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SUrlPlARY 

A rev iew o f  t h r e e  research  programs which seek s o l u t i o n s  t o  var ious  
l a n d i n g  problems through unconvent ional  systems i s  presented i n  t h i s  paper. 
The programs, discussed i n d i v i d u a l l y ,  i n c l u d e  f i r s t ,  t h e  a i r  cushion l a n d i n g  
system (ACLS) where c u r r e n t  e f f o r t s  a r e  concentrated on development o f  adequate 
ACLS b r a k i n g  and s t e e r i n g  systems and on improved understanding o f  s c a l i n g  
laws and behavior .  
s k i d  as a drag-producing dev ice,  which has been shown t o  have good f r i c t i o n  
c o e f f i c i e n t s  and reasonable wear r a t e s  a t  ground b e a r i n g  pressures up t o  689 kPa 
(100 p s i )  and fo rward  speeds up t o  80 km/hr (50 mph). The t h i r d  program shows 
g r e a t  promise i n  an a c t i v e  c o n t r o l  l a n d i n g  gear where s i g n i f i c a n t  a i r f r a m e  l o a d  
r e d u c t i o n s  a r e  p o s s i b l e  d u r i n g  l a n d i n g  impact  and subsequent r o l l o u t .  Work i n  
t h i s  area i s  c o n t i n u i n g  w i t h  s t u d i e s  concentrated on a d a p t a t i o n  o f  t h e  l a n d i n g  
gear t o  a t a c t i c a l  f i g h t e r  a i r c r a f t .  

The second program i s  concentrated on use o f  a w i r e  brush 

INTRODUCTION 

I n  any d i s c u s s i o n  o f  t h e  l a n d i n g  and ground h a n d l i n g  problems o f  a i r c r a f t ,  
p a r t i c u l a r l y  those w i t h  unusual m i s s i o n  requirements,  t h e  need o f t e n  becomes 
apparent t o  l o o k  beyond t h e  c u r r e n t ,  convent iona l  systems t o  more unorthodox 
unconvent ional  systems which may have some b e n e f i t  i n  c e r t a i n  a p p l i c a t i o n s .  
Th is  paper w i l l  d iscuss  those c u r r e n t  l a n d i n g  gear system research programs 
which m i g h t  f a l l  i n t o  t h e  unconvent ional  category,  each i n  i t s  own way ex- 
p l o r i n g  new o r  improved l a n d i n g  system concepts which address c u r r e n t  o r  
p o t e n t i a l  a i r c r a f t  landing/ground h a n d l i n g  problems. The most unconvent ional  
o f  these programs, t h e  a i r  cushion l a n d i n g  system, w i l l  be d iscussed f i r s t ,  
fo l lowed by a p r e s e n t a t i o n  o f  s t u d i e s  o f  a w i r e  brush s k i d  as a l a n d i n g  gear 
o r  a drag-producing device.  
c o n t r o l  l a n d i n g  gear and w i l l  i n c l u d e  some p r e l i m i n a r y  t e s t  r e s u l t s .  In-  
c luded i n  each d i s c u s s i o n  w i l l  be a s t a t u s  summary o f  c u r r e n t  e f f o r t s  and an 
i n d i c a t i o n  o f  f u t u r e  d i r e c t i o n s .  

The l a s t  program 'io be d iscussed i s  an a c t i v e  

A I R  CUSHION LANDING SYSTEMS 

General.- The a i r  cushion l a n d i n g  system (ACLS) i s  designed t o  r e p l a c e  t h e  
convent iona l  a i r c r a f t  l a n d i n g  gear w i t h  a f l e x i b l e  t o r o i d i a l  t r u n k  resembl ing,  
i n  t h e  s i m p l e s t  vers ion ,  a rubber  l i f e  r a f t  tu rned ups ide down and a t tached 
d i r e c t l y  t o  t h e  bot tom fuse lage o f  t h e  a i r c r a f t .  As shown i n  t h e  ske tch  o f  
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figure 1, low-pressure, high-volume a i r  i s  introduced i n t o  the t r u n k  th rough  
ducts i n  the fuselage, and the a i r  i s  exhausted through peripheral j e t  holes 
located i n  the bottom of the t r u n k .  A portion of t h i s  a i r  i s  trapped i n  the 
cavity to  provide the necessary l i f t i n g  force, while the r e s t  of the a i r  i s  
dumped outboard and provides an effect ive a i r  bearing between t r u n k  and ground. 
The resu l t  i s  a vehicle having nearly zero ground f r ic t ion  and an extremely 
low ground bearing pressure of perhaps 7-14 kPa (1-2 ps i ) ,  which makes 
possible a wide choice of potential landing and take-off s i t e s  including water. 

An ACLS may take a variety of forms, as  shown i n  f igure 2 ,  depending upon 
the a i r c r a f t  s ize ,  configuration and mission requirements. Larger a i r c r a f t ,  
particularly,  may require two or more t r u n k  systems, b u t  no very severe 
structural  penalties ensue since the ACLS dis t r ibutes  the airframe load and 
no "hard points" a re  required for  attachment as w i t h  the conventional landing 
gear. The t r u n k  or trunks are  of course retracted o r  otherwise stowed d u r i n g  
f l i gh t ,  and several workable schemes have been proposed to  accomplish th i s ,  as 
in references 1 and 2 fo r  examples. One major ground operational problem 
for which no compl etely sat isfactory sol ution exi s t s  i s devel opment of 
adequate steering and braking controls fo r  an ACLS, and t o  study th i s  and 
other problems the specialized t e s t  vehicle shown in the center of f igure 2 
was developed a t  Langley. 

ACLS Test Vehicle.- The vehicle, shown i n  f igure 2 with a small ACLS 
installed and i n  f igure 3 supported by a larger ACLS, i s  a much-modified 
airboat 5.5 m (18 f t )  in length and weighing approximately 2360 kg (5200 l b ) .  
A retractable t r icycle  landing gear taken from a l i gh t  a i r c r a f t  was instal led 
as shown t o  provide a safety back-up in case of an ACLS fa i lure  or fo r  
steering and braking in case of emergency. Forward propulsion i s  provided by 
a 250 hp a i r c ra f t  engine and propeller a t  the rear ,  as shown, and a small 
j e t  engine i s  instal led amidships t o  provide a bleed a i r  source for  the ACLS 
fan. The vehicle was developed primarily to  s tudy  various braking and 
steering schemes sui table  fo r  ACLS, and i s  large enough, and portable enough, 
so t h a t  such schemes can be tested in potential real-world conditions o f  
paved or unpaved runways, sod f i e lds ,  sand, and water. 

The a i r  cushion landing system shown instal led on the vehicle in figure 
3 i s  a generalized concept involving four separate trunks of c i rcular  cross- 
section arranged in a rectangular planform, each t r u n k  supplied with a i r  
from a plenum t h r o u g h  the f lex ib le  ducts vis ible  in the figure.  
fan located on the plenum i s  used t o  convert high-pressure, low-volume j e t  
engine bleed a i r  to  the 1 ow-pressure, h i  gh-vol ume a i r  required for  ACLS 
operation. 
steering and braking studies,  and also fo r  the inherent control poss ib i l i t i es  
offered by the separate a i r  supply t o  each t r u n k .  

A hub-turbine 

The four-trunk system was chosen t o  provide a s table  ACLS for  

An additional advantage of the ACLS t e s t  vehicle i s  the re la t ive  ease w i t h  
which major configuration changes may be made, o r  any so r t  of desirable 
structure o r  apparatus added on. This feature i s  i l lus t ra ted  by the photo- 
graph  of figure 4 which shows the instal la t ion of a fixed retractable  wheel 
and t i r e  instal led as a steering aid i n  the ACLS cavity. 
loaded to  a maximum of about 90 kg (200 l b )  with a double-acting hydraulic 
cylinder, which also serves t o  re t rac t  the assembly. Taxi t e s t s  had shown 

The wheel i s  down- 
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t h a t  t h e  a i r  rudders l o c a t e d  i n  t h e  p r o p e l l e r  s l i p s t r e a m  could,  under t h e  
i n f l u e n c e  o f  a crosswind o r  runway crown, change w i t h  ease t h e  heading o f  t h e  
v e h i c l e  b u t  n o t  i t s  d i r e c t i o n  o f  t r a v e l .  I t  was thought  t h a t  a s i n g l e ,  
c e n t r a l l y  loca ted ,  l i g h t l y  loaded t i r e  migh t  p r o v i d e  s u f f i c i e n t  l a t e r a l  r e -  
s i s t a n c e  so t h a t  t h e  rudders  c o u l d  change bo th  heading and d i r e c t i o n  o f  t r a v e l .  
Q u a l i t a t i v e l y  t h i s  proved t o  be t h e  case, b u t  d e t a i l e d  q u a n t i t a t i v e  s t u d i e s  
have been i n t e r r u p t e d  by a f a i l u r e  o f  t h e  hub- tu rb ine  f a n  and no r e s u l t s  can 
be shown i n  t h i s  paper. 

Scale Model Studies.-  As an a i d  t o  b e t t e r  understanding o f  a i r  cushion 
l a n d i n g  system- behav io r  and t o  p r o v i d e  i n i t i a l  des ign  g u i d e l i n e s ,  a research 
c o n t r a c t  was awarded t o  F o s t e r - M i l l e r  Associates t o  develop a r a t i o n a l  mathe- 
m a t i c a l  model and computer s i m u l a t i o n  o f  a g e n e r a l i z e d  ACLS. The r e s u l t s  o f  
t h i s  study, summarized i n  r e f e r e n c e  3, were q u i t e  promising, and t o  p r o v i d e  
exper imenta l  c o r r o b o r a t i o n ,  as w e l l  as a f i r s t  approx imat ion t o  s c a l i n g  
s tud ies ,  a 1/3-scale model o f  t h e  ACLS t e s t  v e h i c l e  was c o n s t r u c t e d  as shown 
i n  f i g u r e  5. 
and comparison w i t h  f i g u r e  3 w i l l  show t h e  p h y s i c a l  resemblance between 1/3- 
s c a l e  and f u l l - s c a l e  t r u n k s  and a i r  supp ly  system. The computer s i m u l a t i o n  
was a d j u s t e d  t o  r e p r e s e n t  t h e  1/3-scale model , and r e p l i c a t e  computer runs and 
exper imenta l  model t e s t s  were conducted. A sample comparison o f  r e s u l t s  i s  
shown i n  f i g u r e  6 f o r  a 15 cm ‘(6 i n . )  drop a t  00 p i t c h  a t t i t u d e  and i n d i c a t e s  
reasonably  good agreement between a n a l y s i s  and exper iment.  The d i f f e r e n c e s  
observed may be due t o  an i n c o r r e c t  s c a l i n g  o f  t r u n k  m a t e r i a l  s t i f f n e s s  o r  o f  
the  t r u n k  a i r  supp ly  c h a r a c t e r i s t i c s  , both  o f  which a r e  ext remely d i f f i c u l t  
t o  model adequately.  T h i s  s tudy  w i l l  be cont inued f o r  a wide v a r i e t y  o f  t e s t  
c o n d i t i o n s  and, as soon as t h e  f u l l - s c a l e  ACLS t e s t  v e h i c l e  becomes a v a i l a b l e ,  
r e p l i c a t e  t e s t s  w i l l  be conducted i n  an a t tempt  t o  de f ine  b a s i c  s c a l i n g  
r e l a t i o n s h i p s  through comparison o f  math model, 1 /3-scale model and f u l l - s c a l e  
r e s u l t s .  

The model i s  r o u g h l y  1.5 m ( 5  f t )  l o n g  and .9 m ( 3  f t )  wide, 

WIRE BRUSH SKIDS 

General.- Sk ids have been used as l a n d i n g  gear f rom t h e  f i r s t  days o f  
a v i a t i o n ,  w i t h  the  most r e c e n t  a d a p t a t i o n  probab ly  be ing  f o r  research  a i r c r a f t  
such as t h e  X-15. 
i n h e r e n t  b e n e f i t ,  b u t  as a compromise s o l u t i o n  f o r c e d  by o t h e r  o p e r a t i n g  
problems (weight ,  s i m p l i c i t y ,  thermal p r o t e c t i o n ,  stowage volume, etc . ) ,  S k i d  
research conducted by NASA i n  t h e  e a r l y  s i x t i e s  ( r e f .  4) i n v o l v i n g  s t u d i e s  o f  
many d i f f e r e n t  types o f  s k i d  m a t e r i a l s  showed t h a t  a s k i d  c o n s t r u c t e d  o f  
w i r e  brushes had a s u r p r i s i n g l y  good f r i c t i o n - s p e e d  r e l a t i o n s h i p  compared w i t h  
f l a t - p l a t e  s k i d s .  Revived i n t e r e s t  i n  s k i d s  as a drag-producing dev ice  l e d  t o  
f u r t h e r  s t u d i e s  o f  t h e  c h a r a c t e r i s t i c s  o f  w i r e  brush s k i d s  a t  b e a r i n g  
pressures much h i g h e r  than t h e  152 kPa (22 p s i )  o f  r e f e r e n c e  4 s i n c e  i n  modern 
a p p l i c a t i o n s  t h e  w e i g h t  and volume of a s k i d  shou ld  be as smal l  as p o s s i b l e .  

I n  most cases use o f  the  s k i d  was d i c t a t e d ,  n o t  by any 

S k i d  Research Program.- Th is  paper w i l l  summarize t h e  r e s u l t s  o f  t h e  s k i d  
program descr ibed i n  d e t a i l  i n  r e f e r e n c e  5, where in w i r e  brush s k i d s  were 
cons t ruc ted  o f  17-7 PH s t a i n l e s s  s t e e l  s p r i n g  w i r e  as shown i n  f i g u r e  7. Two 
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different  diameter wires and two bundle sizes were employed to explore the 
effects  of wire density, and the instrumented t i r e  t e s t  vehicle was adapted as 
shown in f igure 8 t o  t e s t  the skids on several runway surfaces a t  Wallops 
Flight Center, a t  forward speeds u p  t o  80 k m / h r  (50 mph) .  Loading on each 
skid was arranged t o  give actual ground bearing pressures of 345, 517, and 
689 kPa (50,  75, and 100 ps i ) ,  and measurements were made of developed skid 
f r ic t ion  and skid wear over sl iding distances u p  to 1585 m (5200 f t ) .  
the t e s t  program an attempt was also made t o  determine the extent of runway 
surface damage due t o  skid operations. 

D u r i n g  

A sample of the t e s t  resu l t s  of t h i s  program i s  presented i n  f igure 9 
where f r ic t ion  coefficient and wear index as a function of forward speed for  
one o f  the skids operating a t  two bearing pressures on two surfaces i s  shown. 
The figure shows tha t  the d r a g  f r ic t ion  coefficient i s  re la t ively insensit ive 
t o  forward speed, b u t  i s  affected by bearing pressure and by runway surface 
character. The wear index i s  seen t o  increase moderately with bearing pressure, 
a s  might be expected, and again a dependency on runway surface character i s  noted. 

In evaluating the u t i l i t y  of a wire b r u s h  skid a s  a drag  producer, i t  
should be borne in mind t h a t  the d r a g  f r ic t ion  coefficients are constant; t h a t  
i s ,  they are  n o t  constantly cycling as i s  the case with a braked wheel and t i r e  
under anti-skid control. Further, t e s t s  showed t h a t  the f r ic t ion  coefficient 
was unaffected by water on the runway. These fac ts  indicate t h a t ,  for certain 
applications (and braking for an ACLS comes immediately t o  mind), a wire brush 
skid i s  an extremely a t t rac t ive  al ternat ive braking device and could conceivably 
replace wheel brakes on a conventional landing gear as used on returning space- 
c r a f t  . 

ACTIVE CONTROL LANDING GEAR 

General.- Ground loads imposed on an airplane a re  important factors in the 
dynamic loading and hence fatigue damage of the airframe s t ructure ,  and ground- 
inducted structural  vibrations may also be a source of crew and passenger dis-  
comfort. Analytical studies ( re f .  6 )  have determined the f eas ib i l i t y  of applying 
active loads control t o  the main landing gear t o  l imit  the ground loads trans- 
mitted t o  the airframe. 
handling many of the non-linear parameters encountered during ground operations 
and featured a hydraulic control i n  ser ies  with the main gear oleo-pneumatic 
s t r u t .  The resu l t s  indicated t h a t  s ignif icant  load reductions were possible 
using th i s  scheme, and so the analysis was used as a design tool in constructing 
the hardware necessary t o  provide an experimental validation of the analytical 
resul ts .  

As shown i n  f igure 10, the analysis was capable of 

Basic System Description.- The active control landing gear concept i s  
shown schematically i n  f iqure 11 t o  consist  essent ia l ly  o f  a modified oleo- 
pneumatic landing gear strut, an  electronic controller-, and a hydraulic servo 
valve. The landing gear s t r u t  i s  modified as shown by an annu la r ,  f luid-  
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c a r r y i n g  tube r u n n i n g  f rom the  t o p  o f  t h e  s t r u t  t o  w e l l  down i n t o  t h e  f l u i d  
p o r t i o n  o f  t h e  s t r u t .  T h i s  annu lar  tube i s  connected through t h e  servo-va lve 
t o  t h e  h y d r a u l i c  system, w i t h  t h e  p o s i t i o n  o f  t h e  servo v a l v e  spool  de termin ing  
whether h igh-pressure f l u i d  i s  added t o  o r  removed f rom t h e  s t r u t .  The spool  
i s  p o s i t i o n e d  b y  t h e  e l e c t r o n i c  c o n t r o l l e r  (see r e f .  7) ,  t h e  h e a r t  o f  t h e  
system, which compares t h e  k i n e t i c  energy a t  l a n d i n g  impact  (a f u n c t i o n  o f  a i r -  
p lane mass and s i n k  r a t e )  w i t h  t h e  work c a p a b i l i t y  remain ing  i n  t h e  s t r u t  (a 
f u n c t i o n  o f  s t r u t  s t r o k e  and s t r u t  h y d r a u l i c  pressure) .  
a r e  equal, a l i m i t  f o r c e  command i s  generated and t h e  c o n t r o l l e r  a c t s  t o  
p o s i t i o n  t h e  servo v a l v e  spool  t o  m a i n t a i n  t h i s  va lue  d u r i n g  t h e  remainder o f  
t h e  impact. Dur ing t h e  r o l l - o u t  phase o f  the  land ing ,  a c o n t r o l  b i a s  r e t u r n s  
t h e  gear t o  t h e  des ign  s t r o k e  and w i l l  tend  t o  m a i n t a i n  t h i s  l e v e l  d u r i n g  
ground o p e r a t i o n .  

When these two energ ies 

Exper imental  Tes t  Program.- For t h e  exper imenta l  program a hand v a l v e  was 
added as- shown i n  f i g u r e -  1-1 t o  p e r m i t  bo th  convent iona l  (pass ive)  and a c t i v e  
l a n d i n g  gear s t u d i e s  t o  be conducted by i s o l a t i n g  t h e  a c t i v e  p o r t i o n  o f  t h e  
system. The l a n d i n g  gear s t r u t  was taken f rom a l i g h t  twin-engine a i r c r a f t ,  
m o d i f i e d  as shown i n  f i g u r e  11, and i n s t a l l e d  on t h e  l a n d i n g  loads  t r a c k  t e s t  
c a r r i a g e  as shown i n  f i g u r e  12. 
r e p r e s e n t a t i o n  r e s t r i c t e d  t o  v e r t i c a l  and p i t c h i n g  mot ions, and a s e r i e s  o f  
t e s t s  was conducted a t  v a r i o u s  f o r w a r d  and s i n k  speeds, and i n i t i a l  p i t c h  
a t t i t u d e s .  A sample o f  p r e l i m i n a r y  r e s u l t s  i s  shown i n  f i g u r e  13 comparing 
a c t i v e  and pass ive  l a n d i n g  gear impacts  f o r  t h e  c o n d i t i o n s  shown, where a 19% 
c.g. fo rce  r e d u c t i o n  was achieved by t h e  a c t i v e  c o n t r o l  system. Th is  r e d u c t i o n  
was accomplished a t  t h e  expense o f  added s t r u t  s t r o k e ,  as shown, b u t  t h e  
increased s t r o k e  r e q u i r e d  was much l e s s  than h a l f  t h e  a v a i l a b l e  s t roke .  

The f i x t u r e  i n c l u d e d  a r i g i d  a i r f r a m e  

S i m i l a r  s t r i k i n g  l o a d  r e d u c t i o n s  a r e  p o s s i b l e  d u r i n g  t h e  r o l l - o u t  phase 
o f  t h e  l a n d i n g  as shown i n  f i g u r e  14, where c.g. f o r c e  r e d u c t i o n  o f  62% i s  
ob ta ined when t h e  l a n d i n g  gear encounters t h e  r e l a t i v e l y  uneven runway s u r f a c e  
shown a t  t h e  bottom o f  t h e  f i g u r e .  Resu l ts  such as these a r e  ext remely 
encouraging, and t h e  program i s  go ing  fo rward  w i t h  des ign o f  m o d i f i c a t i o n s  
necessary t o  i n s t a l l  an a c t i v e  c o n t r o l  l a n d i n g  gear on a t a c t i c a l  f i g h t e r  a i r -  
c r a f t .  

CONC LU D I NG RENARKS 

T h i s  paper has presented a r e v i e w  o f  t h r e e  research  programs which seek 
s o l u t i o n s  t o  v a r i o u s  l a n d i n g  problems through unconvent ional  systems. The 
f i r s t ,  and most unconvent ional ,  o f  these i s  t h e  a i r  cushion l a n d i n g  system 
(ACLS) , where c u r r e n t  e f f o r t s  a r e  concent ra ted  on development o f  adequate 
b r a k i n g  and s t e e r i n g  systems and an improved understanding o f  s c a l i n g  laws and 
behavior.  
a d rag  producing dev ice,  which has been shown t o  have good f r i c t i o n  c o e f f i c i e n t s  
and reasonable wear r a t e s  a t  ground b e a r i n g  pressures up t o  689 kPa (100 p s i )  
and fo rward  speeds up t o  80 km/hr (50 mph). 
promise i n  an a c t i v e  c o n t r o l  l a n d i n g  gear where s i g n i f i c a n t  l o a d  r e d u c t i o n s  
a r e  p o s s i b l e  d u r i n g  l a n d i n g  impact  and subsequent r o l l o u t .  Work i n  t h i s  area 

The second program i s  concentrated on use o f  a w i r e  brush s k i d  as 

The t h i r d  program shows g r e a t  
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is  cont inuing  w i t h  s t u d i e s  concent ra ted  on adap ta t ion  o f  the active con t ro l  
landing gear  t o  a t a c t i c a l  f i g h t e r  a i r c r a f t .  
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LPRESSURIZED AIR 

Figure 1 . -  Schematic r e p r e s e n t a t i o n  of  an a i r  cushion landing  system. 

Figure 2 . -  Some advanced a i r  cushion landing  system conf igu ra t ions .  
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Figure 3.- Air cushion landing system t e s t  vehicle. 

Figure 4.- Auxiliary wheel for  ACLS steering. 
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Figure 5.- Photograph  o f  1/3-scale model 
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Figure 6. - Compari son o f  analytical and experimental t e s t  resul t s  o f  1 /3-scal e 
model ACLS t e s t  vehicle. 
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Figure 7 . -  Wire b r u s h  skids used in the research program. 

Figure 8 

578 

- Instrumented ground vehicle as used for wire b rush  skid t e s t s .  
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Figure 9.- Drag f r i c t ion  coeff ic ient  and wear index for a wire brush skid. 

Figure 10.- Active control landing gear analysis. 
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Fi gu re 11.- Active control landing gear experimental test schematic. 

Figure 12.- Active control landing gear installed on test carriage. 
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Figure 14.-  Comparison of  a c t i v e  and pass ive  landing  gear  r o l l o u t .  Forward 
v e l o c i t y  = 75 knots.  
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