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SUMMARY 

The certification method that is presently used by the FAA for determin- 
ing runway landing lengths for conventional transports and that might be 
applied to STOL aircraft would require longer STOL runways than those envi- 
sioned by designers for a metropolitan STOL-port. During the development and 
evaluation of an automatic landing system for the Augmentor Wing Jet STOL 
Research Airplane (AWJSRA) this matter of runway lengths was examined. Based 
on data obtained from flight tests of the AWJSRA, a new method is proposed 
for determining the length of the landing runway for powered-lift STOL air- 
craft. The suggested method determines runway landing length by summing 
three segments: the touchdown-dispersion distance, the transition distance 
from touchdown to application of brakes, and the stopping distance after 
brakes are applied. In addition, it is shown how the landing field length 
can be reduced either through improved autoland system design or by providing 
the pilot with appropriate information to allow him to identify a "low prob- 
ability" long or short landing and to execute a go-around. 

INTRODUCTION 

STOL aircraft have been envisioned as the main element in a high-speed 
transportation system connecting metropolitan centers, major hub airports, 
and outlying communities. Basic to such a system is the requirement for safe 
routine operation into STOL runways. At the present time, the general basis 
for determining the landing distance performance of a transport category STOL 
airplane is the airworthiness requirement of Federal Air Regulations (FAR) 
Part 25 (ref. 1). The operating rule for determining the landing runway 
length is contained in FAR Part 121 (ref. 2). However, there are develop- 
ments that might lead to FAR revisions in this area. For example another 
method, which has been considered for determining an operational runway length 
requirement, takes into account a specific aircraft and various runway char- 
acteristics. To date this method, known as the rational method, has only 
been applied to the Concorde supersonic transport (ref. 3 ) .  The FAA has rec- 
ognized the need for new airworthiness standards for powered lift STOL trans- 
port category aircraft. Proposed Airworthiness Standards for Powered Lift 
Transport Aircraft, Part XX (ref. 4 )  presents a method for determining the 
required landing runway length based on a variation of FAR Part 25 (ref. 1). 
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Rat iona l  method concepts  f o r  determining t h e  landing  d i s t a n c e  are recommended 
i n  r e fe rence  5. Ai rpor t  planning recommendations f o r  met ropol i tan  STOL-ports 
are presented i n  r e fe rence  6. 

I n  a d d i t i o n  t o  t h e  above developments, f l i g h t  exper ience  has  been accumu- 
l a t e d  f o r  light-wing-loading as w e l l  as powered-l i f t  STOL a i r c r a f t .  For 
example, r e fe rence  7 p r e s e n t s  d a t a  f o r  a FAA Twin Otter f l i g h t - t e s t  program 
t h a t  u ses  a 549-m (1,800-ft) STOL runway wi th  30-m (100-ft) s a f e t y  overruns.  
These d a t a  i n d i c a t e  t h a t  t h e  Twin Otter i s  capable  of r o u t i n e  opera t ions  i n t o  
t h e  type of STOL-port recommended i n  r e fe rence  6 .  Considerable d a t a  were 
c o l l e c t e d  on t h e  landing performance of a s p e c i a l l y  equipped Twin O t t e r  i n  
t h e  Canadian A i r  Transpor ta t ion  Adminis t ra t ion,  Minis t ry  of Transport  demon- 
s t r a t i o n  program ( r e f s .  8, 9 ) .  S a t i s f a c t o r y  ope ra t ion  i n t o  a 610-m (2,000-ft)  
STOL runway w i t h  134-m (440-ft) s a f e t y  overruns w a s  demonstrated.  Since the  
Canadian STOL demonstrat ion,  another  l ight-wing-loading turboprop STOL air- 
p lane ,  t h e  deHavilland DHC-7, has  begun s e r v i c e  i n t o  a high-density hub air- 
p o r t  ( r e f .  10) .  A proposed "stub" runway concept is  being evaluated i n  
which t h e  DHC-7 and convent ional  takeoff  and landing  (CTOL) a i r c r a f t  would be 
allowed t o  f l y  simultaneous approaches; t he  CTOL a i r p l a n e  would land on t h e  
main runway, and t h e  DHC-7 would land on a n  i n t e r s e c t i n g  runway and then s top  
s h o r t  of t h e  main runway. Under s p e c i a l  STOL cond i t ions  f o r  the  DHC-7 c e r t i -  
f i c a t i o n  ( r e f .  l l ) ,  t h e  a i r p l a n e  can ope ra t e  i n t o  a 594-m (1,950-ft)  runway. 

Experience wi th  one powered-lif t  STOL a i r p l a n e ,  t he  McDonnell Douglas 
Model 188 (Breguet B.R.  941s) has  been repor ted  i n  r e fe rences  1 2  and 13. 
Reference 1 2 ,  which d e s c r i b e s  a demonstration program conducted by American 
A i r l i n e s ,  p re sen t s  gene ra l  performance numbers f o r  t h e  a i r p l a n e  b u t  makes no 
recommendation about t h e  landing runway length .  Reference 1 3  p resen t s  land- 
ing  d i s t a n c e  performance d a t a  f o r  60 landings ;  i t  notes  the  need f o r  s p e c i a l  
f a c t o r s  t o  cover t h e  e f f e c t s  of wind d i s tu rbances ,  runway cond i t ions ,  and 
landing  technique f o r  each type  of STOL a i r p l a n e  and recommends t h a t  a demon- 
s t r a t i o n  procedure f o r  r a t i o n a l l y  determining landing performance replace t h e  
c u r r e n t  procedures of FAR P a r t s  25 and 1 2 1 .  

This  paper d i s c u s s e s  t h e  p re sen t  runway l eng th  c e r t i f i c a t i o n  methods 
inc luding  FAR P a r t s  25 and 1 2 1 ,  special  cond i t ions  f o r  t h e  DHC-7, t h e  
r a t i o n a l  method, and t h e  CTOL autoland c e r t i f i c a t i o n  process .  This  i s  f o l -  
lowed by a d e t a i l e d  d i scuss ion  of a proposed method f o r  e s t a b l i s h i n g  t h e  
runway l eng th  f o r  STOL a i r c r a f t .  The p resen t  and proposed methods are then 
compared, us ing  t h e  example of t he  p r o p u l s i v e - l i f t  STOL a i r c r a f t .  The r e p o r t  
concludes with a d i scuss ion  of techniques f o r  reducing runway length  requi re -  
ments f o r  STOL a i r c r a f t  through h igh  touchdown s i n k  rates, o r  by us ing  spe- 
c i a l  p i l o t  d i s p l a y s  t o  f a c i l i t a t e  go-arounds when the  p i l o t  sees an  out-of- 
t o l e rance  s i t u a t i o n .  

PRESENT RUNWAY LENGTH CERTIFICATION METHODS 

The c e r t i f i c a t i o n  method used i n  FAR Parts  25 and 121  and i n  t h e  
r a t i o n a l  method can be cha rac t e r i zed  as a d e t e r m i n i s t i c  method. That is ,  
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t h e  manufacturer works w i t h  t h e  FAA t o  conduct a l imi t ed  number of landings  
and uses  d a t a  from those  landings  t o  arrive a t  a c e r t i f i e d  landing d i s t a n c e .  
The FAA adopts  another  method, a s t a t i s t i ca l  method, i n  c e r t i f y i n g  automatic  
landing systems, as d iscussed  i n  Advisory C i r c u l a r  AC 20-578 ( r e f .  14) .  The 
s p e c i f i c a t i o n  states t h a t  no more than  a c e r t a i n  percentage of t h e  t o t a l  
number of landings  s h a l l  be o u t s i d e  a s p e c i f i e d  touchdown region.  An app l i -  
c a t i o n  of t h e  s t a t i s t i ca l  method f o r  autoland c e r t i f i c a t i o n  i s  presented  f o r  
t he  L-1011 i n  r e fe rence  15. 

A s t a t i s t i ca l  method t h a t  has  been proposed f o r  determining t h e  landing  
d i s t a n c e  f o r  a STOL t r a n s p o r t  is  d iscussed  i n  r e fe rences  16  and 1 7 .  Param- 
eters important t o  t h e  de te rmina t ion  of landing d i s t a n c e ,  such as approach 
a i r speed ,  touchdown d i s t a n c e ,  and s topping d i s t a n c e ,  are eva lua ted  i n  terms 
of p r o b a b i l i t i e s .  Sa fe ty  l i m i t s  are assigned t o  each parameter.  I f  t he  p i l o t  
determines t h a t  any c r i t i c a l  parameter exceeds s a f e  l i m i t s ,  he  must e i t h e r  
execute  a go-around o r  prepare  t o  engage a n  emergency a r r e s t i n g  gear  f o r  
s topping.  The a i r p l a n e  manufacturer must e s t a b l i s h  through des ign  and test- 
ing  t h a t  t h e  p r o b a b i l i t y  of exceeding s a f e t y  l i m i t s  
i s  acceptab le  t o  t h e  FAA and ope ra to r s .  

r i  t i c a l  parameters  ef" 
Severa l  key i s s u e s  emerge from a review of r e fe rences  1 through 1 7 .  A 

conserva t ive  method of determining t h e  landing d i s t a n c e  performance f o r  t rans-  
p o r t  a i r c r a f t  i s  p r e s e n t l y  used t h a t  r e q u i r e s  r e l a t i v e l y  l i t t l e  f l i g h t  d a t a ,  
i s  a p p l i c a b l e  t o  e x i s t i n g  types of o p e r a t i o n a l  a i r c r a f t ,  and y e t  i n s u r e s  s a f e  
opera t ions .  For STOL a i r c r a f t  i n  which heavy emphasis i s  on maximizing land- 
ing  performance, i n v e s t i g a t o r s  of t h a t  performance i n d i c a t e  a preference  f o r  
t h e  r a t i o n a l  method but  no te  the  d i f f i c u l t y  of eva lua t ing  t h e  e f f e c t s  of a 
wide range of atmospheric cond i t ions ,  runway cond i t ions ,  and a i r p l a n e  char- 
a c t e r i s t i c s .  Many f l i g h t - t e s t  l andings ,  supplemented by cons iderable  simula- 
t i o n  work, are needed t o  i n v e s t i g a t e  t h e  performance of each type  of a i r p l a n e .  
The p r o b a b i l i s t i c  approach presented  i n  r e fe rences  16 and 17 provides  t h e  
t o o l  f o r  determining t h e  landing runway l eng th  needed f o r  t h e  STOL a i r p l a n e .  

FAR P a r t  25 

F igure  l ( a )  o u t l i n e s  t h e  procedure p r e s e n t l y  contained i n  FAR P a r t  25 
( r e f .  1) f o r  determining the  f l i g h t  manual r e fe rence  landing d i s t a n c e  (RLD). 
The RLD i s  determined from maximum-effort f l i g h t - t e s t  d a t a  as the  h o r i z o n t a l  
d i s t a n c e  requi red  t o  land and come t o  a f u l l  s t o p  from a p o i n t  15 m (50 f t )  
above t h e  landing  su r face .  A s  noted earlier,  t h i s  method i s  broadly appl ied  
t o  t r a n s p o r t  a i r c r a f t .  

FAR P a r t  1 2 1  

FAR P a r t  121  ( r e f .  2) provides  t h e  ope ra t ing  f a c t o r s  t h a t  determine t h e  
runway l eng th  requi red  a t  t h e  d e s t i n a t i o n  a i r p o r t  before  a commercial t r ans -  
p o r t  can be d ispa tched  t o  t h a t  d e s t i n a t i o n .  
d e s t i n a t i o n  a i r p o r t  runway l eng th  requi red  i s  RLD/O.6 f o r  a d r y  runway and 
(RLD/O.6) x 1.15 f o r  a w e t  runway. 

A s  shown i n  f i g u r e  l ( a ) ,  t he  
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Spec ia l  Condition f o r  DHC-7 

The deHavilland DHC-7 has been c e r t i f i e d  i n  t h e  United S t a t e s  under 
s p e c i a l  condi t ions  developed by t h e  FAA ( r e f .  11). Under t h i s  spec ia l  condi- 
t i o n ,  t h e  STOL landing d i s t a n c e  f o r  t h e  DHC-7 i s  determined f o r  a 7.5" g l i d e  
s lope  from the  lowest po in t  of t he  a i r p l a n e  a t  an  a l t i t u d e  of 11 m ( 3 5  f t )  t o  
s top .  The 0.6 f a c t o r  f o r  the  d e s t i n a t i o n  a i r p o r t  d ry  runway l eng th  of FAR 
P a r t  121 i s  r e t a ined  f o r  t h e  DHC-7. 

Ra t iona l  Method f o r  Concorde 

The r a t i o n a l  method ( r e f .  3 )  w a s  developed f o r  t r a n s p o r t  c e r t i f i c a t i o n ;  
however, i t  has  been app l i ed  only t o  t h e  Concorde supersonic  t r a n s p o r t .  This  
method, ou t l i ned  i n  f i g u r e  l ( b ) ,  s p e c i f i e s  t h e  sepa ra t e  de te rmina t ion  of an 
air  segment, a t r a n s i t i o n  segment, and a s topping  segment. The a i r  segment 
begins  wi th  the  lowest p a r t  of t h e  a i r p l a n e  a t  an a l t i t u d e  of 15 m (50 f t )  on 
a 2.5" g l idepa th  and ends a t  t h e  po in t  of touchdown. The t r a n s i t i o n  segment 
begins  a t  t h e  p o i n t  of touchdown and ends when a d e c e l e r a t i o n  device  i s  
appl ied .  The s topping  segment i s  from t h e  p o i n t  where t h e  braking device  i s  
appl ied  t o  the  po in t  where t h e  a i r p l a n e  comes t o  a s top .  The opera t ing  por- 
t i o n  of t h e  r a t i o n a l  method r e q u i r e s  t h a t  a m u l t i p l i c a t i o n  f a c t o r  of 1.15 be 
appl ied  only t o  t h e  s topping segment f o r  determining t h e  d r y  runway length .  
A w e t  runway c o r r e c t i o n  f a c t o r ,  determined f o r  each s p e c i f i c  runway, can 
range from 1 t o  4 .  Figure l ( b )  shows t h a t  t he  landing runway length  i s  t h e  
sum of t h e  a i r  segment, t h e  t r a n s i t i o n  segment, and the  f ac to red  s topping 
segment. 

CTOL Autoland C e r t i f i c a t i o n  Process  

The autoland c e r t i f i c a t i o n  process  f o r  a CTOL j e t  t r a n s p o r t  (from 
r e f .  14 )  i s  i l l u s t r a t e d  i n  f i g u r e  l ( c ) .  This  autoland process  provides  t h e  
method f o r  determining t h e  touchdown zone requirement t h a t  i s  adopted as p a r t  
of t h e  proposed procedure descr ibed  i n  t h e  nex t  s e c t i o n .  

PROPOSED METHOD FOR ESTABLISHING THE RUNWAY LENGTH FOR STOL AIRCRAFT 

The new method proposed he re  f o r  determining t h e  landing runway l eng th  
€or  a STOL a i r c r a f t  is  a combination of t h e  s t a t i s t i c a l  method used by the  
FAA f o r  autoland c e r t i f i c a t i o n  ( r e f .  14) and t h e  r a t i o n a l  method developed 
f o r  t h e  Concorde landing  d i s t a n c e  c e r t i f i c a t i o n  ( r e f .  3 ) .  P r o b a b i l i s t i c  d a t a  
l i k e  those  used f o r  autoland c e r t i f i c a t i o n  determine the  l eng th  of runway 
t h a t  must be reserved  t o  accommodate touchdown d i spe r s ions .  Determinis t ic  
d a t a  from the  r a t i o n a l  method determine t h e  d i s t a n c e  from touchdown t o  brake 
a p p l i c a t i o n  and the  d i s t a n c e  from brake a p p l i c a t i o n  t o  p o i n t  of s top .  

The touchdown d a t a  from t h e  automatic  landing  system f l i g h t  tests pro- 
v i d e  an  example f o r  t h e  a p p l i c a t i o n  of the  proposed method. These tests were 
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conducted by Ames Research Center u s ing  a powered-l i f t  STOL a i r p l a n e .  
test a i r p l a n e ,  which is  r e f e r r e d  t o  as t h e  Augmentor Wing Jet STOL Research 
Airplane (AWJSRA), i s  shown i n  f i g u r e  2 and i s  descr ibed  i n  r e fe rence  18. 
These f l i g h t  tests w e r e  conducted us ing  a microwave landing system (MLS). 
An automatic  landing  system (descr ibed  i n  ref. 19) w a s  u t i l i z e d  i n  t h e  tests. 
An o p e r a t i o n a l l y  o r i en ted  f l i g h t - d i r e c t o r  system f o r  f l y i n g  curved descending 
approaches (descr ibed  i n  r e f .  20) has  a l s o  been f l i g h t - t e s t e d  on the  AWJSRA. 

The 

General Method 

The landing runway l e n g t h  needed f o r  a powered-l i f t  STOL a i r p l a n e  is  
proposed t o  be determined as t h e  sum of t h r e e  segments ( f i g .  3 ) :  a touchdown- 
p robab i l i t y -d i spe r s ion  d i s t a n c e ,  a t ransi t ion-segment  d i s t a n c e ,  and a f ac to red  
stopping-segment d i s t a n c e .  
using t h e  method t h a t  i s  used f o r  automatic landing  system c e r t i f i c a t i o n  
( r e f .  14 ) ;  i t  i s  i l l u s t r a t e d  i n  f i g u r e  l ( c ) .  

The touchdown-dispersion d i s t a n c e  i s  determined 

The r a t i o n a l e  f o r  t h e  use  of t h e  t r a n s i t i o n  and s topping segments i n  the  
de te rmina t ion  of runway landing  l eng th  i s  w e l l  e s t a b l i s h e d  i n  connect ion wi th  
t h e  r a t i o n a l  method ( r e f .  3 )  and w i l l  be adapted f o r  determining the STOL 
runway landing length .  However, t he  r a t i o n a l e  f o r  use  of touchdown-probability 
d i s p e r s i o n  r e q u i r e s  some explana t ion .  

From the  o u t s e t ,  i n  cons ider ing  t h i s  problem, i t  appeared t h a t  a conser- 
v a t i v e  approach must be used,  w i th  emphasis on tak ing  maximum advantage of 
t h e  c a p a b i l i t y  of an  automatic  landing system t o  accu ra t e ly  c o n t r o l  t he  land- 
ing touchdown po in t .  A s  p rev ious ly  noted ,  i t  appeared t h a t  t he  "Automatic 
Landing System Criteria" of r e fe rence  1 4  m e e t  t h e  above requirements .  More- 
over ,  enough experience has been gained i n  t h e  c e r t i f i c a t i o n  of autoland 
systems f o r  CTOL a i r c r a f t ,  u s ing  t h e  cri teria of r e fe rence  1 4 ,  t o  make t h i s  
approach a c r e d i b l e  one. 

I n  essence,  t h e  l o n g i t u d i n a l  touchdown d i s p e r s i o n s  about  a nominal p o i n t  
on t h e  runway must be demonstrated i n  f l i g h t .  
are usua l ly  obtained t o  d e f i n e  the  2-0 p r o b a b i l i t y  landing d i spe r s ions .  
These f l i g h t - t e s t  r e s u l t s  are then backed up by a s u i t a b l e  computer o r  simu- 
l a t i o n  a n a l y s i s ,  which extends t h e  landing d i s p e r s i o n  estimate t o  t h e  4-0 
t o  5-0 l e v e l ;  t h a t  is ,  t o  t h e  de te rmina t ion  of t h e  improbable-event touch- 
down d i s t ance .  This  la t ter  "dispers ion" d i s t a n c e  i s  t h e  t h i r d  segment, which 
is  summed wi th  t h e  t r a n s i t i o n  and s topping  segments t o  d e f i n e  t h e  proposed 
landing runway l eng th  f o r  STOL a i r c r a f t .  

S u f f i c i e n t  f l i g h t - t e s t  d a t a  

The method of determining t h e  touchdown p r o b a b i l i t y  d i s t r i b u t i o n  i s  w e l l  
e s t a b l i s h e d  f o r  automatic  landing systems. Unfor tuna te ly ,  a comparable 
method a p p l i c a b l e  t o  manual landings  has  no t  been developed. 
t h i s  proposed method t o  be u s e f u l  f o r  a manually flown a i r p l a n e ,  a s u i t a b l e  
procedure f o r  e x t r a p o l a t i n g  manual f l i g h t - t e s t  d a t a  t o  account f o r  t he  
improbable event  w i l l  be  needed. Ex t r apo la t ing  f l i g h t  d a t a  on t h e  b a s i s  of 
an assumed p r o b a b i l i t y  d i s t r i b u t i o n  i s  t h e  procedure employed i n  r e fe rence  7.  
Another p o s s i b l e  procedure would r e q u i r e  t h e  development of a s u i t a b l e  p i l o t  

I n  o rde r  f o r  
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model f o r  u s e  i n  a high-speed s imulat ion.  
i s  t o  accumulate ope ra t ing  experience from a l a r g e  number of landings ,  us ing  
instrumented a i r p l a n e s .  

S t i l l  a t h i r d  p o s s i b l e  procedure 

The next  f o u r  s e c t i o n s  w i l l  de sc r ibe  t h e  de te rmina t ion  of t h e  touchdown 
d i spe r s ion ,  t h e  t r a n s i t i o n  segment, and the  s topping  segment from t h e  AWJSRA 
au to land  f l i g h t  test  and s imula t ion  da ta .  

Touchdown Dispersion 

F igure  4 shows touchdown d a t a  presented i n  t h e  form of a p r o b a b i l i t y  
d i s t r i b u t i o n  p l o t .  The d a t a  are p l o t t e d  on paper  on which a normal probabi l -  
i t y  d i s t r i b u t i o n  appears  as a s t r a i g h t  l i n e .  These d a t a  were obtained from 
both f l i g h t  test  and high-speed computer s imula t ion  f o r  t h e  b e s t  performing 
of s e v e r a l  autoland c o n t r o l  l a w s  examined ( r e f .  1 9 ) .  The c i r c l e s  i n  f i g u r e  4 
r ep resen t  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  d a t a  f o r  3 1  f l i g h t - t e s t  automatic  
landings ;  t he  s o l i d  l i n e  r e p r e s e n t s  more than  10,000 samples of d a t a  obtained 
from high-speed computer s imula t ion .  The a b s c i s s a  shows the  touchdown d i s -  
tance  measured wi th  r e s p e c t  t o  t h e  MLS g l i d e p a t h  i n t e r c e p t  p o i n t  (GPIP). The 
o r d i n a t e  shows t h e  p r o b a b i l i t y  t h a t  the  touchdown d i s t a n c e  w i l l  exceed t h e  
absc i s sa  value.  The shaded vertical  band i n  f i g u r e  4 r e p r e s e n t s  t he  61-m 
(200-ft) STOL-port marked touchdown zone shown i n  f i g u r e  2.  The touchdown 
d i s p e r s i o n  f o r  any p r o b a b i l i t y  level  can be read from t h e  s imula t ion  d a t a  i n  
f i g u r e  4. For example, t h e r e  is  a 97.7% (2 -0  s h o r t  landing)  p r o b a b i l i t y  
t h a t  t h e  a i r p l a n e  w i l l  land longer  than 34 m (110 f t )  and a 2.3% (2-0 long 
landing)  p r o b a b i l i t y  t h a t  the  a i r p l a n e  w i l l  l and  longer  than  157 m (515 f t )  . 
The d i f f e r e n c e  between the  2-0 s h o r t  landing and t h e  2-0 long landing i s  
t h e  2-0 touchdown d i spe r s ion .  

The 3 1  f l i g h t - t e s t  l andings  provide (1) a good estimate of the  mean 
va lue  and t h e  1-0 performance of t h e  au to land  system, (2) a poorer  estimate 
of t h e  2-0 performance, and ( 3 )  no estimate a t  a l l  of t he  low-probabi l i ty  
performance. The low-probabi l i ty  performance i s  es t imated  by f i r s t  v a l i d a t -  
i n g  t h e  s imula t ion  wi th  f l i g h t - t e s t  d a t a  and then  us ing  t h e  s imula tor  t o  
genera te  t h e  low-probabi l i ty  performance. F igure  4 shows agreement between 
t h e  f l i g h t  and s imula t ion  d a t a ,  provided d i f f e r e n c e s  i n  t h e  f l i g h t  and simu- 
l a t i o n  wind d i s tu rbances  are taken i n t o  account.  The wind d i s tu rbances  
encountered i n  f l i g h t  w e r e  less than  the  r e fe rence  1 4  wind model d i s tu rbances  
used f o r  t h e  s imula t ion .  The s t e e p e r  s lope  of  t h e  f l i g h t  d a t a  p r o b a b i l i t y  
d i s t r i b u t i o n  curve i n  f i g u r e  4 i s  t h e  r e s u l t  of l i g h t e r  wind d i s tu rbances .  
The d i f f e r e n c e  i n  t h e  mean touchdown d i s t a n c e  between f l i g h t  and s imula t ion  
i s  the  r e s u l t  of a r e s i d u a l  modeling discrepancy coupled w i t h  t h e  f a c t  t h a t  
t h e  range w a s  no t  e x p l i c i t l y  c o n t r o l l e d  i n  t h e  AWJSRA autoland system. The 
match between t h e  s imula t ion  and f l i g h t  d a t a  is  be l ieved  t o  be adequate  t o  
e s t a b l i s h  t h e  v a l i d i t y  of t h e  s imula t ion  d a t a .  

The FAA has  allowed t o  d e f i n e  t h e  improbable event  f o r  a r ecen t  
autoland c e r t i f i c a t i o n  ( r e f .  1 5 ) .  Figure 4 shows t h a t  t h e  touchdown d isper -  
s i o n  f o r  a 
be used la te r  t o  d e f i n e  t h e  STOL runway landing  l eng th .  References 16 and 1 7  

p r o b a b i l i t y  is  297 m (970 f t )  ; t h i s  is t h e  v a l u e  t h a t  w i l l  
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presen t  another  v i e w  on t h e  p r o b a b i l i t y  level t o  use  i n  determining t h e  
requi red  runway landing l eng th  f o r  a STOL-port. 
of d e t e c t i n g  t h a t  t h e  a i r p l a n e  would land o u t s i d e  an  accep tab le  touchdown 
reg ion ,  a go-around could be executed. References 16  and 17 state t h a t  from 
an a i r l i n e  po in t  of v i e w  no more than  1 ~ 1 0 ' ~  approaches should r e s u l t  i n  a 
go-around. One landing i n  1 ,000 means t h a t  t h e  p r o b a b i l i t y  of landing s h o r t  
is  1 - ( 0 . 5 ~ 1 0 - ~ )  and t h e  p r o b a b i l i t y  of landing  long is  0 . 5 ~ 1 0 ~ ~ .  
s imula t ion  d a t a  from f i g u r e  4 ,  t he  touchdown d i s p e r s i o n  f o r  l x l O W 3  landings  
i s  203 m (665 f t )  . 

I f  t h e  p i l o t  had the  means 

Using t h e  

T r a n s i t i o n  and Stopping Segments 

T r a n s i t i o n  and s topping segment t i m e  h i s t o r i e s  are shown i n  f i g u r e  5 f o r  
t h r e e  levels of braking performance: maximum, moderate, and minimum. To 
execute  a maximum-performance s t o p ,  t he  p i l o t  appl ied  the  a n t i s k i d  brakes 
i n s t a l l e d  on the  main wheels of t h e  AWJSRA as f i rmly  as p o s s i b l e  u n t i l  t h e  
a i r p l a n e  came t o  a s top .  It  should be noted t h a t  t h e  p i l o t s  o b j e c t  t o  maxi- 
mum a n t i s k i d  ope ra t ion  because of a t t e n d a n t  l o n g i t u d i n a l  j e r k  ( i . e . ,  rate of 
change of a c c e l e r a t i o n ) .  

F igure  5(a)  shows a t y p i c a l  maximum-performance t i m e  h i s t o r y  of longi-  
t u d i n a l  a c c e l e r a t i o n  and d i s t a n c e  from touchdown t o  s top .  A maximum- 
performance s top  i s  cha rac t e r i zed  by a r ap id  change i n  d e c e l e r a t i o n  from 
0 t o  -0.4 g i n  0 .5  sec followed by two cyc le s  of a n t i s k i d  brake opera t ion  
before  a near  s teady  state -0.42 g i s  achieved. 

F igure  5(b) shows a moderate-performance t i m e  h i s t o r y .  The p i l o t  appl ied 
brakes gradual ly  t o  avoid a n t i s k i d  brake cyc l ing ,  tak ing  10  sec t o  achieve  a 
s teady-s ta te  d e c e l e r a t i o n  of -0.42 g. 
moderate performance appears  t o  be  t h e  rate of onse t  of d e c e l e r a t i o n  r a t h e r  
than t h e  s t eady- s t a t e  dece le ra t ion .  A t y p i c a l  t i m e  f o r  achieving the  s teady-  
state d e c e l e r a t i o n  w a s  2.5 sec ;  t h i s  onse t  t i m e  w i l l  be used f o r  subsequent 
s topping segment c a l c u l a t i o n s .  

The d i f f e r e n c e  between m a x i m u m  and 

Figure  5(c)  shows another  type of s top  t h a t  can  be denoted e i t h e r  as a 
minimum-performance s top  o r  as " tu rn  o f f  a t  t h e  next  taxiway" ( loca ted  beyond 
t h e  end of t h e  STOL runway markings).  I n  t h i s  case, fol lowing an  i n i t i a l  
d e c e l e r a t i o n ,  t h e  a i r p l a n e  w a s  allowed t o  coas t  u n t i l  near  t h e  second turnoff  
a f t e r  t h e  touchdown zone, a t  which t i m e  l i g h t  braking w a s  appl ied  j u s t  be fo re  
the  tu rn .  

Transition segment- During t h e  t r a n s i t i o n  segment, t h e  p i l o t  of t h e  
AWJSRA must reduce t h r u s t ,  lower t h e  nose of t h e  a i r p l a n e  from the  6" p i t c h  
a t t i t u d e ,  which w a s  commanded by t h e  automatic  landing  system, and begin 
applying t h e  brakes.  

F igure  6 shows t ransi t ion-segment  d a t a  as a func t ion  of groundspeed f o r  
minimum-performance s t o p s  and f o r  maximum- and moderate-performance s tops .  
The t ransi t ion-segment  d i s t a n c e  v a r i e d  randomly from 40 m (131 f t )  t o  88 m 
(290 f t )  f o r  t h e  maximum- and moderate-performance s t o p s  and w a s  beyond 91  m 
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(300 f t )  f o r  t h e  minimum-performance s tops .  The t ransi t ion-segment  samples 
obtained during the  f l i g h t  tests do no t  show a t rend  wi th  groundspeed; never- 
t h e l e s s ,  such a t rend  would be expected. 
i f  t h e  p i l o t s  had been asked t o  minimize t ransi t ion-segment  d i s t a n c e  as w e l l  
as t h e  o v e r a l l  touchdown-to-stop d i s t ance .  I n  any case, t h e  t r a n s i t i o n -  
segment d i s t a n c e  f o r  t h e  maximum- and moderate-performance landings  never  
exceeded 91 m (300 f t ) ;  t h i s  number w i l l  be  used f o r  subsequent determina- 
t i o n s  of requi red  runway landing  length .  

Th i s  t rend  might have become evident  

Stopping segment- The d i s t a n c e  t h a t  must be a v a i l a b l e  f o r  s topping an  
a i r p l a n e  is  simply computed by i n t e g r a t i n g  a l o n g i t u d i n a l  a c c e l e r a t i o n  pro- 
f i l e .  Figure 7 shows t h e  s topping d i s t a n c e  computed f o r  a range of wind 
speeds and f o r  a n  assumed moderate long i tud ina l  a c c e l e r a t i o n  p r o f i l e  l i k e  t h a t  
seen i n  f i g u r e  5 (b ) .  The braking commences a t  the  end of t h e  t r a n s i t i o n  seg- 
ment w i th  a t y p i c a l  AWJSRA c a l i b r a t e d  a i r speed  Vc of 55 knots .  Accelerom- 
eter d a t a  recorded dur ing  AWJSRA performance landing  s t o p s  show peak decel-  
e r a t i o n  levels of -0.42 g. However, the  -0.35 g d e c e l e r a t i o n  p r o f i l e  curve 
matches t h e  recorded moderate s topping d i s t a n c e  apparent ly  because of reduced 
average d e c e l e r a t i o n  a s soc ia t ed  wi th  a n t i s k i d  brake cyc l ing .  

F igure  7 shows t h a t  t h e  longes t  s topping d i s t a n c e  occurs  i n  a ta i lwind .  
The p i l o t  w i l l  gene ra l ly  avoid a ta i lwind s i t u a t i o n ,  but  i n  r a p i d l y  changing 
wind cond i t ions ,  a ta i lwind  can develop dur ing  the  approach. Therefore ,  a 
conserva t ive  runway landing l eng th  should be based on a 10-knot ta i lwind .  
For a 10-knot t a i lw ind  and a -0.35-g d e c e l e r a t i o n  p r o f i l e ,  t h e  d ry  runway 
s topping d i s t a n c e  i s  204 m (670 f t ) .  

References 2 1  and 22 show t h a t  very long s topping d i s t a n c e s  can  occur 
due t o  hydroplaning i f  t h e  runway i s  f looded.  
t h a t  i f  t h e  runway is  grooved, a flooded runway need only be 10% longer  than a 
dry  runway t o  i n s u r e  equiva len t  s topping performance. References 6 ,  16,  
and 17 conclude t h a t  a grooved and heated runway w i l l  be a necessary  f e a t u r e  
of a n  al l -weather  STOL-port. 
runway landing l eng th  t h a t  fo l lows ,  a d i v i s i o n  f a c t o r  of 0.9 i s  assumed t o  
be adequate f o r  determining t h e  l eng th  of t h e  grooved runway needed i n  w e t  
condi t ions .  

These r e fe rences  a l s o  i n d i c a t e  

I n  the  comparison of methods of determining 

References 21 and 22 a l s o  i n d i c a t e  t h a t  a maximum d e c e l e r a t i o n  of -0.55 g 
i s  p o s s i b l e  i f  t he  a i r p l a n e  i s  equipped w i t h  a n t i s k i d  brakes on t h e  nosewheel 
as w e l l  as on t h e  main wheels. I f  t h e  AWJSRA had been equipped wi th  a n t i s k i d  
brakes on a l l  wheels,  a s t eady- s t a t e  d e c e l e r a t i o n  of -0.45 g would probably 
have been poss ib l e .  F igure  7 shows t h a t  t h e  s topping d i s t a n c e  i n  a 10-knot 
ta i lwind  wi th  a -0.45-g average d e c e l e r a t i o n  i s  169 m (555 f t ) .  

COMPARISON OF METHODS 

F igure  8 summarizes t h e  runway landing l e n g t h s  needed f o r  both t h e  
FAR P a r t s  25 and 121 method and the  proposed method. 
performance landing conducted wi th  t h e  AWJSRA, t h e  FAR P a r t  25 

Based on a maximum- 
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15-m-altitude-to-stop (50-ft-altitude-to-stop) r e fe rence  landing  d i s t a n c e  
would be nea r  409 m (1,340 f t ) .  
a i r p o r t  f a c t o r  of 0.6 r e s u l t s  i n  a requi red  d ry  runway landing  l e n g t h  of 
680 m (2,230 f t ) .  Applying t h e  1.15 f a c t o r  r e s u l t s  i n  a w e t  runway landing 
l eng th  of 782 m (2,570 f t ) .  Both t h e  d ry  and w e t  runway landing l e n g t h s  
exceed t h e  recommended ( r e f .  6) STOL-port runway l eng th  of 457 m (1,500 f t )  
t o  549 m (1,800 f t ) .  

Applying t h e  FAR P a r t  121  

I f  t h e  11-m-to-stop (35-ft-to-stop) p rov i s ion  of t he  s p e c i a l  STOL condi- 
t i o n  f o r  c e r t i f i c a t i o n  of t h e  DHC-7 i s  appl ied  t o  the  maximum-performance 
landing of t h e  AWJSRA, t h e  r e fe rence  landing d i s t a n c e  would be 366 m 
(1,200 f t ) .  The d e s t i n a t i o n - a i r p o r t  f a c t o r  of 0.6 r e s u l t s  i n  a requi red  
runway landing  l e n g t h  of 610 m (2,000 f t ) .  This  d i s t a n c e  a l s o  exceeds the  
runway l eng th  recommended i n  r e fe rence  6. 

The proposed-method runway landing  l eng th  i s  the  sum of a touchdown- 
p r o b a b i l i t y  d i s t r i b u t i o n  determined as f o r  autoland c e r t i f i c a t i o n  ( r e f .  1 4 ) ,  
a t ransi t ion-segment  d i s t a n c e ,  and a f ac to red  stopping-segment d i s t a n c e  from 
t h e  r a t i o n a l  method ( r e f .  3 ) .  The improbable-event touchdown p r o b a b i l i t y  
d i s t r i b u t i o n  of 296 m (970 f t )  summed wi th  t h e  91  m (300 f t )  t r a n s i t i o n  seg- 
ment d i s t a n c e  and a f ac to red  s topping d i s t a n c e  of 204 m (670 f t )  r e s u l t s  i n  
a d ry  runway landing  l e n g t h  of 622 m (2,040 f t ) ,  which s t i l l  exceeds t h e  rec- 
ommended STOL-port l eng th .  I n  t h i s  case, the  s topping  d i s t a n c e  i s  based on 
the  main wheel and a n t i s k i d  brakes i n s t a l l e d  on t h e  AWJSRA and on the  1.15 
f a c t o r  appl ied  only t o  t h e  s topping d i s t a n c e  as adopted from the  r a t i o n a l  
method. The assumed a d d i t i o n a l  10% f a c t o r  f o r  a w e t  grooved and heated run- 
way i n c r e a s e s  t h e  runway landing  l eng th  t o  649 m (2,130 f t ) .  

I f  t h e  a i r l i n e  po in t  of view from re fe rences  16  and 1 7  i s  adopted ( 1  out  
of 1,000 approaches can r e s u l t  i n  a go-around) and i f  t h e  a i r p l a n e  i s  assumed 
t o  be equipped w i t h  a n t i s k i d  brakes on a l l  wheels,  t he  runway landing  l e n g t h  
is  w i t h i n  t h e  STOL-port runway l eng th  recommended i n  r e fe rence  6. 
case, the  d ry  runway landing  l eng th  i s  488 m (1 ,601 f t )  and t h e  grooved-and- 
heated w e t  runway l eng th  i s  510 m (1,673 f t ) .  

I n  t h i s  

TECHNIQUES FOR REDUCING RUNWAY LENGTH REQUIREMENTS 

The touchdown d i s p e r s i o n  r e s u l t s  presented  i n  t h i s  paper w e r e  obtained 
wi th  a n  automatic  landing  system t h a t  w a s  designed t o  produce t h e  low touch- 
down s i n k  rates (near  1 m/sec (3  f t / s e c ) )  found i n  contemporary CTOL au to land  
systems, bu t  t o  do s o  f o r  a powered-lif t  STOL a i r p l a n e  f l y i n g  a 7.5"-glide- 
s lope  landing  approach. Improved touchdown d i s p e r s i o n s  can probably be 
achieved by us ing  a range feedback term i n  t h e  au to land  c o n t r o l  l a w  and by 
accept ing  h igher  touchdown s i n k  rates. However, such improvements i n  auto- 
m a t i c  l anding  system des ign  are no a i d  i n  reducing the  touchdown d i s p e r s i o n  
f o r  manually flown approaches.  
equa l ly  app l i cab le  t o  both automatic  and manually flown systems - t o  reduce 
touchdown d i spe r s ion .  

There i s  an  a c u t e  need t o  f i n d  a way - 
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A s  noted earlier, one way t o  reduce 
a STOL a i r p l a n e  i s  t o  execute  go-arounds 
w i l l  b e  o u t s i d e  a d e s i r e d  touchdown r e g i o  
du re  is a d i s p l a y  t h a t  w i l l  provide t h e  p 
down po in t .  

Some form of cockpi t  d i s p l a y ,  perhaps i n t e g r a t e d  i n t o  a head-up d i s p l a y ,  
is  needed f o r  approaches i n  near-zero v i s i b i l i t y  and c e i l i n g  condi t ions .  Two 
such d i s p l a y  concepts  have undergone pre l iminary  eva lua t ions  on the  AWJSRA, 
which w a s  equipped wi th  an  e l e c t r o n i c  a t t i t u d e  d i s p l a y  i n d i c a t o r  (EADI) as 
shown i n  f i g u r e  9 and descr ibed  i n  r f e rence  23. 
per spec t ive  runway and a path-deviat  on box. 
intended t o  provide t h e  p i l o t  w i t h  a s imple p i c t u r e  of t h e  runway dur ing  the  
approach. This  d i s p l a y  provides  some measure of bo th  range and range rate. 
The path-deviat ion box shows g l i d e  s lope  and l o c a l i z e r  e r r o r  on t h e  approach 
down t o  t h e  f l a r e  he ight .  This  s o r t  of r a w  d a t a  informat ion  is  p r e s e n t l y  
used down t o  t h e  d e c i s i o n  he igh t  bu t  n o t  below. For the  AWJSRA eva lua t ion  
t h e  pbth-deviat ion window w a s  mechanized t o  show e r r o r s  from a r e fe rence  f l a r e  
pa th  throughout t h e  f l a r e  maneuver, thereby providing the  p i l o t  wi th  an  ind i -  
c a t i o n  of a long o r  s h o r t  landing.  A b r i e f  eva lua t ion  of t h i s  mechanization 
of t h e  path-deviat ion window w a s  conducted wi th  t h e  AWJSRA. Although t h e  
EADI d i s p l a y s  appeared t o  provide  the  des i r ed  range-error  in format ion ,  t he  
p i l o t  w a s  n o t  i n c l i n e d  t o  r i d e  through t h e  f l a r e  wi th  h i s  head down. Fur the r  
r e sea rch  i n  conjunct ion  w i t h  a head-up d i s p l a y  i s  needed t o  determine i f  the  
p i l o t  can perce ive  and react t o  a range-error  d i s p l a y  i n  time t o  execute  a 
s a t i s f a c t o r y  go-around maneuver. 

The EADI incorpora ted  a 
The pe r spec t ive  runway w a s  

CONCLUDING REMARKS 

A sys temat ic  method f o r  d e f i n i n g  t h e  runway landing  l e n g t h  f o r  a STOL 
t r a n s p o r t  has  been developed. I n  t h i s  method t h e  runway l eng th  is  composed 
of t h e  sum of t h r e e  segments: t h e  touchdown-dispersion d i s t a n c e ,  t h e  
t ransi t ion-segment  d i s t a n c e  from touchdown t o  t h e  a p p l i c a t i o n  of a braking  
device ,  and the  stopping-segment d i s t a n c e  after a braking dev ice  i s  app l i ed .  
The method combines s ta t i s t ica l  and d e t e r m i n i s t i c  da t a .  

The proposed method appears  t o  determine a s a f e  runway landing l e n g t h  
f o r  t h e  STOL a p p l i c a t i o n  and o f f e r s  t h e  p o t e n t i a l  f o r  reducing runway l e n g t h  
i f  g r e a t  emphasis i s  placed on a short-runway c a p a b i l i t y .  
and 1 2 1  appear conserva t ive  and s u i t a b l e  f o r  t h e  s i t u a t i o n  where no g r e a t  
emphasis is  placed on reducing t h e  runway l e n g t h  requirement .  

FAR P a r t s  25 

Work d i r e c t e d  a t  techniques t o  sho r t en  t h e  landing runway l e n g t h  requi re -  
ment i s  under way. Cockpit  d i s p l a y s ,  which would permit  t he  p i l o t  t o  reject 
long o r  s h o r t  l andings ,  appear t o  have t h e  g r e a t e s t  p o t e n t i a l  f o r  reducing 
requi red  runway landing  l eng ths .  
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Figure 1.- Present certification methods. 
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Figure 2.- The Augmentor Wing Jet STOL Research Airplane on an automatic 
landing approach to a 518-m (1,700-ft) microwave-landing-system-equipped 
STOL-port located at the Crows Landing Navy Auxiliary Landing Field, 
California. 
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- p j  x 1.15- 
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- STOPPING 
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Figure 3.- Proposed method for  STOL autoland. 
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