he   i n s t rumen t   pe rmi t t ed  a p i t c h   a t t i t u d e   s c a l i n g   o f  
4.8 ' / in. ,   whereas  the  scaling was about   30° / in .   for   the   e lec t romechanica l   un i t  
which was used for   comparison.  The r ec t angu la r  symbol r ep resen t ing   e r ro r  from 
the  ILS  beam was sca l ed  s o  t h a t   t 0 . 3 5 '   v e r t i c a l   e r r o r   p u t   t h e   r e f e r e n c e  a i r -  
plane  wings on the   upper   o r   lower   bar ,   and   k0 .33 '   l a te ra l   e r ror   pu t   the   cen ter  
of   the   f ixed   a i rp lane  symbol  on t h e   r i g h t   o r   l e f t   b a r   o f   t h e   r e c t a n g l e .  

E lec t romechan ica l   a t t i t ude   d i r ec to r   i nd ica to r  (AD1)- An 
." . .  . . . . . . . - 

electromechanical  AD1 was u s e d   f o r   t h e   i n i t i a l   p h a s e   o f   t h e  program,  and was 
mounted i n   t h e   c e n t r a l   p o s i t i o n   o f   t h e   e v a l u a t i o n   p i l o t ' s   i n s t r u m e n t   p a n e l ,  
as shown i n   f i g u r e   l l ( a )  . When t h e   e l e c t r o n i c   a t t i t u d e   d i r e c t o r   i n d i c a t o r  
(EADI) was ins t a l l ed ,   t he   e l ec t romechan ica l  AD1 was mounted a t  the   l ower   l e f t  
corner   o f   the  E A D I ,  as shown i n   f i g u r e   8 .   F i g u r e   l l ( b )  is a ske tch  of t he  A D 1  
w i th   t he   f ea tu re s   i den t i f i ed .  The instrument  was dr iven  by the  same s i g n a l s  
as t h e  E A D I ,  b u t   w i t h   d i f f e r e n t   s c a l i n g .  

F l i g h t   d i r e c t o r   c o m p u t a t i o n s -   F l i g h t   d i r e c t o r   p i t c h  commands were 
computed  by the  a i rborne  analog  computers   to   provide  guidance  for   the  var ious 
noise   abatement   landing  approach  prof i les .  

S impl i f i ed   b lock   d i ag rams   o f   t he   p i t ch   f l i gh t   d i r ec to r   a r e  shown i n  
f igu res   12 (a )  and 12 (b ) .  The f l i g h t   d i r e c t o r   c o m p u t a t i o n s  and log ic   p rovided  
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guidance   to   cap ture   and   t rack   s teep   s ing le  beam and  two-segment  approaches 
wi th   the   p rec is ion  o f  normal  approaches.  The  pitch command b a r   s e n s i t i v i t y  
was 1" o f   c o r r e c t i v e   p i t c h   a t t i t u d e  change for e a c h   1 5   f e e t   o f   a l t i t u d e   e r r o r  
from t h e  beam. 

For l a te ra l  guidance, a c o m m e r c i a l l y   a v a i l a b l e   f l i g h t   d i r e c t o r  
computer,   designed  for  category I weather minimum ope ra t ion ,  was used.  Fig- 
u re  13 i s  a block  diagram  of  the  system. The u n i t   p e r m i t t e d   l o c a l i z e s   c a p t u r e  
angles up t o  45" i n  the   heading  mode, and  would au tomat i ca l ly   swi t ch   t o   t he  
t r ack ing  mode  when t h e  beam e r r o r  was wi th in  k2". 

Simulator  

Cockpit- The external   shape  of   the  s imulator   cab  ( f ig .   14)  was 
o r i g i n a l l y   d e s i g n e d   t o   r e p r e s e n t  a supe r son ic   t r anspor t .  The cockpi t ,  how- 
ever ,  was conf igu red   t o   r ep resen t   t he   con t ro l s  and  instrumentat ion of  t h e  
e v a l u a t i o n   p i l o t ' s   s t a t i o n   i n   t h e  Boeing  367-80 a i r p l a n e   ( f i g .   1 5 ) .  

The column, wheel,  and  rudder  pedals were powered  by hydrau l i c   con t ro l  
loaders ,   g iv ing   the   cont ro l   force  and d e f l e c t i o n   c h a r a c t e r i s t i c s  shown i n  
f igu re  3 .  T h r o t t l e   l e v e r s   f o r   i n b o a r d  and  outboard  engine  control  (not shown 
i n   f i g .  15)  were i n s t a l l e d  on t h e  l e f t  s ide   o f   t he   cockp i t   because   t he   eva lu -  
a t i o n   p i l o t  was s e a t e d  on t h e   r i g h t   i n   t h e   a i r p l a n e .  The t h r o t t l e   l o c a t i o n  
n e c e s s i t a t e d   t h a t   t h e   l o n g i t u d i n a l  and l a t e r a l  trim b u t t o n   b e   l o c a t e d  on t h e  
r igh t   s ide   o f   t he   con t ro l   whee l .  The DLC thumb c o n t r o l l e r  was a l s o   l o c a t e d  
on t h e   r i g h t   s i d e   o f   t h e   w h e e l .  

The cockpi t   ins t ruments ,  shown i n   f i g u r e   1 5 ,  were similar t o   t h e   p r i m a r y  
f l i g h t  and navigat ion  instruments   of   the   a i rplane  and  included  the EADI. 
Several  items on the  instrument  panel  were  used  only  for  the  simulation,  and 
included  landing  gear  touchdown l i g h t s  and a f l a r e  warning  l ight .  

Motion  system-  Hydraulic  servoactuators move the   s imula tor  +9" i n   r o l l ,  
+14" t o  -6" i n   p i t c h ,  and k l . 0   f o o t   i n   v e r t i c a l   t r a n s l a t i o n .  The motion com- 
mands were washed-out  toward  zero  position t o   p r e v e n t   t h e  cab  from s t r i k i n g  
the  limit s tops  when the  displacement   s ignals   exceeded  the  motion  capabi l i ty .  
The motion  equipment  included a pneumatic seat  which  provided a s u b t l e  cue  of 
v e r t i c a l   a c c e l e r a t i o n .  

S imula to r   mo t ions   were   pa r t i cu la r ly   u s . e fu l   i n   sub jec t ing   t he   p i lo t   t o  
moderate  turbulence  and touchdown l and ing   r eac t ions .  

Visual  system- The v i sua l   sys t em,   desc r ibed   i n   de t a i l   i n   r e f e rence   6 ,  
was a co lo r   t e l ev i s ion   p ro j ec t ion   sys t em which  provided  six-degrees-of-motion 
freedom. The scene was a day l igh t  view of  a typical runway with  provis ion 
f o r  an in- the-clouds  scene and b r e a k o u t   t o   v i s u a l   f l i g h t  a t  an a l t i t u d e   o f  
100 f e e t .  The f i e l d   o f  view w a s  38' v e r t i c a l l y  by 46" h o r i z o n t a l l y ,  and  gave 
uni ty   magnif icat ion.   For   this   program  the scale o f   t h e   v i s u a l  Scene model 
was 1:600, which r e s u l t e d   i n  runway dimensions  of 8050 feet  long  by 150 f e e t  
wide. 
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Sound generator-  A sound  genera tor   s imula ted   j e t   engine  and  aerodynamic 
noise , '   bu t  no at tempt  was made to   r ep roduce   t he   ac tua l   no i se   l eve l   o f   t he  
a i rp lane   cockpi t .  

Computations- The bas ic   s ix-degrees-of - f reedom  a i rp lane   equat ions   o f  
motion  used i n   t h e   s i m u l a t i o n   a r e   g i v e n   i n   r e f e r e n c e  1 2 .  Dimensionless  aero- 
dynamic d e r i v a t i v e s   f o r   t h e  Boeing  367-80 a i r p l a n e  are g iven   for  115  and  135 
knot  speeds and a i rp l ane   phys i ca l   cha rac t e r i s t i c s   a r e   g iven   i n   t ab l e  1. A i r -  
plane  weight was s e t  a t  a midrange  value  of  150,000  lb. The equat ions f o r  
t h e   s p e c i a l   s y s t e m s   u s e d   i n   t h i s   s t u d y  are g i v e n   i n   t a b l e  2 .  

Continuous  computations were made o f   pe rce ived   no i se   l eve l  (PNdB) on t h e  
ground d i r ec t ly   unde r   t he   a i rp l ane .  The c u r v e s   f o r   t h e   v a r i a t i o n  of n o i s e  
wi th   t h rus t  and a l t i t u d e  shown i n   f i g u r e  16  were  derived  from  noise  measure- 
ments  of a similar fan-jet   equipped a i rcraf t .  

The th rus t   r e sponse   cha rac t e r i s t i c s   o f   each   f an - j e t   eng ine   t o   t h ro t t l e  
s t e p s  was programmed t o   g i v e   t h e  time response  curves  shown i n   f i g u r e   1 7 .  
These  curves  were  prepared  from  measured  response  of a similar f a n - j e t  
engine.  Maximum thrus t   o f   each   engine  was 14,000  lb  without BLC,  and  11,200 
lb   wi th  BLC. 

Inboard  engine  thrust   impingement  effects on the   aux i l i a ry   f l aps   were  
computed  and t h e   d e r i v a t i v e s  are i n c l u d e d   i n   t a b l e  1. The s impl i f ied   b lock  
diagrams of  the   va r ious   a i rp l ane   sys t ems   i n   f i gu res   4 ,   5 ,   7 ,  1 2 ,  and 13  apply 
fo r   t he   s imu la t ion   excep t  as noted on the  diagrams.  In  f igure  5,   for  example,  
t he  bank angle  compensation  loop was no t   r equ i r ed   fo r   t he   s imu la t ion .  

Approach  Radar  System 

Fl ight -pa th   gu idance   for   the  367-80 a i r p l a n e  was provided by a r ada r  
landing  approach  system. The system was programmed s p e c i f i c a l l y   f o r   t h i s  
i n v e s t i g a t i o n ,  and  used in  conjunction  with  the  Instrument  Landing  System 
(ILS) a t  the  Oakland  Internat ional   Airport .   Figure  18 i s  a photograph  of  the 
i n s t a l l a t i o n .  The system was programmed t o   s i m u l a t e   t h e  beam of   the ILS, b u t  
had   the   addi t iona l   capabi l i ty   o f   genera t ing   nons tandard   l inear  and non l inea r  
approach  paths.  The system, shown s c h e m a t i c a l l y   i n   f i g u r e  19,  used  the  pre-  
cise t r ack ing   r ada r   t o   de t e rmine   e l eva t ion  and  azimuth  angles  and s l a n t   r a n g e  
o f   t h e   a i r c r a f t ,  and t h i s   i n f o r m a t i o n  was processed  by an analog  computer t o  
determine  the a i rc raf t  pos i t i on   i n   space   coord ina te s .  The  computed a i r c r a f t  
p o s i t i o n  was compared with a programmed f l i gh t   pa th   t o   de t e rmine   ve r t i ca l   and  
la te ra l  l i nea r   d i sp l acemen t   e r ro r s ,  and t h e s e   s i g n a l s  were converted  and  then 
mul t ip l i ed  by a s e n s i t i v i t y   f a c t o r  (a func t ion   o f   r ange )   t o   conve r t   t o   angu la r  
ILS g l ide-s lope  and l o c a l i z e r   e r r o r s .  The e r r o r   s i g n a l s  were encoded as 90 
and  150 Hz modulat ions  on  separate   carr ier   wavelengths ,  which were d i s t i n c t  
from the  Oakland ILS,  and t r a n s m i t t e d   t o   t h e  aircraft 's  ILS rece ive r .  They 
were rece ived  as convent ional  ILS e r r o r   s i g n a l s   i n   t h e   a i r p l a n e .  

A var ie ty   o f   approach   pa ths   could   be   genera ted ,   and   the   ones   used   dur ing  
t h i s  program are d e s c r i b e d   i n   d e t a i l   i n   t h e   P r o f i l e s  and  Guidance s e c t i o n .  
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Two-segment, two-beam p r o f i l e s  were formed  by  combining a s teep  approach  path 
from the  approach  radar  system  with  the  normal  Oakland  2.65"  glide  slope.  
The a i r p l a n e   c a r r i e d  two ILS rece ivers   to   moni tor   bo th   approach   radar   and  
Oakland  f requencies ,   and  switching  logic   to   permit   automatic   changeover   f rom 
o n e   s o u r c e   t o   t h e   o t h e r .  The s i n g l e  beam curved   prof i les  were wholly 
generated by the  approach  radar  system. 

Two audio-tones,  2200 and 3000 Hz, were c a r r i e d  on the  approach  radar  
l oca l i ze r   f r equency .  The lower  frequency was used t o   t r a n s m i t   t i m i n g   p u l s e s  
t o   t h e   a i r p l a n e   f o r  time co r re l a t ion   o f   a i rbo rne   o sc i l l og raph   da t a .  The 
higher   tone was used t o   t r i g g e r  a t  a spec i f i c   r ange   t he   swi t ch ing   l og ic  of t h e  
a i r b o r n e   f l i g h t   d i r e c t o r   c o m p u t e r   t o   i d e n t i f y   t h e  s tar t  o f   t h e   n o n l i n e a r  
po r t ion   o f   t he   cu rved   p ro f i l e .  

Another   important   funct ion  of   the  approach  radar   faci l i ty  was t o   r e c o r d  
t h e   a l t i t u d e - r a n g e   p r o f i l e   o f   e a c h  a i rc raf t  approach. 

A s  indicated  above,  the  Oakland ILS was used   for   the   lower  beam o f   t h e  
two-beam p r o f i l e s .  The ILS was a l s o   u s e d   f o r  l a te ra l  ( loca l izer )   gu idance .  

TESTS AND PROCEDURES 

P r o f i l e s  and  Guidance 

A l l  the   noise   abatement   approach  prof i les  which were evaluated on both 
the   s imu la to r  and i n   f l i g h t  are l i s t e d   i n   t a b l e  3. They can bes t   be   descr ibed  
by category:  single-segment,   two-segment,   and  deceleration  approaches.  

Single-segment  approaches-  Figure 20 i l l u s t r a t e s   t h e   f i v e   d i f f e r e n t  
single-segment  approaches  that  were eva lua ted .  The 2.65" beam i n t e r s e c t e d  
t h e  runway  1230 feet  from the   t h re sho ld ,   and   t he   h ighe r   ang le  beams 
in t e r sec t ed   t he   g round  500 f ee t  from the   t h re sho ld .  

Guidance f o r   t h e   h i g h e r   a n g l e  beams was t h e  same as f o r   t h e   s t a n d a r d  
2.65" beam. A beam e r r o r   o f  k0.7" gave maximum d e f l e c t i o n   o f   t h e   g l i d e -  
s l o p e   p o i n t e r  on the   e lec t romechanica l  A D I .  

Two-segment approaches- Two v a r i a t i o n s   o f  two-segment approach   prof i le  
geometry were i n v e s t i g a t e d .  A s  shown i n   f i g u r e  21,  t h e  6"  high beam was made 
t o   i n t e r s e c t  a 2.65" low  beam a t  e i t h e r  250 o r  400 feet a l t i t u d e ,  

I n   a d d i t i o n   t o   t h e   v a r i a t i o n s   o f   i n t e r c e p t   a l t i t u d e ,  two types   o f  
guidance  systems were evaluated:  (1)  one  consisted  of two s e p a r a t e  ILS 
gl ide-s lope beams; and (2) one   cons is t ing  of a g l ide-s lope  beam with a curv i -  
l i n e a r   t r a n s i t i o n .   F i g u r e  22 shows d e t a i l s   o f   t h e  two-beam guidance  system 
f o r   b o t h   i n t e r c e p t   a l t i t u d e s .  The approach  radar  system  formed  the  high 
beam, and  the  Oakland ILS served as t h e  low beam. V i r t u a l l y ,   t h e   t r a n s m i t t e r  
f o r   t h e   h i g h  beam was loca ted   underground  to   keep   the   angular   e r ror  
s e n s i t i v i t y   t h e  same as f o r   t h e  low beam a t  t h e   i n t e r s e c t i o n   a l t i t u d e .  
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Deta i l s   o f   the   gu idance   for  the single-beam  system  with  curvil inear 
t r a n s i t i o n   a r e  shown i n   f i g u r e  23.  This beam w a s  generated  by  the  approach 
radar  system which  computed s t r a i g h t - l i n e  segments f o r   t h e   h i g h  and low  beams 
which  were joined  by a parabol ic   curve .  The equat ions   and   tangent   po in ts   for  
the  curve  are  shown  on f igu re   23 (b ) .  For t h e   s i m u l a t i o n ,   t h e   t r a n s i t i o n  w a s  
a c i r cu la r   a r c   w i th   r ad ius   o f  40,200 f e e t  and tangent   po in ts   a t   124  feet 
above  and 62 f e e t  below t h e   i n t e r c e p t   a l t i t u d e   o f  400 and 250 f e e t .  Curva- 
tu re   o f   t he  beam w a s  s e l e c t e d   t o   g i v e  a rate change  of  f l ight-path  angle  of 
about  0.29"/sec a t  115 knots  approach  speed. 

Decelerat ion  approaches-   Three  decelerat ing  approach  prof i les  were used 
i n   t h e   f l i g h t   i n v e s t i g a t i o n .  Two of   these  combined t h e  two-segment  and t h e  
decelerat ing  approaches,  and t h e   t h i r d   u s e d  a single-segment  4"  approach. 

Figure 24 shows t h e   t h r e e   p r o f i l e s .   P r o f i l e s  M and N included a 5" 
upper  segment  and  2.65"  lower  segment.  Intercept  altitudes  of  the  upper  seg- 
ment with  the  lower  segments  were 500 f e e t  and 800 f e e t   f o r  M and N,  
respec t ive ly .   Dece lera t ion  w a s  i n i t i a t e d  at 670 f e e t   f o r  M, 970 f e e t   f o r  N, 
and 1400 f e e t   f o r  L.  Dece lera t ion   cont inued   un t i l  touchdown f o r  M, b u t  
ended at 3 0 0 - f e e t   a l t i t u d e   f o r  N and L. Nominal f l a p  rates and dece le ra t ion  
r a t e s  were  0 .37"/sec  and  0 .59  knot /sec  for   prof i les  M and N ,  and  0.31°/sec 
and  0.49 k n o t / s e c   f o r   p r o f i l e  L. 

Configuration K,  l i s t e d  on t a b l e  3  and a l s o  shown i n   f i g u r e  24, is a 
decelerat ing  approach on a  normal  2.65"  approach  angle  and was evaluated  only 
on the   s imu la to r .  

. I  > I .  

Test  Procedure 

The var ious   l anding   approach   prof i les   se lec ted   for   no ise   aba tement   and  
the   sys t ems   i nco rpora t ed   i n to   t he   a i rp l ane   t o   a l l ev ia t e   t he   p rob lem  a reas   o f  
these  approaches were eva lua ted   by   t he   p i lo t s   bo th  on the   s imu la to r   and   i n  
f l i g h t .  The s imula tor  w a s  u sed   i n   t h ree  ways:  (1) t o  develop  the  required 
airplane  systems  and  evaluate  them p r i o r   t o   f l i g h t ;   ( 2 )   t o   s t u d y   t h e   n o i s e  
r educ t ion   po ten t i a l   o f   va r ious   p ro f i l e s ;  and  (3) t o   f a m i l i a r i z e   t h e   p a r t i c i -  
pa t ing   p i lo t s   w i th   t he   i n s t rumen ta t ion ,   d i sp l ays ,   a i rp l ane   conf igu ra t ions ,  
and  approach p r o f i l e s   b e f o r e   f l i g h t .  The pr imary   ob jec t ive   o f   the   eva lua t ion  
w a s  to  determine  the  airplane  systems  (guidance,  control  system,  etc.)   that  
would e n a b l e   t h e   p i l o t   t o   f l y   t h e   a p p r o a c h e s   w i t h   t h e   p r e c i s i o n  similar t o  
tha t   r equ i r ed   fo r   ca t egory  I1 weather minfmum (ref. 13)  without an inc rease  
in   p i lo t   workload .   Table  5 lists d e s i r e d   p r e c i s i o n   i n   t h i s   i n v e s t i g a t i o n .  
The p r o f i l e s   e v a l u a t e d   a r e   l i s t e d   i n  table 3,   and  the  a i rplane  configurat ion-  
i n   t a b l e   4 .  

The eva lua t ion  w a s  of  a r e sea rch   na tu re ;   t he   p i lo t s  were asked   no t   t o  
consider   operat ional   condi t ions  such  as .   equipment   fa i lure ,   adverse  weather ,  
n ight   opera t ions ,  o r  t r a f f i c   ' c o n t r o l   i n   t h e i r   e v a l u a t i o n .   T h i s  i s  n o t   t o  
imply  they  did  not  consider  the  operational  problem  important,   but  the  pur- 
pose   o f   th i s   inves t iga t ion  w a s  to   s tudy  requirements   for   guidance,   ' f l ight-  
pa th   cont ro l ,  and low p i l o t  workload on noise  abatement  approaches.   Additional 
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tests w i l l  b e   necessa ry   t o   i nves t iga t e  a l l  of   the  operat ional   problems 
associated  with  noise  abatement  approaches.  

Three NASA p i l o t s   p a r t i c i p a t e d   i n   t h e   e v a l u a t i o n   o f   t h e   s i n g l e - s e g m e n t  
approaches.   Eleven  pi lots ,  one  commercial a i r l i n e ,   f o u r  NASA, and s i x  FAA, 
p a r t i c i p a t e d   i n   t h e   e v a l u a t i o n   o f   t h e  two-segment  and decelerat ing  approaches.  
Two of   the  NASA p i l o t s  were p r o j e c t   p i l o t s  and flew about 50 approaches  each 
wh i l e   t he   o the r   p i lo t s  flew about 20 approaches  each. The comments and 
op in ions   o f   t he   p i lo t s  were  obtained from the i r   eva lua t ion   bo th  on t h e  simu- 
l a t o r  and i n   f l i g h t ;  no  attempt was made t o   s e p a r a t e   t h e  comments and  opinions 
i n   t h i s   r e p o r t   u n l e s s   t h e y  seemed p e r t i n e n t .  

Three   types   o f   no ise   aba tement   p rof i les   were   s tud ied   in   th i s  
i n v e s t i g a t i o n :  (1) single-segment  profiles  with  approach  angles  between 
2.65"  and  6", (2) two-segment p r o f i l e s   w i t h  a steep  upper  approach  angle  of 
6"  and a lower  approach  angle-  of  2.65", (3) decelerat ing  approaches on 
seve ra l   t ypes   o f   p ro f i l e s .  The noise   reduct ion   po ten t ia l ,   p roblems,  methods 
f o r   a l l e v i a t i n g   t h e   p r o b l e m s ,  and p i l o t   e v a l u a t i o n  o f  each  type  of  noise 
abatement  approach are d i scussed   s epa ra t e ly   i n   t he   fo l lowing   s ec t ions .  

RESULTS AND DISCUSSION 

Single-Segment Approach P r o f i l e s  

Noise   reduct ion   po ten t ia l -  The no i se   r educ t ion   t ha t  can be  achieved 
with a change in   l anding   approach   prof i le  o r  technique w i l l  depend  mainly  on: 
(1) t he  amount of   th rus t   reduct ion   poss ib le   dur ing   the   approach  and  (2) t h e  
i n c r e a s e   i n   h e i g h t  above t h e  ground a t  any p o i n t .  The eng ine   t h rus t   r equ i r ed  
on an approach  depends on the  aerodynamic  character is t ics  of t he   a i rp l ane  
and the  approach  angle. The fo l lowing   s impl i f ied   equat ion  shows t h e  
r e l a t i o n s h i p :  

where y is the   f l i gh t -pa th   ang le   (nega t ive   fo r   descen t ) .  The t h r u s t  can, 
therefore ,   be   reduced  by  e i ther   s teepening  the  approach  angle  o r  reducing 
d r a g   ( i . e . ,  CD) . I t  is  d i f f i c u l t   t o   a c h i e v e  a s i g n i f i c a n t   r e d u c t i o n   i n   d r a g  
without a change i n   a i r s p e e d   ( i   . e . ,  CL) , but   s teepening  the  approach  angle  
will both   decrease   th rus t  and inc rease   he igh t  above t h e  ground. The va r i a -  
t i o n   o f   t h r u s t ,   a l t i t u d e ,  and t h e  computed r e d u c t i o n   i n   n o i s e   f o r   t h e   t e s t  
a i rp l ane  as the  approach  angle is s teepened i s  shown i n   f i g u r e  25 f o r  an 
approach  speed  of 115 knots a t  a p o i n t  2 nau t i ca l   mi l e s  from t h e  runway 
threshold .  The n o i s e   i n  a standard  2.65"  approach was used  for  comparison  of 
the   no ise   reduct ion .   These   ca lcu la t ions  show tha t   no i se   r educ t ion   o f   abou t  
18 PNdB is  poss ib l e  when the  approach  angle i s  s t eepened   t o   6" .  An approach 
angle   of   6"  i s  nea r   t he  maximum t h a t  can be   cons ide red   fo r  most c u r r e n t   j e t  
t r a n s p o r t s  a t  minimum approach  speeds when al lowances  are   considered  for  
overshoot  of 1 .So t o  2"  from the  6"  approach. 
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Problem areas- In   the   in i t ia l   phase   o f   the   p rogram,   the   p roblem of high 
ra te  of   descent   with  s teep  approaches was the  primary  problem  studied on t h e  
ground-based  s imulator   and  in   f l ight .  The v a r i a t i o n   i n  ra te  of   descent   with 
approach  angle  for  three  approach  speeds i s  shown i n   f i g u r e  26.  Current j e t  
transport   landing  approach  speeds are between  115  and  150 kno t s ,  and t h e  
r a t e s   o f   descen t  on normal  2.5" t o  3" instrument  approaches are between 500 
and 800 f t /min.  The d a t a   p o i n t s  show the  approach  angles   invest igated.  From 
the   r e su l t s   o f   t he   p i lo t s '   eva lua t ion   o f   t hese   s t eep   approaches ,  it was de te r -  
mined t h a t  rates of   descent   g rea te r   than  900 t o  1000 f t /min  were unsa t i s f ac -  
tory  because  of   the  problem  of   accurately  judging  the  progress   of   the  f l a r e .  
With t h i s  ra te  of   descent  as a boundary,  the  approach  angle a t  an  approach 
speed  of 150 knots  can  only  be  steepened  about 1" (from  2.65" t o  3.5") with 
a r e s u l t i n g   r e d u c t i o n   i n   n o i s e   o f   o n l y  5 PNdB. O f  course,  as approach  speed 
i s  reduced,  the  approach  angle  goes up f o r  a rate of   descent   tha t  i s  below t h e  
boundary. A 6"  approach  would take,  as shown i n   f i g u r e  26,  an  approach  speed 
of 90 knots .  Approach  speeds as low as 90 knots   would   l ike ly   requi re  powered 
l i f t  which  would n e c e s s i t a t e  some inc rease   i n   t h rus t   above   t ha t  shown i n  
f igu re  25 with  consequent   higher   noise .  

" - 

_I_. P i l o t s '   e v a l u a t i o n -  The i n i t i a l   p h a s e   o f   t h e   i n v e s t i g a t i o n   c o n c e n t r a t e d  
on the  evaluat ions  of   s teep  s ingle-segment   approaches  to  examine the  problem 
o f   h igh   r a t e  of descent  near  the  ground. Approach angles   of   2 .65",  4.5", 5" , 
5.5",  and 6 .0"   ( s ee   f i g .  20 and t a b l e  3) were  flown on both  the  s imulator   and 
i n   t h e   t e s t   a i r p l a n e  a t  115 knots .  The procedure  used was t o   h a v e   t h e   p i l o t  
i n t e r c e p t   t h e  ILS at between 2000 and 2500 f ee t   a l t i t ude   unde r   s imu la t ed  
instrument  conditions  (a  hood was u s e d   i n   f l i g h t )  and go v i s u a l  (remove  hood) 
a t  between  100  and 200 feet  a l t i t u d e .  Only t h r e e  NASA p i l o t s   p a r t i c i p a t e d   i n  
t h i s   p h a s e  of t he   i nves t iga t ion .  

The p i l o t s  first made a series of  approaches on the  s tandard  2 .65" ILS 
a t  t he  Oakland I n t e r n a t i o n a l   A i r p o r t   f o r  a basis  of  comparison of t h e   l a t e r  
s teep  approaches.  Normal 2.65"  instrument  approaches  could  be  flown  confort- 
ab ly  a t  115 knots   wi th   the   requi red   p rec is ion  and a t  a s a t i s f a c t o r y  workload 
l e v e l .  Although t h e   f l i g h t   d i r e c t o r  and the   au to thro t t le   reduced   the  work- 
load and made the   approach   ea s i e r   t o   f l y ,   t hey   were   no t   cons ide red   e s sen t i a l  
f o r  a s a t i s f a c t o r y  normal  approach. 

Steepening  the  approach  angle   to  4.5" i nc reased   t he  ra te  of  descent  from 
540 t o  910 f t /min.  The increased   ra te   o f   descent  was r ead i ly   appa ren t   t o   t he  
p i l o t  as was t h e   d i f f e r e n c e   i n   t h e   p i l o t ' s  view o f   t h e  runway when t h e  hood 
was removed a t  200 f e e t .  One of  the  problems was found t o   b e   a s s o c i a t e d   w i t h  
the   pos i t i on   o f   t he   i n t e r sec t ion   o f  4.5" g l ide-s lope  beam of t h e  ILS wi th   the  
runway. A t  first t h e   i n t e r s e c t i o n   p o i n t  was t h e  same as f o r   t h e  2.65"  (1230 
f t  f rom  th re sho ld )   bu t   w i th   t h i s   i n t e rcep t   po in t   t he   p i lo t   cou ld   no t   r ead i ly  
see t h e  runway threshold  when t h e  hood was removed a t  200 f e e t   a l t i t u d e .  The 
i n t e r c e p t   p o i n t  was then moved t o  500 f e e t  from t h e   t h r e s h o l d  which g r e a t l y  
a ided   t he   p i lo t   i n   j udg ing   t he  f l a r e  and  touchdown point .   Also,  moving t h e  
i n t e r s e c t i o n   t o  500 feet  made t h e  touchdown p o i n t  on t h e  runway about   the 
same as f o r  a normal  landing  because a g r e a t e r   d i s t a n c e  was r e q u i r e d   f o r   t h e  
f l a r e  on a 4.5' approach  angle. The a l t i t u d e   f o r   t h e   i n i t i a t i o n  of t h e  f la re  
was usua l ly   l e s s   t han  50 feet  f o r  a 2 .65" approach,  but w a s  between 75 and 
100 feet  for   4 .5" .  

11 



IIIIII 

, &  

The need  to  reduce  the  workload became more a p p a r e n t   t o   t h e   p i l o t   w i t h  
s teeper   approach   pa ths .  The management of t h r u s t  i s  more c r i t i c a l  as i s  t h e  
moni tor ing   of   the   approach   to   de te rmine   the   a i rp lane   pos i t ion   re la t ive   to   the  
ground  near minimum d e c i s i o n   a l t i t u d e  (MDA). Also ,   the  lateral al inement   of  
t he   a i rp l ane   w i th   t he  runway a t  MDA i s  more c r i t i c a l .  When the  hood-off 
a l t i t u d e  w a s  less than  200 fee t ,  t h e   p i l o t   d i d   n o t   h a v e  time t o  make l a r g e  
la teral  corrections  and  then  perform a f la re  and  touchdown. A good la te ra l  
f l i g h t   d i r e c t o r  was found t o   b e   r e q u i r e d   t o  res t r ic t  t h e   l o c a l i z e r  and 
head ing   e r ro r s   t o   accep tab le  limits wi th   the  minimum o f   p i l o t   e f f o r t .  

The n e x t   s t e p  was to   i nc rease   t he   approach   ang le  first t o  5" and t h e n   t o  
6" which inc reased   t he  ra te  o f   descen t   t o  1200 f t /min.  I t  was immediately 
e v i d e n t   t o   t h e   p i l o t   t h a t   t h i s   r a t e  of descent  would  be  unacceptably  high 
unless   the   hood-of f   a l t i tude  was r a i s e d  above 200 fee t .  I t  was usua l ,  on t h e  
5"  t o  6" approaches ,   fo r   t he   p i lo t  f i r s t  to   r educe   t he   r a t e   o f   descen t   t o  
less than 500 ft/min  and  then  perform a more normal f l a r e  and  touchdown. On 
these   l and ings   t he re   t ended   t o   be  two d i s t i n c t   f l a r e s .  After accomplishing 
seve ra l   s t eep   approaches ,   t he   p i lo t s  were a b l e   t o   b r i n g   t h e  two f l a r e s  
toge ther ,   bu t   the   t ask  became more c r i t i c a l .   F i g u r e  27  p re sen t s  time 
h i s t o r i e s   o f  two 6" l a n d i n g s   i l l u s t r a t i n g   t h e  two f l a re   t echn iques   u sed .  

The use  of  DLC t o  quicken   the   ver t ica l   response   o f   the   a i rp lane   for  
f l i g h t - p a t h   c o n t r o l  was examined to   determine i f  b e t t e r   r e s p o n s e  would assist 
t h e   p i l o t s  on s teep  approaches.  On 4 .5"  approaches  where  the  rate  of  descent 
i s  about 900 f t /min ,  DLC i nc reased   t he   p i lo t ' s   s ense   o f   s ecu r i ty   because   he  
could  reduce  the ra te  of descent  more quick ly   and   wi th   l ess   change   in   p i tch  
a t t i tude .   Rates   o f   descent   over  1000 ft /min (5" t o  6"  approach  angles)  were 
excessive  and  the  quickening  provided  by  the DLC, al though  very much appre- 
c i a t e d   b y   t h e   p i l o t ,   d i d  l i t t l e  t o  make t h e  rates of   descent  more 
acceptable .  

Two-Segment Approach P r o f i l e s  

Noise   reduct ion   po ten t ia l -  Two-segment landing  approach  profiles  were 
in t roduced   i n  ea r l i e r  tests. ' ( r e f s .  2 and 4) t o   r educe   t he   h igh  ra te  of 
descent   near   the  ground.   Figure  28(a)  i s  a multiple  exposure  photograph  of 
a t y p i c a l  two-segment  approach a t  the  Oakland  Internat ional   Airport .   Fig-  
u r e   2 8 ( b )   i l l u s t r a t e s  a t y p i c a l  two-segment p r o f i l e  and  shows t h e  computed 
r educ t ion   i n   no i se .  The no i se   r educ t ion   fo r  a s t r a i g h t  6" approach is  a l s o  
shown f o r  comparison. The two-segment  approaches  considered  in  this  program 
had an upper  segment  approach  angle  of 6"  and a lower  segment  approach  angle 
of  2.65". With a two-segment  approach,  the  advantages  of  the  steep  approach 
( i   . e . ,   r e d u c e d   t h r u s t  and increased  height  above  the  ground)  are  achieved on 
the  upper  segment  while  the ra te  of   descent  a t  t h e   f l a r e  o r  minimum dec is ion  
a l t i t u d e  (MDA) i s  unchanged  from a normal  approach. The noise   reduct ion  i s ,  
of  course,  not s o  g r e a t  as f o r  a s t r a i g h t  6" approach  because  the  a i rplane 
is  not  s o  high  above  the  ground on the  6" segment  (see f i g .   2 8 ( b ) ) .   A l s o ,  a t  
the   i n t e rcep t   po in t ,   eng ine   t h rus t  must be  brought  up t o   t h e   v a l u e   f o r  a nor- 
mal approach,   and  s ince  a l t i tude is  t h e  same, no r e d u c t i o n   i n   n o i s e  is  poss i -  
b l e  beyond t h i s   p o i n t .  The noise   reduct ion   of  a two-segment  approach i s  
de te rmined ,   t he re fo re ,   by   t he   a l t i t ude   o f   t he   i n t e rcep t .  When t h e   i n t e r c e p t  
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a l t i t u d e  i s  low, the   no i se   r educ t ion  is  h igh ,   bu t   t he   h igh  ra te  of   descent  
must be   cont inued   c loser   to   the   g round.  The a l t i t u d e   f o r   t h e   i n t e r c e p t  was, 
t h e r e f o r e ,  one  of   the  var iables   in   the  program. 

The two-segment  approach p r o f i l e s  are shown in   f i gu re   28 (c )   a long   w i th  
the  corresponding computed no i se   r educ t ions .  The i n t e r c e p t   a l t i t u d e s  are 250 
and 400 feet .  The 250- foo t   i n t e rcep t   a l t i t ude  was chosen t o   g i v e  a computed 
noise   reduct ion  of   about  10 PNdB 1 nau t i ca l   mi l e  from t h e  runway threshold  
and  beyond. The second   p ro f i l e   w i th   t he   i n t e rcep t  a t  400 feet  was chosen t o  
give  about  10 PNdB no i se   r educ t ion   1 .5   nau t i ca l   mi l e s  from t h e   t h r e s h o l d  and 
beyond.  These two i n t e r c e p t   a l t i t u d e s   a l s o   p r o v i d e d   t h e   p i l o t s   w i t h  an oppor- 
t u n i t y   t o   e v a l u a t e  a low and a modera t e ly   h igh   i n t e rcep t   a l t i t ude  on 
two-segment  approaches. 

The  computed no i se   r educ t ions   p re sen ted  i n  f igure   28(c)  were v e r i f i e d  
by  measurements  of  noise  during two o f   t h e   e v a l u a t i o n   f l i g h t s   o f   t h e   a i r p l a n e .  
The methods  and r e s u l t s   o f   t h e  measurements a re   p resented   in   appendix  A. The 
d a t a  show good correlat ion  between computed  and  measured n o i s e   r e d u c t i o n   f o r  
t h e  two-segment  approach. The noise   da ta   in   appendix  A are a l so   p re sen ted  i n  
terms o f   t h e   e f f e c t i v e   p e r c e i v e d   n o i s e   l e v e l  (EPNL) which i s  be ing  recommended 
by  reference 14  as t h e   n o i s e  measurement c r i t e r i o n .  

Problem  areas- The use  of  two-segment  approaches  to  help  solve  the 
problem of  h igh   ra te   o f   descent   near   the   g round  c rea ted  new probiems  because 
o f   t h e   n o n l i n e a r i t y   i n   t h e   g l i d e   p a t h   t o w a r d   t h e  end of   the   approach .  The 
r e s u l t s   o f   p r e v i o u s  tes ts  ( r e f .  4) and t h e   i n i t i a l   p h a s e   o f   t h e   f l i g h t  and 
s imula t ion   i nves t iga t ion   o f   t he   p re sen t   p rog ram  iden t i f i ed   t he   fo l lowing  
problems  of  two-segment  approaches when flown  with a s t a n d a r d   j e t   t r a n s p o r t :  

1. Inadequate  guidance  and  display  information 

2 .  High p i lo t   workload  

3 .  Lack o f   p r e c i s e   c o n t r o l   i n   f l i g h t   p a t h  

4.  Poor  engine  response 

A l l  o f   these   p roblems  a re   in te r re la ted .   F igure   29(a)  shows a t y p i c a l  
pa th   o f   t he   a i rp l ane  as measured   by   radar   ( so l id   l ine)  when t h e   p i l o t  i s  f l y -  
i ng  a two-segment  approach  (dotted  l ine)  using  instrumentation common t o   c u r -  
r e n t   j e t   t r a n s p o r t s .   P r i m a r i l y   b e c a u s e   o f   i n a d e q u a t e   g u i d a n c e ,   t h e   f l i g h t  
path a t  t r a n s i t i o n  goes  below t h e   g l i d e   s l o p e  of t h e  ILS. The co r rec t ion   o f  
t h e   r e s u l t i n g   d e v i a t i o n  i s  a demanding f l i g h t - p a t h   c o n t r o l   t a s k   t h a t   g r e a t l y  
inc reases   t he   p i lo t ' s   work load .   Th i s  i s  i l l u s t r a t e d  by time h i s t o r i e s   i n  
f i g u r e  29 ( b )   o f   t h e   c o n t r o l   a c t i v i t y ,   p i t c h   a t t i t u d e ,  and e r r o r s  from t h e  
ILS g l ide   s lope   du r ing   t he   t r ans i t i on   po r t ion   o f   t he   app roach .  (The range 
and time can be   u sed   t o   co r re l a t e   f i gu res   29 (a )  and 29 (b) .) The p i l o t  i s  busy 
keep ing   t he   a i r speed   e r ro r  as low as poss ib l e   by   t he   con t ro l   o f   t h rus t  as t h e  
f l igh t -pa th   angle   changes   and   cont ro l l ing   he ight   e r ror   wi th   a i rp lane   p i tch  
a t t i t ude   changes .   S ince   t h i s   d i f f i cu l t   con t ro l   p rob lem and t h e   l a r g e   i n c r e a s e  
i n  workload  occurs  only  seconds  before  the f la re ,  t h e   p i l o t s   r a t e d   t h e  
task  unacceptable .  
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Another   problem  that   concerns  the  pi lot   in   two-segment   or   any  s teep 
approaches i s  the  engine  response time. J e t   e n g i n e s   t r a d i t i o n a l l y   r e s p o n d  
s l o w l y   t o   t h r o t t l e  command, p a r t i c u l a r l y  a t  low thrus t .   F igure   17  shows t h e  
eng ine   r e sponse   cha rac t e r i s t i c s   u sed   i n   t he   s imu la to r .  They approximate 
those   o f   the  JTSD-1 engines  used on t h e   a i r p l a n e .  The d a t a  from f i g u r e   1 7  
have  been  cross-plot ted on f i g u r e  30 t o  show t h e  time from  approach power t o  
m a x i m u m  t h r u s t .  I t  can  be  seen from t h e s e   d a t a   t h a t  a 6 . O o  approach  almost 
doubles   the   t ime  to  maximum thrus t ,   6 .2   seconds  compared t o  3.6 f o r  a normal 
2.65"  approach. The l a g   i n   t h r u s t   w i t h   t h e   a p p l i c a t i o n   o f   t h e   t h r o t t l e  
r e q u i r e s   t h e   p i l o t   t o   l e a d   w i t h   t h e   t h r o t t l e ;   o t h e r w i s e   a i r s p e e d  w i l l  
dec rease   du r ing   t he   t r ans i t i on .   S ince   t he re  i s  in su f f i c i en t   l ead   i n fo rma t ion  
f o r   t h e   p i l o t ,   t h e   p i l o t   g e t s   b e h i n d  and r equ i r e s  a l a rge   app l i ca t ion   o f  
t h rus t .   Th i s  can b e   s e e n   b y   t h e   t h r o t t l e   p o s i t i o n  time h i s t o r y   o f   f i g u r e  
29 (b) . Such large  thrust   changes,   approaching maximum t h r u s t ,   a c t u a l l y  
inc rease   t he   no i se   l eve l   o f  a two-segment  approach. 

From a review o f  the i r   p roblems,  it i s  obvious   tha t  two-segment 
approaches must be  f lown  with  precise   guidance  to  smooth t h e   t r a n s i t i o n  from 
the  steep  upper  segment  to  the  lower  segment so  t h a t  low r a t e  changes i n  
f l i gh t -pa th   ang le  and t h r u s t  are assured.  A s  attempts  were made t o   s o l v e  
each  problem  discussed  in  the  preceding  section, it was recognized   tha t  
t h e r e  may b e   s e v e r a l  ways o f   a l l ev ia t ing  them.  The s imula tor  and f l i g h t  
s t u d i e s   i n   t h i s  p rog ram  used   t he   va r i ab le   s t ab i l i t y  and  on-board  computer 
c a p a b i l i t i e s   o f   t h e  t es t  a i r p l a n e .  The methods  used to   provide  adequate  
guidance   and   s i tua t ion   in format ion ,   to   assure   adequate   f l igh t -pa th   cont ro l ,  
to   reduce   p i lo t   workload ,   and   to   e l imina te   the   requi rement   for   rap id   engine  
response   a re   d i scussed   in   the   sec t ions   fo l lowing .  

Methods to   provide  adequate   guidance  and  display  information-  A guidance 
~ ~ . . . . . - . - .~. . . " - - " - - . . . . - ." . - - 

system was required-  -for an ins t rument   l anding   task .   Provis ions   had   to   be  
made, therefore ,   for   the  necessary  ground-based  guidance  systems  for  two- 
segment p r o f i l e s .  The basic   guidance  considered was an adapta t ion   of   cur ren t  
instrument  landing  systems (ILS) . Since   t he   g l ide   s lope   o f   p re sen t  ILS i s  
s e t  a t  an angle   o f   2 .5"   to  3O, changes  had t o   b e  made t o   t h e  ILS. Two sys-  
tems were  considered as desc r ibed   i n  an e a r l i e r   s e c t i o n  and i l l u s t r a t e d   i n  
f igu res  22 and  23. One sys tem  ( f ig .  22) involved  the  es tabl ishment   of  a 
second  gl ide  s lope  of   6"  a t  an a i rpor t   p resent ly   equipped   wi th  a 2.65"  gl ide 
s lope .  The o the r   sys t em  ( f ig .  23) was a s i n g l e  beam wi th   curved   t rans i t ion  
ILS. This  type  of  system would r e q u i r e   e i t h e r  a r ada r  and  computer on t h e  
ground to   genera te   such  an ILS, o r  some form  of  on-board  computer  based on 
precision  distance  measuring  equipment.  The two-beam ILS would apparent ly   be  
e a s i e r   t o  implement   without   extensive  development .   For   this   invest igat ion,  a 
research   radar   sys tem,   descr ibed   in   the  Equipment s e c t i o n  and i l l u s t r a t e d  on 
f igures   18  and 19, was used   tha t   could   readi ly   be   changed   to  any des i r ed  
p r o f i l e .  

The pr imary   gu idance   in format ion   for   the   p i lo t  was provided  by a f l i g h t  
d i r e c t o r .  Most c u r r e n t   f l i g h t   d i r e c t o r s   u s e d   i n   a i r l i n e  and mi l i ta ry   opera-  
t i o n s   p r e s e n t   t o   t h e   p i l o t   t h e  command a t t i t u d e  changes  which are computed as 
a func t ion   o f   t he   angu la r   e r ro r s  from t h e  ILS. The p i t c h   f l i g h t   d i r e c t o r  
computat ions  for   current   systems are des igned   for   on ly   l inear   low-angle  
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j j instrument  landing  approaches.  The computations  must,   therefore,   be  modified 

sepa ra t e  ILS beams ( f i g .  22) o r  a curved beam ( f ig .   23 ) .  The mod i f i ed   f l i gh t  
director   computat ions are d e s c r i b e d   i n   t h e  Equipment s e c t i o n  and b lock   d ia -  
grams of  the  system are shown on f i g u r e  1 2 .  The o u t p u t   o f   t h e   f l i g h t   d i r e c t o r  
computer i s  displayed on  an a t t i t u d e   d i r e c t o r   i n d i c a t o r  (ADI) i n   t h e   c o c k p i t .  
TWO types  of  AD1 were  used - an electromechanical   system  ( f ig .   l l (b))   and  an 
e l e c t r o n i c  AD1 ( f i g .  9 ) .  The f l i g h t   d i r e c t o r  i s  d i s c u s s e d   f u r t h e r   i n  
appendix B . 

d €or the   non l inea r ,   s t eep ,  two-segment  approaches  which  consist of e i t h e r  two 

The s i t u a t i o n   i n f o r m a t i o n   r e q u i r e d   b y   t h e   p i l o t   t o   d e t e r m i n e   a i r p l a n e  
pos i t i on   du r ing  a two-segment  approach is  somewhat d i f f e r e n t  and more c r i t i c a l  
t h a n   t h a t   f o r  a normal   approach.   Pi lots   normally  determine  their   posi t ion on 
a standard  Category I1 f l i g h t   d i r e c t o r  ILS approach  f rom  the  a l t i tude,   the  
ILS e r r o r   i n d i c a t i o n s ,   t h e   r o l l  and p i t c h   a t t i t u d e ,  and  marker  beacon  annunci- 
a tors .   This   information is  t h e  minimum needed  for   instrument   approaches.  To 
s tudy  the  advantages  that   might   be  gained  by  including  other   s i tuat ion  infor-  
mation, an e l e c t r o n i c  AD1 was used   t ha t   cou ld   p re sen t   s i t ua t ion   i n fo rma t ion  
a l o n g   w i t h   t h e   f l i g h t   d i r e c t o r  on a cathode-ray  tube mounted in   t he   cockp i t .  
This   d i sp lay ,  EADI,  i s  desc r ibed   i n   t he  Equipment sect ion  and,  as i l l u s t r a t e d  
i n   f i g u r e s  8 and 9 ,  included some addi t ional   information  not   normally  avai l -  
a b l e   t o  assist t h e   p i l o t   i n   f l y i n g   t h e   a p p r o a c h .   ( 1 )  The r a d i o   a l t i t u d e  was 
p r e s e n t e d   d i g i t a l l y  a t  a l t i t u d e s  below 700 f e e t .  (2) The f l i gh t -pa th   ang le  
o f   t he   a i rp l ane  was indica ted   by  a symbol  which e n a b l e d   t h e   p i l o t   t o   m o n i t o r  
the   p rogress  of the  approach  from  the  upper-segment  capture  through  the  tran- 
s i t i o n   t o   t h e  lower  segment.  (3) The po ten t i a l   f l i gh t -pa th   ang le  was i n d i -  
cated  by  another  symbol t h a t  showed t h e   p o t e n t i a l   s t e a d y - s t a t e   f l i g h t   p a t h  if 
t h e   t h r u s t  were main ta ined;   tha t  i s ,  t h e   l o n g i t u d i n a l   a c c e l e r a t i o n   c a l i b r a t e d  
i n  te rms   of   po ten t ia l   f l igh t -pa th   angle .   This  symbol a s s i s t e d   t h e   p i l o t   i n  
monitor ing  the  thrust   changes  in  two-segment  approaches. (4) Another  addi- 
t i o n  on t h e  EADI d i sp l ay  was a t e l e v i s i o n   p i c t u r e  from a camera on the   nose  
o f   t h e   a i r p l a n e   ( f i g .   1 0 ) .  For  t h e s e   t e s t s ,   t h e   t e l e v i s i o n   d i s p l a y  was used 
f o r   e v a l u a t i n g   t h e   b e n e f i t s   o f  a real-world type o f  d i s p l a y   t o  assist  t h e  
p i lo t   in   de te rmining   the   p rogress   o f   the   approach .  The t e l e v i s i o n   d i s p l a y  was 
considered a s imula t ion   of  a r ea l -wor ld   p i c to r i a l   d i sp l ay   t ha t   cou ld   poss ib ly  
be   deve loped   in   the   foreseeable   fu ture .  The t e l e v i s i o n   p i c t u r e   e n a b l e d   t h e  
p i l o t   t o   r e l a t e   t h e   f l i g h t - d i r e c t o r   g u i d a n c e   t o  a real-world runway p i c t u r e .  
The t e l e v i s i o n  was a l so   eva lua ted  as an a i d   f o r   t h e   p i l o t   i n   t h e   t r a n s i t i o n  
from ins t rumen t   f l i gh t   cond i t ion  (hood-on) to   v i sua l   f l y ing .   (hood-o f f ) .  

Methods to   a s su re   adequa te   f l i gh t -pa th   con t ro l -  When t h e   p i l o t  is  
provided  with  adequate  guidance, a precise  instrument  approach can be  flown 
only i f  the   a i rp l ane   has   adequa te   f l i gh t -pa th   con t ro l   capab i l i t y .   F l igh t -  
pa th   cont ro l   involves  two r e sponses   o f   t he   a i rp l ane   t o  a control-column  input.  
F i r s t ,  p i tch   response  must b e   s u c h   t h a t   p r e c i s e   c h a n g e s   i n   p i t c h   a t t i t u d e   c a n  
be  made wi thou t   excess ive   ove r shoo t s   i n   e i t he r   p i t ch  ra te  o r  c o n t r o l   i n p u t s .  
Second ,   t he   ve r t i ca l   r e sponse   o f   t he   a i rp l ane   t o   l ong i tud ina l   con t ro l  must 
provide   p rec ise   cont ro l   o f  ra te  changes of f l igh t -pa th   angle .   Severa l   longi -  
t ud ina l   hand l ing -qua l i t i e s  c r i t e r i a  inc lude   bo th   o f   the   requi red   responses .  
Reference  15 is an  example of   such a c r i t e r i o n .  To s tudy  methods  of  improving 
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t h e   p i t c h  and ve r t i ca l   r e sponse   o f   t r anspor t   a i rp l anes ,   t he  Boeing 367-80 w a s  
provided  with a long i tud ina l - s t ab i l i t y   augmen ta t ion   sys t em  and   d i r ec t - l i f t  
con t ro l .  

The p i t ch   s t ab i l i t y   augmen ta t ion   sys t em,  SAS, chosen f o r   t h i s  
i n v e s t i g a t i o n  was a p i t c h - r a t e  command wi th   a t t i tude   ho ld   cont ro l   sys tem.  
This  system i s  d e s c r i b e d   i n   d e t a i l   i n   r e f e r e n c e  5 and   d i scussed   i n   t he  
Equipment s e c t i o n   ( f i g .  5 ) .  Th i s   pa r t i cu la r   con t ro l   sys t em was chosen  not 
o n l y   t o   a s s u r e   t h a t   t h e  tes t  a i r p l a n e   h a d   s a t i s f a c t o r y   p i t c h   r e s p o n s e   b u t   t o  
s tudy   the   appl ica t ion   of   such  a s y s t e m   f o r   f u t u r e  j e t  t r a n s p o r t   a i r p l a n e s .  

An impor tan t   fea ture   o f   the  SAS is  the   au tomat ic  trim c a p a b i l i t y  
inhe ren t   i n   such  a sys tem.   S ince   p i tch   ra te  w i l l  b e   h e l d   t o   z e r o  as long as 
t h e   p i l o t  does  not move the   con t ro l  column,  any trim change  due t o   t h r u s t  , 
f l ap   ex tens ion ,   g round   e f f ec t ,   o r  change i n   a i r s p e e d  will be  compensated. 
The l a c k   o f   s p e e d   s t a b i l i t y   ( t r i m  change  with  speed)  and  the  lack  of trim 
change i n  ground e f f e c t   r e q u i r e d  some change i n   p i l o t i n g   t e c h n i q u e   i n   t h e  
f l a r e  and  touchdown t a sk .  

A d i r e c t  l i f t  con t ro l  (DLC) system was a lso   inc luded   to   assure   adequate  
ve r t i ca l   r e sponse .  The DLC sys t em  used   i n   t h i s   i nves t iga t ion  i s  d i s c u s s e d   i n  
t h e  Equipment s e c t i o n  and i s  i l l u s t r a t e d   i n   f i g u r e s  4 and 5 .  Di rec t  l i f t  
cont ro l   p rovides  a means of  changing  the l i f t ,  and t h e r e f o r e ,   t h e   v e r t i c a l  
accelerat ion  of   the  a i rplane,   wi thout   changing  angle   of   a t tack.  DLC systems 
have   been   successfu l ly   t es ted  on b o t h   f i g h t e r   ( r e f .  16)  and t r a n s p o r t   ( r e f .  
17)   a i rp lanes ,  and t h e  tests have  demonstrated  that   quickened  ver t ical  
response  with DLC can  improve t h e   p i l o t ' s   c o n t r o l   o f   t h e   f l i g h t   p a t h .  

Methods of   reducing  pi lot   workload-  The p i l o t ' s  workload i n  any 
instrument  approach is  h igh   no t   because   o f   t he   d i f f i cu l ty   o f   t he   va r ious  
tasks bu t   because   o f   t he i r  number.  For  example, t h e   p i l o t  must con t ro l   t he  
pos i t i on   o f   t he   a i rp l ane   cen te r   o f   g rav i ty   i n  two axes  while   keeping  the 
a i r p l a n e   a t t i t u d e s   ( r o l l ,   p i t c h ,  and yaw) wi th in   acceptab le  limits. He must 
a l s o   c o n t r o l   a i r p s e e d   t o   w i t h i n  ?5 knots ,   moni tor   the   condi t ion   o f   the  a i r -  
p lane   sys tems,   avoid   o ther   a i rp lanes ,  and l i s t e n   f o r   i n s t r u c t i o n s  from a i r  
t r a f f i c   c o n t r o l .   I n t r o d u c i n g  any complication o r  a d d i t i o n   t o   t h e s e   t a s k s ,  
such as s teep   or   nonl inear   no ise   aba tement   l anding   approach   prof i les ,  makes 
the  workload  total ly   unacceptable .  

To enable him, t h e r e f o r e ,   t o  cope with  the  added  concerns  of  the  noise 
abatement  approaches,  his  workload was r e d u c e d   i n   t h r e e  ways: First, he  was 
provided  with  guidance and d i sp lays   t ha t  were easy   t o   u se ;   s econd ,   s a t i s f ac -  
t o r y   h a n d l i n g   q u a l i t i e s  were provided;  third,   automatic  devices  were  added 
for   per forming  some o f   t he  tasks. 

The cont ro l   o f   engine   th rus t  i s  one t a s k  t h a t  can  be  turned  over  to  an 
automatic   device.   Ordinar i ly ,   the  t a s k  r e q u i r e s  much p i l o t   a t t e n t i o n ,   p a r -  
t i c u l a r l y  on a two-segment  approach  where a l a r g e  (6") change i n   f l i g h t - p a t h  
angle  i s  made i n i t i a l l y  and another  change ( 3 . 3 5 O )  t o   t h e   l o w e r  segment is  
made l a t e  in   t he   approach .  Whenever the   f l i gh t -pa th   ang le  i s  changed, t h e  
eng ine   t h rus t  must be  changed t o  keep  the  airspeed  from  changing. An 
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d a u t o t h r o t t l e   r e l i e v e s   t h e   p i l o t   o f   c o n t i n u a l l y   a d j u s t i n g   e n g i n e   t h r u s t .  How- 
1 
j ever, he must s t i l l  mon i to r   t he   a i r speed   t o   a s su re   h imse l f   t ha t  it i s  wi th in  

acceptable  limits b u t   t h e   a i r s p e e d   e r r o r  symbol on t h e  EADI ( f i g .  9)  
f a c i l i t a t e s   t h i s  t a s k .  

The mechaniza t ion   of   the   au to thro t t le  is  d i s c u s s e d   i n   t h e  Equipment 
s e c t i o n  and i s  i l l u s t r a t e d   i n   f i g u r e  7. The system was no t   necessa r i ly   t he  
best   system f o r  two-segment  approaches  but  did  prove  satisfactory  for  the 
tests.  

Another  task  that   can  be  performed  by an au tomat ic   device   to   reduce  
p i l o t  workload i s  t r imming  the   a i rp lane   for  moments due to   t h rus t   changes ,  
configurat ion  changes,  o r  speed  changes. On t h e  two-segment  approaches, 
p a r t i c u l a r l y   w i t h  an a u t o t h r o t t l e ,   t h e  trim change  with  engine  thrust   can 
grea t ly   increase   the   p i lo t   workload .  The a t t i t u d e   h o l d   f e a t u r e   o f   t h e  ra te  
command control   system  provided  the  required  automatic  trim because  the 
a i r p l a n e   a t t i t u d e  w i l l  no t  change except a t  t h e   p i l o t ' s  command. A t t i t ude  
ho ld   a l so   r educes   t he   p i lo t ' s   work load   i n   gus ty   cond i t ions   by   keep ing   t he  
a i r p l a n e   a t t i t u d e  from  being  disturbed by t h e   g u s t s .  

Autotrim was a l so   p rovided   wi th   the   bas ic   cont ro l   sys tem (SAS o f f )   t o  
reduce  the  pi lot   workload.  The au to t r im i s  d e s c r i b e d   i n   t h e  Equipment 
s e c t i o n  and i s  i l l u s t r a t e d  on f i g u r e  4 .  The t r i m  changes  were  not  eliminated 
by the   au to t r im as i n   t h e   a t t i t u d e   h o l d   s y s t e m .  When an out -of - t r im moment 
o c c u r r e d ,   t h e   p i l o t   i n i t i a l l y  made a c o n t r o l   i n p u t   t o  compensate f o r   t h e  trim 
change,  and  then  the  control  input  would  be  slowly  reduced  to  zero. The 
p i l o t  was rel ieved  of   the  task  of   manipulat ing  the t r i m  swi t ch   t o   e l imina te  
the   con t ro l   fo rces  due t o   o u t - o f - t r i m  moments.  The au to t r im was s lower,  
however,  than  the manual trim. 

" L a t e r a l - d i r e c t i o n a l  . - ". - ~ .  . ~ . s t a b i l i t y  . . augmentation-  Although  the  primary task  
i n   t h i s - i n v e s t i g a t i o n  was t o   f l y  a p r e c i s e   f l i g h t   p a t h   i n   t h e   v e r t i c a l   p l a n e ,  
t he   con t ro l   o f   t he   a i rp l ane   l a t e ra l ly   cou ld   no t   be   i gnored .   In   f ac t ,   poor  
l a t e r a l - d i r e c t i o n a l   h a n d l i n g   q u a l i t i t e s   c a n  make t h e   p i l o t  workload on t h e  
approach  unacceptably  high. The l a t e r a l - d i r e c t i o n a l   c h a r a c t e r i s t i c s  were, 
t he re fo re ,  augmented to   g ive   ve ry  good l a t e r a l - d i r e c t i o n a l   h a n d l i n g   q u a l i t i e s .  
The augmentat ion,   descr ibed  in   reference 5 ,  c o n s i s t e d   o f   s i d e s l i p - r a t e   d i r e c -  
t i o n a l  damping, i n c r e a s e d   r o l l  damping,  reduced  dihedral   effect ,  and r o l l - r a t e  
tu rn   coord ina t ion .  With the  augmentat ion  the  pi lot   workload  associated  with 
l a t e r a l - d i r e c t i o n a l   c o n t r o l  was much l e s s   t h a n  on most c u r r e n t   j e t   t r a n s p o r t s .  

Methods to   e l imina te   the   requi rement   for   rap id   engine   response-   Rapid  
thrust"resb0nse to- the"appi ica t i0n-  5f- the- throttle i s  a d e s i r a b l e   c h a r a c t e r i s -  
t i c   i n  any landing   approach .   But ,   the   response   charac te r i s t ics   o f  an engine 
cannot  be  readily  changed. However, t h e   e a r l y   s i m u l a t o r   r e s u l t s  showed t h a t  
when the   a i rp l ane  was f lown   p rec i se ly   du r ing   t he   t r ans i t i on  on the  two-segment 
approaches,   rapid-thrust   changes were not  required.   Adequate  guidance, good 
f l i gh t -pa th -con t ro l   capab i l i t y ,  and  an a u t o t h r o t t l e   t h a t   h e l p e d   s o l v e   o t h e r  
problems  of  two-segment  approaches,  also  reduced  the  requ.irement  for  rapid 
engine  response.  On t h e  two-segment  approach,  power i s  brought up slowly as 
the   a i rp lane   f l igh t -pa th   angle   changes  from 6 O  t o  2.65",  and t h e   a i r p l a n e   h a s  

" 
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normal  approach  power  soon after t r a n s i t i o n .  The  two-segment  approaches 
el iminated  the  problem  of  low thrus t   near   the   g round on steep  approaches 
where a wave-off o r  go-around  might  be  required. 

Evalua t ion   condi t ions"   Var ious   f l igh t   condi t ions  were e v a l u a t e d   t o  
determine  the  combination o f  p ro f i l e ,   gu idance ,  and a i rp l ane   sys t ems   t ha t  
would best f u l f i l l   t h e   o b j e c t i v e s   o f   t h e  program.  Table 3 l is ts  t h e   n o i s e  
abatement   prof i les   and  table  4 t abu la t e s   t he   a i rp l ane   conf igu ra t ions  and 
equipment   used  with  each  prof i le .   In   general ,   the   evaluat ion  involved two 
d i f f e r e n t   i n t e r c e p t   a l t i t u d e s ,  two different  guidance  schemes, and  two d i f f e r -  
ent   landing  approach  speed  ranges.  Each approach was f lown   w i th   e i the r   t he  
bas ic   cont ro l   sys tem  wi th   au to t r im  or   wi th   the   p i tch   ra te   command-a t t i tude  
hold  control  system  and  with  and  without DLC and a u t o t h r o t t l e .  The d i sp lays  
used were e i t h e r  an  electromechanical AD1 o r  t h e   e l e c t r o n i c  AD1 (EADI) with 
t h e   t e l e v i s i o n   e i t h e r  on o r  o f f .  

Guidance  schemes- The  two guidance  schemes f o r  two-segment  approaches 
consisted  of  (1) two ~ILS g l ide - s lope  beams, f i g u r e  2 2 ,  and  (2) a s i n g l e   b e n t  
ILS g l ide-s lope  beam wi th  a c u r v i l i n e a r   t r a n s i t i o n ,   f i g u r e  23.  These two 
types  of   guidance  gave  the  pi lot  an o p p o r t u n i t y   t o   e v a l u a t e  two  methods f o r  
making t h e   t r a n s i t i o n  from the  upper  6" segment to   t he   l ower   2 .65" .  The p r i -  
mary d i f f e rences  from t h e   p i l o t ' s   p o i n t   o f  view were p i t c h  rates and con t ro l  
requi red   in   the   t rans i t ion ,   and   the   s i tua t ion   in format ion   to   de te rmine   e r ror  
from t h e   g l i d e   s l o p e   d u r i n g   t r a n s i t i o n .  A compar ison   of   the   t ime  h i s tor ies   o f  
t y p i c a l  two-segment  approaches  with  curvilinear  and two-beam t r a n s i t i o n  is  
shown i n   f i g u r e  31. The d i f f e r e n c e   i n   c o n t r o l  i s  q u i t e   e v i d e n t  from these  
d a t a   f o r   t h e   c u r v i l i n e a r   t r a n s i t i o n ,   t h e   p i t c h   a t t i t u d e   c h a n g e s   s l o w l y ,  
whereas ,   for   the  two-beam t r a n s i t i o n  it changes  quicker. The more r ap id  
p i t c h   a t t i t u d e  change  causes a faster t h r u s t   i n c r e a s e   ( s e e   f i g .   3 1 ) ,   s h i f t i n g  
the   po in t  a t  which the   no i se   r educ t ion  goes to   zero   ( f ig .   28(c) )   by   about  
0 .1   nau t i ca l  mile. 

Figure 32 p re sen t s  s t a t i s t i c a l  d a t a  on 125  two-segment  approach 
t r ans i t i ons .   These   ba r   g raphs  show t h e   p i t c h  ra te  o f   t h e   a i r p l a n e  and t h e  
maximum e r r o r s  from t h e  ILS g l ide   s lope   du r ing   t he  two-beam and  curved  transi-  
t i o n s ;   t h e   d a t a   f o r  a few standard  approaches are a l s o  shown f o r  comparison. 
The ILS e r r o r   f o r   t h e  two-beam guidance i s  t h e  maximum e r r o r   a f t e r   i n t e r c e p t  
of t h e  low segment o r  t h e  maximum e r r o r  a f t e r  ILS i n t e r c e p t   a l t i t u d e .  These 
e r r o r s   f o r   t h e  most par t   a re ,   therefore ,   undershoots   o f   the   lower  beam. In  
f igure   33(a)   typ ica l   t racks   o f   the   a i rp lane  as measured  by  radar are compared 
t o   t h e  ILS g l i d e   s l o p e   o f  a two-beam p r o f i l e .  Figures 33(b)  and  33(c)  pre- 
sen t   t ime  h i s tor ies   showing  g l ide-s lope  and l o c a l i z e r   e r r o r s   f o r   b o t h   t y p e s  
of  guidance. The t r a c k i n g   o f   t h e   l i n e a r   p o r t i o n   o f   e i t h e r  segment  of  the 
approach was l i t t l e  d i f f e r e n t  from t h a t   o f  a normal ILS approach. With a 
f l i g h t   d i r e c t o r   t h a t  gave good guidance  for  the  capture  of  the  upper  segment 
from l e v e l   f l i g h t  and t h e   t r a n s i t i o n   t o   t h e   l o w e r   s e g m e n t ,   t h e   p i l o t   h a d   l i t t l e  
d i f f i c u l t y   t r a c k i n g   t h e  ILS g l i d e   s l o p e   t o   t h e   p r e c i s i o n   o f  a normal  approach. 
Figure 32 shows t h a t   o v e r  80 percent  of  the  approaches  with two-beam guidance 
had   angular   e r rors   f rom  the  ILS of less   than  k0.15" a t  t r a n s i t i o n  which cor- 
responds t o  an a l t i t u d e   e r r o r   o f   a b o u t  20 feet  a t  the   400-foot   in te rcept  a l t i -  
tude and  15 feet a t  t he   250- foo t   i n t e rcep t .   These   e r ro r s  compare favorably 
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[ wi th   t hose   i n  a normal  approach a t  a l t i tudes  between 200 and 300 feet .  The 
t r a n s i t i o n s   w i t h   t h e   s i n g l e   c u r v i l i n e a r  beam had a h ighe r   pe rcen tage   o f   e r ro r s  
over   t0 .15".   Curved  t ransi t ions  required a l i t t l e  more p i l o t   a t t e n t i o n   t o  
k e e p   t h e   f l i g h t   d i r e c t o r   b a r   c e n t e r e d  and  achieve minimum e r r o r .  The p i l o t  
p r e f e r r e d   t o   f l y   t h e s e   t r a n s i t i o n s ,   t h e r e f o r e ,   w i t h o u t   t i g h t e n i n g   t h e   c o n t r o l ,  
thus  a small percentage   o f   the   approaches   had   grea te r   e r rors   than   the  two- 
beam t r a n s i t i o n s .  Less than  10 percent   o f  a l l  t h e   t r a n s i t i o n s   h a d   e r r o r s  
grea te r   than   des i red   by   the  c r i t e r i a  of   t ab le   5 .   F igure  34 shows t h e  l a te ra l  
and v e r t i c a l   e r r o r  a t  an a l t i t u d e   o f  200 feet  f o r  most o f   t h e   e v a l u a t i o n  
approaches  flown. A t  t h i s   a l t i t u d e   t r a n s i t i o n  i s  complete  and  the  airplane 
i s  u s u a l l y   f a i r l y  well s t a b i l i z e d .  The e r r o r s  from t h e  ILS f o r  most  of  the 
approaches  were  within a window of  +12 f e e t   v e r t i c a l l y  and  ? lo0  feet  l a te r -  
a l l y .  The la te ra l  f l i gh t   d i r ec to r   computa t ions  were n o t   t o   c a t e g o r y  I1 stand-  
ards  and the  la te ra l  e r r o r s  are, t h e r e f o r e ,   h i g h e r   t h a n   d e s i r e d ;  a b e t t e r  
l a t e r a l   f l i g h t   d i r e c t o r  would b e   r e q u i r e d   f o r  low weather minimum. 

The p i l o t s   s t a t e d   t h a t   e i t h e r   t y p e   o f   g u i d a n c e   f o r   t h e   t r a n s i t i o n   g a v e  
acceptab le   t rack ing   per formance   for   the   approach ,   bu t   the i r   op in ions   were  
mixed on which type  lessened  the  workload  most.  The NASA p i l o t s   p r e f e r r e d  
the  two-beam t rans i t ions   because   they   could   be   accompl ished   in  a s h o r t e r  
per iod  of  time ( s e e   f i g .  31) than   curved   t rans i t ions .   Also ,   they  f e l t  t h a t  
d i sp lay ing   the  ILS g l ide-s lope   e r ror   o f   the   lower   segment   rec tangle  on EADI 
( f i g .  9)  gave  them s i tua t ion   i n fo rma t ion  which was no t   ava i l ab le  on t h e  
cu rved   t r ans i t i on .   O the r   p i lo t s ,   however ,   p re fe r r ed   t he   cu rved   t r ans i t i ons  
which  seemed less   abrupt   because  they  required  lower  overal l   p i tch rates. 
These p i l o t s   f e l t   t h a t   t h e   c u r v e d   t r a n s i t i o n s   r e q u i r e d   a b o u t   t h e  same  work- 
load o r  s i t ua t ion   i n fo rma t ion  as a standard  approach. The  peak p i t c h   r a t e s  
were low ( s e e   f i g .  32) wi th   over  90 p e r c e n t   o f   t h e   t r a n s i t i o n s  less than 
2"/sec.  The peak p i t c h  rates were only   s l igh t ly   h igher   than   exper ienced  
during  normal  approaches. 

- In t e rcep t  .. - - - . . . a l t i t u d e -  Two d i f f e r e n t   i n t e r c e p t   a l t i t u d e s  were  evaluated 
with  the two types   o f   gu idance   d i scussed   in   the   p receding   sec t ion .  The fou r  
p r o f i l e s   a r e   i l l u s t r a t e d  on f i g u r e s  2 2  and 2 3 ;  t h e   i n t e r c e p t   a l t i t u d e  is  
def ined as t h e   p o i n t  where t h e  ILS gl ide  s lope  of   the  6"   segment   crosses   the 
2.65"  lower  segment   (extended  tangents   for   s ingle  beam wi th   cu rved   t r ans i t i on ) ;  
the  two in te rcept   po in ts   were  250 and 400 f e e t .  The p r e c i s i o n   o f   t r a c k i n g  
the   g l ide   s lope  and the   p i lo t ' s   work load   t o   con t ro l   t he   a i rp l ane   were   abou t  
t he  same f o r   e i t h e r   i n t e r c e p t   a l t i t u d e .  I t  cannot   be  said,   however ,   that   the  
p i lo t s   t o t a l   work load  was t h e  same. A t  t h e   l o w e r   i n t e r c e p t   a l t i t u d e   t h e   p i l o t  
i s  more concerned  about  the  high ra te  of   descent   and   about   an t ic ipa t ing   the  
f 1 a re .  

The p i l o t s  were qui te   conscious  of   the  t ime  to   ground  impact  on t h e  
steep  upper  segment  and  the time from t r a n s i t i o n   t o  minimum d e c i s i o n   a l t i t u d e  
(MDA) on the  lower  segment.  Figures 35 (a)  and 35 (b) p r e s e n t   t h e   v a r i a t i o n ,  
w i t h   a l t i t u d e ,   o f  computed time t o  ground  impact  with  two-segment  curvilinear 
t r a n s i t i o n   a p p r o a c h e s   w i t h   i n t e r c e p t   a l t i t u d e s   o f  250 and 400 feet  a t  115  and 
135 knots .   F igure   35(a) ,   the  time f o r   t h e  115-knot  approach, shows t h a t  a t  
the  s tar t  of t r a n s i t i o n  (370 f t )  t h e   a i r p l a n e  i s  18  seconds  from  ground  impact 
on a 250-foot   in te rcept   p rof i le ,   whereas  on the   400-foot   p rof i le   the  time is 
i n c r e a s e d   t o  25 seconds  (510 ft) . Figure 35(b) shows tha t   increased   approach  

19 



I I l l  1 l 1 l l 1 l 1 l l l  I l l  IIIIIIII I1 I l l l l l l I l l  I I l l l l l l l 11 l l 111 l1  Ill Ill l111ll1l1lllIIlIllll1l1l1l1 I1 II llIIIIlIllIllIll I 1  1l1111llll1lll1"~l111 Ill l l l 1 l l l l 1  

speed  reduces  these times t o  15  and 2 1  seconds ,   respec t ive ly .  Most o f   t he  
p i l o t s  f e l t  tha t   the   lower   250-foot   in te rcept  would be  marginal  i f  problems 
developed  during  t ransi t ion.   Another   important  time that   can  be  determined 
from f i g u r e  35 is  t h e  time a v a i l a b l e   t o   t h e   p i l o t   a f t e r   t r a n s i t i o n   f o r  assess- 
ing  the  progress   of   the   approach and  becoming s t a b i l i z e d   b e f o r e  an MDA of 100 
f e e t   a l t i t u d e .  A t  115 knots   approach  speed  the  pi lot   had  only 11 seconds   for  
t he   250- foo t   i n t e rcep t   p ro f i l e ,   whereas   fo r   t he   400- foo t   p ro f i l e   he  had 28 
seconds from t h e   c o m p l e t i o n   o f   t h e   t r a n s i t i o n   t o  an MDA. Here  again,   the 
p i l o t s   f e l t   t h e  time on t h e   l i n e a r   p o r t i o n   o f   t h e   l o w e r  segment f o r  t he  250- 
f o o t   i n t e r c e p t  was low bu t   t he   400- foo t   i n t e rcep t   gave   su f f i c i en t   t ime   t o  
become s t a b i l i z e d .  The minimum time required,  however, would  have t o   b e   d e t e r -  
mined  from ope ra t iona l   eva lua t ion  which was beyond the   s cope   o f   t h i s  
i n v e s t i g a t i o n .  

The p i l o t s   c o n c l u d e d   t h a t   t h e i r   a b i l i t y   t o   f l y   t h e  two-segment  approach 
wi th   e i ther   type   o f   gu idance  was t h e  same f o r   t h e  two i n t e r c e p t   a l t i t u d e s .  
But, t he   250- foo t   i n t e rcep t   b rough t   t he   h igh   r a t e   o f   descen t   o f   t he  6' upper 
segment too   c lose   t o   t he   g round  and  gave a marginal amount of time between 
the  end o f   t r a n s i t i o n  and MDA. 

Landing  approach  spee~d- The two-segment  approach p r o f i l e s  were 
evaluated a t  two nomin-a1 speeds,  115  and  135  knots.  In f l i g h t   t h e   a i r s p e e d  
depended on gross   weight ;   an  a i rspeed  range from 1 1 2  t o  1 2 2  was used  with a 
main f l a p   s e t t i n g   o f   4 0 ° ,  and  airspeeds from  144 t o  135 knots  were  used  with 
a main f l a p   s e t t i n g   o f   3 0 ° .  These two ranges   gave   the   p i lo t s  an oppor tuni ty  
t o   e v a l u a t e   t h e   e f f e c t s   o f  a reduced  speed on two-segment  approaches. The 
p i l o t s  found t h a t   a i r s p e e d  had l i t t l e  e f f e c t  on the i r   p rec is ion   or   workload  
in   f l y ing   t he   approaches .  The lower   a i r speed   d id   g ive   s l igh t ly  more t ime   fo r  
t r a n s i t i o n ,  as wel l  as an increase  in   the  t ime  between  the  complet ion of . 
t r a n s i t i o n  and MDA ( s e e   f i g .   3 5 ) .  The inc rease   i n   t imes  a t  the  lower  speed 
was apprec ia ted  by t h e   p i l o t s  on the   250- foo t   i n t e rcep t ,   bu t   t he   d i f f e rence  
in   t ime  was ha rd ly   no t i ceab le  a t  t h e   h i g h e r   i n t e r c e p t   a l t i t u d e   o f  400 f ee t .  

A s  shown on f i g u r e  26, t he   r a t e   o f   descen t  i s  reduced by a reduct ion  i n  
approach  speed. The r a t e   o f   descen t  on t h e  6' upper  segment was reduced from 
1530 f t /min  a t  the  highest   approach  speed (144 k n o t s )   t o  1180 ft /min a t  t he  
lowest  approach  speed (112 kno t s ) .  The p i l o t s   a p p r e c i a t e d  any r e d u c t i o n   i n  
ra te  of   descent   on  the  upper   segment ,   par t icular ly   with  the  lower  intercept  
p r o f i l e .  

System requirements- ~~ . . The p i l o t s  were asked  to   evaluate   the  importance 
of   the   var ious   sys tems  incorpora ted   to   a l lev ia te   the   p roblems  in   f ly ing  two- 
segment  landing  approaches i n   t h e  Boeing  367-80 a i r p l a n e .  The following l i s t  
showing the  re la t ive  importance  of   each  system i s  based on a summary of p i l o t  
op in ion .   In   add i t ion   t o   t he   fo l lowing ,   t he   a i rp l ane   had   s a t i s f ac to ry   hand l ing  
q u a l i t i e s  and was equipped   wi th   ins t rumenta t ion   requi red   for  normal category 
I1 landing  weather minimums ( r e f .   1 3 ) .  

E s s e n t i a l  

1. Guidance  system f o r  two-segment p r o f i l e  
2 .  F l i g h t   d i r e c t o r   m o d i f i e d   f o r  two-segment p r o f i l e  
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3.  A u t o t h r o t t l e  
4. Autotrim 

Des i rab le  

1. E l e c t r o n i c   a t t i t u d e   d i r e c t o r   i n d i c a t o r  
2. Rate command-att i tude  hold  control  system 
3 .  Direct l i f t  con t ro l  

The p i l o t   n e e d e d   t h e  items l i s t e d  as e s s e n t i a l   i n   o r d e r   t o   f l y  two- 
segment landing  approach  prof i les   with  the same p r e c i s i o n  as normal  approaches 
without  a s i g n i f i c a n t  increase i n   h i s   w o r k l o a d .  The guidance  system  included 
the  necessary  ground-based  equipment  to  generate a two-segment instrument  
landing  system as well as the   equ ipmen t   i n   t he   a i rp l ane   t o   r ece ive  and d i sp lay  
the  guidance  information.  The modi f ied   f l igh t   d i rec tor   sys tem  provided  com- 
pu ta t ions  and logic   compat ible   with  the  guidance  system  and  included good 
la te ra l  guidance. The s i t u a t i o n   i n f o r m a t i o n ,   p a r t i c u l a r l y   r a d i o   a l t i t u d e  and 
e r r o r s  from the  guidance  system, was r e a d i l y   a v a i l a b l e   t o   t h e   p i l o t  and 
e a s i l y   u s e d   w i t h   t h e   f l i g h t   d i r e c t o r .   I n   o r d e r   t o   m a i n t a i n  a low p i l o t  work- 
load ,  an a u t o t h r o t t l e  was r equ i r ed   t o   ma in ta in   nea r ly   cons t an t   a i r speed .  
Auto t r im  a l so  was necessary  to   reduce  workload  because  the  a i rplane trim 
changed  appreciably  with  thrust   changes.  

Although  the items l i s t e d  as des i r ab le   con t r ibu ted  some improvement  and 
made the  approaches more c o m f o r t a b l e   t o   f l y ,   t h e   m a j o r i t y   o f   t h e   p i l o t s   d i d  
not   consider  them e s s e n t i a l .  The  advanced  cathode-ray  tube  display  of  the 
general   type  used  in   this   program, EADI, was recogn ized   by   t he   p i lo t s  as hav- 
i n g   t h e   p o t e n t i a l   o f   a c h i e v i n g  some of   the  much needed  improvements i n   p i l o t  
cockpi t   d isplay  for   landing  approach.  The d i g i t a l   r e a d o u t   o f   r a d i o   a l t i t u d e  
and the   i nd ica t ion   o f   f l i gh t -pa th   ang le  on the  EADI provided  information  that  
some o f   t h e   p i l o t s  f e l t  might   be  essent ia l   for   two-segment   approaches  in   an 
adverse  operat ional   environment .  

Because the   p i t ch   r e sponse   o f   t he   t e s t   a i rp l ane   w i thou t   t he   r a t e  command 
control   system was c o n s i d e r e d   s a t i s f a c t o r y ,   t h e  two-segment  approaches  could 
be  f lown  with  or   without   the SAS wi thou t   s ign f i can t  change in   per formance   or  
p i lo t   workload .  I t  should  be  pointed  out ,   however ,   that  good p i tch   response  
i s  e s s e n t i a l  and  improvements i n   p i t c h   r e s p o n s e   c h a r a c t e r i s t i c s   w i t h  SAS sys-  
tems, such as a rate-command  system, w i l l  p robab ly   be   r equ i r ed   fo r  some cur-  
r e n t  and f u t u r e  j e t  t r a n s p o r t s   f o r   s a t i s f a c t o r y   f l i g h t - p a t h   c o n t r o l   i n  
two-segment  approaches. 

The d i r e c t - l i f t   c o n t r o l   d i d   n o t   s i g n i f i c a n t l y  improve t h e   f l i g h t - p a t h  
control  during  the  approach  above MDA f o r  a wel l -executed two-segment 
approach ,   because   the   ver t ica l   response   o f   the   a i rp lane   wi thout  DLC was sat is-  
f ac to ry .  The b e n e f i t s  o f  the   qu ickened   ver t ica l   response  were apprec ia ted ,  
however ,   by   the   p i lo t   in   the  f la re  and  touchdown t a s k .  The quickened  ver t i -  
cal response  with DLC a l s o  gave t h e   p i l o t   t h e   c a p a b i l i t y   o f   r a p i d l y   r e d u c i n g  
ra te  o f  descen t   i n  an  emergency or  during  wave-off  from  steep  approaches.  
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Addit ional   research i s  r e q u i r e d   t o   d e f i n e   h a n d l i n g   q u a l i t i e s  
improvements poss ib le   wi th  DLC i n   o t h e r  tasks and   wi th   o ther   a i rp lane  
conf igura t ions .  

Decelerating  Approaches 

Noise  reduction "" potent ia l -   Another  means of   reducing  the  ground-level  
no ise  i s  t o   a l l o w   t h e  a i rc raf t  to   dece lera te   dur ing   the   l anding   approach ,  
During d e c e l e r a t i o n   t h r u s t   l e v e l s  are lower  than  normal  and  less  noise is 
emi t t ed .   The re fo re ,   s tud ie s   were   i nc luded   t o   i nves t iga t e   t he   no i se - r educ t ion  
p o t e n t i a l ,  and the  problems  and  methods  of  solution  associated  with  decelerat-  
ing  approaches. The methods   cons idered   in   th i s   s tudy   were   d ic ta ted  by t h e  
c a p a b i l i t y  and l i m i t a t i o n s   o f   t h e  Boeing  367-80 a i r p l a n e .  

I t  was determined  ear ly   in   the  s imulator   program  that   the   noise  
reduct ion   ob ta inable  from dece le ra t ion  on a normal 2.65O approach  path was 
only 3 t o  4 PNdB. I n   o r d e r   t o   r e a l i z e  a s i z a b l e   r e d u c t i o n  i n  no i se ,  it was 
dec ided   t o  combine the  decelerat ion  with  s teepened  approach  angles ,  A number 
of dece lera t ing   approach   prof i les   were   inves t iga ted  on the  analog  s imulator  
which provided a computat ion  of   the  ground-level   noise .  The t h r e e   p r o f i l e s  
chosen fo r   comple t e   eva lua t ion   a r e   l i s t ed  on t a b l e  3 and i l l u s t r a t e d   i n  
f igure   24 .  The n o i s e   r e d u c t i o n   f o r   t h e   t h r e e   p r o f i l e s  as determined  from 
representat ive  approaches on the   s imu la to r  and  measured i n   f l i g h t   a r e  shown i n  
f i g u r e  36. The no i se  from a normal  constant-speed  2.65"  approach was used  as 
a r e fe rence .  The two-segment ( S o  t o  2.65O) p r o f i l e   w i t h   d e c e l e r a t i o n   t o   t h e  
runway, p r o f i l e  M ,  and t h e  4" dece lera t ion   approach ,   p rof i le  L ,  reduced  the 
peak  noise   level  a t  ranges   l ess   than  1 mile  from  the  runway.  Measurements  of 
the   no ise   reduct ion   ob ta ined   wi th   the   var ious   dece lera t ing   approach   prof i les  
are   included  in   appendix A .  

Guidelines  for  decelerating  -roaches- The general   guidel ines   used 
f o r  implementing  decelerating  approaches  are  l isted  below.  Since  the Boeing 
367-80 a i rp l ane   i n   t he   f l y -by -wi re  mode a s   u sed   i n   t hese   t e s t s   has  a maximum 
safe   a i rspeed  of   only 160 knots and a minimum approach  speed of  between  118 
and  125 knots  (dependent on g ross   we igh t ) ,   t he   a i r speed   r ange   fo r   dece le ra t ion  
was l imi t ed   t o   abou t  35 knots .   This   a i rspeed  range i s  recognized  to   be some- 
what sho r t e r   t han  would be   cons idered   for   opera t ion ,   bu t   the   range  i s  consi-  
dered   to   be   suf f ic ien t ly   long   for   s tudying   the   p roblems  assoc ia ted   wi th  
decelerat ing  approaches.  

- _ _ -  _____ 

1. F l igh t   d i r ec to r   gu idance  must i n su re  a l eve l   o f  ILS t r ack ing  
prec is ion   equal   to   tha t   for   s tandard   ins t rument   approaches ,   This  may b e   d i f -  
f i c u l t   t o   a c h i e v e  w i t h  t he   va ry ing   f l i gh t   cond i t ions   o f   t he   dece le ra t ing  
approach  because  var ia t ions  in  trim angle  of  attack  can  "confuse"  conventional 
f l i gh t   d i r ec to r   computa t ions .  

2 .  The p i l o t  workload  should  be no g r e a t e r   t h a n   f o r  a normal  instrument 
approach  without  automatic  devices. 

3 .  A suff ic ient   a i rspeed  margin  above  the s t a l l  must  be  maintained 
a t  a l l  t imes   dur ing   the   dece lera t ion   per iod .  
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4. Thrust   level   should  be  high enough t h a t   r e d u c i n g   t h r u s t   n e a r l y   t o  
i d l e  can   s t eepen   t he   f l i gh t   pa th  by a t  least  1 - 1 / 2 O  as a general  maneuvering 
requi rement .   Also ,   th rus t   l eve l   should   be   h igh  enough to   insure   adequate  
th rus t   r e sponse   i n   t he   even t   o f  a wave-off o r  emergency. 

5 .  The d e c e l e r a t i o n   l e v e l  must be low enough to   avoid  passenger  and 
crew discomfort  from k i n e s t h e t i c  effects.  

6 .  Implementation  should  be  accomplished  with a minimum of  system 
complexity. 

Methods . . ~~ used " t o  -~ implement dece lera t ing   approaches-   In   addi t ion   to   the  
improvements   incorporated  into  the  a i rplane  for   the  segmented  approaches 
( e . g . ,   a u t o t h r o t t l e ,  improved  guidance,   s tabi l i ty   augmentat ion) ,   o ther  
changes  had t o   b e  made for   the   dece lera t ing   approach  t a s k .  

I n i t i a l   c a l c u l a t i o n s   i n d i c a t e d   t h e   f e a s i b i l i t y   o f   u s i n g   t h e   a u x i l i a r y  
f l a p s   ( f i g .  6 ) ,  which  were c o n t r o l l a b l e  by the  on-board  computer, t o  main- 
t a i n   t h e  s t a l l  margin  during  the  decelerat ing  phase.  Thus a near ly   cons tan t  
angle   of  attack and a c o n s t a n t   r e f e r e n c e   a t t i t u d e  were  provided  during  the 
155 t o  120 knot   dece lera t ion   wi thout   having   to   modi fy   the   f l igh t   d i rec tor  
computations. The v a r i a t i o n   o f   t h e   l i f t - t o - d r a g   r a t i o   ( w i t h   a u x i l i a r y   f l a p  
d e f l e c t i o n  and  speed  changes) was small. With t h e   e x c e p t i o n   o f   i n i t i a t i n g  
and h a l t i n g   d e c e l e r a t i o n ,   l i t t l e   a d d i t i o n a l  demand was placed on the  
a u t o t h r o t t l e .  

Se lec t ion   of   dece lera t ion   leve l -   For  maximum noise   reduct ion ,   the  
dece le ra t ion   l eve l s  were as- high as cons ide red   p rac t i ca l   t o  keep  engine  thrust  
low, b u t   s u f f i c i e n t   t h r u s t  was maintained  for  maneuvering and engine  response 
t ime  considerat ions.  Because the   engine- response   t ranspor t  l a g  becomes l a r g e  
a t  nea r - id l e   t h rus t   ( a s  shown i n   f i g .  1 7 ) ,  combinat ions  of   decelerat ion  level  
and f l igh t -pa th   angle   requi r ing   ex t remely  low t h r u s t   l e v e l s  were avoided,  The 
v a r i a t i o n  of t r a n s p o r t  l a g  w i th   t h rus t   s e t t i ng   has   been   p lo t t ed   i n   f i gu re  37 
from da ta  shown on f i g u r e  1 7 .  Also shown i s  a boundary  corresponding t o   t h e  
minimum t h r u s t   l e v e l   t h a t  would provide a 1 - 1 / 2 O  s t eepened   f l i gh t   pa th  when 
t h r u s t  was r educed   t o   i d l e .   Th i s  shows t h a t   s a t i s f y i n g   t h e  maneuvering t h r u s t  
margin c r i t e r ion   a l so   avo ids   t he   r eg ion   o f   ve ry   poor   eng ine   r e sponse .  

The se lec t ion   of   0 .59   knot / sec   dece lera t ion   for   the   segmented   approaches  
was based on these   t h rus t   l eve l   cons ide ra t ions  as shown i n   f i g u r e  37 by t h e  
band iden t i fy ing   t he   t h rus t - l eve l   ope ra t ing   r ange   fo r   p ro f i l e s  A and B.  Sim- 
u l a to r   runs   w i th   t h i s  same dece le ra t ion   l eve l  on the  4' approach  (prof i le  C )  
reduced   th rus t   l eve ls  10 t o  15 percent ,   occas iona l ly   approaching   id le .  The 
dece le ra t ion  was dec reased ,   t he re fo re ,   t o  0.49 knot / sec  f o r  th i s   approach  
angle ,   providing a s a t i s f a c t o r y   o p e r a t i n g   l e v e l   o f   t h r u s t   f o r   p r o f i l e  C .  A t  
t h e  end  of   the  decelerat ion,  300 f e e t   a l t i t u d e ,   t h e   t h r u s t   l e v e l  was 
increased .  

Method for   de te rmining   f lap   schedule-  The s imula to r  was used   t o  
de te rmine   the   f iap   schedule .  %is requ i r ed   e s t ab l i sh ing   t he   appropr i a t e   f l ap  
pos i t ion   var ia t ion   wi th   t ime fo r   t he   chosen   dece le ra t ion   l eve l .  In  o r d e r   t o  
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approximate  the  form  of  this  schedule,  a run was "flown" on t h e   s i m u l a t o r   i n  
which t h r u s t  was r educed   t o   p roduce   t he   des i r ed   dece le ra t ion ,   p i t ch   a t t i t ude  
was he ld   cons t an t   by   t he  SAS, and t h e   a u x i l i a r y   f l a p   p o s i t i o n  was v a r i e d   t o  
ma in ta in   t he   des i r ed   f l i gh t -pa th   ang le .  Upon comple t ion   of   th i s  run, it was 
appa ren t   t ha t   t he   r eco rded   aux i l i a ry   f l ap   pos i t i on   va r i ed   a lmos t   l i nea r ly  
with time, and the   dece le ra t ion   r ema ined   r e l a t ive ly   cons t an t .   Th i s   f i nd ing  
made it  p o s s i b l e   t o   u s e  a s imple   cons t an t - r a t e   f l ap   d r ive   du r ing   t he   dece le ra -  
t i o n .  A ske t ch   fo r   t he   sys t em programming i s  shown i n   f i g u r e  38. 

Because  accurate  on-board  range  information was l ack ing ,   dece le ra t ion  
was t r i g g e r e d  at a p r e s e t   r a d i o   a l t i t u d e .  The t r i g g e r   a l t i t u d e  was computed 
from the  speed  schedule  and the   po in t   dece le ra t ion  w a s  t o  end. The dece lera-  
t i o n  ended when the   f lap   reached  a p r e s e t   d e f l e c t i o n  which  stopped  the 
changing  Vref. One o f   t h e   o b j e c t i v e s   o f   t h i s   s t u d y  was t o   e v a l u a t e   t h e  
a c c e p t a b i l i t y   o f   d e c e l e r a t i n g   t o  touchdown, as compared to   s topp ing   dece le ra -  
t i o n  a t  approximately 300 f e e t .  When dece le ra t ion  was programmed t o   c o n t i n u e  
u n t i l   n e a r  touchdown, t h e   p i l o t  wou ld   s imply   ove r r ide   t he   au to th ro t t l e   t o  
avoid an i n c r e a s e   i n   t h r u s t  when the   end-of -dece lera t ion   po in t  was reached 
j u s t   p r i o r   t o  touchdown. 

Ef fec t  on p i l o t  task- The p i lo t ing   t a sk   fo r   t he   dece le ra t ing   approaches  
was e s s e n t i a l l y   t h e  same as €or  the  constant-speed  approaches.   Deceleration 
was i n i t i a t e d   a u t o m a t i c a l l y   ( s e e   f i g .  38) and was c a l l e d   o u t   t o   t h e   p i l o t  by a 
test  engineer  when t h e   f l a p s   s t a r t e d  down. Thrust  w a s  reduced  automatical ly  
b y   t h e   a u t o t h r o t t l e   ( s e e   f i g .  7) ; f o r   t h e  two-segment  approaches, i n i t i a t i o n  
of  deceleration  and  transit ion  to  the  lower  segment  were  matched s o  a s   t o  
r equ i r e  l i t t l e  a u t o t h r o t t l e   a c t i v i t y .  

. . "" 

From the   cockpi t ,   the   dece lera t ion  was d i f f i c u l t   t o   d i s c e r n .  I t  was no t  
apparent   f rom  the  kinesthet ic   cues;   there  was no   no t i ceab le   e f f ec t  on p i t c h  
a t t i t u d e ;  and t h e   a i r s p e e d   e r r o r   i n d i c a t i o n  (on t h e  EADI) remained  near  zero. 
The engines  were  quieter  than  usual,   however,  and of   course,   the   instrument  
ind ica t ions   o f   a i r speed ,   ve r t i ca l   ve loc i ty ,  and a u x i l i a r y   f l a p   p o s i t i o n  
r e f l ec t ed   t he   chang ing   f l i gh t   cond i t ion .  

Figures  39(a) and  39(b) show reco rded   t ime   h i s to r i e s   o f  two of   the f irst  
decelerating  approaches  f lown  in  the  program. The f irst  o f   t hese  is a 4" 
approach  (profile C )  wi th   a i rspeed  reducing  f rom  151  to   about  1 2 1  knots 
between 1350 and 320 f e e t   a l t i t u d e .  Note t h a t   p i t c h   a t t i t u d e  is  e s s e n t i a l l y  
unchanged  by the  changing  a i rplane  configurat ion and f l i gh t   cond i t ion .   G l ide -  
s lope  t racking  throughout   the run i s  good,  with  angular  displacements  from  the 
beam within  category I1 limits. A minimum amount o f   p i l o t   e f f o r t  is  shown 
by  the  control  column t r a c e ,   w i t h   n o   g r e a t e r   e f f o r t   n o r  change in   t echnique  
on the   dece lera t ing   por t ion   o f   the   approach .  Demands on t h e   a u t o t h r o t t l e  
were  low,  and when f ina l   speed  was reached, power increased   au tomat ica l ly  
allowing  about 1 knot  of  overshoot.   Figure  39(b) shows a t i m e   h i s t o r y   o f  a 
segmented  decelerating  approach  (profile M) wi th   the   dece lera t ion   occur r ihg  
from 650 feet a l t i t u d e   t o  400 f e e t .  A t  t h i s   p o i n t   t h e   f l a p s   s t o p p e d   b u t   t h e  
p i lo t   a l l owed   t he   speed   t o   con t inue   t o   dec rease   du r ing   t he   f l a r e ;  touchdown 
occurred a t  about 1 1 2  knots.   Control column a c t i v i t y  w a s  again low wi th   p i t ch  
a t t i t u d e   r e l a t i v e l y   c o n s t a n t   e x c e p t   d u r i n g   t r a n s i t i o n  from the  upper  segment 
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t o   t h e  lower  segment.  Tracking  precision on t h e  ILS dur ing   t he   dece le ra t ion  
was l i t t l e   d i f f e r e n t  from the  constant   speed  approaches.  

P i l o t s   e v a l u a t i o n  of dece lera t ing   approaches-  I t  was the   genera l  
f e e l i n g   o f   t h e   e v a l u a t i n g   p i l o t s   t h a t - t h e   t r a c k i n g   t a s k   p r e s e n t e d   b y   t h e  
decelerat ing  approach i n  t h e s e  tests was no more d i f f i c u l t   t h a n   f l y i n g  a nor- 
mal approach ,   bu t   they   expressed   re luc tance   to   accept  a " s l id ing   r e fe rence  
sca le"  and f lap  angle   change l a t e  i n   t h e   a p p r o a c h ,   f o r   t h e y   f e l t   t h e s e  
requi red   addi t iona l   moni tor ing .  In e x t r a p o l a t i n g   t o  an opera t iona l   envi ron-  
ment, p i l o t s   a l s o   e x p r e s s e d  some concern  over  the low power s e t t i n g  a t  
a l t i t u d e s   l e s s   t h a n  200 feet  in   adve r se   a tmosphe r i c   cond i t ions .  

With a p rec i se   dece le ra t ion   s chedu le  and  adequate  engine  response  for 
wave-o f f ,   t he   p i lo t s   d id   no t   cons ide r  i t  d i f f i c u l t   t o   c o n t i n u e   t h e   d e c e l e r a -  
t i o n   t o  touchdown, a l though  the  decelerat ion  schedule   might   have  to   be 
ad jus t ed   fo r   t he   p reva i l i ng   w ind .  

With the   a id   o f   t he   speed-e r ro r   ba r  on t h e   i n t e g r a t e d   f l i g h t   d i s p l a y  
(EADI) i n d i c a t i n g   e r r o r s  from the  a i rspeed  schedule ,   decelerat ing  approaches 
were a l so   f l own   w i thou t   t he   a s s i s t ance   o f   t he   au to th ro t t l e .  The p i l o t  work- 
load was s l i g h t l y   g r e a t e r ,   b u t   n o t   s i g n i f i c a n t l y   g r e a t e r   t h a n   f o r  a cons tan t  
speed  manual-thrott le  approach. 

System  requirements-   Because  the  tasks   presented  by  the  decelerat ing 
approach -and the  constant  speed  approaches  are similar,  t h e  same devices   a re  
e s s e n t i a l  and des i r ab le   t o   bo th   t ypes  o f  approaches.  The fo l lowing   addi t iona l  
i t ems   a r e   e s sen t i a l   t o   t he   dece le ra t ing   approach   t o   gua ran tee  no degradat ion 
i n   t r a c k i n g   p r e c i s i o n   n o r   i n c r e a s e   i n   p i l o t   w o r k l o a d  from t h a t  of convent ional  
landing  approaches.  

1. Programmed f l a p  and airspeed  schedule  

2 .  Accurate   radio  a l t i tude  or   range  equipment   for   f lap/speed  program 
log ic .  

3 .  D i s p l a y   f o r   i n d i c a t i n g   e r r o r s  from f l ap /a i r speed   s chedu le .  

4 .  F l igh t   d i r ec to r   compensa t ion   fo r   ang le -o f -a t t ack   va r i ab i l i t y ,  i f  
f l a p   s p e e d   s c h e d u l e   u t i l i z e s  a vary ing   angle   o f   a t tack .  

Although the   cond i t ions   o f   t h i s   r e sea rch   d id   no t  show wind  compensation 
t o   b e  an e s sen t i a l   e l emen t ,  it c e r t a i n l y   a p p e a r s   t o   b e   d e s i r a b l e .  I t  becomes 
inc reas ing ly   impor t an t   t o   t he   dece le ra t ion   s chedu le   (1 )  as wind condi t ions  
become s t ronger ,   o f   course ;  ( 2 )  as the   dece le ra t ion   t ime   i n t e rva l  i s  
increased;  and (3) as the   dece le ra t ion  i s  programmed t o   c o n t i n u e   n e a r e r   t o  
touchdown. The use   o f   p rec i s ion   d i s t ance  measurement  equipment, i n   p l a c e  of 
time, to   s chedu le   a i r speed  would be  one way of  compensating  for  wind. 
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CONCLUSIONS 

The fol lowing  conclusions  can  be drawn  from t h e   f l i g h t  and s imula tor  
i n v e s t i g a t i o n  of  the  problems  associated  with  f lying  s ingle-segment ,  two- 
segment,  and dece lera t ing   landing   approaches   for  j e t  t r anspor t   no i se   aba te -  
ment. The methods o f  a l l e v i a t i n g   t h e  problems  were i n i t i a l l y   s t u d i e d  and 
evaluated on t h e   s i m u l a t o r .  The e v a l u a t i o n   f l i g h t s  were flown i n  a modified 
j e t  t ranspor t   a i rp lane   under   s imula ted   ins t rument   condi t ions   in   dayl ight  and 
i n   n e a r l y   i d e a l   w e a t h e r .  

1. Increasing  the  single-segment  approach  angle from  2.65' t o  6' reduced 
noise  about 5 PNdB per   degree   increase   in   approach   angle  a t  a po in t  2 n a u t i c a l  
miles  from t h e  runway th re sho ld .  The inc rease   i n   t he   r a t e   o f   descen t   t ha t  i s  
assoc ia ted   wi th   an   increase   in   approach   angle   l imi ted   the   angle   tha t   the   eva l -  
ua t ing  NASA p i lo t s   cons ide red   accep tab le .  The p i l o t s   c o n s i d e r e d ' r a t e s   o f  
descent   g rea te r   than  900 f t /min  unacceptable   for   normal   operat ion a t  a l t i t u d e s  
below 200 f e e t .  A t  landing  approach  speeds  of  115  knots, an approach  angle 
of  4.5' was cons ide red   accep tab le   i n   an   a i rp l ane   w i th   s a t i s f ac to ry   hand l ing  
q u a l i t i e s  and adequate  guidance. 

2 .  Two-segment noise  abatement  approaches  minimized  the  problem of 
h igh   r a t e s  o f  descent   near   the  ground  while   providing  s ignif icant   noise  
reduct ion .  The reduction  in  noise  with  the  two-segment  approach  profile w i t h  
an upper  segment  of 6 O  which i n t e r c e p t s  a lower  segment  of  2.65' a t  250 f e e t ,  
was approximately 11 PNdB (9 EPNdB) a t  a p o i n t  1.1 naut ica l   mi les  from the  
runway threshold .  Two-segment approaches  with a 400-foot   intercept   gave no 
noise   reduct ion  a t  1 mi le ,   bu t  a t  l e a s t  a 10 PNdB reduction  could  be  expected 
1 .5   naut ica l   mi les  from the   t h re sho ld  and  beyond. The noise   reduct ion   wi th  
e i t h e r   i n t e r c e p t   a l t i t u d e  was 13 PNdB (11 EPNdB) o r   g r e a t e r  a t  a poin t   3 .4  
miles  from the   t h re sho ld .  

3 .  The two-segment prof i les   could   be   f lown  in  a mod i f i ed   j e t   t r anspor t  
(Boeing  367-80) with  the same p rec i s ion  as a conventional  instrument  approach 
without a s i g n i f i c a n t   i n c r e a s e   i n   p i l o t ' s   w o r k l o a d .  The e s s e n t i a l   a d d i t i o n s  
t o   t h e   a i r p l a n e  beyond  those  required  for  normal  category I1 instrument 
approaches  were:  (1) a f l igh t   d i rec tor   sys tem  compat ib le   wi th   the  two?segment 
guidance  system;  and  (2) an a u t o t h r o t t l e  and automatic  trim c a p a b i l i t y   t o  
reduce  pi lot   workload.  Advanced cockpi t   d isplays,   improved  f l ight   control   sys-  
tems,  and d i r e c t - l i f t   c o n t r o l  were d e s i r a b l e   b u t   n o t   e s s e n t i a l   a d d i t i o n s   t o  
t h e   a i r p l a n e .  

4.  On two-segment  approaches  with  an  intercept  al t i tude  of 250 f e e t ,  
the   p i lo t s   cons idered   the   t ime  be tween  the   comple t ion   of   t rans i t ion  and  mini- 
m u m  d e c i s i o n   a l t i t u d e   t o o   s h o r t   f o r   c o p i n g   w i t h  any  adverse  condition. An 
i n t e r c e p t   a l t i t u d e   o f  400 f e e t  was considered  acceptable  when flown i n   t h e  
environmental   condi t ions  encountered  during  the  f l ights .  

5 .   Decelerat ion  approaches  gave  re la t ively small reduct ions   in   no ise  
l e v e l  (3 t o  4 PNdB) on a standard  2.65'  approach. But when dece le ra t ion  was 
combined with two-segment  approach  paths  with 5" upper  segment which 
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i n t e rcep ted  a normal  approach  angle a t  500 f e e t   a l t i t u d e ,   o r  a s teepened 
approach  angle  of 4" ,  noise   reduct ions  as high as 11 PNdB o r  9 EPNdB were 
measured 1.1 n a u t i c a l  miles from the  runway threshold .  

6.  Decelerating  approaches were f lown  with  no  reduct ion  in   t racking 
prec is ion   nor   observable   increase   in   p i lo t   workload   over   tha t   exper ienced   in  
the  two-segment  approaches.  Deceleration was accomplished  by  ut i l iz ing a pro- 
grammed rate  change  of   a i rspeed  and  f lap  posi t ion  schedule .  The p i l o t s  were 
r e l u c t a n t   t o   a c c e p t  a " s l id ing   r e fe rence   s ca l e"  and  changing  f lap  posi t ion 
du r ing   t he   f i na l   phases  of the  landing  approach. 

7.  The f l i g h t   e v a l u a t i o n  of noise  abatement  approaches was made under 
idea l   wea the r   cond i t ions   i n  a r e s e a r c h   j e t   t r a n s p o r t  and with a s a f e t y   p i l o t  
i n  command o f   t h e   a i r p l a n e .  A complete  evaluation  of  noise  abatement 
approaches  under  adverse  operational  conditions was not  made. Fur ther  tests 
w i l l  be   needed  to  examine the  requirements  and o p e r a t i o n a l   l i m i t a t i o n s   o f  
noise  abatement  landing  approaches  in an environment more r ep resen ta t ive  of  
a i r l i n e   o p e r a t i o n s  and  under  conditions of combined adverse  weather  and 
airplane  equipment   or   guidance  fa i lures .  

Ames Research  Center 
National  Aeronautics and  Space  Administration 

Moffet t   Field,  Ca l i f . ,  94035, Dec. 24,  1969 
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APPENDIX A 

GROUND NOISE  MEASUREMENTS 

INTRODUCTION 

In   o rder   to   de te rmine   the   no ise   reduct ions   poss ib le   wi th   no ise   aba tement  
approach  prof i les ,   noise  was measured f o r  some of t h e   f l i g h t   p r o f i l e s   u s e d  
du r ing   t he   i nves t iga t ion .  However, experiments  have shown t h a t  a simple mea- 
surement   o f   the   in tens i ty   o r   loudness  of a sound may not  always  be an accu ra t e  
ind ica t ion   of  i t s  o f f e n s i v e n e s s   t o   t h e   p u b l i c   ( r e f .   1 8 ) .  

In   r ecen t   yea r s  a number of   parameters   have  been  proposed  that   a t tempt   to  
estimate t h e   s u b j e c t i v e   o f f e n s i v e n e s s   t o   t h e   p u b l i c   o f   c e r t a i n   n o i s e s ,   i n c l u d -  
ing   a i rp lane   f lyover   no ise .   For  anyone unfami l ia r   wi th   the   subjec t   o f   acous-  
t i c s ,  a b r i e f   d e s c r i p t i o n  of some of t h e  more widely  used  of   these  parameters  
is  presented.  

F lyove r   no i se   da t a   a r e   t hen   p re sen ted   i n  terms of  a l l  the  parameters  
described.  Averaged  noise  reductions  achieved  by  the  various  noise  abatement 
approaches are then  given  in  terms of tone   cor rec ted   perce ived   no ise   l eve l  and 
in t eg ra t ed   e f f ec t ive   pe rce ived   no i se   l eve l .  

METHODS AND PROCEDURES 

Noise Measurement S t a t i o n s  

Acoust ic   noise   data   were  obtained a t  t h r e e   n o i s e  measurement s t a t i o n s  
along  the  ground  track  under  the  approach  path.  The s t a t ions   (des igna ted  1, 
2 ,  and 3 )  were loca ted   a long   the   g round  t rack   cen ter l ine  a t  approximately 
6 , 5 2 0 ,  20,770, and 30,770 f e e t   ( r e s p e c t i v e l y )  from t h e  runway threshold.   Fig-  
ure  40 i s  a c h a r t   o f   t h e   v i c i n i t y  of  Oakland  Airport  showing  the  locations 
o f   t h e   s t a t i o n s .  

A s  can be  seen  f rom  the  char t ,   the  number o f   p o s s i b l e   s a t i s f a c t o r y  
s i t e s  was r e s t r i c t e d  by  the  topography  of  the  area.   Although a small amount 
of  background  noise was p resen t  a t  s t a t i o n  2 and some r a d i o   i n t e r f e r e n c e  was 
encountered a t  s t a t i o n  3 making t h e s e   s i t e s   l e s s   t h a n   i d e a l ,   t h e  sound  pres- 
s u r e   l e v e l  o f  t h e s e   i n t e r f e r i n g   s i g n a l s  was  low r e l a t i v e   t o   t h e   a i r c r a f t   f l y -  
over  noise  being  measured and could  be  ignored.   Stat ion 1, s i t u a t e d  on a boa t  
i n   t h e  San  Leandro  channel, was almost   completely  f ree   of   background  noise   or  
r a d i o   i n t e r f e r e n c e .  
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Meteorological   Considerat ions 

1 Since   t he   ob jec t   o f   ou r   i nves t iga t ion  was to   de t e rmine   t he   r e l a t ive  
nois iness   o f   the   var ious   approaches ,  no attempt was made to   ga ther   meteoro log-  
i ca l  da t a .  However, i n   o r d e r   t o  minimize  the  meteorological   effects ,  a l l  
n o i s e   d a t a   f o r  an airspeed  of   approximately 115 knots  were taken on one  day 
and a l l  n o i s e   d a t a   f o r  an airspeed  of  approximately 135 knots  and f o r   t h e  
decelerating  approaches  were  taken on t h e   o t h e r .  

A i rp l ane   Charac t e r i s t i c s  

The tes t  a i r p l a n e   u s e d   f o r   t h i s   i n v e s t i g a t i o n  i s  a Boeing model  367-80 
(707 prototype)   with  four  P r a t t  and  Whitney model JT3D-1 pro to type   tu rbofan  
j e t   e n g i n e s .  The maximum gross   we igh t   o f   t h i s   a i rp l ane  i s  175,000  pounds. 
However, because of the   h igh   drag   assoc ia ted   wi th  i t s  exper imenta l   f lap  sys- 
tem, t h e   t h r u s t   r e q u i r e d   f o r  trimmed f l i g h t  was h igher   than  one  would normally 
expec t   fo r  a similar a i rp l ane   o f   t he  same weight ,   and  the  noise   levels   were 
correspondingly  higher .  A l l  approaches  were made with  landing  gear  extended. 

Test Procedures 

Noise  measurements  were made during 20 approaches. The various  approach 
p ro f i l e s   u sed  and t h e   r e l a t i v e   p o s i t i o n s  o f  t h e   n o i s e  measurement s t a t i o n s  
are shown i n   t a b l e  6 along  with a descr ipt ion  of   the  approach  prof i les   and 
airspeed,   weight ,  and f l ap   conf igu ra t ion   da t a .  

Noise  Measurement  Methods 

Each noise  measurement s t a t i o n  was equipped  with  three  microphones  and a 
mult ichannel   tape  recorder .  The microphones  were  located  about 5 f e e t  above 
t h e  ground  and  were sh i e lded  from the  wind. The e n t i r e  sound  measuring  system 
was c a l i b r a t e d   i n   t h e   f i e l d   b e f o r e  and a f t e r   t h e   f l i g h t  measurements. The out-  
puts  of  the  microphones  were  recorded on separate   channels   of   the   tape  recorder  
which  were  played  back l a t e r   r e s u l t i n g   i n   d a t a   i n   t h e  form of  t i m e   h i s t o r i e s  
of   overa l l   sound  pressure   l eve l ,  OASPL. 

Data Reduction Methods 

"It  has  been  found  that,  .for  sound  having  about  equal  meaning  to a group 
o f   peop le ,   t he   i n t ens i ty ,   bandwid th ,   spec t r a l   con ten t  , and  durat ion  of   the 
sounds  determine  in a systematic   and  consis tent  way, the   subjec t ive ly   judged  
unwantedness  of a sound" ( r e f .   1 8 ) .  The judged   perce ived   no ise   l eve l   o f  a 
given  sound is  a measure, i n   d e c i b e l s ,   o f   t h e   s u b j e c t i v e l y   j u d g e d  unwanted- 
ness  of  the  given  sound  based on an experimental ly   developed  scale .  

The judged  perceived  noise   level   of  a given  sound, as would b e  
determined  by  subjective tests,  can  be  estimated  approximately by phys ica l  
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measurements, o r   by   ca lcu la t ions   per formed on da ta   ob ta ined   by  a s p e c t r a l  
analysis   of   the   sound (refs. 18  and  19). 

A one-third  octave  band  f requency  analysis   of   the   data  was 
per formed  resu l t ing   in   ins tan taneous   va lues   o f   sound  pressure   l eve l  
SPL(i) ,  i = 1, . . . , 24 f o r  each  of  the 24 ,  one-third  octave  frequency  bands 
from 50 t o  10,000 Hz a t  intervals   of   one-half   second.   These  data   then  were 
the  basis   for   the  var ious  computat ional   schemes  used  to   calculate   the  var ious 
estimates of   judged  perceived  noise   level   which  have  been  suggested  to  
approximate  the  subjectively  judged  unwantedness  of a sound  ( refs .  18  and 19) .  

Some o f   t he  most commonly used  es t imates   (not   in   order   of   importance)  
with a b r i e f   d e s c r i p t i o n  are l i s t e d  below ( r e f .   1 9 ) .  

Symbols 

SPL ( i )  

OASPL (k) 

dB (c) 

PNL (k) 

PNLT (k) 

MAX 
dB (c) 

PNLP 

PNLM 

PNLTM 

EPNL 

Units  7 
dB 

dB 

dB 

PNdB 

PNdB 

dB 

PNdB 

PN dB 

PNdB 

E PN dB 

Descript ion 

Sound-pressure  level - the   sound  pressure   l eve l  a t  a 
g i v e n   i n s t a n t   o f   t i m e   t h a t   o c c u r s   i n   t h e   i t h   o n e - t h i r c  
octave  frequency  band 

Overal l   sound  pressure  level  - the   sound  pressure   l eve l  
tha t   occurs  a t  the  kth  increment  o f  time  over a l l  of 
t h e  24 one-third  octave  frequency  bands  from 50 t o  
10,000 Hz 

An approximation  to   the  judged  perceived  noise   level   of  
a sound  determined  by  weighting  sound  frequencies  by a 
"C" network  (sound  level meter - r e f .  20) 

Perce ived   no ise   l eve l  a t  the  kth  increment   of   t ime 
ca l cu la t ed  from t h e  24 instantaneous  values   of   SPL(i)  

tone   cor rec ted   perce ived   no ise   l eve l  - the   value  of  PNL 
ad jus t ed   fo r   t he   p re sence  o f  d i s c r e t e   f r e q u e n c i e s   t h a t  
occur  a t  the  kth  increment   of   t ime 

The maximum value o f  dB(c) tha t   occurs   dur ing   the  
a i rp l ane   f l yove r  

Peak pe rce ived   no i se   l eve l  - the   perce ived   no ise   l eve l  
computed  from the  highest   level   reached  in   each  of   the 
one-third  octave  f requency  bands  i r respect ive of  time 

Maximum pe rce ived   no i se   l eve l  - t h e  maximum value  of 
PNL(k) tha t   occu r s   du r ing   t he   a i rp l ane   f l yove r  

Maximum tone   cor rec ted   perce ived   no ise   l eve l  - t h e  
maximum value  of PNLT(k) tha t   occurs   dur ing   the   a i rp lane  
f lyover  

Ef fec t ive   perce ived   no ise   l eve l  - the   perce ived   no ise  
l eve l   ad jus t ed   fo r   bo th   t he   p re sence   o f   d i sc re t e  
f requencies  and the   t ime   h i s to ry  
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Units  

"- 

"- 

Descr ip t ion  

Frequency  band  index - the   numerical   indicator   denot ing 
any  one o f   t he  24 one-third  octave  frequency  bands 
from 50 t o  10,000 Hz 

Time increment  index - the   numerical   index  denot ing 
t h e  number of   equal   t ime  increments   that   have  e lapsed 
from a re ference   zero  

The overa l l   sound  pressure   l eve l  as a func t ion   of  time i s  obta ined  
d i r e c t l y  from the   t ape   record ing   of   the   f lyover .  I t  i s  a measure  of  the  over- 
a l l  i n t ens i ty   o f   t he   sound .  I t  has   been  found,   however ,   that   the   subject ively 
judged  unwantedness  of a sound  depends  not  only on i t s  i n t e n s i t y   b u t   a l s o  on 
i t s  spec t ra l   conten t ,   bandwidth ,  and d u r a t i o n   ( r e f .  18) . 

One of   the   s imples t  methods of   es t imat ing   the   judged   perce ived   no ise  
l eve l   o f  a sound  which  attempts to   accoun t   fo r   t he   spec t r a l   con ten t   i nvo lves  
the  use  of  a frequency  weighting  network  in  conjunction  with a sound  level 
meter. Several   such  networks  have  been  developed  (ref.   20).  Data f o r  dB(c) 
sha l l   be   p re sen ted   he re   because  it i s  r ep resen ta t ive   o f  what  one  would  read 
with a sound  level   meter ,   and,   s ince  the  f requency  response  of   the "C" ne t -  
work is  r e l a t i v e l y  f l a t  in   the  f requency  range  f rom 50 t o  10,000 H z ,  it can be  
considered as an approximat ion   to   the   overa l l   sound  pressure   l eve l .  

A more e f f e c t i v e   e s t i m a t e   t h a t   a c c o u n t s   f o r   t h e   s p e c t r a l   c o n t e n t   o f  a 
sound i s  pe rce ived   no i se   l eve l .  The ins tan taneous   perce ived   no ise   l eve l  
PNL(k) is  obtained  by  weighting  instantaneous  sound  pressure  levels  SPL(i)  
f o r  each  of  the 24 one-third  octave  f requency  bands  according  to  a subjec-  
t i v e l y   d e r i v e d   t a b l e  and t h e n   u s i n g   t h e   r e s u l t s   t o   o b t a i n   v a l u e s   o f   p e r -  
ce ived   no ise   l eve l   accord ing   to  a prescr ibed   formula   ( re f .   19) .  A comparison 
o f   pe rce ived   no i se   l eve l ,  PNL, with dB(c) f o r  a t y p i c a l   f l y o v e r ,   f i g u r e  41 ,  
shows PNL t o   b e   h i g h e r   t h a n   d B ( c ) .  

Tests  have shown t h a t   f o r  sounds  of  equal  overall  energy,  those  which 
contain some re la t ive ly   in tense   s teady-s ta te   tones   have   h igher   judged   per -  
ce ived   no ise   l eve ls   than   those  which do no t   ( r e f .   18 ) .   A i rc ra f t   w i th   t u rbo -  
fan  engines  generally  have  such  tones  in  their   noise  signatures,   for  example,  
compressor  whine.  Figure  42, a p lo t   o f   sound  pressure   l eve l  SPL ve r sus   f r e -  
quency a t  the  t ime  of  maximum tone   cor rec ted   perce ived   no ise   l eve l   for  a 
typ ica l   f l yove r   o f   t he  Boeing 367-80B a i r p l a n e ,  shows t h e   n a t u r e   o f  a no i se  
spectrum  with  tones.  Two o f   t he  most widely  used methods o f   e s t ima t ing   t he  
judged   perce ived   no ise   l eve l   o f  a sound  while   taking  into  account   the  occur-  
rence  of   pure   tones  in   the  f requency  spectrum  are   those  proposed by Kryter 
and  Pearsons  (refs.  18  and 21)  and the   Federa l   Avia t ion   Adminis t ra t ion   ( re f .  
19) .  Both  schemes requi re   cons iderable   computa t ion .  The Kryter  and Pearsons 
method is somewhat s impler  and i s  based on co r rec t ions   t o   t he   sound   p re s su re  
leve ls   SPL( i )   before   the   computa t ions   for   the   ins tan taneous   perce ived   no ise  
l e v e l s  PNL(k) are made. The FAA method i s  based on c o r r e c t i o n s   t o   t h e  
in s t an taneous   pe rce ived   no i se   l eve l s ,  PNL(k) , (computed i n   t h e   s t a n d a r d  way) 
derived  from a ser ies   o f   computa t ions  on the  sound  pressure  levels   SPL(i)  . 
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The r e s u l t s   o f   b o t h  schemes are p r e s e n t e d   i n   t a b l e  7 s o  they  may be  compared. 
However,  where not   o therwise   spec i f ied ,  a l l  of   the  remaining  data   given are 
ca l cu la t ed   acco rd ing   t o   t he  FAA method. A comparison  of   the  tone  corrected 
pe rce ived   no i se   l eve l  (FAA method) w i t h   t h e   p e r c e i v e d   n o i s e   l e v e l   f o r   t h e  
f l y o v e r   w i t h   f r e q u e n c y   c h a r a c t e r i s t i c s   g i v e n   i n   f i g u r e  42 i s  shown i n  
f i g u r e  43 .  

The judged   perce ived   no ise   l eve l  of a sound   a l so   va r i e s   w i th   t he  
duration  of  the  sound.  For  sounds  of  equal  overall  energy,  those  of  long 
dura t ion  are more "unwanted" than   those   o f   shor t   dura t ion  (ref.  18) .  The 
e f f ec t ive   pe rce ived   no i se   l eve l ,  E P N L , i s  an est imate   of   judged  perceived 
n o i s e   l e v e l  which a t t e m p t s   t o   a c c o u n t   f o r   d u r a t i o n   e f f e c t s .  Both an i n t e g r a l  
(or ,  more proper ly ,  summation)  and  an  approximate  method  of  computing e f f ec -  
t ive  perceived  noise   level   have  been  proposed  ( ref .   19) .  The i n t e g r a l  method 
makes use  of   the   instantaneous  tone  corrected  perceived  noise   level ,  PNLT(k) , 
and the  durat ion  d ,   whi le   the  approximate method makes use  of   only  the maxi- 
m u m  t one   co r rec t ed   pe rce ived   no i se   l eve l ,  PNLTM, and the   dura t ion   d .  The 
du ra t ion   u sed   i n   t h i s   r epor t  i s  the  continuous  increment  of time which begins  
when the   tone   cor rec ted   perce ived   no ise   l eve l   exceeds  10 PNdB below PNLTM 
and  remains  above t h i s   l e v e l   u n t i l  PNLTM and  ends when the   tone   cor rec ted  
pe rce ived   no i se   l eve l  f a l l s  below 10 PNdB below PNLTM f o r   t h e  f i r s t  time 
a f t e r  PNLTM ( r e f e r   t o   f i g .  4 3 ) .  Values o f  e f f ec t ive   pe rce ived   no i se   l eve l  
ca l cu la t ed  from  tone  corrected  perceived  noise   level   data  computed  by both 
the  Kryter-Pearsons and Federal   Aviat ion  Adminis t ra t ion (FAA) methods are 
presented   for   compar ison   in   t ab le  7.  

RESULTS 

Spat ia l   Coordinates   and  Engine  Character is t ics  a t  Flyover 

A l t i t u d e ,  l a t e ra l  d i sp l acemen t ,   a i r speed ,   t o t a l   g ros s   t h rus t  (FG) , and 
percent   o f  maximum RPM (N2) f o r  each   f lyover   a re   g iven   in   t ab le  8 .  

Noise Measurement Data a t  Flyover 

Effec t ive   perce ived   no ise   l eve l  (EPNL), maximum tone  corrected 
pe rce ived   no i se   l eve l  (PNLTM),  maximum pe rce ived   no i se   l eve l  (PNLM), peak 
pe rce ived   no i se   l eve l  (PNLP) , and the  maximum dB(c) l eve l   fo r   t he   va r ious  
f l i g h t   p r o f i l e s  and runs a t  s t a t i o n s  1, 2 ,  and 3 are g iven   i n   t ab l e s   7 (a ) ,  
7 ( b ) ,  and 7 (c ) ,   r e spec t ive ly .   A l so ,  column  10 i n   t h e s e   t a b l e s  shows t h e   d i f -  
ference  between maximum tone   cor rec ted   perce ived   no ise   l eve l  and maximum per-  
ce ived   no i se   l eve l   ( t one   co r rec t ion   f ac to r ) ,  column 11 shows the   dura t ion  d 
of   the   f lyover ,  and column 1 2  shows the   d i f fe rence   be tween  e f fec t ive   perce ived  
n o i s e   l e v e l  and maximum tone   cor rec ted   perce ived   no ise   l eve l   (dura t ion  
c o r r e c t i o n   f a c t o r ) .  

Table 9 shows t h e   d i f f e r e n c e   f o r   e a c h   f l i g h t   p r o f i l e  a t  each  noise 
measurement s t a t i o n  between  approximated  and  integrated EPNL and  between t h e  
FAA and  Kryter-Pearsons  methods  of  calculating EPNL. 
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Table 10 shows the  averaged  values  of t h e   d a t a   p r e s e n t e d   i n   t a b l e  7 (FAA 
c a l c u l a t i o n s   o n l y )   f o r   e a c h   f l i g h t   p r o f i l e  a t  each  noise  measurement s t a t i o n  
along  with  the  difference  between  the  high and low values  of  i n t e g r a t e d  
e f f ec t ive   pe rce ived   no i se   l eve l   ( i n t eg ra t ed  EPNL v a r i a t i o n ) .  

Table 11 shows the   ave raged   no i se   r educ t ions   fo r   each   f l i gh t   p ro f i l e  a t  
each  noise measurement s t a t i o n .   P r o f i l e  A was the   r e f e rence   l eve l   u sed   fo r  
p r o f i l e s  G ,  I ,  H,  M y  and L .  For p r o f i l e s  G - 1  and 1-1, p r o f i l e  A - 1  w a s  t h e  
re ference   l eve l .  

Data Evaluat ion 

For the  purpose  of   comparing  the  noise   measured  in   f l ight   for   the 
v a r i o u s   f l i g h t   p r o f i l e s   w i t h   t h e   n o i s e   p r e d i c t e d  by the   s imu la to r ,  a number of  
runs had to   be   d i s r ega rded  as un rep resen ta t ive   fo r   va r ious   r easons .  For 
example,   during  profile A ,  run 1, the   r ada r   s en t   e r roneous  commands t o   t h e  
a i rc raf t ,  causing it t o   f l y  an e r r a t i c   c o u r s e .  

Comparison with raw OASPL shows tha t   e r rors   were  made i n   p r o c e s s i n g   t h e  
d a t a   f o r   p r o f i l e  G ,  run 1 a t  s t a t i o n  1 and f o r   p r o f i l e  M y  run 1 a t   s t a t i o n  1. 

During p r o f i l e  L ,  run 1, s t a t i o n  3 ,  t h e   a i r c r a f t  was h ighe r  and  had l e s s  
thrust   than  normal .  

The da ta   fo r   t he   runs   d i scussed  above  were  disregarded  while  computing 
the  averages shown i n   t a b l e s  10 and 11. 

Data Var ia t ion  

Some v a r i a t i o n   i n   t h e   p e r c e i v e d   n o i s e   l e v e l  o f  an a i rp l ane  can be  
expec ted   to   occur   even   under   cont ro l led   cons tan t   a l t i tude  and cons tan t  power 
conditions  as a r e s u l t  o f  i n s t r u m e n t   i n s t a b i l i t y ,   m e t e o r o l o g i c a l   c o n d i t i o n s  , 
s l a n t   r a n g e   v a r i a t i o n s ,  and trim power v a r i a t i o n s  due to   weight   changes   ( re f .  
1 ) .  However, l a rge   va r i a t ions   can   a l so   occu r  as a r e s u l t   o f :  

1. T h r o t t l e   a c t i v i t y   t o   p e r f o r m   c a p t u r e   t a s k s  when t h e   t r a n s i t i o n  
occurs  near  the  noise  measurement  station 

2 .  Unequal th rus t   l eve ls   o f   var ious   engines  , and 

3 .  T h r o t t l e   a c t i v i t y   t o   c o r r e c t   f o r   t r a c k i n g   e r r o r s .  
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DISCUSSION 

General Method Comparison 

Comparison o f   t he  FAA and  Kryter-Pearsons  columns  for PNLTM and EPNL i n  
table 7 shows t h a t ,   i n   g e n e r a l ,   t h e r e  is not  a g rea t   dea l   o f   d i f f e rence  
between  the estimates de r ived   by   e i the r  method.  Table 9 shows tha t   the   aver -  
age  difference  between  the FAA and  Kryter-Pearsons  methods  of  calculating 
EPNL over  a l l  runs was -0.38 EPNdB a t  s t a t i o n  1, +1.03 EPNdB at  s t a t i o n  2 ,  and 
+O .84 EPNdB a t  s t a t i o n  3 .  

Column 10 i n   t a b l e  7 shows t h a t   t h e   e f f e c t   o f   t h e   s t e a d y - s t a t e   t o n e s  
assoc ia ted   wi th   the  JT3D-1 p ro to type   t u rbo fan   j e t   eng ines  i s  t o   r a i s e   t h e  
perce ived   no ise   l eve l   approximate ly  5 PNdB. 

Column 1 2  i n   t a b l e  7 shows t h a t   f l y o v e r   d u r a t i o n   e f f e c t s  can  vary  the 
e f f ec t ive   pe rce ived   no i se   l eve l  by as much as 10 EPNdB. However, examination 
of  column 11 shows a w i d e   v a r i a t i o n   i n   d u r a t i o n   f o r   d i f f e r e n t   r u n s   i n   t h e  
same f l i g h t   p r o f i l e .   T h i s  i s  due t o   t h e   d e f i n i t i o n   u s e d   f o r   t h e   d u r a t i o n  d 
which makes it very   sens i t ive   to   the   shape   of   the   peak   of   the  PNLT(k) curve.  
Th i s   a l so   accoun t s   fo r  some o f   t h e   d a t a   v a r i a t i o n   o b s e r v e d   i n  column 1 2  and 
i n   i n t e g r a t e d  and  approximated EPNL. 

Table 9 a l s o  shows that   the   approximated EPNL was, on the   average ,  
about  1.7 EPNdB h ighe r   t han   t he   i n t eg ra t ed  EPNL a t  s t a t i o n s  1 and 2 and 
approximately  2.6 EPNdB h ighe r  a t  s t a t i o n   3 .  

Comparison With Simulator  

Simulator  PNLM ve r sus   r ange   cu rves   fo r   t he   va r ious   f l i gh t   p ro f i l e s   a r e  
shown i n   f i g u r e  44 with  measured PNLM p o i n t s   p l o t t e d  a t  ranges  corresponding 
t o   t h e   n o i s e  measurement s t a t i o n s .  A s  can be  seen  f rom  these  f igures ,   there  
was gene ra l ly  good agreement  between  predicted  and  measured  values  of PNLM 
a t  ranges  corresponding  to   the  noise  measurement s t a t i o n s .  

Comparison  of PNLT Time Hi s to r i e s   fo r   Var ious  
F l i g h t   P r o f i l e s  

Figures  45,  46,  and  47 show t ime   h i s to r i e s   o f   t one   co r rec t ed   pe rce ived  
noise   level   for   examples   of   the   var ious  noise   abatement   approaches  used 
du r ing   t he   i nves t iga t ion .  

Examinat ion  of   f igures   45(a) ,   46(a) ,  and 47 (a )   i nd ica t e s   t ha t ,  of t h e  
f l i g h t   p r o f i l e s   s t u d i e d ,   o n l y   p r o f i l e s  H and L hold  promise o f  a s u b s t a n t i a l  
n o i s e   r e d u c t i o n   a t   s t a t i o n  1. This i s  n o t   s u r p r i s i n g   s i n c e ,   f o r  a l l  o t h e r  
p r o f i l e s ,  by  the time o f   s t a t i o n  1 f l y o v e r   t h e   a i r c r a f t  i s  approaching 
trimmed f l i g h t  on a 2.65" g l ide   s lope .  However, t a b l e  11 shows t h a t   n o i s e  
r educ t ions   i n   excess  o f  11 and 9 EPNdB were  achieved  with  prof i les  H and L .  
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Examinat ion  of   f igures   45(b) ,   46(b) ,   and  47(b)   indicates   that  
subs t an t i a l   no i se   r educ t ions  were achieved a t  s t a t i o n  2 with a l l  o f   t he   no i se  
aba tement   p rof i les   s tud ied .   Accord ing   to   t ab le  11, the   g rea tes t   no ise   reduc-  
t ions ,   approximate ly   17  PNdB and  18 EPNdB, were  achieved  with  prof i les  G - 1  and 
1-1. P r o f i l e s  G ,  H,  and M reduced  noise   in   excess   of  11 PNdB and 1 2  EPNdB. 
P r o f i l e s  I and L ,  a l though  reducing  noise  i n  excess   of  10 PNdB i n  terms of 
maximum tone   cor rec ted   perce ived   no ise   l eve l ,   ac tua l ly   reduced   no ise   l ess   in  
terms of   e f fec t ive   perce ived   no ise   l eve l   because   o f   the   long   dura t ion   of   these  
f lyovers .  

Examinat ion  of   f igures   45(c) ,   46(c) ,  and 47(c)   ind ica tes   tha t   on ly  a 
small r educ t ion   o f   no i se  can be  expected a t  s t a t i o n   3 .  The s k e t c h e s   i n   t a b l e  
8 show tha t   a l though some reduc t ion   i n   no i se  can be  expected from the  
i n c r e a s e d   a l t i t u d e ,   t h e   t h r u s t   l e v e l  is h ighe r   t han   fo r   t he  normal  approach 
because  the a i rc raf t  is  i n   l e v e l   f l i g h t .  The g rea t e s t   no i se   r educ t ions  
occur red   w i th   p ro f i l e s  G - 1  and 1-1 which  reduced  noise   in   excess   of  6 PNdB 
and 5 EPNdB ( see   t ab l e   11 ) .  However, i f  g r e a t e r   n o i s e   r e d u c t i o n s   a r e   r e q u i r e d  
a t  t h i s   r a n g e ,  i t  would   on ly   be   necessary   to   increase   the   a l t i tude   o f   the  
high beam capture  s o  t h a t   a t   s t a t i o n  3 t h e   a i r c r a f t  would b e   h i g h e r  and  on a 
6O approach  angle. 

SUMMARY OF RESULTS 

The a c q u i s i t i o n  and reduct ion  of   ground  noise   data   for   the  Boeing 
367-80 a i rc raf t   dur ing   no ise   aba tement   apporaches ,   l ed   to   the   fo l lowing  
conclusions.  

1. O f  t h e   f l i g h t   p r o f i l e s   s t u d i e d ,   o n l y   p r o f i l e  H (two-segment  with 
2 5 0 - f t   t r a n s i t i o n   a l t i t u d e )  and p r o f i l e  L (4"   decelerat ing  approach)   hold 
promise  of a subs t an t i a l   no i se   r educ t ion  a t  1 nau t i ca l   mi l e  from the  runway 
th re sho ld .   P ro f i l e  H r e s u l t e d   i n  a reduct ion   in   average  maximum tone   cor rec ted  
pe rce ived   no i se   l eve l  (PNLTM) o f  approximately  13 PNdB and a r educ t ion   i n  
ave rage   i n t eg ra t ed   e f f ec t ive   pe rce ived   no i se   l eve l  (EPNL) of  approximately 
11 EPNdB w h i l e   p r o f i l e  L r e s u l t e d   i n  an average PNLTM reduct ion  o f  approxi- 
mately 11 PNdB and  an  average EPNL reduct ion  of   approximately 9 EPNdB a t  a 
range  of  1.09  nautical   miles  from  the runway th re sho ld .  

2 .  P r o f i l e s  G - 1  and 1-1 ( two  segment   with  400-f t   t ransi t ion  a l t i tude)  
r e su l t ed   i n   ave rage  PNLTM reduct ions  of   approximately  17 PNdB and  average EPNL 
reduct ions  of   approximately  18 EPNdB a t  a range   of   3 .46   naut ica l  miles from 
t h e  runway threshold .  The most e f f ec t ive   dece le ra t ing   approach  a t  t h i s   r a n g e  
was p r o f i l e  M (two  segment)  which r e s u l t e d   i n  an average PNLTM reduct ion   of  
approximately 11 PNdB and  an  average EPNL reduct ion  of   approximately 1 2  EPNdB. 

3 .  A t  a range   of   5 .13   naut ica l  miles from t h e  runway t h r e s h o l d ,   p r o f i l e s  
G - 1  and 1-1 ( two  segment   wi th   400-f t   t rans i t ion   a l t i tude)   resu l ted   in   average  
PNLTM reduct ions  of approximately 6 and 8 PNdB, r e s p e c t i v e l y ,  and average 
EPNL reduct ions  of   approximately 6 and 5 EPNdB, r e s p e c t i v e l y .  However, 
g rea t e r   no i se   r educ t ions  a t  t h i s   r ange   cou ld  be achieved  s imply  by  increasing 
t h e   a l t i t u d e   o f   t h e   h i g h  beam capture .  The most e f f e c t i v e   d e c e l e r a t i n g  
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approach a t  t h i s   r a n g e  was p r o f i l e  L (4")  which r e s u l t e d   i n  an  average PNLTM 
reduct ion  of   approximately 6 PNdB and  an  average EPNL reduct ion   of  
approximately 3 EPNdB. 

4. The effect  o f   t he   s t eady- s t a t e   t ones   a s soc ia t ed   w i th   t he  JT3D-1 
prototype  turbofan  engines  was t o  raise t h e   p e r c e i v e d   n o i s e   l e v e l  
approximately 5 PNdB . 

5. The approximated  values  of EPNL were, on the  average,   about  
1 .7  EPNdB h ighe r   t han   t he   i n t eg ra t ed   va lues  of  EPNL a t  1.09  and  3.46  nautical 
miles from t h e  runway threshold  and  about  2.6 EPNdB h ighe r  a t  a range  of 
5 .13   naut ica l  miles from t h e  runway th re sho ld .  
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APPENDIX B 

AIRPLANE SYSTEMS 

SYSTEMS TO IMPROVE GUIDANCE AND DISPLAY INFORMATION 

F l igh t   D i rec to r  

The m o d i f i e d   p i t c h   f l i g h t   d i r e c t o r   ( f i g .  12)   p rovided   the   p i lo t   wi th  
adequate  guidance on the  various  noise  abatement  approaches.   Figures 32 and 
34 p r e s e n t   t h e   e r r o r s  from t h e  ILS measured at t r a n s i t i o n  and a t  200-feet 
a l t i t u d e ,   r e s p e c t i v e l y ,  on t h e  two-segment  approaches. The d a t a  show t h a t  a 
high  percentage  of   the  approaches  had  errors  less than  1 2  feet  which i s  well 
w i th in   t he   accu racy   r equ i r ed   fo r   ca t egory  I1 (ref.  13).   There was a r e l a t i o n -  
s h i p ,  however,  between t h e   p i l o t s  workload  and  precis ion  of   t racking  with  the 
f l i g h t   d i r e c t o r .  With a h i g h   s e n s i t i v i t y   ( a   l a r g e   f l i g h t   d i r e c t o r   d i s p l a c e m e n t  
f o r  small e r r o r s ) ,   t h e   p r e c i s i o n   o f   t r a c k i n g  improved b u t   t h e   p i l o t   h a d   t o  
change t h e   p i t c h   a t t i t u d e   c o n s t a n t l y   t o   k e e p   t h e   f l i g h t   d i r e c t o r   z e r o e d  which 
increased   h i s   workload .  The s e n s i t i v i t y   u s e d ,   t h e r e f o r e ,  was a compromise 
de te rmined   by   the   p i lo t s  on the   s imu la to r .  With t h e  EADI d i s p l a y   ( f i g .  9 ) ,  
0.25- inch   def lec t ion   of   the   p i tch  command f l i g h t   d i r e c t o r   b a r  gave an ind ica-  
t i o n  of 1 5 - f e e t   a l t i t u d e   e r r o r  from the   g l ide   s lope  and was a command f o r  a 1" 
p i t c h   a t t i t u d e  change. With t h e  small electromechanical  AD1 ( f i g .  11) , t h e  
s c a l i n g  was much less - about 0 . 0 8  i n c h   f o r  similar e r r o r  and command. But 
t he   r e so lu t ion  on the  AD1 and'comparable  tracking  could  be  accomplished  with 
e i t h e r .  The two p i l o t s  who f lew  both  instruments   preferred  the  expanded 
sca le   o f   the  EADI  because   the   ease   o f   read ing  it reduced  the  workload 
somewhat. 

S i tua t ion   Disp lays  

From s i t u a t i o n   d i s p l a y   i n f o r m a t i o n   t h e   p i l o t  must  determine  as 
accu ra t e ly  as p o s s i b l e :   ( 1 )   h i s   p o s i t i o n   i n   s p a c e   r e l a t i v e   t o   t h e   a i r p o r t ,  
( 2 )   t h e   a i r p l a n e ' s   a t t i t u d e ,  and (3) t h e   v e r t i c a l  and h o r i z o n t a l  and l a t e r a l  
f l i g h t   p a t h s .  On two-segment  approaches,   si tuation  information becomes more 
c r i t i c a l   b e c a u s e   o f   t h e  change in   g l ide -   s lope   ang le   l a t e   i n   t he   approach .  
The pr imary  i tems  of   s i tuat ion  information which t h e   p i l o t   r e q u i r e s   f o r  a 
f l i gh t   d i r ec to r   gu ided   i n s t rumen t   app roach   a r e   a i rp l ane   ro l l  and p i t c h  a t t i -  
t udes ,   head ing ,   a i r speed ,   o r   e r ro r  from a referenced  a i rspeed,   pressure  and 
r a d i o   a l t i t u d e ,   a n g u l a r   e r r o r s  from the  ILS (bo th   g l ide   s lope   and   l oca l i ze r ) ,  
and  marker  beacon  annuciators  which  indicate a s p e c i f i c   r a n g e  from the   run -  
way threshold .  Much of   the   p r imary   in format ion  i s  cur ren t ly   p rovided  on t h e  
AD1 t o   r educe   t he  number o f   i n s t r u m e n t s   t h e   p i l o t  must scan  f o r  the  informa- 
t i o n .  On the   e lec t romechanica l  AD1 u sed   fo r  some o f  t he   approaches ,   t h i s  
information is  presented  on a small 4-inch  instrument.   This  instrument  had 
a l l  t he   r equ i r ed   p r imary   i n fo rma t ion   l i s t ed  above  except   radio  a l t i tude  and 
heading which were on adjacent   instruments .  The p i l o t s  f e l t  the   in format ion  
was adequate  for  two-segment  approaches  but  certainly  not an optimum method 
o f   d i sp l ay .  
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For   the   major i ty   o f   the   approaches ,   the  EADI was used (see f i g s ,  8 and 
9) . This  instrument  which was a 5 .4  by 7 . 2  inch  cathode  ray  tube  included 
a l l  of   the  pr imary  information  except   heading,   plus  some addi t iona l   in forma-  
t i on   no t   found  on o t h e r  A D I ' s  t o  assist  t h e   p i l o t   i n   d e t e r m i n i n g   h i s   p o s i t i o n  
a n d   a s s e s s i n g   h i s   s i t u a t i o n .  

S ince   t he  EADI was a new type of c o c k p i t   d i s p l a y ,   t h e   p i l o t s  were 
g iven   an   i ndoc t r ina t ion   i n   t he   s imu la to r   be fo re   u s ' i ng   t he   d i sp l ay   i n   f l i gh t .  
T h e % p i l o t s  were a b l e   t o   a d a p t   q u i c k l y   t o   t h e  new display.   Al though some 
p i l o t s   c o n s i d e r e d   t h e   d i s p l a y  somewhat c lu t t e r ed ,   t hey   had  no d i f f i c u l t y  
using  the  pr imary  information.  The p i t c h   a n d   r o l l   a t t i t u d e ,   t h e   f l i g h t   d i r e c -  
t o r   b a r s ,  and t h e   a i r s p e e d   e r r o r   i n d i c a t o r   d i f f e r e d  l i t t l e  f rom  cur ren t  
i n s t rumen ta t ion   excep t   fo r   t he i r   pos i t i on  on t h e   d i s p l a y  and the   en la rged  
s c a l e .  With enlarged scale o f   p i t c h   a n d   r o l l   a t t i t u d e ,   a t t i t u d e   c o n t r o l  on 
instruments  was easier .  One of t h e   p i l o t s  commented t h a t   t h e   a t t i t u d e   i n f o r -  
mation was similar t o   r e a l   w o r l d   w i t h  a narrow f i e ld   o f   v i ew.   Th i s  comment 
was probably  prompted by h i s   a b i l i t y   t o   d e t e c t  small a t t i tude   angle   changes  
and low a n g u l a r   r a t e s .  

The a i r s p e e d   e r r o r  symbol was prominent ly   posi t ioned  on  the  f ixed 
a i r p l a n e  symbol c l o s e   t o   t h e   f l i g h t   d i r e c t o r   b a r s  and  scaled  to  show small 
a i r s p e e d   e r r o r s .  The p i l o t s   c o n s i d e r e d   t h i s  method of   displaying  a i rspeed 
v e r y   e a s y   t o   u s e ,   p a r t i c u l a r l y  when mon i to r ing   t he   au to th ro t t l e   ope ra t ion .  

The r a d i o   a l t i t u d e  was p r e s e n t e d   d i g i t a l l y  on t h e   f a c e   o f   t h e   d i s p l a y ,  
The p i lo t s   cons ide red   t he   d ig i t a l   r eadou t   an  improvement  over t h e   c u r r e n t  
method o f   d i s p l a y i n g   r a d i o   a l t i t u d e  on a 4- inch   d ia l   ins t rument .   In   these  
tes ts  t h e   i n d i c a t e d   d i g i t a l   r a d i o   a l t i t u d e   c h a n g e d   e v e r y  10 f e e t  down t o  200- 
f e e t  a l t i t u d e  and  every 2 fee t  from 200 f e e t  t o  touchdown. The 10-foot seal- 
ing   avo ided   t he   r ap id   f l i cke r ing   o f   t he   d i sp l ay   ea r ly  on the  approach,  and 
the  2-foot   scal ing  gave  the  pi lot   precise   height   information  as   he  approached 
t h e  runway. 

The e r r o r s  from t h e  ILS were  indicated on t h e  EADI by t h e   r e c t a n g l e   i n  
the   middle   o f   the   d i sp lay  shown  on f i g u r e  9 .  The rec tangle  moved v e r t i c a l l y  
on t h e   f a c e   o f   t h e   t u b e   t o   i n d i c a t e   g l i d e - s l o p e   e r r o r s  and h o r i z o n t a l l y   t o  
i n d i c a t e   l o c a l i z e r   e r r o r s .  The r e c t a n g l e  was r e fe renced   t o   t he  same p o s i t i o n  
on t h e   d i s p l a y  as t h e   f l i g h t   d i r e c t o r   b a r s  - t h e  small black  square on f i g -  
u r e  9 .  Having t h e  same re fe rence   enab led   t he   p i lo t   t o   ea s i ly   de t e rmine   t he  
adequacy   o f   t he   f l i gh t   d i r ec to r   fo r   ma in ta in ing   sma l l  ILS e r r o r s .  The symbol 
was sca led  s o  t h a t  as long as the   smal l   square   remained   ins ide   the   rec tangle ,  
t h e   e r r o r s  were wi th in   the   des i red   accuracy  shown i n   t a b l e  5 .  The p i l o t s  
found  th i s  symbol  on t h e   d i s p l a y   e a s y   t o   u s e .  Two o f   t h e   p i l o t s   t r i e d   f l y i n g  
a normal 2 .65"  approach  on  the  simulator  using  only  the ILS e r r o r  symbol f o r  
guidance  (without   f l ight   di rector)   and  found some d i f f i c u l t y .   F u r t h e r   s t u d y  
o f   t h i s  method of   d i sp lay ing  ILS e r r o r  i s ,  t he re fo re ,   r equ i r ed   fo r   u se   w i thou t  
a f l i g h t   d i r e c t o r .  

The f l i gh t -pa th   ang le  symbol on t h e  EADI p rov ided   t he   p i lo t   w i th  a new 
type   of   s i tua t ion   in format ion .  The  symbol had  the same s c a l i n g  as t h e   p i t c h  
a n g l e   l i n e s ,   t h e  a r t i f i c i a l  hor izon   be ing   zero   f l igh t -pa th   angle .  The p i l o t s  
considered  the symbol helpful   and  used i t  much t h e  same way t h a t   t h e y   u s e   t h e  
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ra te  of  climb  instrument.  In  two-segment  approaches  the symbol  gave t h e  
p i l o t   t h e   s i t u a t i o n   i n f o r m a t i o n   t o   m o n i t o r   t h e   p r o g r e s s   o f   t h e   c a p t u r e   o f   t h e  
upper  segment  and  the  transition  to  the  lower  segment. Some of t h e   p i l o t s  
had d i f f i c u l t y   u s i n g   t h e  symbol e f f e c t i v e l y .  The p i l o t s  f e l t  t h e   d i f f i c u l t y  
was due e i t h e r   t o   t h e   l i m i t e d  time a v a i l a b l e   f o r   l e a r n i n g  t o  use a new p iece  
o f   i n fo rma t ion   o r   t o   t he  method o f   p re sen ta t ion .  

The p o t e n t i a l   f l i g h t - p a t h   a n g l e  symbol on t h e  EADI  could be used i n  two 
ways : ( 1 )   t o   i n d i c a t e  a change i n   e i t h e r   t h r u s t   o r   d r a g ,  and (2) t o   i n d i c a t e  
the   approx ima te   s t eady- s t a t e   f l i gh t -pa th   ang le   fo r   t he   speed  and e n g i n e   t h r u s t  
a t  t h a t  momemt. This symbol ind ica t ed   e s sen t i a l ly   t he   acce le ra t ion   a long   t he  
f l i g h t   p a t h  and was sca l ed   t he  same as t h e   f l i g h t - p a t h  symbol.  In  steady 
f l i g h t   t h e   p o t e n t i a l   f l i g h t - p a t h  symbol i s  always i n  l i ne   w i th   t he   f l i gh t -pa th  
angle  symbol.  This symbol was used by some o f   t he   p i lo t s   i n   app roaches   w i th -  
o u t   t h e   a u t o t h r o t t l e   t o  assist i n   d e t e r m i n i n g   t h e   t h r u s t   l e v e l   r e q u i r e d .   F o r  
example, when in te rcept ing   the   upper  6' segmen t ,   t he   p i lo t  would  keep t h e  
p o t e n t i a l   f l i g h t - p a t h  symbol a l ined   w i th   t he   f l i gh t -pa th   ang le  symbol  by 
reducing  the  engine  thrust  as f l i g h t   p a t h  was changed  from 0" t o  6" .  Other 
p i l o t s   f e l t   t h a t   t h e   e x t r a   a t t e n t i o n   r e q u i r e d   i n   t r a c k i n g   t h e s e  symbols 
increased  their   workload  too much. Most p i l o t s  were ab le   t o   u se   t he  symbol, 
however, t o   he lp   mon i to r   t he   ope ra t ion   o f   t he   au to th ro t t l e .  

Another  unique  feature  of  the EADI d i sp lay  was t h e   t e l e v i s i o n   p i c t u r e   o f  
t h e  runway ( s e e   f i g .  9 ) .  This   fea ture  was eva lua ted   to   de te rmine   the   benef i t s  
of a p i c t o r i a l   t y p e   s i t u a t i o n   d i s p l a y  showing t h e   r e a l   w o r l d .   I n i t i a l   e v a l u a -  
t i o n s  were made wi th   the   t e lev is ion   "onf t   for   the   comple te   approach ,   bu t   the  
p i l o t s   g o t   l i t t l e   u s e f u l   i n f o r m a t i o n  from t h e   p i c t u r e   t o   a s s i s t  them u n t i l  t h e  
a l t i t u d e  was low. The p i l o t s   t e n d   t o   u s e   t h e   p i c t u r e   a s  a backup f o r   t h e  
information  normally  used on the  approach. The p i l o t s   f e l t   t h e   p i c t o r i a l  
type  of  display was p a r t i c u l a r l y   h e l p f u l  when going from IFR (instrument 
f l i g h t   r u l e s )   t o  VFR ( v i s u a l   f l i g h t   r u l e s )  a t  hood-off a l t i t u d e .  With t h e  
TV p i c t u r e ,   t h e   p i l o t  had a good i n d i c a t i o n   o f  what h i s   s i t u a t i o n  would be 
when he removed t h e  hood  and  viewed  the  runway. On severa l   occas ions   the  
p i lo t s   f l ew   the   a i rp l ane   u s ing   p r imar i ly   t he  TV and f l i gh t -pa th   ang le  symbol 
t o   a l t i t u d e s   l e s s   t h a n  50 f ee t  under  the hood  and  had no problem  completing 
the   l and ing   v i sua l ly .  

There was occas iona l ly  a problem when the  TV p ic ture   obscured  some of  
t h e   o t h e r  symbols on t h e   d i s p l a y .  When t h e r e  was a lo t   o f   cont ras t   be tween 
sky and ground,   and   the   f l igh t   pa th  was changing,  the  pilots  could  momentarily 
l o s e   t h e   f l i g h t   d i r e c t o r   o r   f l i g h t - p a t h   a n g l e  symbol on the   d i sp l ay .  

The p i l o t s  f e l t  t h a t   t h e   p i c t o r i a l   d i s p l a y   p r o v i d e d  an  independent  back- 
up o f   s i t ua t ion   i n fo rma t ion   fo r   t he  ILS. In   instrument   approaches  the ILS 
provides   the main i n p u t   t o   t h e   f l i g h t   d i r e c t o r  as wel l  as t h e   s i t u a t i o n  
information. The p i l o t  i s  dependent ,   therefore ,  on the  ILS t o   g u a r a n t e e  a 
safe   landing.  An independent   d i sp lay   tha t   p rovides   the   ex t ra   insurance   can  
make instrument  approaches more comfor tab le   for   the   p i lo t .   Al though  the   t e le -  
v i s ion   d i sp l ay  as u s e d   i n   t h i s  program for   research   purposes  may not   be  very 
effect ive  under   actual   inst rument   weather   condi t ions,   the   development   of   an 
independen t   s i t ua t ion   d i sp l ay   mer i t s   a t t en t ion .  
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SYSTEMS TO IMPROVE FLIGHT-PATH CONTROL AND TO REDUCE PILOT WORKLOAD 

Rate Command With At t i t ude  Hold Control  System 

The p i t c h  ra te  command wi th   a t t i t ude   ho ld   con t ro l   sys t em,   r e f e r r ed   t o  
as simply SAS, i s  d e s c r i b e d   i n   t h e  Equipment s ec t ion .   F igu re  5 i s  a block 
diagram  of  the  system. 

One of   the most i m p o r t a n t   c h a r a c t e r i s t i c s   t h a t   p i l o t s   d e s i r e   f o r  good 
f l i g h t - p a t h   c o n t r o l  i s  p r e c i s e   c o n t r o l   o f   t h e   p i t c h   a t t i t u d e   o f   t h e   a i r p l a n e .  
When maneuver ing ,   p i lo t s   l i ke   t o  command p i t c h   r a t e   w i t h   c o n t r o l  column 
inpu t s ;  and with no c o n t r o l   i n p u t s ,   t h e y  do n o t  want p i t c h   a t t i t u d e   t o   c h a n g e .  
These two c h a r a c t e r i s t i c s  were readi ly   apparent   wi th  SAS and provided a sat is-  
f ac to ry   con t ro l   sys t em  fo r   f l y ing  any of   the   no ise   aba tement   p rof i les .  The 
system  provided some reduct ion   in   p i lo t   workload   because   o f  i t s  inherent  a t t i -  
tude  stabil i ty.   Noise  abatement  approaches  were  being  "flown" on the  s imula-  
t o r   w i t h  and without   mild  turbulence  with l i t t l e  change i n   p i l o t   w o r k l o a d .  A 
few o f   t he   p i lo t s   encoun te red   l i gh t   t u rbu lence  i n  f l i g h t  and noted  that   wi th  
the  SAS the  workload was n o t   s i g n i f i c a n t l y   d i f f e r e n t   t h a n   i n  calm a i r .  

Figure 48 i l l u s t r a t e s  a 5' a t t i t u d e  change  performed  with  the SAS. 
Since  the SAS commands p i t c h   r a t e   i n   p r o p o r t i o n   t o   c o n t r o l  column inpu t ,   t he  
p i l o t   e n t e r e d   e s s e n t i a l l y  a s t e p  column i n p u t   t o   e s t a b l i s h  a p i t c h   r a t e  and 
r e tu rned   t he   con t ro l   t o   neu t r a l  when t h e   d e s i r e d   a t t i t u d e  was reached, The 
system  had good r e sponse   cha rac t e r i s t i c s   i n   t ha t   p i t ch   r a t e   fo l lowed   t he  con- 
t r o l   i n p u t   q u i t e   c l o s e l y .  When the   con t ro l  column was r e t u r n e d   t o   n e u t r a l ,  
p i t c h   r a t e  was commanded t o   z e r o  and t h e   a t t i t u d e  was he ld  a t  the   va lue  
reached a t  t h a t  time. The p i t c h   r a t e   t o  column gear ing  was O.S"/sec/ in .  o f  
column. The gear ing  was no t   necessa r i ly  an optimum value   bu t  was considered 
s a t i s f a c t o r y  by t h e   p i l o t s .  

Much of  the  workload  reduct ion  that  was a t t r i b u t e d   t o   t h e   a t t i t u d e  
s t a b i l i t y   f e a t u r e   r e s u l t e d  from t h e   i n h e r e n t   c h a r a c t e r i s t i c   o f   e l i m i n a t i n g  
trim change  due t o   t h r u s t ,   f l a p s ,  ground e f f e c t ,   e t c .  The p i t ch ing  moments 
due to   angle-of-at tack  changes  are   a lso  automatical ly   compensated;   the  a i r -  
p l ane   has ,   t he re fo re ,  no s p e e d   s t a b i l i t y .  The term  "speed  s tabi l i ty"  as 
used  here  refers  to  control  force  changes  with  changes  in  airspeed, The 
p i l o t s   f e l t   t h a t   i n   t h e   a b s e n c e   o f   s p e e d   s t a b i l i t y ,  an a u t o t h r o t t l e  was 
d e s i r a b l e   f o r   b e t t e r   c o n t r o l   o f   a i r s p e e d .  

Although a l l  t h e   p i l o t s   c o n s i d e r e d   t h e  SAS a very good system  for  
c o n t r o l l i n g   f l i g h t   p a t h  on the  approach , t he   unusua l   cha rac t e r i s t i c s   o f   t he  
s y s t e m   i n   f l a r e  and  touchdown crea ted  some problems.  These  unusual  charac- 
t e r i s t i c s  and the  use  of  a "downspring" t o  he lp   e l imina te   t he  problem a re  
discussed i n  re ference  5 .  

Basic  Control  System With Autotrim 

The bas ic   cont ro l   sys tem  wi th   au to t r im  ( f ig .  4 ) ,  descr ibed   in   the  
Equipment s ec t ion ,   a l so   p rov ided  a sa t i s f ac to ry   con t ro l   sys t em  fo r   t he  
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pro f i l e s   eva lua ted   i n   t h i s   p rog ram.  The p i lo t   cons ide red   t he   bas i c   con t ro l  
system  to   be much b e t t e r   t h a n  most  conventional  control  systems on cu r ren t  
t r a n s p o r t s .  The inherent   advantages  of   the   f ly-by-wire  mode reduces many of  
the   undes i rab le   mechanica l   charac te r i s t ics  of  a control   system, and the  con- 
t r o l   s e n s i t i v i t y  and f o r c e s   c o u l d   b e   s e t   t o  a near  optimum va lue   fo r   t he  
landing  approach  task. 

The autotr im  system  did  not   completely  e l iminate  trim changes a5 d i d   t h e  
SAS. I t  performed  the  tr imming  function much t h e  same as a p i l o t ,   b u t   a u t o -  
mat ica l ly ;   for   example ,  when t h e   f l a p s  were lowered   t he   p i lo t   had   t o   pu t   i n  a 
c o n t r o l   f o r c e   t o  trim t h e   p i t c h i n g  moments due t o   t h e   f l a p s .   A f t e r   s e v e r a l  
seconds,  however,  the trim fo rces  would be  reduced  to   zero.  The automatic 
trim rate was s lower  than  with manual trim, b u t   t h e   p i l o t   c o n s i d e r e d   t h e  sys- 
tem  an acceptable  method of  reducing  the  workload on the  approach. The auto-  
trim had l i t t l e   e f f e c t  on t h e   p i l o t   e v a l u a t i o n   i n   t h , e   f l a r e  and  touchdown. 
Because of  the  slow trim ra t e s ,   t he   con t ro l   fo rces  were on ly   s l i gh t ly   r educed  
i n   t h e   f l a r e  and  touchdown t a s k .  

Di rec t  L i f t  Control  

The d i r e c t  l i f t  con t ro l  (DLC) was used  with  both  the SAS and b a s i c  
control   system. The implementation  of  the  system i s  desc r ibed   i n   t he  
Equipment s e c t i o n  and is shown on the  block  diagrams o f  f i g u r e s  4 and 5 .  

Prel iminary  s tudies   of  methods of   incorpora t ing  DLC i n t o   t h e   c o n t r o l  
system  of a t r anspor t   a i rp l ane  were made on the   s imula tor  and i n  t h e   i n i t i a l  
p h a s e   o f   t h e   f l i g h t   t e s t s .  The r e s u l t s   o f   t h e   b r i e f   s t u d y   i n d i c a t e d   t h a t  
i n t eg ra t ing   t he  DLC i n t o  t h e  l ong i tud ina l   (p i t ch )   con t ro l s   o f   t he   a i rp l ane  
for   the  approach t a s k  was more des i rab le   than   having  a s e p a r a t e   c o n t r o l l e r .  
The response o f  t h e   a i r p l a n e   t o  a s t e p  column input   wi th   the  ra te  command 
system  with and without DLC i s  shown i n   f i g u r e  49. The t i m e   h i s t o r i e s  show 
tha t   w i th  D L C  the  t ime  required  to   change  the  ver t ical   accelerat ion,  A Z ,  has  
been  reduced.  This  quickened  vertical   response  of  the  airplane  to  control 
column i n p u t s   e n a b l e s   t h e   p i l o t   t o  change t h e   f l i g h t - p a t h   a n g l e   o r   r a t e   o f  
d e s c e n t   f a s t e r .  

A s e p a r a t e   c o n t r o l l e r ,  a thumb switch similar t o  a trim switch on t h e  
control   wheel ,  was also  provided.  Approaches  were made by some o f   t h e   p i l o t s  
us ing   pr imar i ly   the  thumb c o n t r o l l e r   f o r   f l i g h t - p a t h   c o n t r o l .  DLC was used 
f o r  small changes   bu t   p i tch   a t t i tude  s t i l l  had t o   b e   c o n t r o l l e d  and  changed 
dur ing   in te rcept  and t r a n s i t i o n  on two-segment  approaches. The p i l o t   f e l t  
that   dur ing  the  approach  the  addi t ion  of   another   control  i n  the   cockpi t  
i nc reased   t he   p i   l o t   work load .  

The eva lua t ion   of   the  DLC on t h e  two-segment  approaches showed t h a t  
t h e r e  was l i t t l e   d i f f e r e n c e   i n   t h e   p i l o t ' s   a b i l i t y   t o   c o n t r o l   f l i g h t   p a t h   w i t h  
or   without  DLC.  The a i rp l ane   w i th   e i the r   con t ro l   sys t em had good ( v e r t i c a l )  
response,  and with  the  t ight   guidance  provided by t h e   f l i g h t   d i r e c t o r   t h e  ILS 
errors   could  be  kept  small. The t r ans i t i ons   were   a l so   pe r fo rmed   r e l a t ive ly  
s lowly   and   d id   no t   r equ i r e   an   i nc rease   i n   ve r t i ca l   r e sponse  of  t h e   a i r p l a n e .  
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The p i l o t   d i d   r e c o g n i z e ,  however, the   po ten t ia l   advantage   o f  DLC i n   s t e e p  
approaches t o   h e l p  arrest the   h igh  ra te  of   descent   qu ick ly   in  case o f  an 
emergency. 

The p i lo t   apprec ia ted   the   qu ickened   ver t ica l   response   o f   the  DLC i n   t h e  
f l a r e  and  touchdown t a s k .  More p r e c i s e   c o n t r o l   o f   t h e  f l a r e  and touchdown 
was poss ib l e  and sma l l e r   changes   i n   p i t ch   a t t i t ude  were r e q u i r e d   f o r   v e r t i c a l  
acce le ra t ion   con t ro l .  Some o f   t he   p i lo t s   u sed   t he   s epa ra t e  thumb DLC 
c o n t r o l l e r   f o r   p r e c i s e   c o n t r o l   i n   t h e  touchdown t a s k .  

Au to th ro t t l e  

The au to th ro t t l e   sys t em was designed  to   keep  the  a i rspeed  within t5 knots  
on t h e  two-segment  approaches.  For  these  approaches  an  airplane  attitude 
term was found t o   b e   r e q u i r e d   i n   a d d i t i o n   t o   t h e   v e l o c i t y  terms i n   t h e   t h r o t t l e  
command computat ions  (see  f ig .  7) because   o f   the   l a rge   f l igh t -pa th   angle  
changes on the  two-segment  approaches. The a u t o t h r o t t l e   p r o v i d e d  a commanded 
t h r u s t  change  which  tended to   fo l low  the   a i rp lane   f l igh t -pa th   angle   changes ,  
reducing  the  excursions  in   a i rspeed and t h r u s t .  

The p i l o t s   c o n s i d e r e d   t h e   a u t o t h r o t t l e   s a t i s f a c t o r y   f o r   t h e   n o i s e  
abatement task as flown i n   t h i s  program. I t  was the  opinion  of  a l l  the   eva l -  
u a t i n g   p i l o t s   t h a t   t h e   a u t o t h r o t t l e  was the  most  important  system  added t o  
t h e   a i r p l a n e   t o  assist  t h e   p i l o t   i n   f l y i n g  two-segment  approaches  with  an 
acceptab le   workload .   Wi thout   an   au to thro t t le ,   cont ro l l ing   th rus t   to   keep  a i r -  
speed  within t5 knots i s  a time-consuming task  f o r   t h e   p i l o t .   I n  two-segment 
approaches  where  both  thrust  and a i rp lane   a t t i tude   changes  must be made 
s imultaneously  and  la te   in   the  approach,   the   pi lot   workload becomes 
unacceptably  high.  

Engine  Thrust  Response 

The e f f e c t s   o f   t h e  s low  engine   th rus t   response   to   th ro t t le   inputs  a t  
low va lues   o f   engine   th rus t  as shown i n   f i g u r e s  17  and 30 were  examined  dur- 
i n g   t r a n s i t i o n  from the   s t eep   t o   t he   sha l low  approach   ang le .  A time h i s t o r y  
o f   a i r p l a n e   t r a c k ,   t h r o t t l e   p o s i t i o n ,  and t h r u s t   o f  No. 2 engine and a i r speed  
du r ing   t r ans i t i on   w i th  two-beam guidance i s  shown i n   f i g u r e  50. This   par t ic -  
u l a r   t i m e   h i s t o r y  was chosen  because a t  t h e  time o f   t r a n s i t i o n   t h e   p i l o t  was 
cor rec t ing  a s l igh t ly   h igh   condi t ion   tha t   momentar i ly   s teepened   f l igh t -pa th  
angle   to   about  7.0'. Because  of   the  increased  angle ,   the   autothrot t le  had 
d e c r e a s e d   e n g i n e   t h r u s t   n e a r l y   t o   i d l e .  The increased   angle  and low engine 
th rus t   cond i t ion  would tend   to   ampl i fy  any thrust   response  problem. 

A t  t r a n s i t i o n   t h e   a u t o t h r o t t l e  commands ( t h r u s t  command on f i g .  49) an 
inc rease   i n   t h rus t .   S ince   t he   eng ine  i s  slow to   r e spond ,   t he   t h rus t   l ags  
t h e   t h r o t t l e   p o s i t i o n   f o r   s e v e r a l   s e c o n d s .  The maximum time lag i s ,  how- 
ever,   only 2 seconds. The l a g   i n   t h r u s t   r e s u l t s   i n  a b leed-of f   in   a i r speed  
of  4.5 knots ,   bu t   wi th in  10 seconds   the   a i r speed   has   re turned   to   the   p roper  
value.   This  example i l l u s t r a t e s   a p p r o x i m a t e l y   t h e  maximum a i r speed   e r ro r  
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experienced  with  sat isfactory  guidance  and an a u t o t h r o t t l e .  The p i l o t s  con- 
s ide red   t he   eng ine   r e sponse   s a t i s f ac to ry   fo r   t he   t r ans i t i on   t a sk .   A i r speed  
e r r o r s   o f  +5 knots  were  within  the  band  normally  expected  during  the 
approach. No f l ight-path  control   problems  were  associated  with  the  engine 
r e sponse   cha rac t e r i s t i c .  

Some approaches were conducted on the   s imula tor   wi th   mi ld   tu rbulence  
of  +5 knots  about a l l  three  axes  and  windshears  of up t o  6 kno t s   pe r  100 feet  
s t a r t i n g  a t  300- fee t   a l t i t ude .  The a u t o t h r o t t l e  was a b l e   t o   k e e p   t h e  
airspeed  acceptable  limits under   these  condi t ions.  

Because   o f   the   res t r ic t ion  on landing   wi th   g ross   weights   g rea te r   than  
165,000 pounds,  wave-off$ s t a r t i n g  a t  a l t i t u d e s  below  100 feet were made 
routinely  with  gross  weights  between  165,000  and  175,000  pounds. The wave- 
o f f s  from the  lower  segment  were,   therefore,  no d i f f e r e n t   t h a n  from a normal 
approach.  Several  missed  approaches  from  the  6"  segment  were made with 
wave-off i n i t i a t e d  a t  a l t i t u d e s  as low as 300 f e e t ,   b u t   t h e   p i l o t   d i d   n o t  
have to   per form a minimum a l t i t ude   l o s s   wave -o f f   t o   ma in ta in  a s a f e   a l t i t u d e .  
The engine  response was, t h e r e f o r e ,   n o t   c r i t i c a l .   F u r t h e r   t e s t s   a r e  
r e q u i r e d   t o  examine the   opera t iona l   p roblems  of   th rus t   response   in   missed  
steep  approaches a t  l ower   a l t i t udes .  
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TABLE 1.-  BOEING 367-80  AIRPLANE  CHARACTERISTICS  FOR  GROUND-BASED  SIMULATION 

Low  Approach  Speed I High  Approach  Speed  and 
Decelerating  Approaches 

150,000 lb 
2,821  ft2 
130 ft 
20.05  ft 

2,560,000 slug-ft2 
2,250,000 slug-ft2 
4,730,000 

115  knots 
40/10 

Nonlinear 
(0.315  at ao) 

Nonlinear 
(0.1645  at 6~~~~ = 10) 

-0.115 

-0.9 

0 
1.2 

Nonlinear 
(5.12  at a0) 

0.279 

0.495 

2.37 

0.192 

0 
-0.0707.f 

-0.0417.f 
-0.897t 

C ;lug-ft2 

135-150  knots 
30/10 

Nonlinear 
(0.425 at a o )  

0.11 

-0.321 

-0.98 

0.1152 
0.86 

Nonlinear 
(5.15  at ao)  

0.279 
Nonlinear 

(0.70  at 6~~~~ = 0) 

1.45 

0.192 

0.341 
-0.0603t 
-0.1380t 
-1.02.f 
" 

*See  footnote p. 47. 
+See  footnote p. 47. 

46 



TABLE 1.- BOEING 367-80 AIRPLANE CHARACTERISTICS  FOR  GROUND-BASED 
SIMULATION - Concluded 

Low Approach  Speed 

0.2050 

0.16 

-0.0206 

0 

-1.11 

-0.802 

Nonlinear 
(-0.154 a t  6~~~~ = 10) 

-0.53 

0.0796 

-13.7 

-5.25 

0 

0.0611t 

0.157" 

0.0340t 

-0.2170 

0.0112 

0.0777 

0.271 

-0.773 

-0.  404t 

0 

High  Approach  Speed  and 
Decelerating  Approaches 

-0.0196 

0.194 

-0.0179 

0 

-1.11 

-0.802 

-0.142 

-0.5 

0.0796 

-13.6 

-5.33 

-0.20 

0.0929t 

0.556t 

0 .  100" 

-0.252 

0.0265 

0.0724 

0.159 

-0.829 

-1. 314" 

-0.171 

*Subscr ipt  "Iff  i n d i c a t e s   i n i t i a l  trim value .  

tAugmented value.  
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TABLE 2 . -  SIMULATION  EQUATIONS OF AIRPLANE  SYSTEMS 

Basic a i r p l a n e   p i t c h   c o n t r o l   w i t h   d i r e c t  l i f t  c o n t r o l  

2.54tic + 0.215 Ati~,, 
b e  = (0.1s + 1) 

'emax = 220" 

A6 = 220" 
Fauxmax 

Pi tch rate-command  system  with  direct l i f t  con t ro l  

'emax = 520" 

6emax = +23"/sec 

6, = -0.01576, + (0.103 AV)* 

'&Faux = -0.01736, 

l u t o t h r o t t l e  

CT = 0.00352 [(y + s + 0.5  - 210 AB]( S + 3*88 3.88 ) 
Vmax = k0.845  f t / sec2   except   for   dece lera t ing   approaches  

JOTE: Autothrot t le   goes  into  "hold" when h 50 f t .  
___- - 

*Downspring ope ra t ive  when AV : 2.87   f t / sec .  
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TABLE 2 . -  SIMULATION  EQUATIONS OF AIRPLANE SYSTEMS - Continued 

' i t c h   f l i g h t   d i r e c t o r  

S f3c = - b e  - e S + 0.08 b i a s  
+ 25.4 ACT + 0.147 AV 

I = p i t c h   a t t i t u d e  change commanded a t  g l ide-s lope   cap ture ,   deg  b i a s  

he = e r r o r  from ILS g l i d e   s l o p e ,  f t  

A l t i t u d e   h o l d  mode: 

'bias = o  

Glide-s lope ." . . ~ . .  capture  . .. and . t r a c k i n g  . .  mode: 

AY 
'bias 0 .63  

1 = v i r t u a l   l o c a t i o n   o f  ILS g l i d e - s l o p e   t r a n s m i t t e r ;   n e g a t i v e  i s  below 
bias runway l e v e l  
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TABLE 2 . -  SIMULATION  EQUATIONS OF AIRPLANE SYSTEMS - Concluded 

I - 

Type o f  
noise  abatement 

approach 
(see  Table  3) 

- 

P r o f i l e  

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 

Upper 
segment 

"- 
"- 
"- 
"- 
"- 
"- 

-9.85 
-9.85 
-9.85 
-9.85 
-" 
"- 

-8.2 
-8.2 

______ 

Lower 
segment 

-4.35 
-7.4 
-7.4 
-8.2 
-9.05 
-9.85 
5 .2  
5.2 
3.05* 
3.05* 

-4.35 
-6.57 

3.64 
3.64 

he  a t  
i n s e r t i o n ,  
f t  'bias 

Upper 
segment 

"- 
-" 
"- 
"- 
"- 
"- 
-175 
- 175 
-175 
-175 
"- 
"- 
- 146 
- 146 

~ 

Lower 
segment 

- 77 
-131 
-131 
- 146 
- 160 
-175 

83 
83 

(t 1 
(t 1 
- 77 
117 
58 
58 

hbias '  f t  

Upper 
segment 

"- 
"- 
"- 
"- 
"- 
"- 
-505 
-315 
"- 
-" 
"- 
"- 
-442 
- 707 

Lower 
segment 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

L a t e r a l   f l i g h t   d i r e c t o r  
. . .  

$c = -0.47$ - 4.366 2s 

- ( 4 S 2  + 6 s  + 1 
1.467$ + 0.155$ + 2 8 . 1 0 ~ ~ ~ ~  

*'bias 

teb ias  

inpu t  as ramp; 
eb ia s  = 0.33"/sec. 

i n s e r t e d  a t  beg inn ing   o f   t r ans i t i on .  
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TABLE 3 . -  NOISE ABATEMENT PROFILES 

I 

Tvpe o f  Glide-slc )pe angle, .- I &  

noise  aeg 
abatement 

approach Upper 
segment 

~ 

A 

B 

C 

D 

E l' 

Single "- 
segl;nent "- 

I "- 

1 "_ 
"_ 
"- 

Two -6.0 'egr ' 1 
Deceleration 1 - -- I "_ 

-5.0 

-5.0 

Lower 
segment 

-2.65 

-4.5 

-4.5 

-5.0 

-5.5 

-6.0 

-2.65 I 
-2.65 

-4.0 

-2.65 

-2.65 

Type of  guidance 

Single I1 .S beam 

Two ILS  beams 

Single ILS  beam 
curved   t rans i t ion  

Single ILS  beam 

I 
Two ILS  beams 

Intercept  
a l t i t u d e ,  

f t  

"_ 
"- 
-" 
"- 
"- 
"- 

400 

250 

400 

250 

"- 

"- 

500 

800 

I Distance from 

glide-slope 
in t e r sec t ion ,  

f t  

runway th re sho ld   t o  

- 1230 

- 1230 

- 500 I 
- 1230 

- 1230 

- 1130 

- 1110 

- 1230 
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TABLE 4 . -  AIRPLANE CONFIGURATIONS 

Direc t  
l i f t  

con t ro l  

P i tch  
r a t e -  

command 
cont ro l  
system 

Approach 
speeds,  
knots 

Flaps 
nain/aux. , 

deg 

Auto- 
h r o t t l e  

Evaluation Profile phase 
a t t i t u d e  

: e l ev i s ion   d i r ec to r  
i nd ica to r  

d; I 

Simulator F l igh t  

Jot used f f  On/Of f Not used 
I 

A- 2 

B 

C 

D 

E 

I 50/  10 
BLC of f  

S ingle  
segment 

1 

115 115 

\I 
On/Of f 

On/Of f 

40/10 1 1 2 - 1 2 2  BLC on On/Off Elec t ronic  

Elec t ronic  135-144 ~ 30/10 A - 1  1 135 On/Of f 1 I 1 BLC o f f  I j Two 
! segment 

I I 

~ Electromechanical 
On/Off ' On/Off and 

I 
e l e c t r o n i c  

On/Of f On/Of f 

On/Of f On/Of f 
~ 

Electromechanical 
and 

e l e c t r o n i c  

I 1 135  135 
, t o  

J 144 

30/10 
BLC o f f  On/Of f On/Of f 

Decelera- 
t ion 

I 

K 

L 1 : M  v v  ' 155 ! 30/-10 
t o  

1 30/10 
BLC on 'I 

N 112 120 

On On/Of f On/Off On/Off Elec t ronic  

J '1 



TABLE 5.- DESIRED  ILS  TRACKING  PERFORMANCE 
[Derived from reference 131 

.~.. " .. . 

Glide  slope 

~ 

Localizer 

". . " 

Airspeed 

~ - - - . . . . 

~- 

Altitude, 
ft 

700 to  100 

200 
" .. 

700 to  100 

200 

2500 to  50 

Maximum 
deviation 

irO.16" E 

+12 ft 
~~ 

-~ ." ~ - - 

k0.35" E 

tlOO ft 

+5 knot 
from  Vref 

-. ~. " ~ 
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TABLE 6.- AIRPLANE - AND FLI 

r r a n s i t i o n  
a l t i t u d e ,  

f t  

HT CONFIGURATION  DATA 
Flap   se t t ing ,  

Type o f  guidance 

Average 
approach 

v e l o c i t y ,  
knots 

~- 

Airplane  weight 
Gl ide-s lope  

angle ,  
P r o f i l e  P r o f i l e  

A 

A- 1 

I n i t i a l  F i n a l  

*. measuring 
Noise 

s t a t i o n s  117.5 
118.5 
118.5 

174,400 
171,200 
168,100 

-2.65  -2 .65 S ingle  beam 40/10 "_ 

141 
141.5 
140.5 

176,200 
173,600 
170,300 

161,700 
166,200 

175,600 

169,600 
172,900 

165,400 
161,100 -t- -6.0  -2.65 400 116.5 

114 
G 

G- 1 165,200 
163,300 

164,600 
162,700 

138.5 
137.5 

114.0 
107.5 

135 

I Single  curved beam I 40/10 159,000 
148,500 

159,600 
154,600 

160,700 1 - 1  160,000 

250 112.5 
110 
110 

156,200 
153,800 
150,900 

'wo segment, two beam 157,000 
154,600 
151,700 

158,000 
155,700 

H 

-5.0  -2.65 500 M 50 + 112 
51 + 113.5 

'wo segment, two beam 30/(-8.1 + 10) 
30/(-9.4 + 10) 

157,300 
155,100 

152,700 
150,100 

-4.0  -4 .0  50 + 114 
51 + 114 

153,300 
150,800 

Single  beam 30/ ( -9 .4  + 10) L 



TABLE 7.- FLYOVER NOISE MEASUREMENT  DATA 

EPNL 

:r-Pearson I 
, I Approximated, 1 

EPNdB 

K r y t t  

[ntegrated 
EPNdB 

118.4 
121.8 
119.9 

117.1 
118.3 
118.6 

105.6 
114.8 
120.2 
121.4 

121.2 
120.3 

119.0 

107.8 

105.8 
113.4 

109.2 
118.0 

110.0 
110.7 

111.7 
110.1 
"1 .o 
111.5 
106.8 
101.6 

99.1 
93.0 

93.0 
89.8 

100.6 
100.7 

86.3 
94.8 
96.8 
94.6 
97.5 
99.2 

99.6 
99.8 

103.0 

101.5 
104.7 

102.6 
100.7 
99.7 
98.0 
96.7 
94.2 
95.4 
96.7 
97.7 
94.6 
97.8 
96.2 
92.2 
101.1 
97.5 

98.9 
93.8 

sec 
1 

1" 
2 
3 
1 
2 
3 
1' 
2 

1 
2 
1 
2 

1 
1 
2 
3 
1+ 
2 
1 
2 

" 

- 

1' 
2 
3 
1 
2 
3 

1 
2 

1 
2 

1 
2 

1 
1 
2 
3 
1 
2 
1 
2 

-~ 

) Station 1 
120.3 
123.0 
121.6 

117.6 
119.4 
120.6 

106.1 
117.3 
120.2 
122.8 

122.0 
123.5 
120.9 

113.9 
109.2 

107.3 
110.9 
119.0 
111.9 
111.9 

) Station 2 

110.7 
113.1 

113.3 

111.6 

104.0 
107.6 

99.8 
94.9 
91.2 
95.1 

101.1 
101.2 

85.9 

98.1 
95.4 

97.2 
98.0 
101.9 
101.0 
100.9 

) Station 3 

104.7 
107.3 
103.2 

104.4 
103.1 
101.3 
99.4 
99.8 
98.2 
97.4 
100.5 
100.4 
96.5 
99.8 
98.5 
95.0 
102.4 
98.5 

99.3 
96.2 

11.5 
5.5 
7.0 
5.0 
4.5 
4.0 

4.0 
6.0 
4.5 
3.5 
5.5 
6.5 
5.5 

14.0 
14.5 

6.0 
5.0 
8.0 
11.0 
11.5 

A 

A- 1 

G 

G- 1 

1 

1-1 

H 

M 

L 

A 

A - 1  

G 

G-1 

I 

1-1 
.~ 

H 

M 

L 

123.9 
127.8 
125.9 
123.4 
127.2 
126.3 

113.1 
120.9 

128.0 
129.1 

126.0 
127.5 
125.3 

112.9 
116.3 
114.3 
117.9 
121.7 
115.5 
115.5 

113.6 
114.0 
116.6 

117.3 
111.6 
111.0 

103.1 
98.5 
93.9 
97.9 

101.4 
101.1 
95.9 
100.6 
102.5 
97.8 

102.4 
105.2 
105.3 
104.9 

103.9 
110.3 
105.7 
109.2 
110.0 
106.6 

100.6 
100.8 
101.5 
99.6 

104.5 
101.2 
98.9 

103.8 
101.0 
100.7 
105.7 
104.8 
101.4 
101.7 

122.2 

124.6 
126.4 

122.9 
125.6 
125.2 

112.9 
121.4 
126.8 
127.6 
125.4 
126.4 
124,l 

114.8 
110.4 

111.6 
116.5 
120.2 
113.8 
114.2 

" 

112.1 
113.8 
114.7 
115.6 
110.7 
109.5 
102.8 
97.9 
92.8 
96.1 

100.6 
100.4 

94.7 
100.4 
101.6 
90.3 
101.4 
103.8 
104.1 
104.2 

102.6 
108.2 
105.2 
108.5 
108.8 
105 .5 
100.1 
102.1 
103.4 
99.6 
103.2 
101.1 
99.4 
104.2 
101.9 
102.3 
104.6 
105.6 
100.0 
100.6 

4.3 
4.2 
4.9 

4.4 
3.0 

4.3 

3.4 
3.5 

4.7 
4.8 

4.9 
5.8 
3.5 
5.0 
6.0 
6.7 
4.0 
3.0 

6.6 
5.0 

Average 
4.6 

4.3 
5.4 
5.1 

5.2 
5.3 
4.7 
5.2 
6.7 

6.5 
6.3 

4.6 
5.2 

5.6 
6.6 
6.7 
4.9 

6.7 
5.0 

5.8 
5.2 

Average 
5.6 

3.9 
6.2 
4.7 

6.5 
5.1 
5.8 

6.7 
4.8 

6.7 
5.9 
6.7 
5.4 
6.6 
6.5 
6.7 
6.4 

6.0 
5.5 

4.2 
6.4 

Average 
5.8 

119.1 
120.7 
119.3 

117.0 
118.7 
117.9 
106.1 
115.5 

120.0 
120.0 
119.4 
121.3 
118.5 

107.8 
112.6 
105.2 
109.7 
116.6 
111.1 
110.3 

111.3 
111.1 
111.6 

111.3 
108.5 
108.0 
98.7 
91.7 

89.0 
92.3 

101.1 
100.9 

90.8 
96.3 
95.6 
95.4 
100.4 
97.4 

102.6 
102.6 

102.5 
104.0 
102.4 

101.8 

101.1 
99.5 

99.8 
99.2 

96.6 
93.1 

97.0 
96.8 
95.7 

100.0 

94.1 
96.0 

101.9 
99.7 
94.3 
99.8 

121.1 

121.3 
122.1 

118.1 
120.3 
119.5 

107.2 
117.4 
121.6 
121.3 
121.0 
122.8 
119.8 

110.3 
114.5 
107.6 
111.8 
117.4 
112.5 
113.1 

111.7 
112.8 
114.1 
113.2 
109.8 
109.1 

100.6 
94.3 
90.0 
94.1 

100.9 
102.1 
92.5 
98.0 
97.2 
97.7 
102.0 
99.8 

104.5 
104.8 

103.4 

104.7 
105.7 

104.1 
101.9 
103.5 

101.6 
102.0 
95.6 
98.8 
101.0 
99.8 
98.6 
104.1 
99.5 
97.1 

104.4 
103.1 

100.8 
97.2 

-3.2 
-5.7 
-5.3 

-5.9 
-6.9 
-7.3 

-6.8 
-6.9 
-6.8 
-7.6 
-6.0 
-5.1 
-5.6 

-2.6 
-2.2 
-6.4 
-6.8 
-3.6 
-2.7 
-3.9 

106.7 

92.3 

93.2 
96.1 

103.1 
97.9 

95.1 
95.4 

1121.8 

104.9  109.0 
108.8 111.8 
105.4 '109.5 
120.6 

113.1  112.5 

1111.3"108.8 
118.6  117.2 

111.5  107.6 

I 

107.8 
108.4 
109.6 
110.4 
105.4 
104.8 

97.6 
91.2 

86.5 
89.6 

96.0 
95.2 
89.1 
93.8 
94.9 
93.4 

97.1 
96.4 

98.3 
99.0 

" 

93.1 
93.9 
95.1 
95.6 
92.1 
90.3 
85.3 
82.7 

76.4 
77.0 

83.9 
83.4 

76.5 
82.0 
81.3 
81.9 
82.9 
83.4 

85.0 
85.5 

109.8 
109.8 
111.0 

107.6 
111.9 

107.5 

99.0 
96.1 

90.6 
93.2 

97.5 
97.5 

93.0 

98.3 
97.2 

95.7 
99.8 
99.8 

101.6 
101.8 

13.5 
13.5 
13.0 

8.5 
12.0 
13.5 

9.0 
6.5 

8.0 
9.5 
16.0 
22.0 

9.0 
8.5 

13.0 
5.5 

17.5 
6.0 
16.5 
17.5 

-0.8 
-2.7 
-3.1 

-4.3 
-2.2 
-1.5 
-4.1 
- 6.2 
-3.8 
-3.8 

-.5 
.5 

-3.9 
-4.1 
-6.0 
-2.9 
-1.0 
-6.4 
-1.5 
-1.6 

" 

~ 

- 
~- 

- 

- 

~- I 

1' 
2 
3 

84.5 
88.7 
86.6 

101.3 98.7 

102.2  100.5 
104.5  102.0 I I::: 

13.5 

5.5 

9.5 
3.0 

21.5 
14.5 

2.5 
12.5 
9.0 
11.0 

12.5 
14.5 
8.5 
4.5 
14.5 

___ 

8.5 ~ 

8.0 
15.5 

-0.1 
-4.2 
-2.8 

-6.7 
-9.3 
-4.4 
-.3 
-2.9 
-10.3 
-3.0 
-6.2 
-4.3 
-3.7 

-5.9 
-3.4 

-8.2 

-2.7 
-5.9 
-5.7 
-.8 

~ 

- 

" 

~ _ _  

A 

1 
2 
3 

A - 1  

84.1 

96.7 97.3 84.5 
95.4 97.7 85.3 
95.3 96.9 

92.8 94.1 82.2 

95.7 97.2 83.7 
96.5 98.4 85.5 

93.7 95.5 83.2 

G 

G- 1 
.. 

I 

1-1 

H 

1 
2 

1 
1 
2 
3 
1 
2 

86.0 100.4 99.1 
86.8 1100.8 1 99.6 M 

L 1' 
2 83.8 1 98.3 1 96.4 80.9t 95.6 93.6 

" 

*Disregarded i n  computing averages. 
tOASPL data  not   avai lable .  
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TABLE 8.- SPATIAL  COORDINATES  AND  ENGINE  CHARACTERISTICS  AT  FLYOVER 

I S t a t i o n  1 I S t a t i o n   2  

k n o t s ,  

2 540  126.5 

FG , 
l b  

23,500 

25,000 

23,000 

22,800 

25,000 

(3) 

16,000 

18,000 

29,000 

28,000 

15,500 

22,000 

22,000 

6,000 

7,300 

4.100 

20,000 

13,500 

8,300 

7,000 

pe rcen t '  
N2 > 

86.5  

87 .5  

86.0 

83 .5  

8 4 . 3  

( 3 )  

84" 

8S4 

85 

85 

814 

85.2" 

82.0 

66.5' 

70.0 

59 .0  

84.5 

79.0 

75.0 

71.4 

L a t e r a l   L a t e r a l  
l i s p l a c e -   A l t i t u d e ,   A i r s p e e d ,  FG, N p ,  d i s p l a c e -  

f t   f t  
ment , f t   k n o t s   l b   p e r c e n t 1   m e n t ,  

8   1 ,000  118 25,0002 8g2 120 

30  1,030 118 24,000 87 .0  70 

35  1,030 118.5 25,000 87 .5  70 

10  1,020 140 33,000' 87.32 40 

3  1,030 141 17,000" 82.0" 100 

20 1,040 140 23,400 84 .0  35 

55  1,780  116  8,0004  734  50 

50 1,800  116  4,0004  69"  30 

45  1,820 138 5,000 62  30 

20 1 , 8 5 0  140 4 ,900  60  40 

70  1,760 112 13,500 82  70 

40  1 ,740 106 .5  13,700 81  30 - 
10  1,820 136.5 4,500 60  35 

10  2,000 111 .5  6 ,500  70.S4  10 

25 2,030 111 11,400 79 .3  25 

30  1,970 108.5 7,000 72.0'  60 
I I I I 

1,450  6 ,900 

60 

T 

l t i t u d e ,  
f t  

(3) 

1,490 

1 ,500  

1,510 

1,460 

1,500 

2,4005 

2,390 

2,415 

2,340 

2,400 

2,600 

2,360 

2,400 

2,420 

2,590 

1 ,850  

2,090 

2,090 

1,970 

t + 
1 

S t a t i o n   3  
I I 

i r s p e e d ,  FG, Nz, d i s p l a c e -  
k n o t s  l b   p e r c e n t '  ment, 

L a t e r a l  

f t  

l 100   pe rcen t  N, = 9,655 RPM. 
'power  coming o f f .  
3 D a t a   n o t   a v a i l a b l e .  
"power  coming  on. 
5 E x a c t   d a t a   n o t   a v a i l a b l e .  



TABLE 9.- COMPARISON OF APPROXIMATED  AND  INTEGRATED  EPNL,  AND OF FAA AND KRYTER-PEARSONS  EPNL 

Approximated  minus  integrated 
" 

Profile  Run 

FAA minus  Kryter-Pearsons 
EPNL 

Station 1 Station  2  Station 3 Station  1  Station  2  Station  3 

1 
A  2  1.4  1.7  1.7  -1.1  1.0 -0.7 

3  2.0  2.5  2.3 - .6 . 6  .9 

1 1.1  1.9  2.3  -.l -.2 -.8 
A- 1  2 1.6  1.3 2.4 . 4  1.7  -1.2 

"- -"  "-  "- -" -" 

3 1.6  1.1 ~ 2.4 -.7 6.4 ; 3.4 - 
1 -" 1.9 - .4 1.8 1.8 
2 1.9  2.6  2.8 .7 -1.3  2.5 

1 
- 

1.6  1.0  2.5 -.2 - .8  -1.1 
2  1.3  1.8 , 2.2 -1.4 -.7 , 1.2 

G 
"- 

G- 1 
I 

I  1 1.6 -.2 I 4.0 I 1- .5 . 3  
1 2  ' 1.5 , 1.2 1 3.0 I .1 .2 i -.9 
" 

I- 1 1 1.3 1.7 2.9 - .5 4.5 1.1 I 

1 2.5 1.7 3.3 . o  1.5 3.0 
H 2 1.9  1.6 3.5 - .8 -1.2  -.2 

3 2.4  2.3 3.0 - .6 .8  1.9 
1 -" " 2.5 -" 2.9 . 8  

M 

L 

2.2 2 . 8  2.4  3.4  -1.4  -1.8 
1 

1 
.9 3.0 .3 1.0 2.2  2.8 2 

2.8 .4 -" 1.9 1.4 -" 

Averages .84 1.03 -. 38 2.6 1.7  1.7 



TABLE 10.- AVERAGED  NOISE  MEASUREMENT  DATA 

s t a t ion  

1 

?rof i l e  

A* 
A- 1 
G* 
G -  1 
I 
1-1 
H 
M* 
L 

Max 

dB 
dB(c) 3 

106.5 
106.5 
104.1 
108.3 
106.7 
106.7 
93.9 

103.1 
95.3 

PNLP, 
PNd B 

122.5 
122.7 
118.9 
123.2 
122.0 
121.8 
110.1 
118.6 
111.4 

PNLM , 
PNdB 

121.0 
120.7 
117.9 
122.5 
120.6 
120.6 
106.3 
117.2 
108 I 2 

PNLTM 

PNdB 
(FAA) , 

125.5 
124.6 
121.4 
127.2 
125.9 
124.1 
112.3 
120.2 
114.0 

Integrated 

EPNdB EPNdB EPNdB 

EPNL EPNL EPNL 
In tegra ted  Approximated 

(FAA) > v a r i a t i o n ,  (FAA) 

120.0 
117.9 
115.5 
120.0 
120.4 
118.5 
108.5 
116.6 
110.7 

i 121.7 
119.3 
117.4 
121.5 
121.9 
119.8 
110.8 
117.4 
112.8 

1 .4  
1 . 7  
""F 

.o 
1.91 
""t 
7 .4 t  

.8 
"- 

A* 94.5 
A- 1 92.7 
G 84.0 
G- 1 76.7 

2 I 83.7 
1-1 76.5 
H 81.7 
M 83.2 
L 85.3 

110.4 109.0 
109.0 106.9 
97.6 94.4 
91.9 88.1 
97.5 95.6 
93.0 89.1 
97.1 94.0 
99.8 96.8 

101.7 98.7 

114.3 
111.9 
100.4 
94.5 

100.5 
94.7 

100.1 
102.6 
104.2 - 

111.4 
109.3 
95.2 
90.7 

100.5 
90.8 
95.8 
98.9 

102.6 

A* 87.7 103.4 
A- 1 87.8 103.7 
G 84.7 97.3 
G- 1 83.9 96.4 

3 I 84.6 97.8 
1-1 82.2 94.1 
H 85.6 98.0 
M 86.4 100.6 
L* 83.8 98.3 

101.3 106.7 
101.8 107.6 
95.4 101.1 
95.2 101.5 
96.1 102.2 
92.8 99.4 
96.3 102.8 
99.4 105.1 
96.4 100.6 
I 

103.2 
100.8 
99.5 
94.9 
96.9 
95.7 
97.0 

100.8 
99.8 

J 

~~ ~- 

113.5  .5 
110.7 3.33. 
97.5  7 .0t  
92.1 3 . 3  

101.5  .2 
92.5 "_ 
97.6  .9 t  

100.9  3.0 
104.7 .o 

105.2 
103.2 
101.8 
97.2 

100.4 
98.6 

100.2 
103.8 
100.8 

1.6 
2.31 

.6 
3.5 

. 2  

6.71 
2 . 2  

"- 

"_ 
* P r o f i l e s  f o r  which some d a t a  were disregarded.  
tData t aken   du r ing   uns t eady   t h ro t t l e   ac t iv i ty .  



TABLE 11.- AVERAGED NOISE  REDUCTION DATA 

S t a t i o n  

1 

2 

3 

r o f i l e  

A 

A- 1 

G 

G- 1 

I 

1-1 

H 

M 

L 

A 

A- 1 

G 

G- 1 

I 

I- 1 

H 

M 

L 

A 

A- 1 
G 

G- 1 

I 

1-1 

H 

M 

L 

Max 

d B  
( c )  Y 

"- 
"- 

-2.4 

1 .8  

.2  

.2  

-12.6 

-3 .4  

-12.2 

"- 
_" 

-10.5 

-16.C 

-10.8 

-16.2 

-12 .E  

-11. z 
-9.2 

"- 
"- 

-3.( 

-3.5 

-3.: 

- 5 . t  

-2. : 
-1.: 

-3.! 

'NLP 
J N d B  

"- 
"- 

-3.6 

.5  

- . 5  

- .9  

-12.4 

-3.9 

-11.1 

-" 
"- 

-12.8 

-17.1 

-12.9 

-16.0 

-13.3 

-10.6 

-8.7 

_" 
"- 

-6 .1 

-7 .3 

-5.6 

-9.6 

-5.4 

-2.E 

-5.1 

'NLM, 
'NdB 

--- 
-" 

-3.1 

1.8 

- . 4  

- . l  

-14.7 

-3.8 

-12.8 

_" 
"- 

-14.6 

-18.8 

-13.4 

-17.8 

-15.0 

- 1 2 . 2  

-10.2 

"- 
"- 

-5.5 

-6.t 

-5 . ;  

-9.( 

-5.(  

- 1 . 1  

-4.i 

'N LTM 

P N d B  
:FAA) 9 

"- 
--- 

-4 .1 

2.6 

. 4  

- . 5  

-13.2 

-5.3 

-11.5 

_" 
_" 

-13.9 

-17.4 

-13.8 

-17.2 

-13.2 

-11.7 

-10.1 

"_ 
- --  

-5.6 

-6.1 

-4.5 

- 8 . 2  

-3.9 

-1.6 

-6.1 

lntegrated 
EPNL 

(FAA) Y 

E P N d B  

"- 
"- 

-4.5 

2 . 1  

. 4  

. 6  

-11.5 

-3.4 

- 9 . 3  

"_ 
_ "  

-16.2 

-18.6 

-10.9 

-18.5 

-15.6 

-12.5 

-8.8 

"- 
"- 

-3 .7 

-5.9 

-6.3 

-5.1 

-6.2 

-2.4 

-3.4 

Approximated 
EPNL 

(FAA) , 
E P N d B  

"- 
"- 

-4.3 

2.2 

.2 

.5  

-10.9 

-4.3 

-8.9 

"- 

"- 

-16.0 

-18.6 

-12.0 

-18.2 

-15.9 

-12.6 

-8.8 

"_ 
-" 

-3.4 

-6.0 

-4.8 

-4.6 

-5.0 

-1.4 

-4.4 
~~ 
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Figure 2 . -  Boeing 367-80 airplane cockpi t .  
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(b) F l ap   de t a i l s .  

Figure 6.-  Concluded. 
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Figure 8.- Airplane cockpit  showing EADI i n s t a l l a t i o n .  
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Figure 9 . -  E l e c t r o n i c   a t t i t u d e   d i r e c t o r   i n d i c a t o r .  



Figurelo.-  Closed-circuit  television  camera  on  airplane. 
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Figure 11.- Electromechanical  attitude  director  indicator. 
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Figure 14.- Ground-based  simulator. 



Figure 15.- Ground-based  simulator  cockpit. 
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Figure 16.- Noise  data  for  fan-jet  engine  simulation.  Figure  17.-  Simulated  fan-jet  engine  response  to 
s t e p   t h r o t t l e  commands. 
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Figure 18.- Radar  landing  approach  system  installation. 
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Figure 19.-  Sketch of  radar approach landing system. 
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Figure 21.- Two-segment  approach  profiles. 

82 



7 50 

500 

c - 
d 
U 
z 
3 

2 50 

+4 
I -  1230 h) 

7 50 

500 

c r 

ai 
U .- 
a+ 
- 
;i 

250 

I I 1 I I 

(a) Intercept  altitude 400 ft, profile G. 

I 1 I I I 

I 

( -1230 f t)  0 2000 4000 6000 8000 10.000 12.000 
Distance  from  runway threshold, ft 

I I I I I 
0 .5 1 .o 1.5 2 0  

n. mi. 

(b) Intercept  altitude 250 ft, profile H. 
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(a) Multiple exposure photograph of the Boeing 367-80 making  a  two-segment 
approach. 

Figure 28.- Two-segment landing  approach profile. 
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Figure 28.- Continued. 
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