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FOREWORD 

'Ihis r epo r t  con ta in s  the  proceedings of t he  F i r s t  
P i lo ted  Aircraf t  Powered Fl ight  Control System Symposium. 
'Ihe Ehreau of  Aeronautics has f e l t  the need for  t h i s  type 
of meeting fo r  some time, i n  view of  t he  g rea t  problems 
associated with the  design of f l i g h t  control  systems for  
high prformance a i r c r a f t ,  espec ia l ly  since power boosted 
and power operated control  systems became a necessi ty for  
high speed and heavy a i r c r a f t .  This  meeting was excel-  
l e n t l y  responded t o  by the  A i r c ra f t  Industry. The need 
fo r  a medium o f  shar ing  of design information and tech-  
niques on f l i g h t  cont ro l  systems was recognized by  a l l ,  
and consequently a l l  p a r t i c i p a n t s  came w e l l  prepared,  
which r e s u l t e d  i n  a successfu l  meeting. The Ehreau o f  
Aeronautics  ex tends  i ts  apprec ia t ion  for  t he  e x c e l l e n t  
cooperation of a l l  a t tending,  e spec i a l l y  those who pre- 
pared papers .  In  addi t ion ,  t he  Navy's apprec ia t ion  is  
extended t o  a1  1 companies p a r t i c i p a t i n g  f o r  the  time 
allowed t h e i r  ~ e o p l e  i n    re paring papers and a t tending  
t h i s  symposium. 

'Ihe Ehreau of  Aercnautics, Navy Department, i n v i t e s  
comnents on the proceedings of  t h i s  symposiym. S imi la r  
periodic symposiums on f l i g h t  control systems are  contem- 
p la ted  fo r  the future.  Appropriate time and places. w i l l  
be announced a t  'a l a t e r  date. 

L.. Morse Chattier, 
Chai rman,  18 t P i  l o t ~ d  A i t c r a f  t 

Po.rrrd s u r f a c e  C o n t r o l  S y r  tern 

Sympor ium 
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WELCOME 

B  Y 

Rear Admiral Lloyd Harrison 
A r r i r  ( a n t  C h i e f ,  B u r e a u  of  A e r o n a u t  i e r  D e r i g n  a n d  E n g i n e e r i n g  C r o u p  

Gentlemen, my purpose here is t o  welcome you t o  t h i s  conference 
and t o  t h i s  type of conference. I am not one of the people who could 
con t r ibu t e  anyth ing  i-n a t echn ica l  way, of course,  t o  t he  s p e c i a l  
things you are considering now, but I do want t o  indicate  t ha t  I think 
t h i s  g a t h e r i n g  is a very  forward-looking a f f a i r  and something we 
should have more o f  i n  t he  fu ture .  From reading the  t i t l e s  of  t h e  
papers ,  i t  is c l e a r  t h a t  t h i s  has the  t echn ica l  s tanding  o f  an i n -  
t e r e s t i n g  aeronautics  meeting, although because of the nature of the  
material involved, it is probably not the s o r t  of thing tha t  should be 
published a t  t h i s  par t icu lar  time. 

'Ihe question of shar ing  information and progressing together  a s  
f a r  and a s  f a s t  a s  we can i n  a s h o r t  length o f  time is an important 
one, and the technique.for  it is something t h a t  we should a l l  be in-  
t e r e s t ed  in  developing. I f ind tha t  i n  t h i s  f i e l d  and a l s o  i n  o ther  
f i e l d s  of  so-cal led d e t a i l e d  design,  i . e . ,  de t a i l ed  f i e l d s  of design 
i n  a i r c r a f t  areas,  there is a wide need for  sharing of information. A 
l o t  o f  the  government's money, your money, the taxpayerps money is  
used in  seeking from each company information tha t  has repeatedly been 
sought by others.  

Last month I made a sho r t  t r i p  t o  England and I found t h a t  there  
had been a considerable amount of sharing, by the d i f f e r e n t  manufac- 
tu rers ,of  information. Each one knew the d i f f i c u l t i e s  the o ther  had 
been through and apparent ly had passed on qui te  a b i t  of information 
concerning t h e i r  d i f f i c u l t i e s  and how they had taken c a r e  of  them. 
'Ihis i n  s p i t e  of  the f a c t  t h a t  there was s t rongly  competitive s p i r i t  
among the  heads of the companies i n  engineering matters ,  a s  there is, 
and I hope w i l l  continue t o  be, in  our country. 

As I say, I have nothing t o  contr ibute technica l ly  t o  your meet- 
ing but I want t o  welcome you here. The space t h a t  you a r e  using is 
something t h a t  we congratulate  ourselves on, but it is i n  no sense a 
W r  meeting; i t 's  your meeting and I ' m  sure you are  going t o  do use- 
fu l  things here. Let me welcome you again. 

- v i i i  - 



OPENING 

BY 
J .  E .  Sullivan 

D i r e c t o r ,  A i r b o r n e  Equipment D i v i r i o n  

Gentlemen, I f i r s t  want t o  thank each o f  you f o r  
coming here; i n  pa r t i cu l a r ,  those of you who have had t o  
prepare papers. I find i t  very staggering a s  I think of 
the many design problems facing us i n  t h i s  high-speed, 
h igh-a l t i tude  era .  In pa r t i cu l a r ,  we are very much con- 
cerned here  i n  the Bureau on t h i s  ques t ion  of c o n t r o l  
system design, fo r  a s  you know, the re  a re  many unsolved 
problems i n  tha t  f ie ld .  I have high hopes, however, t ha t  
t h i s  par t icu lar  meeting w i l l  be a very de f in i t e  contribu- 
t i on  t o  the advancement of the a r t  of aeronautics  and I 
am ce r t a in  t h a t  much worthwhile information w i l l  be de- 
veloped. ?here fo re ,  i n  view of t he  importance of  t h i s  
meeting, I cons ider  i t  a very d e f i n i t e ,  d i s t i n c t  p r i -  
vilege t o  open it. 



CONTROL SYSTEM DESIGN OBJECTIVES 

B Y  
L. Morse Chattler 

A i r b o r n e  E q u i p m e n t  D i v i r i o n ,  B u r e a u  of  A e r o n a u t i c r  

Since the inception of powered controls  i n  p i lo ted  a i r c r a f t ,  i . e . ,  power boosted 
and power operated surface control  systems, very l i t t l e  progress has been made in  re- 
f in ing  design procedures or  coordinating developnent s o  t h a t  a l l  designers can u t i l i z e  
the most modern methods. We. a l l  know tha t  a majority of the ex i s t i ng  powered a i r c r a f t  
con t ro l  systems were designed by the  cu t -and- t ry  formulas. We a l s o  know t h a t  each 
prime contractor  developed h i s  own cut-and-try formula fo r  h i s  f i r s t  powered surface 
c o n t r o l l e d  a i r c r a f t .  I t  appears t h a t  most con t r ac to r s  proceeded along independent 
channels i n  developing these systems without rea l iz ing  tha t  when you' re  dealing with a 
design which has been formed by , i n tu i t i ve  cut-and- t r y  methods, only experience resu l t -  
i ng  from experimentation o r  ac tua l  usage produces the answer and the more experience 
the  b e t t e r  the answer. Therefore fo r  every new a i r c r a f t  design underway the exper- 
iences of a l l  a i r c r a f t  designs t ha t  e x i s t  should be considered. 'Ihis means pooling of 
design experiences and represents  the major reason for t h i s  meeting. 

Is' t h i s  t h e  answer t o  our con t ro l  system design problems? Not completely, we 
want t o  go fur ther .  Had we pooled design experiences i n  the  pas t ,  we may have be t t e r  
r e su l t s  today. But now i n  addition t o  cut-and-try knw-hoy we want t o  go considerably 
fur ther  and t r y  t o  el iminate cut-and-try techniques. Why? Let's examine the present 
p i c t u r e  of t h i s  cut-and-try cont ro l  system design procedure and see  where it hu r t s  
the  most. Chronologically, the  f i r s t  e f f e c t  is the  cos t  of  a complete o r  simulated 
mockup of  the  airplane cont ro l  system and the cut-and-try designing t o  produce a s a t -  
i s f a c t o r y  system i n  the mockup. Second, the experimental a i r c r a f t  f l i g h t s  where the 
system again is usual ly unsa t i s fac tory  with addit ional  delays, cos t s ,  and cut-and-try 
design; then f i na l ly ,  the production airplane where again everything usually goes sour 
and we f ind  ourself  with an a i rp lane  control  system which cha t t e r s ,  hunts,  has high 
breakaway forces, poor center ing  cha rac t e r i s t i c s ,  is sluggish,  poor trimning charac- 
t e r i s t i c s  o r  poor response. 

'Ihis method of designing sounds primitive, but nevertheless  e x i s t s  on our modern 
high speed a i r c r a f t .  I can name any number of  airplanes where a n p h e r e  from 30 t o  50 
f l i g h t s  were necessary j u s t  t o  cut-and-try a s a t i s f ac to ry  cont ro l  system i n  the pro- 
duction airplane and i n  several  instances it wasn't u n t i l  the 21st  and 80th ~ roduc t ion  
airplanes were delivered tha t  the  systems were made t o  perform acceptably but not s a t -  
i s f s c to r i l y .  Some a i r c r a f t  today are still f lying with poor control system character- 
i s t i c s .  'Ihis type of  design, gentlemen, is very cos t ly  and very dangerous. Dangerous 
because production a i r c r a f t  a r e  de l ive red  with cont ro l  systems t h a t  a re  marginally 
acceptable. Costly, because of delay i n  ~ roduc ing  a psatisfactory system, the delay i n  
producing an acceptable a i r c r a f t  and the  subsequent r e t r o a c t i v e  changes. Why does 
t h i s  condit ion e x i s t ?  I t  e x i s t s  because we a t  no time, from the ~ r e l i m i n a r y  t o  the  
f i n a l  i n s t a l l a t i o n ,  know what the ac tua l  control  system cha rac t e r i s t i c s  are. We have 

no mathematical picture of  our system from which we can t rouble shoot. 
'Ihe so lu t ion  - We must be ab le  t o  apply more mathematical methods i n  our engi- 

neering work. The cut-and-try methods of the pas t  w i l l  no longer s u f f i c e  because the 
a i r c r a f t  o f  today and tomorrow i s  g radua l ly  becoming a ~ i l o t e d  m i s s i l e  and the 



engineering ingenuity tha t  goes i n t o  a missi le  w i l l  have t o  go i n t o  our pi loted air- 
c ra f t  i f  they are t o  be successful. 

What do we have basical ly i n  t h i s  control system? We have a servanechanism, the 
design of  which today has become a science i n  i t s e l f .  What does the designer need t o  
how3 He needs a c lear  picture or appreciation of the fundamental principles involved 
in  the functioning of the servomechanism and an accurate knowledge of the propert ies  
of which the mechanisms are composed. With t h i s  knowledge, an e x p l i c i t  so lu t ion  t o  
the problem rather than an in tu i t ive  or  experiential  one should be obtainable. 

'Ihere are two mathematical methods available a t  present by which we can study and 
design pawered control systems; those methods which give t rans ient  responses and those 
methods which give frequency responses. 'Ihe transient  response of a system show how 
various forces, s ignals  and coordinates of the system vary a s  a function of time when 
the system is disturbed i n  some par t icular  way. Unfortunately, depending on the com- 
plexity of  the control  system,the purely mathematical methods for  obtaining a t ran- 
s i en t  response are e x t r e m l y  laborious. However, it may warrant using a d i f f e ren t i a l  
analyzer o r  other equation solving machines. Transient response has the advantage of 
a lso  being applicable t o  non-linear systems. The disadvantage of the t rans ient  res-  
ponse is  tha t  it is a mthod for  analysis  and w i l l  not permit synthesis as readily a s  
a frequency response, because the coeff ic ients  i n  the d i f f e r e n t i a l  equations consist  
of such a heterogeneous mixture of  the various physical parameters involved t h a t  the 
ef fec t  of any one parameter is not eas i ly  determined. 

?he frequency response of a system is based upon the concept t h a t  i f  a system is  
disturbed sinusoidally a t  some point a l l  other points w i l l  respond sinusoidally a t  the 
same frequency a f t e r  the t r ans i en t s  have died out. Then when the r a t i o  of the ampli- 
tudes and the phase difference between the disturbances and an output coordinate are 
both considered as a function of frequency, they y ie ld  information as  t o  the stabil i ty,  
damping, and speed of response. Frepency response can be presented in  several  forms 
and in  these forms is very helpful  i n  designing the system because the  e f f ec t  of each 
component on the system i s  usually capable of graphic i l l u s t r a t i o n .  'Ihe disadvantage 
of the frequency response analys is  is  tha t  it requires t h a t  a l l  considerations be made 
by l inea r  analysis ,  and we know t h a t  hydraulic systems a re  non-linear and cannot a l -  
ways be amendable t o  l i n e a r  functions. However, there are severa l  ways t h a t  we can 
overcome these deficiencies as w i l l  be discussed i n  t h i s  meeting. 

Now we must go one s t ep  fur ther  i n  applying our mathematical tools;  we must con- 
s ider  the control  system and i t s  mechanical, hydraulic  and e l e c t r i c a l  components o r  
individual loops as a function of the overal l  loop which is tha t  of the airplanes res- 
ponse and s t a b i l i t y .  We can develop our boost systems, power control  systems, syn- 
t h e t i c  f ee l  systems, automatic p i l o t  systems, s tabi l iza t ion  systeems, e t c . ,  but we must 
always examine a t  some stage its e f f e c t  a s  a parameter of the overa l l  airplane loop. 

'Ihis conference was ca l l ed  f o r  the expressed purpose of e resenting the l a t e s t  
technique of control system design so  that  a l l  designers can be brought t o  a par level 
of hawledge. We i n  the Navy believe tha t  a concerted e f f o r t  by a l l  concerned with a 
planned program for  future mutually acceptable inves t iga t ions  w i l l  progress the  a r t  
and give us more and be t t e r  airplanes for  our money. 

?he s+osium i s  divided i n t o  two par ts .  The f i r s t  pa r t  containing papers 

control  systems which were designed by the i n t u i t i v e  cut-and-try techniques and the 
second par t  which contains papers on control systems which u t i l i zed  mathematical aids- 
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EXPERIENCES GAINED WITH POWR BDOST CONTROL SYSTEMS 

AT REPUBLIC AVIATION 

BY 

R .  Wanner 
R e p u b l i c  Aircraft, Farmingdale, L. I., N. Y .  

Republic's en t ry  i n t o  the f i e l d  of power boost control systems is  comparatively 
recent. 'Ihe f i r s t  application was designed f o r  the F-84 ai leron system i n  1945. I t  
was modified qu i t e  extensively a f t e r  mechanical d i f f i c u l t i e s  had been encountered dur- 
ing the ear ly  f l i gh t s .  Since then i t  has proved t o  be extremely sa t i s f ac to ry  i n  

'Ihe overal l  design of the  F-84 ai leron system is based on a t t a in ing  a wing t i p  
hel ix angle of .09 a t  .8  V m a Z  a t  s ea  level .  'Ihls is  approximately equivalent t o  a 

experience with the P-47 a i le ron  was more than su f f i c i en t  t o  discourage the  design of 
an overhang balance fo r  such re f inemnt .  Internal  balance alone could not have been 
used because the required chord would r e s t r i c t  a i le ron  deflect ion.  Various types of 
tabs were ruled out because t h e i r  cha rac t e r i s t i c s  were considered uncertain a t  the 
Mach numbers involved. In the end a hydraulic power boost u n i t  was chosen as  the most 
pract ical  mthod of reducing the control forces fo r  normal operation. 

However, we were anxious t o  provi'de l imited ro l l i ng  performance i n  event of f a i l -  
ure of the boost system. , Internal  balance was selected for  t h i s  purpose. A 30% a i l e -  
ron chord balance was the lakgest t h a t  could be used without r e s t r i c t i n g  a i le ron  
travel. Estimates of the ai leron 'hinge moment coef f ic ien ts  were made from wind tunnel 
data for s imilar  surfaces. These indicated a control force i n  the neighborhood of 500 
lbs. for  the design condition. Later more ref ined estimates of a i le ron  performances 
and control force without boost were made from wind tunnel data  fo r  an F-84 model. 
Figure 1 .shows t h i s  r e s u l t  for  s ea  level .  The maximum boost r a t i o  was se lec ted  a t  
10.8 t o  1 t o  place the design condition within the  p i l o t ' s  ab i l i t y .  Variable boost 
r a t i o  was incorporated t o  allow him to  s e l ec t  the r a t i o  sui ted to any pa r t i cu l a r  opera t ion  

'Ihe aileron system of the present airplane is shown i n  Figure 2 .  I t  is a conven- 
t ional  rod and b e l l  crank arrangemnt with t he  power boost u n i t  located adjacent t o  
the s t ick .  'Ihe arrangement of the or ig ina l  system was qui te  s imi la r ,  but the  d e t a i l s ,  
par t icu lar ly  those of the power boost un i t ,  were d i f f e r en t .  Redesign had been under- 
taken before the i n i t i a l  f l i g h t  t e s t s  but when these disclosed poor center ing charac- 
t e r i s t i c s ,  s l i gh t ly  jerky operation of the surface,  and a tendency for  ea s i e r  opera- 
tion i n  one d i rec t ion  than the other ,  t h i s  work was speeded. It was f a i r l y  evident 
tha t  the major d i f f i c u l t i e s  were the r e su l t  of excessive f r i c t i o n  and   lay throughout 
the system. Effor t  was directed tawards reducing these quant i t ies  t o  a minimum. A 
comprehensive 1 a b o r a t o r ~  program w a s  undertaken t o  t race  the origin and de terlaine 
haw t o  guarantee the desired operation. Each j o i n t  i n  the system was analyzed care- 
ful ly.  Self  a l igning an t i - f r i c t i on  bearings were subs t i tu ted  i n  every j o i n t  and  SO^ 
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j o in t s  were redesigned. 'Ihe completed linkage was.mounted cm a t e s t  r i g  and checked 
for  alignment and clearances. ?he new control valve and boost cylinder were checked 
thoroughly. Finally the pa r t s  were brought together and tes ted  for operational 
charac ter i s t ics .  A descript ion of the boost u n i t  follows. 

'Ihe linkage arrangement a t  the boost un i t  is s h m  in Figure 3. A force applied 
a t  the p i l o t s  control follows the path from A t o  B, C ,  D, E, F, and t o  the ai leron 
when the boost is  operating. It passes d i r ec t ly  from A t o  F a f t e r  the pin holding the 
control valve l ink has contacted the s i d e  of  the oversized hole in  the member E, F 
when the boost is not operating. Any motion of the p i l o t ' s  control causes r e l a t ive  
motion between the control valve plunger and the body which is r ig id ly  attached t o  the 



boost cylinder. 'Ihe valve is constructed s o  t h a t  t heo re t i c a l l y  only .004" movement 
is required t o  s t a r t  boost action. Any boost r a t i o  between 4 and 10.8 can be se lec ted  
by changing the posi t ion of B with respect  t o  the p ivo t  point.  'Ihis is accomplished 
by an e l e c t r i c a l l y  driven screw. A boost d i scmnect  is provided also. ?his. re leases  
the gr ip  on the booster p i s ton  rod a t  D. 

POWER BOOST HYDRAULIC. ARRANGEMENT 

F i g .  4 

'Ihe h y d r t i ~ i ~ t ;  aystern of the F-84 includes landing gear ,  wing f l ap ,  and dive brake 
actuators,  as  well as  the  a i le ron  boost un i t .  The system is energized by a var iable  
volume hydraulic pump operat ing a t  1500 psi .  

'She hydraulic arrangement of  the a i l e ron  boost wit is shown i n  Figure 4. An 
attempt has been made t o  show the th ree  general pressure leve ls  i n  t he  system. 'Ihe 
darkest passages car ry  supply pressure and the l i g h t e s t  re turn pressure. 'Ihe boost 
cylinder and connecting passages are  a t  a pressure approximately ha l f  way between sup- 
ply and return. 'Ihe c i r c l e  a t  the upper l e f t  nzpresents the p i l o t ' s  s e l ec to r  valve. 
Hydraulic f l u id  is supplied t o  the  control  valve a t  1250 ps i  through a pressure re- 
ducing valve. Tne pressure reduction was incorporated as a precaution against  the 
e f f e c t  of pressure f luctuat ions i n  the hydraulic system. 'Ihe control  valve is shown 
i n  the neut ra l  posi t ion.  'Ihe change i n  pressure through the reducing valve has not  



been indicated on t h i s  figure. Extreme care i s  taken in  the  manufacture of the con- 
t r o l  valve plunger and body. 'Ihe p a r t s  are held to  close tolerances and lapped to-  
gether during the f i n a l  operation. 'Ihe finished valve must meet r i g id  acceptance 
t e s t s .  On one hand the m i n i m  clearances are controlled by requirement for a s l i d -  
ing f r i c t i on  under supply pressure not t o  exceed 1% pounds and on the o ther  hand by 
limited leakage. A t  each port ,  the edge of the valve i s  ground o f f  a t  four points  
90' apart  ra ther  than chamferred around as i t  would appear from t h i s  diagram. 'Ihis 
accomplishes a smoother change of pressure. 'Ihe overlap a t  the valve, approximately 
.004" as previously mentioned, permits a pressure i n  both ends of the piston. 

When the p i l o t  moves the control,  he tends t o  open one s ide  of the boost cylin- 
der  t o  system supply and the other  t o  return un t i l  the required pressure d i f f e r e n t i a l  
is establ ished.  'Ihese features  provide the smooth control ai leron cha rac t e r i s t i c  of 
the ai leron system. 'Ihe boost cylinder i s  designed with the same cross sect ion area 
on each side of the pis ton t o  insure ident ica l  operation i n  e i t h e r  d i rec t ion .  'Ihe 
equal izer  rod i s  mounted with some degree of axial  freedom to  avoid f r i c t i on  and jam- 
ming due t o  misalignment. 'Ihe method o f  sea l ing  a t  the piston and rods i s  somewhat 
unconvential but accounts for material reduction of f r ic t ion .  A bronze compressor 
r ing  with cas t  i ron  l i n e r  is  used on the pis ton,  while the rods incorporate special  

"U" cup packings beyond high pressure drop bronze bushings. A return passage is  re -  
quired a t  each end of the boost cylinder t o  d ra in  the leakage and maintain low pres- 
sure a t  the packing. 'Ihe same principle  i s  used i n  the control valve. Two addition- 
a l  functions are performed i n  the control valve. 'Ihe piston a t  the r i gh t  end of the 
valve plunger has an a rea  approximately 3% times as great  as  the valve area. By 
means of spring loaded o r i f i c e s  i n  the communicating passages t h i s  a c t s  t o  damp any 
rapid motion of the valve, such a s  would occur i n  vibrat ion of the ai leron or  cha t t e r  
of the valve i t s e l f .  . 'Ihis feature was added during the t e s t  period when it was found 
tha t  a sudden applicat ion of force a t  e i t he r  end would s t a r t  a vibrat ion capable of 
damaging the system. Several types of damper were investigated, but t h i s  proved t o  
be the most s a t i s f ac to ry  arrangement tested. No d i f f i c u l t y  has been experienced with 
vibrat ion since t h i s  damper was added. 'Ihe second item is the provision of the by- 
pass valve a t  the bottom. 'Ihis i s  a simple spring. loaded valve which drops down t o  
provide a by-pass of minimum r e s t r i c t i o n  fran one side of the boost cylinder t o  the 
other when hydraulic pressure f a i l s  or  when the p i l o t  operates the se lec tor  valve. 

'Ihe operational t e s t s  of the ai leron system were conducted a t  several simulated 
speeds and various boost r a t i o s .  A i r  loads were duplicated by means of springs a t  
the a i le ron  surface. The r e su l t s  of these t e s t s  were grat i fying.  Response was smooth 
and rapid and centering was posi t ive without hunting. Fr ic t ion  a t  the ~ i l o t ' s  control  
without boost or  ai leron load was 3 pounds and with boost l e s s  than 1 pound. This 
factor  and the good gradient of  force with deflect ion made i t  unnecessary t o  use a 
center ing device although we had ant icipated the need for  such a device during the 
tests of the or ig ina l  arrangement. 

In service the record of the power boosted ai leron control system has been good 
also. Elaborate f i e l d  service records show re l a t i ve ly  few "crabs* against it. 'Ihe 
most ser ious charge is leakage. 'Ihe arrangement of pressure l i n e s  was such tha t  ac- 
t ion of the bogster applied a torque t~ the supply l i ne  which would unloosen the f i t -  
t ing. After the l i n e  was rerouted re la t ive ly  few cases of leakage were reported. As  

with any hydraulic system, care m.kt be exercised to keep the system clear  of foreign 



matter. I n i t i a l  adjustments t o  locate  the  neu t ra l  pos i t ion  of the cont ro l  a r e  required. 
?his i s  e a s i l y  accomplished by a screw a t  the l e f t  end o f  the valve plunger. One of  
the major changes between the o r i g ina l  boost u n i t  and the present  one i s  t he  locat ion 
of the control  valve. It was formerly ins ide  the boost cylinder.  Adjustment was ex- 
tremely d i f f i c u l t  and uncertain f o r  the i n t e rna l  location. An accumulation of  a i r  i n  
the damper can lead t o  malfunctioning o f  t h i s  u n i t  and must be avoided. 

In general p i l o t s  a re  favorably disposed towards the a i le ron  control  sy s t emof  
the F-84. Normally, they f l y  with the boost r a t i o  s e t  i n  the neighborhood of  6: l .  
?his provides very good r o l l i n g  performance with low forces.  h r i n g  recent  months 
power boost has been t e s t e d  i n  the F-84 e leva tor  control  system. Ihis is the  r e s u l t  
of evolutional changes i n  longi tudinal  s t a b i l i t y  cha r ac t e r i s t i c s  combined with unpre- 
dicted maneuvering force cha r ac t e r i s t i c s .  A1 though the  t e s t s  have been discontinued, 
cer ta in  features  of the i n s t a l l a t i o n  and experiences with it may be of  i n t e r e s t .  

'Ihe basis  fo r  the use of power boost i n  the e leva tor  control  system is more i n -  
volved than fo r  the a i l e ron  system. To insure des i rab le  maneuvering cha rac t e r i s t i c s ,  
the airplane had been designed with a center o f  g r av i t y  range o f  4% m.a.c., a s t i c k  
f ree  s t a t i c  margin of 2% m.a.c, for the  most a f t  cen te r  of g rav i ty  pos i t ion ,  and a 
30% chord i n t e rna l  balance on the elevator .  The force gradients  were estimated t o  be 
within the  spec i f ied  l i m i t s  of 3 and 9tf/g f o r  a l l  operat ing conditions. I n  p r ac t i c e  
the gradients were lower chan estimated, bu t  ~ i l o t s  found the maneuvering character-  
i s t i c s  t o  t h e i r  l iking.  The airplane was i n  service f o r  two years  when a s e r i e s  o f  
accidents occurred which were eventual ly  a t t r i bu t ed  to i n s t a b i l i t y  f o r  a p a r t i c u l a r  
configuration. n.is was due i n  pa r t  t o  a 2Y$ forward s h i f t  of the neu t r a l  po in t  when 
wing t i p  tanks were added t h a t  had not  been predicted by t he  wind tunnel da t a  and a 
small rearward movement of center  of g rav i ty  posi t ion with time. P l r i n g  extensive 
f l igh t  t e s t s  i t  was demonstrated t h a t  an 8 pound per g bobweight was r e w i r e d  t o  main- 
ta in  the minimum force gradient  fo r  t he  most adverse configuration a t  30,000'. ?he 
gradient a t  the other  extreme of operation b e c k  14 pounds per  g .  Unfortunately the 
high gradients were associated with the combat phase of operat ion and many ~ i l o t s  who 
were accustomed t o  the l i g h t  forces  experienced a discomfort they re fe r red  t o  a s  
"bobweight arm". We were anxious t o  cor rec t  t h i s  condition. 

In the meantime, add i t iona l  d a t a  a t  high speed were obtained showing t h a t  the 
force required to  maintain a p a r t i c u l a r  load fac tor  i n  steady turning f l i g h t  decreased 
a t  load fac tors  higher than 4 o r  5. This i s  shown i n  Figures 5 and 6, and was most 
severe with a f t  cen te r  of gravi ty  pos i t ions  and wing t i p  tanks on. 'Ihis phenomena ap- 
pears t o  be c lose ly  associated with t he  c h a r a c t e r i s t i c  F E I ~  nose up t r im change i n  the 
v ic in i ty  of .8 Mach number i n  l eve l  f l i gh t .  Various methods of improving the high as 
well as  non-linear force.gradients  were considered. The approach which had been sug- 
gested a t  meetings following accidents was t o  reduce the force from the e leva tor  t o  a 
f ract ion of  its regular  value and then t o  superimpose a bobweight force to  provide a 
desirable var ia t ion.  ?he various methods included a spr ing tab,  a power boost u n i t ,  
and a change i n  the mechanical advantage by means of an adjustable  l ink .  Estimates 
indicated t h a t  an equivalent  boost r a t i o  of about 2 would be required t o  bare ly  meet 
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boost seemed the eas ies t  way t o  meet a l l  of the requirements. 
l he  ~ r i n c i ~ l e  of power boost was examined by adapting the ai leron boost un i t  t o  

the elevator  system. Since the e leva tor  gave 1/3 of the ai leron force a t  the  same 
angular deflect ion and the e leva tor  deflect ions were smaller i n  general,  no question 
of boost s i z e  or capacity was involved. The arrangement of the elevator  system with- 
out the boost u n i t  i s  shown in Figure 7 .  Space is very limited i n  the forward par t ,  
making i t  necessary t o  locate  the boost u n i t  fur ther  away from the control than the 
a i le ron  boost uni t .  Obviously, the bobweight would have t o  be between the  p i l o t '  s 
control  and the  booster t o  retain i ts f u l l  e f f ec t  on maneuvering forces. 'Ihe other  
a l t e rna t ive  is  a la rger  bobweight by the factor  of boost r a t i o .  The boost u n i t  was 
i n s t a l l ed  j u s t  a f t  of the wing where the rod system ends and the cable system begins. 
The only mechanical difference between the tm, systems is the bobweight. Excessive 
def lec t ion  of the t r i m  tab t o  balance the bobweight through the boost uni t was avoided 
by using a  balancing spring a t  the bobweight. This provided s t a t i c  equilibrium with 
the  elevator  i n  neutral  posi t ion and a s l i gh t ly  s tab le  gradient of force with elevat'or 
deflect ion.  

On the f i r s t  f l i g h t  with t h i s  arrangement the t e s t  p i l o t  induced an undamped 
osc i l l a t i on  of the airplane by s t a r t i n g  a  mild pull-up and releasing the control.  
?he o sc i l l a t i on  was approximately 1 cycle per second in  frequency and occurred a t  
350 mph indicated a t  10,000',  with f a i r l y  a f t  center  of gravi ty posi t ion and boost 
r a t i o  of 5: 1. 'Ihe o sc i l l a t i on  was ea s i l y  eliminated by steadying the s t i ck  o r  making 
a gradual turn o r  pull-up. 'Ihere was no osc i l l a t i on  with the boost inoperative. Sub- 
sequent t e s t s  gave fur ther  information on the osc i l la t ion .  The damping could be in-  
creased by higher indicated speeds, lower a l t i t udes ,  and lower boost r a t i o s .  ?he cen- 
t e r  of gravi ty posi t ion had l i t t l e  i f  any e f f e c t  on t h i s  phenomenon. 'Ihe most pro- 
nounced e f f ec t  was accomplished by reducing the s i z e  of the bobweight. Sa t i s fac tory  
damping over the range of operating conditions was obtained with a  3.7#/g bobweight 
and 5: 1 boost ra t io .  

Figure 8 shows representHtive da ta  fran ~hoto- recorder  records. ?his was taken 
a t  310 indicated a t  10,000' with a  forward center of gravi ty locat ion,  a  3.73/g bob- 
weight, and a boost r a t i o  of 8: 1. The motion is s t a r t ed  on the r igh t  by a  force of 
approximately 2 pounds. ?he response is indicated a t  the bottom of the   lot in  terms 
of normal acceleration. A t  t h i s  time the s t i c k  is  released. The e f f ec t  of normal 

on the bobe igh t  t o  operate the elevator  through the boost un i t  is c lear ly  
shown. The posi t ive increment in load factor  causes down elevator  o r  restoring moment. 
The integrated e f f e c t  of  the bobweight acting on the control valve is greater  than 
tha t  of elevator  deflect ion through the fee l  back rod with the  r e s u l t  tha t  su f f i c i en t  
elevator  angle t o  cause negative increments i n  load factor  is establ ished.  We f e l t  
l i t t l e  concern about t h i s  condition, since the maximum r a t i o  ant icipated was 5: 1 
where complete damping i n  one cycle was demonstrated. We were, however, concerned 
with the problem of s ens i t i v i t y  of the control i n  level f l i gh t ,  ~ a r t i c u l a r l ~  a t  a f t  
center  of gravi ty .position. P i l o t s  found tha t  trim could be establ ished a t  boost ra- 
t i o s  of 5: 1 only by releasing the  control and adjust ing the tab. When he d laced h i s  
hand on the  control again it was d i f f i c u l t  t o  avoid unsteady f l i gh t .  Even a t  a  boost 
r a t i o  of 2: 1 the  t r i m  cha rac t e r i s t i c s  were considered unsat isfactory.  'Ihe balancing 
spring on the bobweight was removed t o  add t o  the s t i c k  free s t a b i l i t y ,  but t h i s  
proved to  be hardly noticeable. 
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IND. 
AIRSPEED 

ELEVATOR 
ANGLE 

CONTROL 
FORCE 

LOAD 
FACTOR 

TIME HISTORY OF OSCILLATION AT 310 MPH INQ 

ALT. 10,000 FT. BOOST RATIO 8:l 
C.G. 24.5 % 808 WEIGHT 3 . ? * / ~  
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Unlike the ai leron control system, very small angular movement of  the elevator  
was required to  maneuver the airplane. hhi le  the f r ic t ion  in  the system is low, tha t  
par t  ahead of  the boost un i t  is ef fec t ive ly  increased by the boost r a t i o  factor  in 
r e s i s t i ng  return of the elevator  t o  i ts t r i m  position a f t e r  a disturbance. We had 
the a l te rna t ives  of trying a preload device in  the boost action, t ha t  is a device t o  
prevent boost action un t i l  a specif ied force is  exceeded, o r  t ry ing  centering devices. 
It  was f e l t  t ha t  the types of preload device which were proposed were l i ke ly  to  pro- 
duce jerky movement of the elevator ,  so these were eliminated. 'Ihe centering device, 
while not the most desirable arrangement, had poss ib i l i t ies .  Unfortunately the de- 
velopment progran on the booster was discontinued a t  t h i s  point. Continued work on 
the t i p  tank problem had produced a f i n  mounted on the outer s ide  and a t  the rear of 
each t i p  tank to  provide a moment which compensated for the tank moment. 'his elim- 
inated the tendency for  reversal i n  the control force vs. load factor    lot. ~ l t h o u ~ h  
the need for power assis tance has not  been eliminated, the solut ion appeared too 



D ISCUSS ION 

lengthy t o  be o f  value t o  the  present a irplane.  At the  present ,  two compromises are 
proposed. Neither o f  these  s a t i s f i e s  t h e  s p e c i f i c a t i o n  complete ly ,  but one at l e a s t  
comes f a i r l y  c l o s e .  T h i s  i s  an e l e c t r i c a l l y  operated screw which changes the  length 
o f  a l i n k  i n  the  e leva tor  system. By t h i s  method t h e  mechanical advantage can be i n -  
creased by a factor  o f  2 .  'Ihe associated l o s s  o f  e l eva tor  angle can be to lera ted  for  
a l l  conditions except  t a k e - o f f  and possibly  landing. 

I  would l i k e  t o  express my appreciation for  the  help  given by co-workers i n  pre- 
paring t h i s  t a l k .  

DR. CLAUSER, Douglas, El Segundo: Can you vary the boost r a t i o  i n  f l i g h t ?  

WANNER: Y e s ,  we can vary the boost r a t i o  in  f l i g h t .  This  i s  accomplished by 
moving Point B on Figure 3 up or down by means of an e l e c t r i c a l l y  operated screw. 

MR. CHATTLER, h r e a u  o f  Aeronautics: I s  the variable boost r a t i o  a permanent 
part o f  the i n s t a l l a t i o n ,  and how do the p i l o t s  handle the variable  feature? 

WANNER: Yes ,  i t  i s  a permanent part of the i n s t a l l a t i o n .  I n  general ,  the p i l o t s  
s e t  i t  a t  about 6 t o  1 a d  leave i t  there .  I f  they are a f t e r  maximum performance, 
they w i l l  move i t  up t o  10 t o  1. I  suppose each p i l o t  s e t s  it  according t o  h i s  own 
particular d e s i r e ,  but i n  general ,  he doesn ' t  move i t  around during f  1 i g h t .  He i s  
s a t i s f i e d  t o  leave i t  because he has many other  th ings  t o  ta,ke h i s  a t t e n t i o n .  

.CHATTl,ER: Are there  any particular ins t ruc t ions  for formation f l y i n g ?  

WANNER: Not t h a t  I  know o f .  

QUESTION: Do the  p i  lo ts  th ink  that  the variable  feature i s  a desirable  arrange- 

W M E R :  A l l  the comments I  have heard on i t  are favorable.  You see ,  by having 
i t  var iab le ,  i f  they  do want t o  have maximum-performance a t  sea l e v e l ,  they need b e t -  
t e r  t h a n 6  t o  1. I n  other  words, w i t h  6 t o  I, maximum performance requires a t o t a l  
o f  over 60 pounds, which p i l o t s  are not too anxious t o - u s e  on the a i l e ron  sur face .  
on the other hand, i f  we gave him a constant r a t i o  of 10 or 10.8 t o  I ,  we think he 
would be l i k e l y  t o  f ind tha t  h i s  forces would be rather low a t  high a l t i t u d e  for  mild 
mneuvers .  

CLAUSER: Did he have some kind o f  d i a l ?  
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WAiiNER: Yes,  he has a d ia l  in the cockpz t that  he can see.  

CHATTLER: i s  the 10 t o  1 system s t a b l e ?  

WANNER: Yes ,  we have had no ind ica t ion  o f  ins tab i  l i t y  i n  the system a t  any 
boost r a t i o .  

MR. RICHOLT,  L o c k h e e d :  In  regard t o  the disconnect a t  point L ) ,  I wonder i f  
you might t e  1 1  us a 1 i t t  le more about how tha t  i s  accomplished. At Lockheed we have 
experimented and b u i l t  a l o t  o f  those and always come up w i t h  the d e c i s i o n  tha t  i t  
i s  more dangerous than i f  we l e f t  i t  connected. I wonder how you accomplish t h a t .  

WANNER: I don' t  happen t o  have the d e t a i l s  w i t h  me but what they  have i s  a 
pair of claws, one on  each side o f  the rod and the rod has,  I guess what you would 
c a l l  de ten t s  i n  i t .  T k s e  claws are operated by a lever  i n  the  cockpit  and we have 
f a i r l y  heavy spring a c t i o n  behind them and they gr ip  the p i s t o n  rod. Wel l ,  u n t i l  
the p i l o t  moves h z s  l ever - -  I don' t  know whether i t  i s  a lever;  I guess i t  i s  a 
handle w i t h  a linkage attached t o  it--when he moves t h i s  l inkage, i t  takes  these  
claws out of the catch pos i t ion  i n  the p i s ton  rod. Th i s  part icular  arrangement i s  
new on the present a i r p l a ~ e ,  on the  E mode 1 o f  tk 84. Previously  the disconnect 
was something tha t  could be used once. You could disconnect i t  once and couldn't  
reconnect i t  i n  f l i g h t .  Hith the  present arrangement, i t  can be reconnected i n  
f l i g h t  i f  the p i l o t  s o  d e s i r e s .  

MR. GRANT, H u g h e s  Aircraft: I would l i k e  t o  review tha t  change you made 
where you had the va lve  b u i l t  i n t o  the  p i s t o n  and then changed t o  the external  valve  
Would you go i n t o  the  reasons for tha t  again? I d i d n ' t  qu i t e  get  them. 

WANNER: I th ink  perhaps Mr. Bergh could give you b e t t e r  reasons than I could.  

MR. BERGH, R e p u b l i c  A v i a t i o n :  I think the f i r s t  and most important reason 
was f r i c t i o n .  You see ,  when the  valve plunger has t o  be passed through the ou t s ide  
working a t  the f a i r l y  high l eve l  o f  pressure,  the f r i c t i o n  of  the packing w i t h i n  the 
boost cyl inder  a f f e c t s  the f r i c t i o n  on the p i s t o n  and we found tha t  that was point  
number one as  far as the  valve  i s  concerned. Point number two was tha t  i t  was physi-  
cal l y  impossible w i t h  our arrangement t o  completely balance out the re turn  l ine back 
pressure which you never  g e t  completely auay from. A f t e r  a 1 1 ,  you have the valve 
plunger rod coming out  of the cyl inder  and regardless  o f  what means you provide for 
balance of  the other  end of t h a t ,  the control  va lve  w i t h i n  the cyl inder  i t s e l f  i s  
s t i l l  subjected t o  a t h r u s t  pressure i n  one d i r e c t i o n  over o t h e r s  which i s  a f f e c t e d  
by the re turn  l i n e  pressure.  I f  you d i c h ' t  have any re turn  l ine  pressure a t  a l l ,  you 
could balance i t ,  but o b v i o u i l y  the  re turn  l i n e  back pressure i s  a funct ion of the 
amount of f lu id  tha t  i s  going t o  flow through the boost control  u n i t  so  you f ind the 
more you open the control  va lve ,  the greater the c i r c u l a t i o n ,  t h e  more t h i s  unbalanced 
force,  and i t  i s  always i n  a d i r e c t i o n  t o  push the plunger of the  control  valve  ou t  
of the  u n i t .  In o ther  words, i n  one d i r e c t i o n  o f  moving the control  when you open the 
valve wide by rapid motion o f  the s t i c k ,  your sys tem w i  l l  run away i n  t h a t  d i r e c t i o n ,  
whereas i n  the other  i t  w i l l  n o t ,  s o  i n  e f f e c t ,  you have a var iab le ,  you might say, 



f ee l  back load or var iab le  response depending on which way the sys  tem i s  working and 
the rate o f  speed a t  which you move i t  when you move the valve  o u t  of the cy l inder .  

Point number three i s  purely ,  I  t h i n k ,  a mechanical problem of  production machin- 
ing. You have a rather  expensive device i n  the  boost va lve  anyhow and when you incor- 
porate ins ide  i t  another u n i t ,  i f  anything goes wrong, you have t o  replace the whole 
u n i t .  I t  i s  a l so  much eas ier  t o  machine when i t  i s  a separate part .  

Probably s t  i l l  another po in t ,  number four, i s  the bypass e f f e c t ,  tha t  i s ,  when 
you want t o  shu t  the hydraul ic  part of the booster o f f  and leave i t  mechanically con- 
nected i n  order t o  operate the bypass w i t h i n  the cy l inder ,  i t  i s  extremely d i f f i c u l t .  
I f  you w i l l  no t i ce  on the  s l i d e  tha t  shows the schematic of  the in terna l  construct ion 
o f  the valve  i n  the boost c y  1 inder,  we had a very large passage connecting the two 
ends o f  the cy l inder  together  without going t h o u g h  the four passages of the main 
valve .  I f  the bypass plunger i s  s u f f i c i e n t l y  large t o  produce an unres t r i c ted  area 
equal t o  the f lu id  1 ine of  the system, the f r i c t i o n a l  forces,  or w e ' l l  say,  hydraulic 
forces do not bu i ld  up appreciably w i t h  the r a t e  a t  which you move the con t ro l .  I f  
you incorporate tha t  bypass feature  w i t h i n  the cyl inder  i t s e l f ,  you f ind i t  extremely 
d i f f i c u l t  t o  ge t  s u f f i c i e n t l y  large passages from one side of the p i s t o n  t o  the other  
end a l s o  you have a problem tha t  the  pressure applied t o  the bypass servo p i s ton  i s  
d i f f i c u l t '  t o  keep a t  a s u f f i c i e n t l y  high l eve l  t o  make sure tha t  tha t  valve w i l l  not  
cut i n  and out i n  an e r r a t i c  manner. I n  add i t i o n ,  the pressure which operates the by- 
pass valve comes through a pressure reducing valve  so t h a t  regardless of what happens 
t o  the demand on the system the valve  w i l l  never open or s h u t .  We found that  was very  
important. At one time we hooked the bypass t o  the other  s ide  of the reducer and we 
could never s t a r t  the sys  tem operat ing.  

CLAUSER: I n  tha t  connection, do you have an over-supply of f lu id  from the  pump? 

BERGH: Oh yes,  because qur hydraul ic  f l u i d  supply i s  predicated upon the opera- 
t i o n  of the landing gear and we purposely reduce the pressure t o  the boost system for  
the des ign  requirements a t  maximum speeds s o  t h a t  w e ' l l  never have an o s c i l l a t i n g  
pressure at the intake of the  con t ro l  va lve .  

CLAUSER: You use a common supply sys tem for the res t  o f  the airplane and the 

BERGH: Yes ,  a common supply . 
CLAUSER: I s  tha t  adequate and r e l i a b l e ?  

BERC;H: I t  works v e r y  s a t i s f a c t o r i l y .  You see ,  a t  low speed--I w i l l  say speeds 
a t  which you,would operate landing gear or wing f laps-- the amount of a i l e r o n  hinge 
moment you have t o  be able  t o  apply through the booster i s  grea t l y  reduced. You might 
even need a d i f f e r e n t i a l  pressure of 100 ~ o u n d s  per square inch i n  order t o  give  you 
maximum a i l e r o n  mot ion. 

CLAUSER: But the ra te  of motion may be greater  than at  h igh  speeds even. 

BERGH: No, we haven't  found t h a t  t o  be t r u e .  



CLAUSER: I s n ' t  i t  true you have t o  throw further  for the same ro l l ing  amount? 

BERGH: Oh, yes.  

CLAUSER: So  that  the ve l oc i t y  I  might des i re  t o  have i s  greater a t  lour speeds. 

BERGH: For the same hinge moment, but you don't  require the same hinge moment. 

CLAUSER: The hinge moments are down but the pump output i s  1 imited regardless 
of pressure. 

BERGH: We have never had that  experience. 

CLAUSER: When you are lwer ing  the landing gear or some other operation? 

BERGH: No. h e  of the things we were questioned about and one which f l i g h t  
t e s t  evidence s h e d  there was no d i f f i c u l t y .  

QUESTION : You have an accum~llator check-off  7 

BERGH: No, we use a  variable pump. 

DR. GOOD, J o h n  Hopkins  U n i w r s i t y :  Do you reca l l  the osc i 1 la t ion  frequency 
you encounter before the damper i s  added t o  the transfer  valve? 

BERGH: Let me put i t  t h i s  way--it  was i n  the order of 5 cyc les  per second and 
i t  was very des t ruc t ive .  I  might say a t  t h i s  point i t  was so  v io len t  that  it  was l i ke  
using a  pneumatic d r i l l  t o  bore a  hole i n  a  concrete f loor,  I  think most of us here 
have had that  experience. I t  was s o  v io l en t  i n  the period of a  hal f  minute or less  
that  our original  t e s t  r i g ,  which was extremely r i g id ,  destroyed a l l  the bal l  bearings 
i n  the system. I t  d idn ' t  seem t o  vary w i t h  e i ther  boost r a t i o  or whether the forced 
o s c i l l a t i o n  was i n i t i a t ed  by e i t h e r  tapping the s t i c k  or tapping the ai leron.  The 
r e su l t  was the same. Of course, as soon as the p i l o t  would take hold of s t i c k ,  natural 
damping, and pi lo t ' s  arm would s top  the thing.  I t  i s  only  a  s t i c k - f r ee  condition tha t  
would give that trouble.  The damper we b u i l t  i n t o  the un i t  was made extremely pourer- 
f u l ,  and as  Mr. Wanner has explained, wi th  the check valves  that  were a c t u ~ l l y  located 
i n  the two out l e t  connections o f  the damper cyl inder.  Actual ly  those two r e s t r i c t o r  
check valves are incorporated i n  those lines i n  such a  manner that  we could use rea- 
sonable s i z e  holes i n  the o r i f i c e s  and could vary them over rather wide l i m i t s ,  so i n  
the lab t e s t s  we varied the s i z e  of those holes ,  those r e s t r i c t o r s  that are b u i l t  i n t o  
the l i t t l e  d i s c  check va lves ,  w i t h in  wide l im i t s .  We then s truck a  compromise ha l f -  
way wi th  those which gave excessibe f r ic t ional  forces or delay i n  motion of the con- 
t r o l  and those at which we got the f i r s t s i g n s  of i n s t a b i l i t y ,  and as a  r e su l t  i t  was 
not a  de l ica te  job t o  machine these l i t t l e  r e s t r i c t o r s ,  I  think the hole s i z e  i s  
equivalent t o  about a  number 32 d r i l l  or something of that  order, so i t  i s  a  re la-  
t  ive l y  good s i z e  hole and enabled us i f  we use the same control valve which we planned 
t o  do, t o  use ident ical  valves  by merely shaping the s i ze  of those holes.  



GOOD: Che other question. Do you remember the amount of leakage that  the 
valve has in  i t s  center posi t ion compared with the maximum ra t e?  

BERCIH,: Yes, I think so. I t  i s  a rather di f f icul t  thing t o  def ine.  I J  1 1  be 
glad t o  show you on a drawing but I don't know how ninny other fe 1 lows would be in- 
terested. You have a control leakage not only between the pressure source and each 
cylinder connection but -a lso each connecticm back to  the return 1 ine, and although 
we t e s t  the valve wi th  1250 pounds per square inch on i t  and we ' 1  1 say zero pressure 
on the connecthns, your pressure w i l l  leak through the system. The leakage pressure 
we require the ~ u f a c t u r e r s  t o  meet are determined purely by experimentation with 
the actual assembly. I n  other words, we find we would have t o  have cer ta in  clear- 
ances between the valve plunger and the valve cylinder or bushing and the minimum 
clearances are predicated on what are the requirements of maximum f r i c t i on ,  whereas 
the maximum clearances are established by what we considered would be the maximum 
permissible leakage, predetermined from the i n s ta l la t i on  of the valve which has, that 
characteristic.  We took that valve back and measured the leakage and then estab- 
lished the leakage t e s t  on the valve tested by i t s e l f .  I don't  think it i s  possible 
to  say what t h e .  leakage should be on the valve by i t s e l f  because the leakage i s  a 
function of hau the cylinder leakage enters  into the problem too. 

GOOD: Do you recal l  roughly i f  t h i s  was one cubic inch per minute? 

BERGH: No, i t ' s  considerably higher than tha t .  As I say, there again i t  
varies great ly  with the pressure that  i s  acting a t  the cylinder port.  I n  the actual 
ins ta l la t ion ,  the pressure when the valve i s  i n  neutral and the system i s  steady, i s  
roughly half the working pressure or we ' l l  say roughly 600 pounds per square inch act- 
ing on both sides of the boost cyl inder when there are 1250 pounds upstream of the 
valve d essent ia l ly  zero pressure downstream on the return line s ide .  The f i r s t  
motion of the valve tends to increase the pressure on one side and decrease the pres- 
sure on the other. To measure the t o ta l  leakage as i n s ta l  led with the system doing 
no work, I do not have an accurate figure that  I could give you here today, but I 
could t e l l  you i f  you were t o  t e s t  the valve by i t s e l f  i n  neutral ,  you would get 
roughly a t  room temperature, I th ink ,  three or four hundred cc per minute wi th  the 
pressure of 1250 pounds per square inch on one side and zero pressure on the other. 
As I say, that  i s  not a true leakage or anything l ike tha t .  

MR. FOLSE, Ehreau of Aeronautics: Do I understand correc t ly  that i n  designing 
th is  system you did not find i t  advantageous t o  use servo theory? 

WANNER: Actually  I .wasn't i n  on the design a t  the beginning. I t  wasn't advan- 
tageous t o  us. Aga in Mr. Bergh would know more about tha t .  Do you know whether they 
used servo theory i n  designing th i s?  

BERGH: No. 

FOLSE: Supposing wi th  the use of the theory you had been able t o  design i t  s u f -  
f i c i en t l y  w l l  t o  f l y  o f f  the dra f t ing  board w i t h n o  tes t ing .  Have you an estimate 

o f  the f l i gh t  hours required t o  put t h i s  system i n t o  operating condition as contrast- 
ing with no f 1 ight hours, assuming you had a perfect theory? 



WANNER: Actua l l y  i n  our case the number of f l igh t  hours i s  sma lE , but we do 
have more i n  terms of lab t e s t i ng  time. In  other words, when they discovered that 
the system would not operate sa t i s fac tor i l y ,  they went i n to  the lab t o  determine the 
causes and troubles . 

FOLSE: That i s  t o  say they f i r s t  t r ied  i t  out i n  f l i g h t ,  discovered a fau l t ,  
and then corrected it i n  the lab. 

WANNER: That i s  correct .  

FOLSE: How long a process uns involved i n  that i n  f l i gh t  hours, manhours or 
manweeks ? 

WANNER: I don't know i n  terms of manhours but i n  terms of weeks I think that 
the t e s t  program ran over a period o f  two or three months, during which time they were 
t e s t i ng  and, o f  course, a lot  of time was eaten up in manufacturing new parts.  I t  
wasn't a l l  t es t ing  time, but that  of time elapsed between the time that we were 
sure that the trouble was there and the time we hcd corrected i t .  

FOLSE: How many weeks? 

WANNER: I would say two or three months. 

BERGH: I would say something of that order. 
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As many of  you know, the XF-92A was designed a s  a f l y i n g  rnockup of the  XF-92 a i r -  
plane. 'Ihe configurat ion is shown i n  Figure 1. It uses a 600 t r i a n g l e  f o r  a wing and 
v e r t i c a l  t a i l ,  no long i tud ina l  s t a b i l i z e r ,  and i s  powered by a J-33-A23 engine. 'Ihe 
basic aero-dynamic configurat ion is  intended f o r  t r anson ic  and supersonic  speeds and 
a l l  components, o ther  than the  power p l a n t ,  were se lec ted  with such speeds a s  a con- 
s iderat ion.  'Ihe elevons and rudder a r e  f u l l  span, constant  chord, approximately 23 
percent exposed a rea ,  r ad ius  nose surfaces .  They a re  hydraul ic  power operated. An 
a r t i f i c i a l  f e e l  system i s  provided. 

Although some 20 hours of f l i g h t  time have been accumulated on t h i s  a i r p l a n e ,  it 
is stil l  t o o  e a r l y  t o  f u l l y  evaluate  the  hydraul ic  and f e e l  system c h a r a c t e r i s t i c s .  
'Ihis paper is  then a de,scription of the system design and of the  changes made a s  a re-  
s u l t  of f l i g h t  t e s t  experiences.  

1. Se lec t ion  

?he s e l e c t i o n  of an i r r e v e r s i b l e  power-boost system f o r  the  a i rp lane  r e s u l t e d  
from considerat ion o f  t h e  h inge-mmnt  c h a r a c t e r i s t i c s  and t h e  f l u t t e r  p o t e n t i a l i t i e s  
of the  con t ro l  su r faces  used. 

Very e a r l y  i n  the a i rp lane  design i t  was r e a l i z e d  t h a t  con t ro l  d e f l e c t i o n  angles  
i n  excess  of 20 degrees would be required f o r  high a l t i t u d e ,  supersonic Mach number 
maneuvering. ?Xis meant t h a t  adequate aerodynamic balance, when achieved with  over- 
hang, would unport the  sur faces  with unknown, and feared, r e s u l t s .  'Ihe low a i r f o i l  
th ickness  used (6.5%) proh ib i ted  the  achievement of the  d e s i r e d  r e s u l t  wi th  i n t e r n a l  
balance. 'Ihe usG of  s p r i n g  t a b s ,  o r  s i m i l a r  aerodynamic balancing device,  was re-  
j ec ted  because of the  low e f fec t iveness  of a small  chord sur face  a t  t ransonic  speeds. 
This  l e f t  u s  with  s t r a i g h t - s i d e d ,  rad ius  nose sur faces  on which the  p red ic ted  hinge 
moments were very high. A design limit value o f  28,000 foot-pounds has  been used f o r  
s t r u c t u r a l  design of  t h e  elevons. ?his moment would give a ~ i l o t  fo rce  i n  the  order  
of magnitude o f  10,000 pounds with a conventional system. Even the landing fo rces  
would have been i n  the  o rder  of 500 pounds. Such magnitudes make d i r e c t  p i l o t  con t ro l  
v i r t u a l l y  impossible. In addi t ion,  the  p red ic t ions  indicated t h a t  the  sur faces  se -  
l ec ted  on the  b a s i s  of control  e f fec t iveness  would be overbalanced i n  t h e  subsonic 
speed range. Th is  ' r e s u l t s  from the r e l a t i v e l y  small  su r face  d e f l e c t i o n  required t o  
t r i m  i n  t h i s  speed range coupled with  an unusual ly  l a r g e  e f f e c t  o f  angle o f  a t t a c k  on 
hinge moments. These f a c t s ,  added t o  the  uncer t&nty of t h e  p red ic t ions  i n  the  t rans -  
onic range, pointed t o  the s e l e c t i o n  of a powered system i n  which the ~ i l o t s  fo rces  
were independent o f  the  control-surface forces .  . 

'Ihe radius-nose configurat ion of the c o n t r o l s  and the low a i r f o i l  th ickness  em- 
ployed made i t  d i f f i c u l t  t o  even s t a t i c  mass balance f o r  the  con t ro l  surfaces .  





Analytical investigations of the configuration indicated tha t  without  mass balance a 
very high degree of s t i f f n e s s  would be required i n  the surface controls t o  prevent 
f lut ter .  ~ence , '  the i r r e v e r s i b i l i t y  feature was added t o  the requirements. 

2. Requirements 

Having determined tha t  an i r revers ib le  power system was t o  be provided, i t  was 
then necessary t o  determine the power, duty cycle, precision and emergency require- 
ments, so  that  the type of system and its component par t s  might be selected.  

, l'he power requirements consist  of two par t s ;  the  maximum hinge mment tha t  must 
be overcome, and the r a t e  of surface ro ta t ion  against t ha t  hinge moment. 

1n determining the f i r s t  of these items, it was necessary t o  consider the res-  
ponse of the airplane t o  various sequences of applied p i lo t  control motion. 'Ihe ap- 
proach used was similar  t o  a maneuvering-load study for  a conventional a i r c ra f t .  'Ihe 
only features tha t  might be considered unusual were f i r s t ,  the inclusion, a s  the design 
advanced, of the non- l inear i t ies  introduced by hydraulic system and ae ro l a s t i c  e f f ec t s ;  
and second, the recognition tha t  s ince the natural periods of the airplane were ap- 
proaching pilot-response tineb strength and power should be provided t o  permit a t  
least one cycle of mis-coordinated p i lo t  control  motion in such a phase with the a i r -  
plane response tha t  maximum loads and hinge muments would r e su l t .  

Wi le  these s tudies  gave some indicat ion of the surface r a t e s  required, addi- 
tional studies were made of the r a t e s  required t o  recover from a 100-degree-per-second 
gust-induced r o l l  during landing and of the requirements for  a typical  combat maneuver 
(taken from NACA Report m-LSF27). To make these s tudies as  r e a l i s t i c  a s  possible, a 
pilots response lag  of 0.1 second was assumed i n  the landing study. Ihe  combat data 
were used by assuming the airplane produced the same t i m e  h is tory  of ," g" , ro l l i ng  
velocities, and yawing accelerations as  presented in the referenced data. These ma- 
neuvers were applied t o  the speed-altitude range of the airplane t o  find the most se- 
vere rate  requirement. Horsepower requirements for  t h i s  condition were not c r i t i c a l .  
n e s e  studies indicated t h a t  surface ra tes  t o  117 degrees per second might be required 
for th is  airplane. Actual ra tes  f i na l ly  used on the airplane were much reduced. 

%re is considerable question as  to  the degree t o  which the maneuvering sequence 
selected is representative of combat operating conditions for  even present day f ighter  
airplanes. However, the general principle of choosing a series of repeated maneuvers 
typical of those t o  be encountered i n  service as the basis  for  determining the system 
rates end duty cycle is  considered valid. 

Ihe high horsepower requirements resu l t ing  from the high hinge moments and ra te  
requirements led t o  the select ion of a hydraulic system equipped with accumulators. 
'Ihe duty cycles were based upcm the r e su l t s  of the foregoing landing and canbat s tudies.  
In  addition, a one-degree-per-second continuous motion of a l l  controls  was assumed for  
both normal and emergency system operation. Ihis was t o  simulate c ru ise  i n  rough a i r .  

'Ihe select ion of cylinder s i ze  was based on 2600 ps i  which is the cut- in pressure 
of the regulator. An a rb i t r a ry  factor of 75 percent was used to  allow f o r  pressure 
drops etc. -It is now f e l t  tha t  ac tua l  pressure drops should be estimated. This per- 
mitted the use of 10-inch di-ter accumulators and 3.75 gallons per minute pumps. 

Ihe precision of a boost system might be expressed a s  the accuracy with which 
the surface follows the p i l o t s  control.  Some inaccuracy is  inherent i n  a hydraulic 
system since a valve must move a f hite distance before f lu id  flow and, hence surface - 



motion, begins. Similar lag  occurs when the surface stops moving. Any l o s t  motion 
between the s t i c k  and the valve o r  the cylinder and the control surface adds d i r e c t l y  
t o  these inherent d i f f i c u l t i e s .  Since i t  was assumed tha t  the h i ihes t  prac t ica l  de- 
gree of precision was desirable,  it was specif ied tha t  the p i l o t  controls  should be 
mechanically linked t o  the sarface, except for  the motion i n  the valve i t s e l f .  A l l  
tolerances were t o  be held t o  a minimum. 

The f r i c t i on  in  a boost control system is important from two main considerations. 
I f  the trimning is done through the f ee l  system, as  i n  the XF-92A, f r i c t i o n  prevents 
accurate s e t t i n g  of trim. Secondly, excessive f r i c t i o n  i n  the valves causes the 
s t i c k  t o  follow the surface u n t i l  f r i c t i a n  is overcome, In order t o  assure low valve 
operating loads, hydraulically balanced valves were specif ied,  with operating loads 
not t o  exceed 2.5 pounds a t  the valve stem. Actually, the value obtained was l e s s  
than 2 pounds per valve. 

It was f e l t  tha t  adequate safe ty  for  emergency conditions could only be provided 
with a completely independent standby control system. Since even the landing loads 
were beyond the p i l o t s  s trength,  the standby system was a lso  spec i f ied  as  a f u l l  boost 
system. In  order t o  minimize the danger of a control  system fa i lu re ,  i t  was consid- 
ered necessary t o  specify tha t  the standby system be automatically act ivated with 

'zero time lag  i n  the event of any malfunctioning in  the main control system? 
The power and duty cycle requirements of the emergency system were considered as 

those required t o  recover from a power-on dive,  maintain one degree per second motion 
on ell controls  during slowdown, descent, and approach, recover from a gust-induced 
r o l l  during a landing, and complete the landing. The gust recovery was considered 
t o  es tab l i sh  the minimum acceptable surface ra tes .  

The emergency system is e lec t r i ca l ly  driven and uses ba t t e r i e s  for  standby power 
in  case of generator or engine fa i lure .  The bat tery l i f e  was based upon a maximm 
L/D descent from service ce i l i ng  driving a l l  controls  a t  1 degree per second, and re- 
covery from the gust-induced r o l l  during the  landing. In  addition t o  the  above re-  
quirements su f f i c i en t  bat tery capacity was provided t o  attempt a r e s t a r t  of the engine. 

3. Requirements of the Fee 1 Sys tern ' 

'Ihe foregoing requirements were considered t o  define adequately the hydraulic 
portion of the contral  system, but did not describe the type of control t o  be given 
the p i lo t .  

Several types of p i l o t s  controls  could have been incorporated i n t o  the airplane. 
A small " formation" type s t i c k  would require e i the r  e l e c t r i c a l  o r  hydraulic follow- 

up system t o  reduce f r i c t i o n  loads t o  acceptable values and t o  ~ r o v i d e  a surface 
f allow-up. Means of preventing the p i l o t  from imposing excessive loads on the a i r -  
plane must be incorporated. 

A t  l e a s t  two arrangements were feasible for  use with a standard control s t ick .  
In one, the r a t i o  of s t i c k  motion t o  surface motion would be a l te red  as a function of 
indicated airspeed and Mach number, such tha t  f u l l  s t i c k  motion would always permit 
t r i m  t o  l i m i t  loads. 'his would give constant s t i c k  ~ o s i t i o n  effectiveness through- 
out the speed range. In the other arrangement t he  s t i c k  forces would be a l te red  so 
tha t  a constbnt s t i c k  force per "g" would result.. 

This l a t t e r  system was selected on the bas is  of safe ty  and conventionality. It 

was believed tha t  p i l e t s  a re  more nearly aware of t he  s t i c k  forces than of the s t i c k  

-- 



position i n  a conventional system 'Ihis should make the controls  f e e l  l i k e  those of 
exist ing a i r c r a f t .  Moreover, i n  the event of a f a i l u r e  i n  the automatic device t ha t  
could not be overcome by a manual override, the variable r a t i o  system might leave in-  
suff icient  control  avai lable f o r  landing, while the force system could be designed 
such tha t  a high-stick force landing would always be feasible .  

?he se lec ted  system is f a i r l y  heavy, and requires careful  a t ten t ion  t o  d e t a i l  
in both design and maintenance. Fr ic t ion  and looseness must be held t o  a minimum, 
since they appear t o  the p i l o t  a s  d i scont inui t ies  i n  the control effect iveness.  Loca- 
tion of the f e e l  mechanism within the control  system must be carefu l ly  considered. 

Having determimed tha t  a force system was t o  be used, it was log ica l  t o  meet, 
insofar as  pract icable,  the customer's ex i s t i ng  control force requirements. 

?his resul ted in 5 pounds per "g" f o r  elevator  motion. In conformity with 
usual design prac t ice ,  the fdrce-intel l igence curve was based upon the e leva tor  de- 
flection required t o  t r i m ,  r a ther  than upon any accelerated condition. This leaves 
it t o  the p i l o t ' s  technique t o  prevent excessive loadings. In s p i t e  of the r e l a t i ve  
low s t ruc tu ra l  def lec t ions  associated with the d e l t a  wing design, i t  was fcund neces- 
sary t o  allow f o r  the surface def lec t ion  i n  se lec t ing  the in te l l igence  curves. 

The spec i f ied  value of 30 pamds s t i c k  force fo r  required Pb/2V was used a s  the 
basic l a t e r a l  force requirement. Here again, the steady s t a t e  values, rudder f ixed,  

The rudder requi remnts  were more d i f f i c u l t  t o  es tab l i sh .  'Ihere was no de f in i t e  
, reason t o  provide fo r  a great  d e a l  of rudder motion a t  other than low speeds, s ince 

the airplane is symmetrical i n  yaw, has no ~ r o p e l l e r ,  and the yaw due t o  a i le ron  is 
favorable. A spec i f ica t ion  ik needed f o r  l og i ca l ly  determining the high-speed rudder 
requiremnts. For t h i s  applicat ion,  the s t ruc tu ra l  requirements were ~ a r a l l e l e d ,  
and the followimg c r i t e r i a  used: 

a. 180 pound pedal force a t  1/2 rudder def lec t ion  a t  design high-speed. 

b. 180 pound pedal force a t  1/5 rudder def lec t ion  and design terminal veloci ty.  

c. 100 pound pedal for=  a t  f u l l  rudder deflect ion fo r  indicated speeds l e s s  than 

In ac tua l  applicat ion,  it became des i rab le  t o  compromise these c r i t e r i a ,  s ince  
the small difference in indicated speeds between design high-speed and terminal' ve- 
locity would have necessi tated a sharp break in  the in te l l igence  curve. 

Since the control  surfaces are i r revers ib le ,  t r i m  control i n  the conventional 
sense is not required. However, it is desirable t o  provide fo r  zero control forces 
for a wide range of control  positions. 'Ihe t r i m  system provided t h i s  feature. 'Ihe 
design requirements needed are the r a t e s ,  the range, and the permissible l a g  of 

No pert inent  information is avai lable on required r a t e s  of t r i m  operation. A 
uniform r a t e  of 0.3 degree surface deflect ion per  second for  a l l  controls  was f i n a l l y  

?he operational t r i m  range of the elevator  control was se lec ted  t o  permit zero 
stick-force " 1 g" f l i g h t  throughout the operating range of the airplane. The rudder - - 23 - 



and a i le ron  ranges were a r b i t r a r i l y  selected as  e0 from neutral .  
'Ihe fundamental operation of the t r i m  system required it t o  move the anchoring 

point  of the f ee l  spring. 'Ihus, i n  the case of hands-off operation, the hydraulic 
valve was actuated through the fee l  system springs. I n  e i t he r  case, some l ag  was 
l i ke ly  due t o  f r i c t i o n  in  the spring. A permissible lag of 0.5 seconds i n  system ac- 
t iva t ion  was a r b i t r a r i l y  selected. 

4. Details of the System 

Now tha t  we have reviewed the basic c r i t e r i a  used fo r  design, i t  w i l l  be o f  in-  
t e r e s t  t o  consider the general arrangement of the resu l t ing  system as  shown schematic- 
a l l y  i n  Figure 2. It can be noted tha t  the actuat ing cylinder has been located close 
t o  the surface t o  provide added r ig id i ty .  'Ihe two-point dr ive not only minimizes the 
surface t w i s t  under a i r  loads, but is very e f fec t ive  i n  reducing suscep t ib i l i t y  t o  
f l u t t e r .  'Ihe f ee l  system was located near the cockpit from space considerations, and 
and t o  reduce the deflect ion between the source of the f ee l  and the  cockpit controls.  

'Ihe mechanical t i e - i n  between the surface and the s t i c k  provides a r ig id  push- 
rod connection, except where it passes through the valve control.  'Ihis feature has 
been considered as  desirable s ince it eliminates a l l  danger of the  s t i c k  and surface 
ge t t ing  out of phase. Both hydraulic systems are controlled through the tandem valve 
arrangement indicated. 

' he  two hydraulic sys tem are completely independent except for  the push-ro.d 
linkage from the end of the ac t iva t ing  cylinder t o  the  surface. 'Ihe cyl inder  i t s e l f  
houses two separate equal area pis tons mounted on the same shaf t ,  each of the p is tons  
is driven by one of the hydraulic systems. I t  was f e l t  t ha t  t h i s  would r e su l t  i n  the 
l i gh t e s t  and most s t r a i g h t  forward-arrangement. It does, however, permit an inef fec t -  
ual dr iving of one of the sys t e r s  under r a the r  spec ia l  conditions. This phenomenon 
occurs when the surface loads are low, and the  systems are  provided with unequal pres- 
sures. No detrimental e f f ec t s  have been observed; i n  f ac t ,  the existence of t h i s  con- 
d i t i on  can be proven only by an examination of  the f l u id  temperatures. 

Some mention has been made of the two hydraulic systems involved, it  may be well 
t o  describe the major feature of these systems. Both sys t em are  normally i n  opera- 
t ion  s o  tha t  each system w i l l  immediately assume control  i n  the event of malfunction- 
ing of the other.  'Ihe main system has been s o  designated only because it is supplied 
by the engine driven pump. 

'Ihe hydraulic sys t em are shown schematically i n  Figure 3 .  'Ihe main system is 
driven by a constant-displacement pump geared t o  the airplane engine. 'Ihe system is 
equipped with both high and low pressure f i l t e r s ,  an accumulator-type reservoi r  t o  
minimize a l t i t u d e  e f f ec t s ,  two pa ra l l e l  accumulators, a pressure regulator t o  maintain 
system pressufe between 2600 and 3000 ~ s i ,  and a system t o  ~ r o v i d e  a low line-drop by- 
pass i n  case of system malfunctioning. 'Ihis same hydraulic source is used for  normal 
gear and plenum chamber door operation. 

The secondary system is qui te  s imilar  in  arrangement, but uses an e l e c t r i c  driven 
pump and is e l e c t r i c a l l y  regulated t o  a pressure range from 1250 t o  1550 ps i .  h d e r  
normal operating conditions the e l e c t r i c  power is supplied from an engine driven gen- 
e ra tor .  Two ba t t e r i e s  (Type 6-GT-13) a re  used t o  provide standby power i n  the event 
of generator  o r  engine fa i lure .  'Ihe l i f e  of these ba t t e r i e s  is the c r i t i c a l  item i n  
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- 
select ing permissible valve leakage, continuous surface r a t e s ,  and permissible dead- 
s t ick  landing maneuvers. 

'Ihe emergency e l e c t r i c a l  system operation i s  shown on Figure 4. Under normal 
conditions t h i s  secondary system is i n  continuous operation. However, i n  case of 
fa i lure  of the generator,  means are provided t o  conserve a maximum of ba t te ry  capacity. 
In case of f a i l u r e  of the main hydraulic system only, no change i n  the  operat ion of 
the secondary system takes place except t ha t  a warning l i gh t  goes on. 

'Ihis duplication o f  systems, plus the  standby feature of the e l e c t r i c  system, 
of fe rs  excel lent  dependability and assures uninterrupted control a t  a l l  times. With 
one system inoperative, the  response of the airplane is unaffected except for  the 
limited power avai lable for extreme maneuver. 

'Ihe cylinder and the valve are connected mechanically by the follow-up control.  
'Iheir action is shown schematically i n  Figure 5. 

'Ihe design of the valve i t s e l f  is the most important s ing le  feature of the e n t i r e  
system. Here, it is  necessary t o  compromise on nearly every d e t a i l .  Some of the de- 
cisions made deserve c o m n t .  

In the i n i t i a l  design s tages,  it was believed tha t  addit ional  protect ion could 
be provided against jamning due t o  foreign matter i n  the hydraulic f l u id  by providing 
two spools per  valve, actuated through springs. Subsequent t e s t s  have shown tha t  
t h i s  protect ion is unnecessary and may be ac tua l ly  dangerous. Therefore the springs 
were omitted and the  resu l t ing  setup is shown on Figure 5. 

'Ihe m u n t  of overlap t o  be used provided another problem. Large overlap permits 
low leakage r a t e s ,  but produce a large dead-spot i n  the controls .  'Ihe amount of leak- 
age tha t  can be to le ra ted  is primarily a function of the standby provisions of the 
emergency system. 'Ihe amount of dead-spot induced is undesirable for  smooth operation. 
'Ihe dual-spool design permitted s e t t i n g  the overlap t o  v i r t u a l l y  zero. 

'Ihe metering of the  valve, defined i n  terms of flow r a t e  vs. valve spool d i s -  
placement, has undergone several changes s ince  the i n i t i a l  conception of the design. 
A very rapid r i s e  t o  the metering curve is desirable from the standpoint of high sur-  
face accelerat ions and rapid follow-up system action. Such a curve, however, tends 
t o  cause cha t te r  i n  the system and seems t o  exaggerate the e f f e c t s  of dead-spot inso- 
fa r  a s  p i l o t ' s  impression i s  concerned. ?he metering curves fo r  the  valve now in-  
s t a l l ed  on the airplane is shown on Figure 6. As shown, the metering s t a r t s  from be- 
yond center ,  s o  t h a t  s l i g h t  leakage e x i s t s  a t  the centered position. This was per- 
mitted t o  obtain the grea tes t  possible smoothness of surface act ivat ion.  I t  r e s u l t s  
in  a system i n  which the lag  between s t a r t  of p i l o t ' s  control  motion and surface motion 
is very small. 'Ihe l ag  between s top  of p i lo t -cont ro l  motion and surface motion is a 
function of previous surface ra te .  'Ihe surface r a t e  w i l l  drop very rapidly t o  a very 
low value, but a small motion, l e s s  than 0 .1  degree i n  magnitude, w i l l  continue f o r  
an appreciable length of time ( i n  the order of 0.2 sec.)  as  the follow-up system c loses  
the valve along the gradual curvature of the metering curve. 

'Ihe major design problem in  se lec t ing  the linkage between the valve and the 
p i l o t ' s  controls  is the determination of the optimum gear r a t i o .  Small r a t i o s  reduce 
the tolerance and valve overlap problems, but exaggerate any valve' f r i c t i o n  tha t  may 
exis t .  Large r a t i o s  exaggerate the tolerances i n  the j o in t s  and the dead-spot due t o  
valve overlap. In  t h i s  applicat ion,  a r a t i o  of approximately 20 t o  1 has been 
selected t o  keep t o t a l  f r i c t i on  a t  the s t i c k  t o  below 2 pounds. 

~7 



Normal 
With  the jack plug inser ted i n  the ground c u t o f f  swi t ch  ( 3 ) ,  the electric-pump ( 2 )  i s  
held inoperat ive .  Before  f l i g h t  or  t e s t i n g ,  the  jack plug i s  withdrawn, c los ing  ( 3 ) ,  
and the e l e c t r i c - d r i v e n  pump operat ion  becomes sub jec t  t o  the control  c i r c u i t .  As long 
as the generator ( 1 0 )  i s  pu t t ing  out about 9 v o l t s  or more, re lay ( 7 )  w i l l  be he ld i n ,  
and pump ( 2 )  w i l l  run as  control led  by  swi tch  ( 1 3 ) ,  which turns  -the e lectr ic-dr ivenpump 
( 2 )  on and o f f  t o  maintain a hydraul ic  system pressure o f  1250-1500 p s i .  
Generator Fai lure  
I n  the event  of generator f a i l u r e ,  re lays  ( 1 7 )  and ( 1 8 )  w i l l  drop o u t ,  r e l a y  ( 9 )  w i l l  
drop in .  Re lay ( 7 )  w i l l  s t o p  the  e l e c t r i c - d r i v e n  pump ( 2 ) ,  thus conserving b a t t e r y  
power. Relay  ( 8 )  w i l l  d isconnect  the t e s t  load. He lay ( 9 )  w i l l  l i gh t  warning l igh t  
( 1 2 )  t o  warn o f  generator f a i l u r e .  Power i s  thus conserved for operating the fuelpumps. 
Engine Fai lure  (or S i m u l t a n e ~ u s  Failure of Generator and Engine-Dr i ven  Hydraulic Sys tem)  
Relays (7)  and ( 8 )  drop o u t ;  and re lay ( 9 )  drops i n ,  l i g h t i n g  generator f a i l u r e  warning 
l i g h t  ( 1 2 ) .  Pressure swi tch ( 5 )  c l o s e s ,  as the engine-driven hydraul ic  pump system pres- 
sure becomes l e s s  than 2000 p s i ,  causing re lay ( 6 )  t o  remain c losed ,  thus  keeping pump 
( 2 )  i n  operat ion.  Swi tch  ( 5 )  a l s o  a1 lows re lay ( 1 )  t o  drop o u t ,  turning on warning l igh t  
( 1 1 ) .  Override swi tch  ( 4 )  a l lows p i l o t  to  turn on e l e c t r i c - d r i v e n  pump ( 2 )  i n  emergency, 
overr iding any operat ion,  or lack of operat ion,  of the automatic control  c i r c u i t .  

ELECTRIC MOTOR FOR 
~ ~ H Y D .  PUMP 

UTOFF SWITCH 

OF JACK PLUG l . - -  

OVER-RIM SWITCH 
OPEN ~~-1500 PSI. ,  CLOSED AT 1250 PS.1. 
TO ELECTRIC DRIVEN PUMP 

-ENGINE DRIVEN HYD. PUMP 
WARNING LIGHT 

OPEN 2400  
CLOSED 2000 I 

CURRENT 

TO GEN. + 28 

TEST EWIPMENT LOAD 

FIG.4 - SCHEMATIC ARRANGEMENT OF THE EMERGENCY ELEC- 
TRICAL SYSTEM FOR THE MODEL 7002 AIRPLANE 





VALVE SPOOL OPENING - INCHES 

F I G . 6 -  METERING CURVE FOR THE VALVES A S  NOW 
INSTALLED IN THE MODEL 7 0 0 2  AIRPLANE 



Returning now t o  Figure 2 we 'can see t h a t  the control  l inkage passes through a 
mixing mechanism tha t  combines s ide and longi tudinal  s t i c k  motions t o  a s ing le  s igna l  
t o  the elevon valves. 'Ihe two elevons are  completely separated a f t  of t h i s  point.  

'Ihe basic d e t a i l s  of the fee l  system are a l s o  shown schematically i n  Figure 2 .  
'Ihe spring-loaded cyl inders  are designed t o  load the variable f ee l  arm in  e i t h e r  d i -  
rection s o  t ha t  a l i nea r  force per degree of control  def lec t ion  is provided. In such 
a design, great  care  i n  adjustment and maintenance is required t o  prevent roughness 

pect t o  the axis of the supporting torque sha f t ,  thus changing the e f f ec t i ve  moment 
arm of the spring force. As  previously indicated,  t h i s  motion may be produced by a 
servomechanism ac t iva ted  by indicated airspeed and a l t i t u d e  or Mach number as required 
by the speed range of the airplane.  The var ia t ion  is cont ro l led  by the shape of a 
wire-wound res i s tance ,  making a l t e r a t i ons  reasonably easy. 

In actual  f l i g h t ,  t h i s  automatic fea ture  has not been used t o  date.  The p i l o t s  
have preferred t o  control  the f ee l  by means of the manual override provided. Most of 
the f ly ing  has been done a t  a constant feel-arm pos i t ion ,  so  t ha t  the f e e l  system has 
acted as a simple center ing spring. The one marked exception t o  t h i s  has been t he  
rudder. 'Ihe p i l o t s  have selected l i g h t  pedal forces f o r  take-off and landing, and 
high forces  fo r  normal f lying.  'Ihis se lec t ion  may have a r i sen  from the favorable a i l -  
eron yaw present on t h i s  a irplane.  

Control-force t r i m  is provided by ro ta t ing  the  yoke, f o  which the f ee l  spr ings 
are attached, about the ax is  of the torque shaf t .  Tlis ro ta t ion  is e l e c t r i c a l l y  

5 .  Testing Program 

A comprehensive t e s t  program was i n i t i a t e d  e a r l y  i n  the system design. For t h i s  
purpose a heavy t e s t  s tand ,  shown on Figure 7 ,  was b u i l t  on which the  complete f u l l  
scale  control  system was constructed. This stand provided pneumatic means fo r  load- 
ing the surfaces.  A l l  d e t a i l s  of the design were checked on t h i s  equipment before 
incorporating them i n t o  the airplane.  The t e s t i ng  program could w e l l  be the subject  
of a separate  paper. Consequently, only a b r i e f  l i s t i n g  of the main subjec ts  inves t i -  
gated w i l l  be attempted here. 

a .  Bench t e s t s  of the various components. 
b. Cause and el iminat ion of cha t te r .  
c.  Temperature survey of the hydraulic f lu id .  
d. Determining the e f f e c t s  of d i r t  i n  the system. 
e .  Determining the  e f f e c t s  o f  a i r  and development of bleeding techniques. 
f .  E f f ec t s  of simulated f l u t t e r  of the control  surfaces.  
g. Invest igat ion of stick-to-valve r a t i o s .  
h. Determination of operating speeds under simulated a i r  load. 
i. Cycling time during the combat problem. 

j. Cal ibrat ion of the fee l  mechanism. 
k. L i fe  cycle t e s t s  f o r  175 hours, 
1. Bat tery l i f e  under emergency conditions. 

- 31 - 





'Ihese t e s t s  were conducted over a  per iod of  approximately 10 months. As a  r e s u l t  
of t h i s  program, some o f  the  components were changed, the  causes  of  c h a t t e r  were e s -  
t ab l i shed  and removed, b leeding and maintenance procedures were e s t a b l i s h e d ,  the  f r e e -  
dom of d i f f i c u l t y  from v i b r a t o r y  s u r f a c e  loads  was demonstrated,  and t h e  adequacy of  
the system f o r  the  expected maneuver was proven f o r  both the  normal and the emergency 
conditions.  Surface  speeds from 130 t o  55 degrees  p e r  second, depending upon s u r f a c e  
load, were obta ined f o r  the  normal system opera t ions .  

6. F l i g h t  T e s t  

'Ihe f l i g h t  t e s t s  t o  d a t e  cover some 20 hours o f  f l i g h t  t e s t .  However, q u a n t i t a -  
t i v e  d a t a  on the  boost system a r e  very meager. 

?he i n i t i a l  t e s t i n g  o f  t h e  a i rp lane  showed the  con t ro l  system t o  be very s e n s i -  
t ive .  Th i s  was bel ieved t o  be a t  l e a s t  p a r t i a l l y  due t o  t h e  r e l a t i v e l y  low moment of  
i n e r t i a  o f  t h e  a i r p l a n e  coupled with exceedingly powerful aerodynamic c o n t r o l .  Accord- 
ingly ,  t h e  f i r s t  s t e p  was t o  reduce the  a v a i l a b l e  con t ro l - su r face  t r a v e l s ,  thus  i n -  
creas ing the  s t i c k  t o  su r face  r a t i o .  Th i s  a l s o  inc reased  t h e  gea r ing  between t h e  valve  
and p i l o t ' s  c o n t r o l s  t o  approximately 20 t o  1. 

?he p i l o t  s t i l l  complained of  c o n t r o l  d i f f i c u l t i e s  because of  the  suddenness o f  
the s u r f a c e  opera t ion  a f t e r  pass ing through t h e  deadspot.  Accordingly, t h e  valves 
were redesigned t o  e l i m i n a t e  the  over - l ap  and t o  g i v e  the  meter ing curve.  p rev ious ly  

, prksented. T h i s  redesign no t  only changed the  shape of  the  meter ing curve,  but  r e -  
duced the  maximum r a t e  a v a i l a b l e ,  s o  t h a t  t h e  maximum sur face  r a t e  was reduced t o  ap- 
~ r o x i m a t e l y  one h a l f  o f  the  t e s t  s t and  va lues .  These changes l e f t  t h e  c o n t r o l s  s t i l l  
s e n s i t i v e .  

Any a i r  t h a t  was permit ted  t o  accumulate i n  the  system proved very annoying t o  
the p i l o t s .  Careful  and f requent  a t t e n t i o n  t o  t h e  bleeding procedure could  e l i m i n a t e  
t h i s  source of  t roub le .  

As previously  mentioned, t h e  a u t a n a t i c  f e a t u r e  of  the f e e l  system has  no t  been 
f l i g h t  t e s t e d .  ?he manual c o n t r o l  has  been used t o  ad jus t  the f e e l  t o  s u i t  the  p i l o t .  

An unexpected development i n  t h e  d i r e c t i o n a l  c o n t r o l  system is worthy of no te .  
'Ihe p i l o t  complained of  a continuous change i n  d i r e c t i o n a l  t r i m .  A check of t h e  f l i g h t  
da ta  ind ica ted  t h a t  the  rudder angle r equ i red  f o r  t r i m  remained cons tan t  throughout 
the f l i g h t  range, but  t h a t  t h e  ~ e d a l  p o s i t i o n  requ i red  was markedly a l t e r e d .  I n  a t -  
tempting t o  c o r r e l a t e  the  ~ e d a l  p o s i t i o n  requ i red  wi th  f l i g h t  cond i t ions ,  no c o r r e l a -  
t ion wi th  ind ica ted  speed was found, bu t  f a i r  c o r r e l a t i o n  was found wi th  o u t s i d e  a i r  
temperature. F u r t h e r  v e r i f i c a t i a n  of t h i s  e f f e c t  w a s  found i n  rudder motion, wi th  
locked pedals ,  due t o  day t o  n i g h t  temperature changes. 

The d a t a  i n d i c a t e  t h a t  thermal d e f l e c t i o n  i n  t h e  fuselage cause s u f f i c i e n t  change 
i n  t h e  l inkage  between t h e  valve and the  p i l o t ' s  c o n t r o l s  t o  n e c e s s i t a t e  a  change i n  
the  pedal  p o s i t i o n  required t o  hold t h e  valve  n e u t r a l .  

In  genera l ,  t h e  power-control system as  def ined he re in  has proven t o  be a  success -  
f u l  u n i t .  Care fu l  eva lua t ion  and separa t ion  o f  the  hydrau l i c  system c h a r a c t e r i s t i c s  
may show the need f o r  f u r t h e r  improvements, b u t  the  system has  demonstrated the  f e a s i -  
b i l i t y  of  such u n i t s  on even t h e  most unconventional of a i r c r a f t .  
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'Ihere is a need f o r  design c r i t e r i a  t o  def ine a power-operated control  system. 
Such c r i t e r i a  should be based upon the t a c t i c a l  and operat ional  requirements of  the  
p a r t i c u l a r  a i r c r a f t .  'Ihese c r i t e r i a  should r e s u l t  i n  spec i fy ing  the power and duty 
cycle  requirements,  a s  wel l  a s  t h e  aerodynamic con t ro l  requirements, and should con- 
s i d e r  the  landing a s  wel l  a s  t h e  combat condi t ions .  Ilhe e x i s t i n g  c r i t e r i a  a r e  p a r t i c -  
u l a r l y  lacking in  the  d e f i n i t i o n  of  the  high-speed requirements of  the  d i r e c t i o n a l  
control .  

A t r im device f o r  use with a ful l -boost  system should provide p o s i t i v e  ac t ion  with- 
out depending upon t h e  cen te r ing  c h a r a c t e r i s t i c s  of  a f e e l  system. Such an arrange- 
ment is recommended t o  make the t r im r e l a t i v e l y  independent of the  system friction. 

Looseness i n  the  system should be minimized on a t  l e a s t  two counts.  Play between 
the cyl inder  and the sur face  reduces the  s t i f f n e s s  and increases  the  f l u t t e r  poten- 
t i a l i t i e s .  Play Setween the cyl inder  and the  s t i c k  appears t o  t h e  p i l o t  a s  l a g  i n  
con t ro l  e f fec t iveness .  This  l o s t  motion is p a r t i c u l a r l y  object ionable  i f  i t  is ac- 
com?anied by a s t i c k  force a s  happens when the  f e e l  mechanism is close  t o  the  s t i c k .  

Care should be taken i n  the  design of a hydraulic-powered system t o  provide 
adequate bleeding f h c i l i t i e s .  Steps  taken t o  prevent a i r  en te r ing  the  system w i l l  pay 
o f f  i n  reduced se rv ic ing  and maintenance t roub les .  

D l  SCUSS I O N  

DR. WILSOPi, Goodyear A i r c r a f t :  (h t h i s  o i l  system--I 'm not t ry ing  t o  teach 
you people any new t r i c k s  because you have been i n  the f i e l d  much longer than I have-- 
but I 'm  wonaering i f  you have usea evaporation techniques.  

MR. BURSTEIN: Not on t h i s  system; we have used some on m i s s i l e s  because we 
woula l i k e  t o  avoid trouble i n  serv ice .  However, i t  i s  the 1as.t r e s o r t .  I f  we can't  
do anything e l s e ,  we ' l l  use tha t ,  but i t  doesn ' t  provide a prac t i ca l  s o l u t i o n  t o  the 
problem. 

WILSON: The s t i c k  feel  problem was i n t e r e s t i n g  to  me. We have two schools of 

thought a t  Goodyear. Some o f  the men who have been p i l o t s  be l i eve  i n  s t i c k  feel  as 
being fundamental, and the o thers  who are not  p i l o t s ,  who are not  competent t o  judge, 
think otherwise .  I n  t h i s  problem, I was in teres ted  because your s t i c k  feel  i s  no t  
r e a l l y  s t i c k  feel  i n  that  you don' t  fee l  the actual f o r c e  on the c o n t r o l ,  but i t  i s  
simply proportional pos i t ion .  You are f l y ing  a fas t  airplane and s t i l l  your p i l o t s  
have a l i t t l e  t rouble ,  and I think tha t  i s  s i g n i f i c a n t .  



- 
BURSTEIN: What they are trying t o  do i s  t o  give the p i l o t  the same feel he 

would have had i f  he had had a normal airplane. The whole purpose of desrgning the 
boost system, and i t s  success, w i l l  depend on the p i l o t  not knowing he has one. 

WILSON: As jar as I can see, the system he i s  f ly ing by s t i c k  posi t ion but 
you are giving him a d i f f e r e n t  sense t o  te  1 1  him what posi t ion h i s  s t i c k  i s  in .  You 
are not feeding back the actual force on the control surface. 

MR. CHATTLER, Bureau of Aeronautics: That i s n ' t  jus t  a linear u i sp lacemnt  
system, i s  i t ?  

BURSTEIN: I t  i s .  What you are shooting for i s  so many pounds per G. Say i t  
i s  four pounds per G and the p i l o t  happens t o  pull  four G's. I t  would take him 12 
additional pounds. What we are doing i s  j u s t  exac t ly  tha t .  We determine that  i n  order 
t o  pul l ,  say four G's,  he would have t o  rotate  the elevon t o  3 degrees. That means 
so nurch motion of the s t i c k .  Therefore, t o  break the spring and adjust i t  so as t o  
mve  that surface 3 degrees, he has t o  pull 12 pounds. 

WILSON: You s t i l l  don't have the p i l o t  feel ing the force on the controls .  The 

BURSTEIN: I t  would drive him crazy. 

WILSON: Perhaps i t  would i n  t h i s  airplane, but the point I am making i s  t ha t  
while you are providing a method t o  control the number of G's he can pull  by control- 
l ing the de f lec t ion ,  you are not guaranteeing i t  a t  a l l .  He can easr ly  be pu t t ing  i n  
the de f l ec t i on  say for 4 G's and get 6 G's. I t  i s  qui te  possible.  

BURSTEIN: I t  i s  possible the sane as i n  any conventional airplane. Republic 
had trouble wi th  a boost system. We feel that i t  i s  eas ier ,  i f  you are only depend- 
ing on the pos i t ion  of your surface, t o  determine more accurately degrees o f  a i leron  
required per G than t o  work on hinge monient that  would be r i gh t  throughout the speed 
range going from subsonic t o  transonic t o  supersonic where your loads have to  be in-  
crecrsing and suddenly you have t o  l igh ten  up the s t i c k  by a factor  o f  2 or  3 and then 
s tar t  going up again. You t r y  t o  feed anything 1 ike that back t o  the p i l o t .  Well,  i f  
you could design a control system and a surface that  would have proper hinge moments, 
f ine,  but we f e l t  we weren't tha t  good. 

WILSON: %re i s  a third method that  hasn't  been discussed by e i ther  paper; 
that i s ,  t o  actual ly  measure the number of G's you are pu l l ing ,  the rate of ro l l  you 
can stand, and control accordingly. 

BURSTEIN: We considered tha t ,  and i t  was the f i r s t  approach we made but when 
you have an airplane l i ke  t h i s  one, you have a pre t ty  f a s t  response and by the time 
the p i l o t  f inds  out how many G's he ' s  pul l ing,  i t f s  too late .  

WILSON: Make it purely automatically,  without t e l l i n g  the p i l o t .  

v - 35 - 



BURSTEIN: By the time you can measure the G's, he may have put on too much 
surface control .  In other words, the f i r s t  thing you do i s  de f l ec t  the surface, then 
it takes some time for the a i rp lme  t o  pi tch and get the G's. I f  he had no force to  
de f l ec t  the surface, he wouldn't know now far to  d e f l e c t ,  by the time the G's h i t ,  he 
might have s e t  the surface for 10 G's. 

WILSON: That i s  a problem in s t a b i l i t y  the same as any. If  you had your ra te ,  
you can solve i t .  

BURSTEIN: You could go t o  a complete auto p i lo t  but then I don't know. I mean, 
the thing that we f e l t  was that  i s  not an ideal system but we f e l t  i t  was close enough 
t o  what normally the p i lo t s  feel .  In other words, normally when they are f ly ing an 
airplane with certain tr im they have so much force. Now actual ly  when they are execut- 
ing a maneuver, they de f l ec t  the surface more than i s  necessary for the ul t imate trim 
position. 7'hen they have t o  back o f f  but through training,  the force that took them 
t o  d e f l e c t  the surface t o  produce certain hinge moments i s  a measure that they can use 
and give them a chance t o  learn the airplane by having some reference. Maybe i t  i s  
not  an ideal reference but the simplest one, and not so much dependent on lag. I f  you 
say you take rate  of G build-up, you could produce probably a feel system that would 
yield maybe even be t t e r  indications. but i t  would be considerably more complicated. As 
I mentioned in the report,  t h i s  i s  a r e la t i ve l y  simple system. The p i lo t s  wouldn't 
use ' i t  because they were afraid of i t ,  and z f  they had some more gyros in  i t  they 
would have been panic s tr icken.  

WILSON: I agree wi th  you. I rn not c r i t i c i z i n g  your system. Your system i s  
doing a gmd job. I think j u s t  as you say, i f  you s ta r t  out on a new approach, you 
have t o  educate the p i  lo t s  m d  t ra in  the pi lo t s  t o  use i t ,  but such a system would be 
re l iev ing  the p i lo t  of  a1 l respons ib i l i t y  for determining when he was exceeding the 
factors  that he could on the airplane. 

BURSTEIN: You would have t o  have rate .  You might even have to  have pitch. 

MR. HARRIS, Chance Vought Aircraft: I have a question to ask about two s ta te -  
ments you made. I think the answers are similar. In the early  part of your talk  you 
mentioned that near neutral the valve has a very slow rate of response. I t  canes very 
close to the proper position then takes some time t o  come up; towards the l a t t e r  part 
of your ta lk  you spoke about s lop in the push rod system. The question I had i s ,  
what i s  your a 1 lowable mot ion for those / n  term o f  G? 

BURSTEIN: Well I don't know that I can express i t  in  terms of G because, as 
I pointed out ,  you could only measure i t  on the ground. We have never been able t o  
measure i t  in f l igh t  because the p i lo t s  have never moved the surface that f a s t  so that 
1/10 o f  a degree lag does not e x i s t ,  except i n  very extreme maneuvers, which so far we 
have not  executed, and when they are executing a very severe maneuver 1 ike t ha t ,  or  
any other maneuver, i t  i s  very questionable that the p i lo t  would ever in  act ion come 
to a po%nt add hold a s t ick  fixed. Actually the p i lo t  i s  moving the s t i ck  continuously 
and S O  that whether he rould ever be aware o f  that  lag i s  very g questionable. Actually,  



he might move the s t i c k  a l i t t l e  bt t  more the other way to  eliminate that lag by open- 
ing the valve the other way and that would tend to  bring the surface up quicker. I 
think that probably 1s what would happen. As far  as the slop i n  the r e s t  of the sys- 
tem i s  concerned, it i s  hard to  say what i t  i s .  We make i t  as low as  possible; i t  
usual l y  amounts t o  maybe 3 /8  of an inch maximum at the s t i c k  in  one dtrectaon . The 
nrcrximum to ta l  slop including the valve motion i s  about that much and tha t  i s  a l i t t l e  
annoying. I f  we could move the feel further back so that you could move through that 
distance without havang t o  exert any force, that would be be t ter .  Actual ly  i t  may 
take-we1 1 ,  it depends again i n  what feel he as f l y ing .  I f  he i s  f ly ing i n  very low 
feel ,  i t  may be h a l f  a pound or quarter of a pound that i s  necessary t o  go through 
the slop. I f  he i s  f l y  rng very high fee 1 ,  i t  may be a pound or a pound and a h a l f .  

HARRIS: The reason I asked that question i s  that he can move a t  top of the 
s t ick  but in  your sys t en  the 'surface w i  1 1  move. 

BLTRSTEIN: That i s  before the surface w i l l  move. He takes up the slop i n  a l l  
the push rods, be1 1 cranks; from the s t i c k  t o  the valve plus moving the valve. The 
surface hasn't  moved. The surface wi l l  not move i f  you take the s t i c k  and throw i t  
away. fie surface never m v e s  by i t s e l f  WllesS you open the valve. 

CHA'ITLER: Do you feel the force before you get displacement o f  the valve? 

BURSTEIN: Yes,  that i s  what I say i s  a bad feoture of at. You shouldn't feel  
the force before you get dispfacement. That should be avoided. I f  you can put the 
feel some place in  the valves  so tha t  any o f  that motion w t l l  be load-free, then i t  
wouldn't bother the p i l o t .  

QUESTION: Have you got records of level f l i gh t  where the p i l o t  has been unable 
to hold, say constant G? 

BURSTEIN: Some time you have trouble, i f  you tried t o  juggle the arm when he 
takes h i s  hands of f  the s t i c k ,  but i t  i s  j u s t  a sens i t i ve  airplane. I n  the records of  
f 1 ight ,  you couldn't  pick up t h t s  dead spot because he had been moving the surface a 
very small amount i n  f l i gh t .  Manamum de f lec t ion  used so far i s  in  the order of 1 de- 
gree of surface. So far they have been using fractions of a degree,  S O  that  shows the 
system i s  f a i r l y  smoothly operated because they can move the surface 1/100 o f  a degree 
i f  they want t o ,  and for that  kind of a motion, there i s  no d i f f i c u l t y .  

MR. BERGH, Republic A v i a t i o n :  How do you take care o f  accelerated f l i gh t  

BURSTEIN: I used for example, the ai leron.  I f  you use elevator,  say i t  takes 
a t  low speeds (assuming linear charac ter i s t ics )  2 degrees of elevon or quarter o f  a 
degree of ai leron per G a t  high speeds. Well,  then a t  low speeds it  would be easy t o  
move to  go to  larger angle, and high speeds you would have the opposite e f f e c t .  I t  
takes more e f f o r t  t o  go t o  a number of degrees and does matntatn the same G's .  This 
again without correct ion for  - 



BERGH: That takes care o f  the condi t ion of ~ i l o t  control information accelera- 
t i on  but how about s t i c k  react ion from gust? 

BURSTEIN: There i s n ' t  any because there i s  nothing fed back from the surface. 

MR. BALDWIN, McDonnell A i r c r a f t :  I think the in teres t ing  thing there i s  that  
a f t e r  you have provided the system, the p i l o t s  d idn ' t  use i t .  They didn' t  make use 
o f  any Q changes i n  e i t he r  a i l e r m  or elevator .  Then they must have had variat ions 
w i th  s t i c k  force per G of speed i f  they s e t  t h i s  one constant spring rate and l e t  i t  
s i t  there. Did they s t i l l  find it sa t i s fac tory?  

BURSTEIN: Maybe I didn' t  make i t  c lear .  They d idn ' t  want to  depend on the 
the system. Tney would rather punch the switch themselves and change the feel as they 
f e l t  l i k e  i t .  I f  i t  becomes too s ens i t i v e ,  they increase the f e e l .  I f  t h e  s t i c k  gets  
too heavy, they 1 ighten up the fee l .  As I mentioned, the mount  o f  f l y ing  on t h i s  
airplane i s  very meager. ?Aey haven't gone through any sharp maneuver's except pul l -  
ou ts  from d ives ,  so that they haven't had t o  simulate combat conditions when .they 
won't have time to  piddle around w i th  feel .  I n  t h i s  way, there has been a gradual 
change i n  speed. Another thing i s  that  since they have been moving controls such a 
small amount so far. The trouble w i t h  the feel i s  that w i t h  these very small def lec-  
t ions i t  hardly has a chance t o  s t a r t  working because they are wi th in  the s l o p  of the 
system, so i t  i s  not t o  good. That i s  why I said I would not t r y  to s e l l  the feel 
system t o  anybody. 

BALDWIN: You t i e  down th i s  system t o  elevator  position. Did you find that  the 
elevator  posi t  ion var ia t ion  was re 1 iable  enough that  you could do tha t  over the speed 
range of t h i s  airplane? 

.BURSTEIN: Well,  so far, the r e su l t s  of f l i g h t  t e s t s  seem to indicate  tha t  our 
predict ions were on the button, but in any case we f e l t  that  t h i s  was something that  
we would have a be t t e r  chance of predicting correc t ly  than hinge maen t s  or something 
e l s e .  We fe 1 t tha t  i f  there was anything we could predict ,  t h i s  surface posi t ion 
would be i t .  

BALDWIN: But you d idn ' t  have any reversals  i n  posi t ion of the e leva tor  w i t h  
the new airplane. 

BURSTEIN: There i s  no reversal of position. There would be a reversal i n  
hinge moments. That i s  why I said even as a partial system, i t  wouldn't work a t  a1 1 
because it i s  an unstable s t i c k - f r ee  airplane. I t  couldn't feed back the hinge mo- 
ments even i f  you wanted it  to .  I t  would be e n t i r e l y  the wrong fee l ,  but s t i c k  f i xed  
s t a b i l i t y ,  which would be a resu l t  of the posi t ion of the surface, i s  s table  cmd 
therefore you can use t h a t ,  but  you couldn't use hinge moments. 

MR. HILL, Glenn Martin A i r c r a f t :  You mentioned the fact that you f i r s t  threw 
out counter balance i n  the control surface which automatically threw out dynamic 
balance. The practice then w a s  t o  put i n  a booster which was i r revers ib le .  I t  appears 

t o  be irreversible  and i t  might need some de f i n i t i on .  What i s  yours? 



i BURSTEIN: As I mentioned later ,  i r revers ib i l  i t y  i s  d i f f e r en t  for each airplane. 
You, from your f l u t t e r  analysis ,  can es tab l i sh  the minimum natural frequency of the 
surface and then f o r  s t a b i l i t y  wil l  give you that  frequency, then r t  i s  i r revers ib le .  
If it gives you less  than tha t ,  you'll have f l u t t e r  so you' l l  have t o  design s t i f f n e s s  
into your old ai leron system including cyl inders .  Construct your ai leron properly 
so that it gives high enough frequency t o  keep you out  of t h i s  danger. 

QUESTION: You don't do that .  I can see where your s t i f f n e s s  would be qu i te  
di f ferent .  The e f f e c t  of your i r r e v e r s i b i l i t y  would be changed from the t e s t  r i g  a d  

' 

ohat was on the airplane. 

BURSTEIN: What the t e s t  set  up furnishes are intangible things,  such as de f l ec -  
tions of lower O-rings inside the cylinder which you can't predict .  You can compute 
i t ,  but we don't know how much the O-rings actual ly  give and how much the cyl inder 
swells under loads. Knowing these then we can get  the spring constant and then the 
final t e s t ,  o f  course, was vibrat ion of the complete a i r c ra f t .  

MR. GRANT, Hughes  Airc ra f t :  Did you on that t e s t  stand attempt t o  simulate 
massiveness o f  the control surfaces? 

BURSTEIN: No, because we app 1 ied a forced vibrat ion throughout the frequency 
range that  we were interested i n .  We jus t  applied force. 

MR. FOLSE, Wlreau of A e r o n a u t i c s :  Did I understand the speaker t o  say that 
he used servo theory and i t  broke down? 

BURSTEIN: I d i d n ' t s a y  tha t .  I d i d n ' t s a y  i twouldbreakdourn ,  b u t m y f e e l -  
ing was t h i s .  I n  order t o  get good of such analysis ,  including al 1 the non- 1 ineari- 
t i e s  which unfortunately  e x i s t ,  you have t o  have the components t o  get t h e  basic data 
from and, of course, I wouldn't w o n t  to say that  that i s  e n t i r e l y  r ight  but I think 
other people w i  l l  have more to say on the subject .  Maybe i f  we had been i n  trouble,  
we would have used some me thod of analysis  t o  understand our trouble be t t e r  and be 
able t o  trace i t  and find out  where i t  cones from. I f  we were i n  trouble and couldn't 
l ick i t  quickly ,  we would have used such methods in  order t o  pin down the source 
rather than going b l i nd l y  and changing everything a1 1 over the place. 

QUESTION: As I understand, we ' 1  1 get more of servo theory i n  these lectures. 
The suggestion I am making i s  that  possibly i n  the supersonic or perhaps transonic 
aircraf t  design, i t  may be useful  to consider usang the j e t  act ion i f  that becomes 
desirable or necessary t o  eliminate error i n  the aerodynamic coupling. 

BURS'IEIN: Well,  I d m J t  know. I t  i s  a p re t t y  buried subject .  The only thing 
I might mention i s  that when you get i n to  actual supersonic f l i g h t ,  i f  you have an 
airplane that has been designed for subsonic f 1 igh t ,  you have, i f  anything, a more 
sluggish airplane. I don't think you wi l l  because o f  the great increase of s tab i l  i t y  
in going from subsonic to supersonic. You don't have qu i te  the problem o f  extrene 
s e n s i t i v i t y  of the control so I d m J t  think i t  would be qu i te  as serious.  



GRANT: You have the  two spool valve and it looks 1 ike  a good way t o  get  r id  
of the  dead spot but how about the f r i c t i o n  from the valves? 

BURSTEIN:  I t  was two pounds per valve  on ly  i n  very  extreme posi t  ions due to  
some imperfection i n  the manufacture. When one pulled the valve  a l l  the way over t o  
one end, he got two pounds. I n  the middle, we d i d n ' t  have any measurable f r i c t i o n .  

GRANT: What was tha t  modulation range? You said i t  was 20 t o  1 for the s t i c k .  
How about surface movement. Did you get from valve  closed t o  va lve  open? 

BURSTEIN:  I be l i eve  we wound up w i t h  1 6 t h ~  of  an inch of  something a t  the 
va lve .  

GRANT: For how many degrees surface? 

BURSTEIN:  The f ina l  rate  was 25 degrees per second, surface r a t e .  
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'Ihe use of powered f l i g h t  c o n t r o l s  a t  Northrop began i n  1943. These c o n t r o l s  are  
of the closed c e n t e r  hydraul ic  system type and a r e  f u l l y  powered r a t h e r  than power 
boosted. In  o the r  words, a l l  t h e  energy required t o  operate  the  c o n t r o l  s u r f a c e s  is 
obtained from the hydraul ic  systems and none is  furnished by t h e  p i l o t .  Since we had 
had no experience with such systems, we purchased a commercially manufactured servo 
valve and b u i l t  a l abora to ry  system around it. This  system turned o u t  t o  be unsa t i s -  
factory mainly because i t  was unstable .  I t  was f i n a l l y  determined t h a t  t h e  system 
was unstable on two counts.  F i r s t ,  i t  was uns tab le  about t h e  n e u t r a l  po in t  of the  
valve and second, i t  was unstable  about a p a r t i c u l a r  inpu t  ve loc i ty .  ?he f i r s t  was 
f ina l ly  solved by mounting the  servo valve d i r e c t l y  on the  cy l inder  body, thus  mak- 
ing the l ags  of t h e  follow up system a minimum. ?he second was f i n a l l y  solved by 
e l iminat ing a region of very high flow curve slope t h a t  e x i s t e d  i n  the  o r i g i n a l  valve 
design. Application of add i t iona l  damping t o  t h e  input  end was considered and t r i e d ,  
although it produced s t a b i l i t y ,  t h i s  method was discarded because o f  i ts undesirable  
e f f e c t  on control  forces .  None o f  the  powered con t ro l s  used a t  Northrop has ever  made 
use of damping s p e c i f i c a l l y  added f o r  the  purpose o f  producing s t a b i l i t y  and none of 
the systems i n s t a l l e d  i n  a i rp lanes  have ever  been unstable .  ?his has' been t r u e  i n  
s p i t e  o f  the f a c t  t h a t  the  b u i l t  i n  damping has been kept t o  a minimum f o r  the  purpose 
of producing d e s i r a b l e  con t ro l  forces  and o f  keeping the  e f f i c i e n c y  o f  the powered 
portion a s  high a s  poss ible .  Powered c o n t r o l s  'have been used on f i v e  d i f f e r e n t  Nor- 
throp a i r c r a f t  des igns  and i n  every case  the  performance o f  the systems i n  f l i g h t  and 
from the maintenance s tandpoint  has been e n t i r e l y  s a t i s f a c t o r y .  

The o r i g i n a l  app l ica t ion  o f  powered c o n t r o l s  a t  N o r t h r o ~  was t o  t h e  XB-35 Flying 
Wing bomber. A t  t h e  time, t h e r e  were two bas ic  reasons f o r  the choice o f  powered con- 

1. To allow the  p i l o t  t o  operate  con t ro l  su r faces  r e q u i r i n g  exceedingly high 

2. To keep somewhat undes i rab le  hinge moment c h a r a c t e r i s t i c s  dur ing  the  landing 
from being r e f l e c t e d  i n  con t ro l  fo rce  a t  t h e  p i l o t ' s  control  column. 

Since then, many o t h e r  advantages of powered c o n t r o l s  a s  compared with power boosted 
controls  have come t o  l i g h t .  Some of  these  are:  

1. F l u t t e r  is el iminated without  the  use  of balance weights. ?his i s  a r e s u l t  
of the f a c t  t h a t  the  system i s  i r r e v e r s i b l e  and has resu l t ed  i n  considerable  weight 
saving. A very thorough weight a n a l y s i s  was made on the  XF-89 i n  which powered con- 
t r o l s  were compared with manual c o n t r o l s  and with  power boosted c o n t r o l s .  I t  was 
found t h a t  powered c o n t r o l s  were 356 l b s .  l i g h t e r  than manual c o n t r o l s  and 738 l b s .  
l i g h t e r  than power boosted con t ro l s .  
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2. Control forces can be made to  vary i n  almost any desired manner and can be 
eas i ly  al tered a f t e r  the airplane has been b u i l t  and flown. The control  forces can 
be made a function of dynamic pressure, normal accelerat ion,  change i n  a i r  speed, Mach 
number, control  posi t ion,  or any combination of these factors. I t  has been Northrop 
pract ice t o  obtain control forces for  rudder and aileron systems from mechanical 
springs only. This has been done in  the be l ie f  tha t  actual "feel", from the stand- 
point of safety of the a i r c r a f t ,  is necessary in the pi tch axis only. In  the elevator  
system, i t  has been our pract ice t o  use what might be cal led an aerodynamic spring i n  
which the e f f ec t ive  spring r a t e  is a function of the dynamic pressure. This r e su l t s  
i n  more o r  l e s s  conventional "feel" since control forces vary with the displacement of 
the surface and with the square of the indicated a i r  speed. Figure 1 shows a system 
of t h i s  s o r t  i n  diagramnatic form. Bob weights, down springs, e t c . ,  can be used i n  
the same manner t ha t  they are used in conventional systems. 

SURFACES 

Fig. 1 - Aerodynamic stick force mechanism. 

3 .  Control force trimning through f u l l  t ravel  of the surface becomes possible 
and can be accomplished without the use of t r i m  tabs which subtract  from the moment 
effect iveness of the  surface. Trimming is  accomplished by inser t ing  an actuator of 
the desired type i n t o  the system a t  a point between the point of application of  con- 
t r o l  force mechanism t o  the system and the control surface. Since the only resistance 
offered by the surface end of the system t o  motion of the actuator  is f r i c t i on  and 
since motion of the opposite end of  the system is res is ted  by the loading mechanism, 
the surface w i l l  move whenever the trim actuator is  operated. A d i a g r m a t i c  example 
of such a trimning system is shown in  Figure 2. Use of t h i s  type of trimning system 
renders emergency f l i g h t  control locks unnecessary. The purpose of  emergency f l i gh t  
control locks is t o  rel ieve the p i lo t  of the necessity for maintianing high control 
forces for  extended periods of time under cer ta in  b a t t l e  damage conditions tha t  the 
ordinary t r i m  t ab  would not be capable of trimming out.  Obviously such locks are not 
necessary i f  the t r i m  system is capable of trimning to  zero control force regardless 
of required surface position. 
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Fig. 2 - Elevator trim system. 

E 4. I t  becomes unnecessary t o  provide gust locks. The poten t ia l ly  dangerous and 

relat ively heavy gust locks are unnecessary when i r revers ib le  powered controls  are  
: used because, even when the power is  shut o f f ,  the system provides such high damping 

to the surface t ha t  i t  is impossible f o r  gusts t o  move the surfaces f a s t  enough to  
cause damage t o  e i t h e r  the surface o r  the control  system. I t  has been Northrop prac- 
t ice to provide check valves i n  the pressure l i n e s  f o r  the purpose of  reducing the 
speed, with which a gust might move the surface,  to  zero, for  a l l  p r ac t i ca l  purposes. 

5. Since i t  is not  possible  for  the a i r  loads applied t o  the control  surface to  
I move the surface when the surface is operated by powered cont ro ls ,  i t  is  not  possible  
I ; for "udder snaking' t o  occur. 
I 
l 

6 .  Makes possible the use of one control surface t o  accomplish a combination of 

q control functions s ince e r r a t i c  hinge moments occuring a t  the surface w i l l  not appear 
as e r r a t i c  control forces i n  the cockpit.  An example of t h i s  type of surface is the 
"decelerori' a s  used on the Northrop XF-89. This surface functions as a combination 
dive brake, a i leron and s p l i t  landing f lap.  Since the a i le ron  s t i ck  forces are de- 
termined only by a mechanical spring, those forces a re  the same regardless of the con- 
figuration a t  the surface. 

7 .  Since control cables  are used bas ica l ly  to  transmit s igna ls  rather  than forces, 
the cables can be very small i n  diameter with r e su l t i ng  decrease i n  f r i c t i o n ,  weight, 
and sens i t i v i t y  to  temperature changes. Although i t  is still necessary to  s e l e c t  a 
cable s i ze  which is s t ruc tu ra l l y  capable of carrying the maximum loads t h a t  can be ap- 

I 
plied by the p i l o t ,  the r i g i d i t y  requirements, which normally determine the cable s ize ,  
are much l e s s  severe than in  e i t h e r  a pure manual system o r  in  a power boosted system. 
For example, the rudders on the YB-49 Northrop Flying Wing j e t  bomber are control led e 



very s a t i s f a c t o r i l y  by 3/32 i n .  diameter cables  i n  s p i t e  o f  the  f a c t  t h a t  over 230 f e e t  
of cable  a r e  used t o  control  each rudder. 

8. Since con t ro l  forces  can be made almost any des i red  magnitude, the  use  o f  a 
con t ro l  s t i c k  r a t h e r  than a column and wheel becomes possible  even on l a r g e  a i rp lanes ,  
t h u s  improving instrument v i s i b i l i t y ,  reducing weight and s impl i fy ing  general  cockpit  
design. Entrance and e x i t  problems a r e  s impl i f i ed ,  p a r t i c u l a r l y  the problem o f  e x i t  
v i a  an e j e c t i o n  s e a t  s i n c e  the re  would be no con t ro l  wheel t h a t  would otherwise have 
t o  be c lea red  by the p i l o t ' s  knees. ?he Northrop X-r-89, a 33,000 l b .  a i rp lane ,  is 
s t i c k  con t ro l l ed  and a vers ion 'o f  t h e  Flying Wing Bomber, a 200,000 lb .  a i rp lane  now 
under construct ion,  w i l l  l ikewise  be s t i c k  control led.  

9. Makes poss ib le  the  use of such devices as  ' L i t t l e  Herbert ' ,  an automatic 
a i rp lane  damping device which must be capable o f  moving the con t ro l  su r face  without 
moving the cockpit  con t ro l  element; 'Ihe app l ica t ion  of t h i s  device t o  a powered rud- 
der  con t ro l  system is  shown diagrammatically i n  Figure 3 .  
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Fig. 3 - Yaw damper mechanism. 

The r a t e  gyro d e t e c t s  r a t e  of yawing of  the  a i rp lane  and, through the  ampl i f i e r ,  d r ives  
a servo motor t o  a pos i t ion  which is a function of  the r a t e  of yaw. 'Ihe servo is  con- 
nected i n  s e r i e s  with  the  rudder cables  and movement o f  the  servo causes a displacement 
o f  the  rudder r e l a t i v e  t o  the  rudder pedals.  ?he r e s u l t i n g  rudder displacement pro- 
duces a yawing moment which tends t o  damp ou t  the  yawing ra te .  I n  t h i s  manner, the  
des i red  amount o f  damping i n  yaw can be obtained without r e s o r t i n g  t o  l a rge  v e r t i c a l  
t a i l  a reas  and the amount o f  damping can be var ied through la rge  ranges by the  mere 
t w i s t  of a knob. lhis method o f  ob ta in ing  damping has been t e s t  flown very success- 
f u l l y  on two d i f f e r e n t  Northrop models t o  date .  I t  is obvious t h a t  such a mechanism 



could n o t  funct ion proper ly  u n l e s s  the  system t o  which it i s  app l i ed  i s  i r r e v e r s i b l e .  

'Ihere have been many problems involved i n  t h e  des ign o f  ou r  se rvo  valves .  Some 
of these  have been: 

1. E l imina t ion  o f  " f l a t  spot" o r  e f f e c t i v e  backlash.  
2. El iminat ion o f  incremen t a l  c o n t r o l .  
3. El iminat ion o f  c e n t e r i n g  f o r c e s .  
4. Reduction o f  f r i c t i o n  fo rces .  
5. E l imina t ion  o f  p o s s i b i l i t y  o f  j m i n g .  
6. Guaranteeing maximum c y l i n d e r  - f l u i d  r i g i d i t y .  

'Ihe problems o f  e l imina t ion  o f  f l a t  s p o t ,  e l imina t ion  of incrementa l  c o n t r o l  and 
o f  guaranteeing maximum c y l i n d e r - f l u i d  r i g i d i t y  have been solved i n  our  va lve  des igns  
by what we c a l l  "control led  leakage". ?he valve  is  cons t ruc ted  i n  such a  manner t h a t  
a  small amount o f  f l u i d  is allowed t o  flow from t h e  p res su re  l i n e  t o  t h e  r e t u r n  l i n e  
through t h e  valve p o r t s  when t h e  valve  i s  i n  t h e  n e u t r a l  p o s i t i o n .  ?his p r i n c i p l e  is 
shown i n  Figure  4: 

PRESSURE 
\ / RETURN 

VALVE SHOWN 
IN NEUTRAL 

Fig. 4 - Valve design i 1 lustrat  ing "control led leakage". 

With t h i s  arrangement, even when t h e  c y l i n d e r  is n o t  c a r r y i n g  e x t e r n a l  loads ,  t h e  pres-  
su re  i n  the  f l u i d  on e i t h e r  s i d e  o f  t h e  p i s t o n  i s  very h igh  (npproximately one-half  
system p r e s s u r e ) .  . Any a i r  which might be mixed wi th  the  f l u i d  is  compressed t o  a  mini- 
mum and t h e  combination o f  c y l i n d e r  and f l u i d  becomes ve'ry r i g i d ,  t h u s  he lp ing  to pro- 
v ide  t h e  high n a t u r a l  frequency requ i red  o f  t h e  s u r f a c e  f o r  f l u t t e r  e l i m i n a t i o n  and 
f o r  system s t a b i l i t y .  The c o n t r o l l e d  leakage f e a t u r e  o f  t h e  valve  a l s o  means t h a t  over  



a very small t rave l  range, the valve behaves i n  manner s imi la r  t o  t h a t  of the so-called 
11 open center" valve i n  t h a t  the pressure d i f f e r e n t i a l  across the p i s  ton of the cylinder 
is  a function of valve displacement. ?bus, any movement of the valve w i l l  r e s u l t  i n  a 
pressure d i f f e r e n t i a l  across the piston. In our actual valve designs, f u l l  system pres- 
sure d i  f fe ren t i  a1 is avai lable t o  the cylinder when the valve has been displaced approxi- 
mately 5% of i ts f u l l  t rave l .  The complete system i s  designed i n  such a manner tha t  
f u l l  valve t rave l  corresponds t o  two degrees o r  l e s s  a t  the control  surface. Since a 
pressure d i f f e r en t i a l  on the order o f ,  2% of system pressure is normally required to 
overcome cylinder f r i c t i o n ,  i t  can be seen t h a t  the "f lat  spot '  due t o  the valve is a- 
bout .002 degrees. I t  can a l so  be seen tha t ,  s ince the incremental motion is l e s s  than 
the f l a t  spot ,  the incremental motion, for  a l l  p rac t ica l  purposes, is  zero. In actual 
prac t ice ,  the incremental motion has defied accurate'measurement e i t h e r  i n  the airplane 
o r  i n  the laboratory because-of its small magnitude. Typical flow and pressure curves 
a r e  shown in  Figure 5. 

In cer ta in  valve designs, the flow of  f l u id  through the valve r e s u l t s  i n  pressure 
drops which cause forces t o  e x i s t  on the valve spool. ?hese forces normally tend t o  
return the valve t o  the o f f  o r  center  position. In some of  our laboratory systems, we 
have found tha t  these centering forces, coupling the powered portion of the system to 
the control port ion,  can cause i n s t a b i l i t y .  ?hese forces have a l so  been found objec- 
t ionable t o  the p i l o t  s ince they fee l  l ike  viscous f r i c t i on  i n  the system. For these, 
reasons, the valves have been designed i n  such a manner t h a t  the flow i n t o  and out of 
the valve is normal t o  the ax is  of the valve spool. ?he flow thru the valve has been 
broken i n t o  a s e r i e s  of flow pa t t e rns  where a t  maximum displacement of the valve, the 
majority of flow is i n  an area where dynamic centering forces cannot be applied to  the 
valve spool. With t h i s  type of design, the center ing forces have been reduced to  neg- 
l i g i b l e  values. 

Valve f r i c t i o n ,  even i f  ra ther  small i n  magnitude, is very objectionable. In  an 
a i le ron  system, for  example, where a t o t a l  of four valves a re  used, a valve f r i c t i o n  
force of 2 lbs .  normally r e su l t s  i n  a corresponding s t i c k  force of about 1.25 lbs. 
Since the maximum allowable is 3 lbs. for  the e n t i r e  system, i t  can be seen t h a t  the 
valves have used up the l i o n ' s  share. ?he character  of the valve f r i c t i on  force can 
a l so  be objectionable. Since i t  appears a t  the s t i c k  only when the r a t e  of motion is 
being a l te red ,  it, f ee l s  t o  the p i l o t  a s  though the system has high ine r t i a .  ?he f i r s t  

valves we purchased for  t e s t  purposes required 15 lbs .  to  move the valve stem. Since 
then, through a continuous process of redesign, reducing "0" r ing  squeeze, reducing 
diameters, e tc .  we have arrived a t  the point  where our maximum acceptable f r i c t i o n  is 
2 lbs .  and the normal production valves a r e  running between . 5  lbs .  and 1.0 lbs .  

?he problem resu l t ing  from the poss ib i l i t y  of foreign material such as  f i l i n g s  
and chips ge t t i ng  in to - the  f l u id  and jamming the servo valve is  a r ea l  one. I t  could 

r e s u l t  i n  a dangerous si tuat lon because a valve jammed i n  any posi t ion other  than neu- 
t r a l  w i l l  r e su l t  i n  the surface being moved to  the hard over posi t ion.  Two major s teps 
have been taken i n  our valve and hydraulic system design to  preclude t h i s  poss ib i l i ty  
and we have never had any evidence of  a jamned valve i n  any of our airplanes.  The f i r s t  
s t e p  has been t o  provide a f i l t e r  i n  the pressure l i n e  t o  each valve, located a s  close 
t o  the valve a s  possible. ?hese f i l t e r s  a r e  i n  addition t o  the main system f i l t e r  and 
a r e  intended t o  pick up p a r t i c l e s  which might enter  the system between the main f i l t e r  
and the valve a s  a r e su l t  of maintenance operations. ?he second s t ep  was to design the 
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Fig. 5 - Servo valve characteristics. 



valve so  tha t ,  ra ther  than providing one large-area, wedge shaped o r i f i c e  which might 
be eas i ly  jamned by a pa r t i c l e ,  a s e r i e s  of small diameter d r i l l e d  holes i n  the spool 
are uncovered i n  sequence by a sharp edge of the valve sleeve. The valve sleeve and 
spool a re  hardened t o  Rockwell C-55 to  C-58. As a resu l t ,  large pa r t i c l e s  cannot en- 
t e r  and those which can are small enough t o  be sheared off  by forces developed on the 
spool by the p i lo t .  'Ihe difference between the two principles is  shown i n  Figure 6. 

CYL. OR PRESSURE CYL. OR PRESSURE \ P O R T  

'VALVE SPOOL /-VALVE SPOOL 

F i g .  6 - Valve des ign comparison. 

Regarding the question of emergency operation of the controls ,  i t  is current Nor- 
throp pract ice on twin engine a i r c r a f t  for  example, t o  provide a hydraulic pump a t  
each engine. Each pump feeds a system and the two systems are completely independent 
of each other. Each control surface is  equipped with two cylinders and each cylinder 
is  fed by one of  the two hydraulic systems. With t h i s  arrangement, control of the 
airplane w i l l  be maintained i n  the event of  f a i lu re  of e i t h e r  power plant  o r  of e i t he r  
hydraulic system. In addition, and in  order  t o  cover the poss ib i l i t y  of  complete power 
p lant  f a i lu re ,  an e l ec t r i ca l ly  driven stand-by hydraulic system is provided. 'l'h,is sys- 
tem is  connected i n t o  one of the two basic systems and is capable of  providing s u f f i -  
c ien t  power to  control the airplane during the period of time the airplane is capable 
of remaining airborne with a l l  engines out.  'Ihe airplane 's  bat tery is capable of  sup- 
plying the power required during t h i s  period of  time. 

The use of f u l l  power f l i g h t  controls  i n  a i r c r a f t  o f f e r s  many new poss ib i l i t i e s .  
Chief of these is  probably t o  a s s i s t  the aerodynamicist i n  solving the aerodynamic prob- 
lems of the airplane. Others tha t  may be mentioned are weight saving, automatic control 
of  inaxinnun airplane load factor ,  and of rel ieving the p i l o t  of  the fatiguing e f f o r t  
normally associated with f lying for long periods of  time. 



I t  i s  the wr i ters  opinion that  the  bas ic  pr inc ip les  involved have been developed 
t o  the point  where they are e n t i  re ly  s a t i s f a c t o r y ,  and that  now i s  the time t o  begin 
developing the  f u l l  p o t e n t i a l i t i e s .  

DISCUSSION 

MR. BERGH, Republic Aircraft :  What experience have you had wi th  Q diaphragm or 
plunger of the feel system jamming due t o  moisture and freezing? 

FEENEY: We haven't had any trouble w i th  moisture freezing. When we s e t  i t  up 
a t  f i r s t ,  we were worried about the pos s ib i l i t y  of moisture co l l ec t i ng  and forming i ce ,  
or birds jamming in to  the intake duct.  At f i r s t  we put i n  a drainage system so that 
moisture whichdoes co l l ec t  w i l l  go to  the bottom andno t  get inside t h e b e l l w s .  I t  
i s  ac tua l ly  a trap i n  the duct  and we have attempted t o  locate the bellows i n  an area 
i n  tha airplanes which should be warm enough so i f  moisture does get in ,  i t  won't freeze. 

BERGH: You have made no provision for draining water out during f l i g h t ?  

FEENEY: Yes, the drain o r  trap i s  such a provision. I t  won't take a flow from 
a large rainstorm, but i t  has a large volume i n  the trap i t s e l f  so i t  can co l l ec t  a 
large amount. 

MR. BURSTEIN, Consolidated-Vultee: Could you give us some rates  of surface 
movement that you have des igned? 

FEENEY: Surface rates? Our procedure usuat ly  i s  to  make a lo t  of calculations 
and come up with f u l l  travel in  one second. We o f t e n  wish the actual period of time re- 
presented by one second were a l i t t l e  longer--we would save a l o t  of power. I have 
never run into a rea l ly  good analyt ical  approach t o  the problem of how fast  the surface 
could move. We hdve had good success with fu l l  throw in  one second. 

BURSTEIN: I s  that i n  one d i r ec t  ion from neutral? 

FEENEY: Yes. I n  most cases that i s  from neutral t o  hard over i n  one d i rec t ion .  
But i t  may represent 110 degrees per second or i t  may represent 15 degrees per second, 
but i n  a l l  cases we attempt t o  obtain fu l l  control i n  one second. 

QUESTION: Coming back t o  the be1 lows, was there any consideration given t o  the 
pos s ib i l i t y  t h ~ t  the bellows or  some part of the system may fa i l  when the p i l o t  puts 
some heavy force on the s t i c k ?  He m y  suddenly have no fee 1 there and pul 1 back and 
produce a big load on tKe surface. 



FEENEY: The gyro says no only  on the basis of  the ra te ,  so i f ,  for example, you 
had a large t a i l  on the airplane, i t  would give you a s imilar  e f f e c t  and a l l  the p i l o t  
does i s  throw i n  a 1 i t t  le  more rudder t o  get the amount of turning he wants. I t  i s  
pure l y  a damping sys  tem. 

CLAUSER: But the p i l o t  doesn't  not ice i t  a t  a l l .  Doesn't i t  go the l imi t s  of 
i t s  t rave l  when he turns. 

FEENEY: Well, i t  would of course, i f  he turns h i s  maximum ra te  but the amount 
of rudder that L i t t l e  Herbert subtracts  from the p i l o t  i s  the function of the actual 
rate  of turning the airplane. 

CLAUSER: The displacement of turning i s  proportional t o  rate of the airplane? 

QUESTION: I s n ' t  the t o ta l  available ra te  of displacement small compared to  
L i t t l e  Herbert? 

FEENEY: Very limited amount of authori ty  i s  given over t o  that mechanism. For 
example, the l imi t  is. 5 degrees maximum anwunt of rudder that  L i t t l e  Herbert can sub- 
t rac t  from the p i l o t .  I t  stops a t  tha t  point. 

MR. GRANT, Hughes  A i r c r a f t :  You were talking about two control systems, two 
complete, systems for one surface and I am wondering i f  you had any trouble wi th  valve 
synchronization and a l so  what happens i n  case you get a damaged cyl inder? 

FEENEY: We fee 1 that  t o  put i n  a method of disconnecting cy 1 inder i s  adding a 
l o t  machinery which i s  more l i k e l y  t o  give you trouble than you would have by taking 
your chance wi th  gun f i r e .  The synchronization problem-we worried very much about 
t ha t .  We s e t  up one system i n  the lab and purposely rigged the cyl inder w i th  two valves 
out  of synchronization and the thing that  we were most worried about was that we would 
reduce the maximum available surface speed by ge t t ing  out of synchronization, since one 
o f  the valves couldn't go f u l l  open, but we found that  we had t o  ge t ,  as I reca l l  i t ,  
somewhere around 3/10 of an inch out of  synchronization from one t o  the other before 
i t  had any e f f e c t .  The reason for that  i s  that  the two cyl inders  are not mounted i n  
the same housing, but they are mounted separately so that there i s  a cer ta in  amount o f  
f l e x i b i l i t y  between the two cyl inders;  thus, when you put .it- out of synchronization, 
i t  walks over and winds i t s e l f  up. 

QUESTION: Does i t  increase trimming? You mentioned that  you had two high tr im 
speeds at  f i r s t ,  then reduced i t .  What did you reduce i t  to? 

FEENEY: I reca l l  the trimming rate  was on the order of 3 degrees per second and 
ac tual ly  we only  cu t  i t  davn t o  about 2 degrees per second which I d idn ' t  r ea l l y  hope 
was going t o  be low enough, but the p i l o t s  were happy and I don't  know whether i t  was 
because of the change i n  tr im speed or because we did something about the i r  request.  

MR. CHATTLER, Bureau  of A e r o n a u t i c s :  When you have a failure i n  one system, 
do you bypass the f lu id  around that cylinder of that system? 



inus h i s  control forces, but i n  a l l  the f l y i ng  that we have ever done on any of these 
airplanes, we have never had any s ign o f  the be 1 lows jamming or any thing of that so r t .  
owe are leaving that o f f  on our new designs. There i s  no dtsconnect provided. 

QUESTION: What I had i n  mind was, suppose with the force exerted by the p i lo t  

FEENEY: Well,  i t  i s  almost impossible, o f  course, t o  provide anything against 
that in the way of addrtional equipment or something o f  that sor t ,  but what we have 
done i s  to  take thk bellows assembly and run i t  through a very complete l i f e  t e s t  cy- 
cling under load, pulsating loads, even reversing loads t o  be sure that we had a de- 
pendable piece of equipment before we had i t  included, and the r e su l t s  of the t e s t  con- 
vincedus that i t  was not l i k e l y  t o  bo l t .  That rs as far as we have gone. 

MR. WANNER, R e p u b l i c  A v i a t i o n :  DO you always have s table  gradient of force wi th  
your airplanes that you designed i n  the past? 

FEENEY: Y e s .  

WANNER: And i n  that  trim device that you showed, do you merely t r im out the o f f -  
standard posi t ion that the Q cyl lnder gives wi th  the hydraulic cyl inder? 

FEENEY: Normal operation would be that the p i lo t  has the s t i c k  displaced and 
the mechanism out of dead center and then operates the t r im mechanism which w i l l  return 
it t o  dead center.  

MR. FARKAS, Bureau of A e r o n a u t i c s :  Would you def ine t h i s  term "triter-mot ton"? 

FEENEY: I had intended t o  do that .  %t i s  what we ca l l  the minimum increment 
of control. I n  other words, i f  you have breakaway f r i c t i on  ( s t i c t i o n )  m the system, 
you have to  operate i t  w i t h  something that  has a spring rate  t o  i t .  You have t o  build 
up enough force t o  overcome the s t i c t i o n  and then you have t o  drop down t o  running f r i c -  
tion; you therefore have a cer ta in  increment of motion. We have never used an open 
center system as such but I would imagine i f  you had an open center system and some cy- 
linder f r ic t ton ,  by the time you have displaced the valve far enough t o  produce the 
pressure di f ference tha t  i s  required t o  make tha t  cylinder s t a r t  t o  move, i t  w i l l  con- 
tinue to  move u n t i l  the valve i s  returned t o  a pos i t ion  corresponding t o  the pressure 
that goes along urith the running f r i c t i on .  Thus with an open center system the en t i r e  
valve travel  i s  used t o  control pressure, and I would think the increment of motion 

DR. CLAUSER, D o u g l a s  A i r c r a f t :  Ch your L i t t l e  Herbert, how do you keep i t  from 
counteracting the e f f o r t s  o f  the p i l o t  because the 'minute he begins t o  turn the a i r -  
plane, the gyro says no, and counteracts h i s  e f f o r t s .  



FEENEY: h l y  through the  servo va lve .  

C H A T T E R :  You mean the servo valve  r i d e s  a long,  producing the proper sequencing 
for by-pass.  

FEENEY: I t  always opens i n  the  proper d i r e c t i o n  t o  a l low the f l u i d  t o  c i r c u l a t e .  

C H A T ~ E R :  1)oe.s t h e  p r e s s u r e  d r o p  h u r t  you a n y ?  

FEENEY: No ,  we haven ' t  had any pressure drop d i f f i c u l t y .  

DR. WILSON, Goodyear  A i r c r a f t :  What s o r t  o f  f a i lures  do you a n t i c i p a t e  i n  a s y s -  
tem l i k e  t h a t ?  

FEENEY: Hydraulic f i t t i n g  f a u l t s ,  for example, engine f a i l u r e s ,  pump shearing,  
pump s h a f t  f a i l u r e s ,  e t c . ,  those are the th ings  t h a t  we have fought aga ins t .  We ac- 
t u a l l y  have never had any of  those th ings  occur bu t  there  could be a day. 

MR. H I L L ,  M a r t i n :  Would the use  o f  d u p l i c a t e  systems seem t o  have any e f f e c t  
on s t a b i l i t y  or  c h a t t e r  c h a r a c t e r i s t i c s ?  I n  o ther  words,  would one sys tem by i t s e l f  
tend t o  be unstable  p o s s i b l y ,  where two counteract  one another t o  a c e r t a i n  e x t e n t ?  

FEENEY: No. That has been our experience anyway. On our XF-89 we do not  have 
t h l s  (dual hydraul ic  sys tem.  I n  the  e a r l y  days  we thought i t  was necessary  tha t  the 
0 5. ,.- .. ... l uLy  system be complete ly  d i f f e r e n t  from the  normal sys tem.  Our o n l y  choice  was 
pneumatic a m  e l e c t r i c  o ther  than hydraul ic  so  we o r i g i n a l l y  used the  e l e c t r i c  standby 
system, e l e c t r i c  motor, screw jack and so on and a t  t h a t  t ime,  o f  course ,  t here  was 
o n l y  one hydraul ic  sys tem.  S ince  then we have added a second sys tem t o  the  same a i r -  
plane and i t  i s  s t i l l  p e r f e c t l y  s t a b l e ,  s o  I  would say i t  has ,  i n  our exper ience ,  had 
no e f f e c t  on  the sys tem's  s t a b i l i t y .  

QUESTION: DO you a t t r i b u t e  your good fortune i n  s t a b i l i t y  t o  luck or  s k i l l ?  

FEENEY: A l o t  o f  luck .  We have b u i l t  s o  many of them t h a t  we have developed 
a l o t  of rul'es tha t  we use i n  the  n e x t  des ign  which are based on exper ience  that we 
p i n e d  from the  o thers  and as  Mr. McRuer tomorrow w i l l  g ive  us  a t a l k  on the  frequency 
response a n a l y s i s  on t h e  sys tem as he puts  i t ,  we a c t u a l l y  used servo  theory except  we 
d i d n ' t  use tha t  name. 

MR. HARRIS ,  Chance  Vought  A i r c r a f t :  Go back t o  L i t t l e  Herbert again.  You 
put q u i t e  a b i t  o f  emphasis on the use  o f  the i r r e v e r s i b l e  sys tem.  I s  i t  necessary  
t o  have an i r r e v e r s i b l e  system? 

FEENEY: I was very  care fu l  t o  s a y ,  i f  i t  i s  t o  operate i n  t h i s  manner. What 
I  had i n  mind was sur face  moving o r  being con t ro l l ed  i n  s e r i e s  w i t h  the p i l o t .  I f  
i t  i s  con t rq l l ed  i n  para1 l e l  w i t h  the  p i l o t ,  t h a t  i s  n o t  the  c a s e ,  but i t  i s  very  de- 
s i r a b l e  t h a t  i t  be i n  s e r i e s  w i t h  the p i l o t  s o  he won't  know the  th ing  i s  there  and 
tha t  i s  the way i t  turns  ou t .  The p i l o t s  say they  j u s t  d o n ' t  know he i s  on board. 



HARRIS: I f  they did know, would they ob jec t?  

FEENEY: You see, i f  i t  i s  a parallel connection instead of s e r i e s ,  what i t  does 
then i s  simply build up the control force as a funct ion of ra te .  That i s  a d i f f e r en t  

MR. BURSTEIN, C o n s o l i d a t e d  Vultee: I n  connection with L i t t l e  Herbert, sup- 
posing something happens t o  i t ;  i t  puts  in sort  of a f l e x ib l e  1 ink in your valve oper- 
ating mechanism and something happened t o  that  f l ex ib le  l ink .  I don't  know how you 
operate it--hydraulical ly or e l e c t r i c a l l y ,  or what manner you do tha t ;  i s  i t  a screw 

FEENEY: The actual appl icat ion on the airplane i s  not a screw jack of that 
sort. I might show you on the  board how i t  i s  actual ly  ins ta l led .  The cables from the 
cockpit come out t h i s  way and are on a pul ley and then each of these turns i n  here and 

. goes around the pulley and back around another and out t o  the r e s t  of the rudder sys- 
tem. These pulleys here are mounted on a be l l  crank which p ivo ts  around t h i s  point. 

- '  ?hat has a quadrant cable attached t o  i t  and that goes t o  a rotary e l e c t r i c  servo. So 
now you see anything can happen t o  t h i s - - i t  can die i n  i t s  tracks and you uould s t i l l  
have the complete system. fhings have happened. Fl ights  aren' t  a l l  perfect .  The sys- 
tem has gone out i n  f l i gh t  but so far we have limited i t s  appl icat ion t o  yaw and there 
i s  nothing to worry about. I f  i t  goes ou t ,  t ha t ' s  tha t .  You s t i l l  have f u l l  control 
of the airplane. Right nowswe would be a 1 i t t l e  hesi tant  about applying i t  t o  pi tch.  

QUESTION: Have you flown i t  a t  cold temperatures? 

FEENEY: Yes ,  s i r .  

QUESTION: Did you find any adverse e f f e c t ?  

FEENEY: The original  i n s ta l l a t i on  was more complicated and much less  e f f i c i e n t  
than the one cn the board. We actua l ly  got in to  temperatures of minus 70 and i t  began 
to get pret ty  s luggish  then. So far, since we have changed over to the more e f f i c i e n t  
system, we haven't noticed any temperature e f f e c t s  on the servo or the res t  of the 

QUESTION: I was th ink ing ,  i t  i s  i n  ser ies  wi th  the boost or  power control i t s e l f  
. and usually the power control f a l l s  o f f  i n  performance when the temperature gets  colder. 

FEENEY: That i s  another th ing  I would l i ke  t o  mention. The control leakage 
solves that problem too. Actually' we have measured temperatures around minus 70 and 
the temperature o f  the hydraulic f l u i d  stays up to the point where there has been no 
noticeable change whatever i n  the performance of the system. 

MR. RICHOLT, Lockheed A i r c r a f t :  How much leakage do you have? 

FEENEY: .05 per gallon per minute. - 
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I n  troduc t  ion 

Af te r  l i s t e n i n g  t o  some o f  the d i scuss ions  given here I be l i eve  t h a t  poss ibly  we 
have been concerned with power boos te r s  longer  than anyone e l s e  represented.  Our ex- 
per ience d a t e s  back about t en  y e a r s ,  and we have used the c u t  and t r y  methods a s  well  
a s  some mathematical analyses.  hilost o f  our  development, however, was by the c u t  and 
t r y  method. The Cons te l l a t ion  was t h e  f i r s t  a i r p l a n e  t o  use boost  c o n t r o l s ,  and our  
exper iences  d a t e  from the beginning o f  t h a t  development. 

The Problem Statement 

The i n i t i a l  design s t u a i e s  f o r  t h i s  a i r p l a n e  were undertaken i n  June o f  1939. I t  
was conceived a s  a long range, high speed, high a l t i t u d e  t r a n s p o r t ,  with low opera t ing  
c o s t  a s  a bas ic  requirement. The f l i g h t  c h a r a c t e r i s t i c s  were t o  be a s u b s t a n t i a l  i m -  
provement over those o f  e x i s t i n g  a i r c r a f t ,  with maximum c o n t r o l l a b i l i t y  f o r  a l l  emer- 
gency and normal f l i g h t  condi t ions .  New C i v i l  A i r  Regulations requ i red  a low landing 
speed t o  permit the  use  o f  small emergency f i e l d s .  'Ihe paramount requirement was 
s a f e t y  i n  combination with  speed and economy. 

'Ihe s a f e t y  and economy requirement ind ica ted  t h e  use  o f  four  o f  the  l a r g e s t  en- 
gines  then a v a i l a b l e  t o  ob ta in  the  lowest fue l  consumption dur ing  c r u i s e  condi t ions .  
'Ihese l a r g e  engines a l s o  permit ted t h e  bes t  take-off performance bu t  posed a se r ious  
problem i n  mainta ining complete d i r e c t i o n a l  con t ro l  dur ing take-off  should an engine 
f a i l .  'Ihe t u n i n g  moment caused by f a i l u r e  o f  one o r  two engines when developing 
maximum power was more than could be handled by the  normal methods o f  rudder con t ro l  
used a t  t h a t  time. 'Ihe low land ing  speed requirement i n d i c a t e d  the  use  o f  a l a r g e  
Fowler f l a p  t o  give the  wing a high l i f t  c o e f f i c i e n t .  By incorpora t ing  an extremely 
l a r g e  f l a p  i n  the  design,  t h e  problems o f  anple e l e v a t o r  c o n t r o l  dur ing  landing and 
s a t i s f a c t o r y  a i l e r o n  con t ro l  with two engines on one s i d e  inopera t ive  were g r e a t l y  i n -  
creased.  'Ihe bas ic  design, the re fo re ,  was t e n t a t i v e l y  planned t o  incorpora te  power 
boos te r s  on a l l  of t h e  f l i g h t  con t ro l  surfaces .  It was es t imated t h a t  the  ass i s t ance  
t o  be suppl ied by these  boos te r s ,  o r  the  ampl i f i ca t ion  o f  the  fo rces  appl ied t o  the  
c o n t r o l s  by the  p i l o t ,  would r e q u i r e  r a t i o s  o f  30: 1 f o r  the  rudder c o n t r o l ,  10: 1 f o r  
t h e  e l e v a t o r  and 8: 1 f o r  the  a i l e r o n s .  Control  su r face  angular  v e l o c i t i e s  should be 
a t  l e a s t  40° p e r  second. 

The decis ion t o  use boos te r s  on t h i s  a i r c r a f t  was based upon a number o f  p r a c t i -  
c a l  and aerodynamic reasons beyond the  scope o f  t h i s  d i scuss ion ,  bu t  i t  can be s a i d  
t h a t  one o f  the  main reasons was the  i ,ncreased s a f e t y  obtained by us ing  boosters ,  s i n c e  
they permitted complete con t ro l  down t o  the  s t a l l i n g  speed o f  the  a i r p l a n e ,  where the  
e f f e c t i v e n e s s  o f  a l l  o t h e r  types o f  con t ro l  force  reducing dev ices  is s e r i o u s l y  



aired. The decis ion t o  proceed on t h i s  premise was made a t  the  incept ion of the de- 
so tha t  f u l l  advantage could be taken of a l l  the  b e n e f i t s  t o  be obtained without 

The only problem was how t o  build such a device f o r  each of  the th ree  con t ro l s  
ich would meet the following requirements. 

" 1. Give the type o f  s t i c k  force curve shown i n  Figure 1 ,  where the e f f e c t i v e  ra- 
o between input  and output  ( t h e  boost r a t i o )  was r e l a t i v e l y  low near the  n e u t r a l  posi- 

to  obtain good s t i c k  f r e e  s t a b i l i t y  o f  the  a i rp lane ,  would inc rease  t o  the  desired 

2. There must be no "dead spots"  o r  l o s t  motion of the  c o n t r o l ,  p a r t i c u l a r l y  
rough the neu t ra l  pos i t ion .  

3. The cockpit  con t ro l  must always be mechanicallv connected d i r e c t l y  t o  the  con- 
1 surface. No o t h e r  type of connection is considered r e l i a b l e  e n o u ~ b .  

4. The booster system must not  "motor". With improper design i t  is  poss ib le  fo r  
type of mechanical servo u n i t  t o  a c t  i n  reverse  and d r i v e  the  load without a d i -  

cting signal from the inpu t  end. Th is  can be likened t o  feedback i n  an audio ampli- 

5. 'he boosters should take t h e i r  power from the main engine power p lan t s .  

6. h a 1  sources of power should be ava i lab le  automatical ly .  

7 .  Rapid shut-off  means should be provided. 

8. It must be possible  t o  f l y  the  a i rp lane  a f t e r  f a i l u r e  of the  power sources. 
is mans higher a i r  speeds a r e  required fo r  adequate con t ro l  dur ing  landing.) 
9. Relief valves should be incorporated t o  l i m i t  t h e  maximum control  surface loads 

their  design values. 
10. Control surface t r i m  t a b  e f fec t iveness  must not be l o s t  due t o  booster  f r i c -  

11. The booster must be capable o f  operat ion a t  very low temperatures.  

Mockup 

From a preliminary examination of the  problem i t  was obvious t h a t  development o f  
ch a complex hydraulic system and t h e  r e l a t e d  e f f e c t s  of var ious  p a r t s  o f  the system 
the power boosters would require  too  much delay i f  done on the a i rplane.  I t  was de- 

ded to build a hydraulic mockup con ta in ing  a l l  the  p a r t s  of the  hydraul ic  system for  

Figures 2 and 3 show the r e l a t i v e  arrangement of the  var ious  components o f  the  sys-  
in  both the  a i rp lane  and t h e  mockup. The mockup was loca ted  on a ~ l a t f o i m  above the 
ratory f loor  t o  permit i n s t a l l a t i o n  o f  the  landing gear  mechanisms i n  proper re la -  
ship to  the r e s t  of the  hydraul ic  system. F l i g h t  s t a t i o n ,  con t ro l  su r face  boosters  
a l l  o ther  components were i n  the  same r e l a t i v e  pos i t ion  with  regard t o  each o t h e r  

L they were to  be i n  the  a i rplane.  Al l  p ip ing  and f l i g h t  control  cab les  were duplica- 
d exactly t o  scale .  Space around t h i s  main mockup was re legated t o  individual  t e s t  
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Development 

'Ihe o r i g i n a l  p lan  was t o  i n s t a l l  t h e  p a r t s  and then t e s t  t h e  complete mockup. 
However, t h e  f a l l a c y  o f  t h i s  wi sh fu l  t h i n k i n g  soon became apparent .  Mechanisms j u s t  
do no t  seem t o  work as  wel l  i n  p r a c t i c e  a s  they do on paper i n  t h e  l a y o u t  s t age .  I n  
f a c t ,  every  p a r t  o f  t h e  system was changed s o  much from t h e  o r i g i n a l  concept ion t h a t  
i n  many cases  t h e r e  is l i t t l e  s i m i l a r i t y  between t h e  o r i g i n a l  and t h e  f i n a l  r e s u l t .  

systems working p roper ly  t o  make a complete system t e s t  p o s s i b l e .  Complete redes igns  
occurred i n  many cases  e i t h e r  i n  the  mockup s t a g e  o r ,  i n  a few i n s t a n c e s ,  a f t e r  f l i g h t  
t e s t s  o f  t h e  a i rp lane .  'Ihe s t r i k i n g  d i f f e r e n c e s  between o r i g i n a l  and f i n a l  des ign can 
be a t t r i b u t e d  mainly t o  an incomplete problem s ta tement  o r  knowledge o f  a l l  t h e  r e -  
cpirements a t  t h e  s t a r t .  Many o f  t h e s e  requirements could only  be l e a r n e d  through ex- 
per ience  wi th  the  a i r p l a n e  i n  a c t u a l  se rv ice .  In  o r d e r  t o  d e s c r i b e  these  developments 
more l o g i c a l l y ,  i t  is necessary  t o  take  each s e c t i o n  of t h e  system i n d i v i d u a l l y .  

boosters 

Figures  4 and 5 show the  o r i g i n a l  power boos te r  f o r  t h e  rudder  which was b u i l t  
f o r  t e s t  i n  the  l abora to ry .  'Ihe c o n t r o l  va lve  i s  mounted t o  f i x e d  s t r u c t u r e  and con- 
t r o l l e d  by a para l le logram l inkage  which provided follow-up and d i r e c t i o n a l  sens ing.  
'Ihe . ac tua t ing  c y l i n d e r  connect ions  were made through swing j o i n t s  l o c a t e d  on the  a x i s  
o f  t h e  mounting t runn ions  f o r  t h e  cy l inde r .  ?his  pe rmi t t ed  t h e  e l i m i n a t i o n  o f  f l e x i b l e  
l i n e s  which were considered a hazard.  'Ihe b o o s t e r  valve  is balanced and opens t h e  p res -  
su re  and r e t u r n  p o r t s  s imul taneously .  Incorpora ted  ir. each end o f  t h e  valve  is a 
"feel" c y l i n d e r  connected d i r e c t l y  t o  the  a c t u a t i n g  c y l i n d e r  l i n e .  ?he a r e a  o f  t h i s  
"feel" c y l i n d e r  a s  compared t o  t h e  a r e a  o f  the  a c t u a t i n g  c y l i n d e r  determined t h e  boost  
r a t i o  o r  amount o f  " fee l"  received by t h e  p i l o t  from a load on the  c o n t r o l  su r face .  

?he o r i g i n a l  boos te r  c o n f i g u r a t i o n  conta ined d e f i c i e n c i e s  which made i t  u n s a t i s -  
f a c t o r y  f o r  u s e  on t h e  a i r p l a n e .  I n  a c t u a l  t e s t s  i t  7notoredn o r  o s c i l l a t e d  v i o l e n t l y .  
Res i l i ency  o r  d e f l e c t i o n  o f  t h e  o i l  column between t h e  p i s t o n  o f  t h e  a c t u a t i n g  c y l i n d e r  
and t h e  p i s t o n  o f  t h e  "fee l"  c y l i n d e r ,  aggravated by f r i c t i o n  i n  t h e  c o n t r o l  va lve ,  
was t h e  major cause  o f  the  o s c i l l a t i o n .  I n  a d d i t i o n ,  l ead  weights  hung on t h e  end o f  
t h e  beam shown i n  F igure  5, f o r  the  purpose o f  load ing  t h e  mechanism, i n a d v e r t e n t l y  
provided t h e  "flywheel" and t h e  n e t  r e s u l t  was a hydrau l i c  engine.  R e v e r s i b i l i t y  o f  
t h i s  type  o f  boos te r  i s  very  poor  due t o  t h e  accumulative e f f e c t s  o f  f r i c t i o n  i n  the  
a c t u a t i n g  c y l i n d e r  and c o n t r o l  valve.  

?his type o f  boos te r  mechanism h a s  s i n c e  been used on o t h e r  a i r c r a f t  bu t  a t  lower 
boost  r a t i o s  than t h a t  r equ i red  by t h e  C o n s t e l l a t i o n .  

Figure  6 shows t h e  r e v i s i o n s  necessary  t o  o b t a i n  accep tab le  ~ e r f o r m a n c e  from the  
booster .  I t  w i l l  be noted t h a t  t h e  "feel" c y l i n d e r s  have been e l i m i n a t e d  and rep laced  
by a " fee ln  l e v e r .  ?he mechanical l eve rage  system pe rmi t t ed  a c c u r a t e  follow-up wi th  
minimum f r i c t i o n ,  s i n c e  i t  was mounted on a n t i - f r i c t i o n  bear ings .  D e f l e c t i o n s  equiva- 

l e n t  t o  t h a t  encountered wi th  t h e  h y d r a u l i c  l eve rage  system were reduced t o  a minirrrum. 
I n  t h e  r ev i sed  boos te r  i t  is  n o t  necessary  t o  move t h e  power c y l i n d e r  p i s t o n  rod be- 
f o r e  t h e  valvk is ac tua ted ,  s i n c e  t h e  power c y l i n d e r    is ton w i l l  only  move a s  d i r e c t e d  
by t h e  boos te r  valve.  ?he " fee l "  l e v e r  a c t u a l l y  ~ i v o t s  about  t h e  p i s t o n  rod connect ion 
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u n t i l  t h e  boost va lve  has  been a c t u a t e d  f a r  enough t o  d i r e c t  f l u i d  t o  t h e  c y l i n d e r  
and cause  i t  t o  follow. The valve  h a s  been redesigned f o r  minimum f r i c t i o n  and incor-  
p o r a t e s  dashpots  i n  each end t o  l i i n i t  the  v e l o c i t y  o f  movement o f  t h e  valve  sha f t . .  
'Ihe o r i f i c e s  i n  these  dashpots  a r e  ad jus t ed  so  a s  t o  l i m i t  t he  valve  a c t u a t i o n  speed 
t o  a  p o i n t  wel l  below t h e  n a t u r a l  "motoring" o r  o s c i l l a t i o n  frequency of t h e  mechanism. 
With a  hydrau l i c  follow-up system such as used i n  t h e  f i r s t  b o o s t e r ,  t h e  amount o f  
damping required  is  r e l a t i v e l y  l a r g e ,  bu t  wi th  t h e  l e v e r  system used the  n a t u r a l  f r e -  
quency o f  the  mechanism is high enough t o  r e q u i r e  r e l a t i v e l y  l i t t l e  damping. The ac- 
t u a l  amount o f  damping requ i red  f o r  s t a b i l i t y  i n  a  boos te r  o f  t h i s  type is  a  func t ion  
o f  the  boost  r a t i o ,  t h e  i n e r t i a  on t h e  ou tpu t  end o f  t h e  mechanism ( t h e  s u r f a c e ) ,  cy l -  
i n d e r  t h r u s t ,  f r i c t i o n  i n  the  l inkage  and packings,  s p r i n g  r a t e  o f  t h e  c o n t r o l  system 
between boos te r  and f l i g h t  s t a t i o n  and s p r i n g  r a t e  o f  t h e  system between boos te r  and 
t h e  c o n t r o l  su r face .  

I n  case  o f  hydrau l i c  system f a i l u r e ,  t he  shu t -o f f  va lve  i n  t h e  p res su re  l i n e  i s  
ac tua ted  s imul taneously  wi th  ope ra t ion  o f  t h e  by-pass on the  c y l i n d e r  t o  s h u t  o f f  t he  
booster .  The p i l o t s '  c o n t r o l s  then a r e  connected d i r e c t l y  t o  the  s u r f a c e ,  wi th  a  
sma l l  amount o f  l o s t  motion due t o  t h e  va lve  l inkage .  

'Ihis boos te r  conf igura t ion  produced what was thought t o  be s a t i s f a c t o r y  pe r fo r -  
mance f o r  incorpora t ion  i n  t h e  mockup. E l e v a t o r  and a i l e r o n  b o o s t e r s  were cons t ruc ted  
i n  a  s i m i l a r  manner, u s i n g  t h e  same i d e n t i c a l  va lves  and many o f  t h e  same p a r t s  a s  the  
rudder booster .  

Complete func t iona l  t e s t s  were conducted a t  normal temperatures ,  i n  t h e  co ld  room 
a t  -65', and a t  +160°. A f t e r  the  pre l iminary  development, a l l  boos t  u n i t s  were 
mounted on t h e  main h y d r a u l i c  mockup and cycled  i n  a  l i f e  t e s t .  Th i s  t e s t  was run i n  
cqnjunct ion wi th  ope ra t ion  o f  t h e  complete mockup and checked t h e  e f f e c t  on t h e  boost-  
e r s  o f  ope ra t ion  o f  o t h e r  components i n  t h e  h y d r a u l i c  system. Again, changes were 
found necessary .  L i f e  c y c l i n g  d i s c l o s e d  weaknesses i n  l inkage  p a r t s  and p i p i n g  de- 
t a i l s .  A f t e r  c o r r e c t i n g  these  d i f f i c u l t i e s  the  mockup was p u t  through a  r e g u l a r  f l i g h t  
schedule  s imula t ing  t ake -o f f ,  climb, c r u i s e  approach and l and ing  f o r  a  p e r i o d  o f  200 
hours.  During t h i s  endurance run t h e  boosters  were cycled ,  working a g a i n s t  s imula ted  
a i r  l oads .  The t e s t  c o n d i t i o n s  were much more d r a s t i c  than could  be expected i n  normal 
a i r p l a n e  ope ra t ion .  A f t e r  p a s s i n g  these  t e s t s  t h e  equipment was considered s a t i s f a c t o r y  
f o r  f l i g h t  t e s t s .  

The f i r s t  f l i g h t s  were s u c c e s s f u l  and,  i n  f a c t ,  t h e  a i r p l a n e  s e t  a  new record  i n  
making s i x  f l i g h t s  t h e  f i r s t  day.  Although t h e  f i r s t  f l i g h t s  were considered very s a t -  
i s f a c t o r y ,  i t  soon became ev iden t  t h a t  cons ide rab le  improvement was still necessary  t o  
o b t a i n  good ~ e r f o r m a n c e  and r e l i a b i l i t y .  

The f i r s t '  r e v i s i o n  concerned t h e  boos te r  valve.  It  was determined from f l i g h t  
t e s t s  t h a t  meter ing c h a r a c t e r i s t i c s  o f  the valve needed improvement t o  o b t a i n  smooth 
ope ra t ion .  B e t t e r  r e s u l t s  were obta ined by r e v i s i o n  o f  t h e  s l i d e  va lve  c l e a r a n c e  t o  
i n c r e a s e  the  leakage r a t e ,  and f u r t h e r  r educ t ion  o f  f r i c t i o n  i n  t h e  valve  i t s e l f .  Fur-  
t h e r  improvements were made i n  t h e  c a b l e  con t ro l  system t o  reduce f r i c t i o n .  The minor 
changes improved t h e  s t a b i l i t y  o f  t h e  a i r p l a n e ,  bu t  were no t  enough t o  e l i m i n a t e  o s c i l -  
l a t i o n  o r  d i r e c t i o n a l  hun t ing  o f  t h e  a i r p l a n e  i n  c e r t a i n  c r u i s e  c o n d i t i o n s .  We had e x -  
haus ted  most o f  the  p o s s i b i l i t i e s  f o r  improvement whi le  s t i l l  r e t a i n i n g  the  o r i g i n a l  
h y d r a u l i c  boost  r a t i o ,  and i t  was e v i d e n t  t h a t  t o  o b t a i n  still  f u r t h e r  improvement, 
t h e  boost  r a t i o  i n  t h e  Uhands o f f *  o r  s t i c k  f r e e  cond i t ion  must be reduced on both the  
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rudder and e l e v a t o r  boosters.  This  was done by the  'debooster' l inkage shown i n  . 
Figure 7 .  ?his  l inkage permit ted t h e  booster  t o  work a t  a 2: 1 boost r a t i o  a t  low 
hinge moment o r  s t i c k  force  condi t ions .  A f t e r  the p i l o t  increased h i s  load t o  a pre- 
determined value the  c learance between the pin  on the  " f e e l "  l e v e r  and t h e  hole i n  the 

p i l o t ' s  push rod is  taken up, and t h e  boost r a t i o  is e f f e c t i v e l y  increased t o  the  o r i -  
ginal high value. In t h e U h a n d s  o f f "  c r u i s e  condi t ion t h i s  permit ted the  con t ro l  su r -  
face t o  ad jus t  i t s e l f  e a s i l y  by overcoming the cable  control  system f r i c t i o n  a t  a 2: 1 
(disadvantage) r a t i o  ins tead  o f  the  30: l .  ?his rev i s ion  cor rec ted  the  hunt ing charac- 
t e r i s t i c s  on the  a i rp lane  and provided the  s t e e p  s lope around n e u t r a l  ind ica ted  on the  
curve of Figure 1. 

Further experience ind ica ted  t h a t  p o s s i b i l i t y  o f  hazard e x i s t e d  i n  t h e  booster  
valves should the o r i f i c e s  i n  t h e  dashpots become plugged. Ia f a c t ,  one o f  these o r i -  
f i c e s  became plugged with l i n t ,  i n  g r ~ u n d  t e s t  operat ions .  I n  o r d e r  t o  e l i m i n a t e  t h i s  
hazard, screens  were loca ted  on e i t h e r  s i d e  o f  the  o r i f i c e s .  'Ihen i t  was discovered 
i n  laboratory t e s t i n g  t h a t  these  sc reens  could be stopped up a t  low temperatures should 
the hydraul ic  f l u i d  contain  o v e r  5 pe r  cent  water. 'Ihe water c r y s t a l s  f roze  and p i l e d  
up on the  screens ,  s o  r e l i e f  valves  were added. 'Ihese r e l i e f  va lves  were s e t  t o  crack 
a t  a pressure  low enough t o  permit  t h e  p i l o t  t o  overr ide  a plugged o r i f i c e  but high 
enough s o  a s  n o t  t o  i n t e r f e r e  with the  damping ac t ion  o f  the  dashpots i n  the  valve. 
Inadver tent ly ,  t h i s  produced another advantage. I t  permit ted the  p i l o t  t o  move t h e  
control  suddenly, i f  s o  des i red ,  over r id ing  t h e  damping ac t ion  i n  the  boost valve. 

Experience i n  o i l  l i n e  operat ion required rev i s ion  t o  the  cy l inder  packing design 
as  well  a s  changes, i n  f i t s  and c lea rances  o f  the l inkage. Although a l l  boosters  had 
gone t h r ~ u g h  a 200,000 cyc le  l i f e  t e s t  before being considered s a t i s f a c t o r y  f o r  a i r -  
plane usage, 50 hours o f  opera t ion  i n  f l i g h t  was enough t o  po in t  up d e f i c i e n c i e s  i n  
gland packing design. Revis ions  were made by incorporar ion o f  l e a t h e r  back-up r ings  
behind t h e '  '0' ' r ings ,  i n s t a l l a t i o n  o f  f e l t  wipers and rev i s ion  t o  t h e  gland bearing 
mate r ia l .  A f t e r  these  changes, cyc l ing  t e s t s  were run through one h a l f  mil l ion.  Se r -  
vice experience i n d i c a t e s  t h a t  t h i s  has  produced a s a t i s f a c t o r y  design.  

'Ihe f i n a l  conf igurat ion o f  boost valve and cy l inder  i s  shown i n  Figure 8. ?he r e -  
l i e f  valves b u i l t  i n t o  one end o f  the cy l inder  l i m i t  the  pressure  which can be b u i l t  
up across  the  p i s t o n ,  and i n  t h i s  way l i m i t  the  hinge moment which can be appl ied t o  
the su r face .  ?his produces t h e  sharp upturn i n  t h e  curve o f  Figure  1 n e a r  the extremes. 
Although simple i n  i ts  p r i n c i p l e  of opera t ion ,  the boost valve is complicated i n  con- 
s t r u c t i o n  due t o  the  requirements o f  f r i c t i o n  reduction. 'Ihis is  the  reason f o r  the 
b a l l  un iversa l  j o i n t s  t o  permit  alignment and e l iminate  bind due t o  machining t o l e r -  
ances These valves  must operate  with a maximum of  one pound force  on the  s h a f t .  

Elevator  and a i l e r o n  boost u n i t s  a re  constructed s i m i l a r  i n  ~ r i n c i p l e  t o  the rud- 
de r  booster and many o f  the  same p a r t s  a r e  used. 

Concurrently with development o f  the booster  u n i t s ,  the  hydrau l i c  system was be- 
ing developed, and i t  was found t h a t  even with a primary and secondary system a s  men- 
t ioned above t h e r e  s t i l l  e x i s t e d  t h e  p o s s i b i l i t y  o f  f a i l u r e  o f  a common l i n e  supplying 
the rudder and e l e v a t o r  boost u n i t s  i n  the  t a i l  o f  the  sh ip .  Should t h i s  f a i l u r e  OC- 

cur  dur ing take-off  o r  l and ing  i t  could cause l o s s ' o f  boost a t  a time when i t  was most 
needed. In  o rder  t o  provide a safeguard aga ins t  t h i s  contingency, i t  was decided t o  

add a small  a u x i l i a r y  power system a t  the e l e v a t o r  and rudder boos te r s  t o  be used only 
as a stand-by f o r  these condi t ions .  'Ihis cons i s ted  of an e l e c t r i c  d r iven  gear  pump, - 





accumulator, p res su re  r e g u l a t o r  and a sump tank through which the  main r e t u r n  flow 

. l i t t l e  t rouble  developed with t h e  a u x i l i a r y  boost  systems and both systems have re-  
mained e s s e n t i a l l y  unchanged s i n c e  t h e  i n i t i a l  development. 

Power System 

Figure 9 shows the  C o n s t e l l a t i o n  hydrau l i c  system diagram. I t  w i l l  be noted t h a t  
i t  is divided i n t o  primary and secondary systems, w i t h  t h e  two l e f t -hand  pumps supply- 
i n g  the  primary system f o r  b o o s t e r  power on ly ,  while the  two r ight -hand pumps supply 
power t o  the secondary system f o r  l and ing  gea r ,  f l a p s ,  e t c .  'Ihe two systems a r e  con- 
nected toge the r  a t  the  crossover  check va lve  which au tomat i ca l ly  swi t ches  t h e  second- 

occurs a s  soon a s  the  primary system drops  t o  about 1150 p i ,  t h e  normal ope ra t ing  p res -  
sure being between 1500 and 1700 p s i .  A t  t h e  time t h i s  ope ra t ion  t akes  p l a c e ,  the  
crossover check valve a l s o ' s i g n a l s  t h e  two spr ing- loaded r e t u r n  by-pass va lves  which 
automatlcally swi tch  the  r e t u r n  flow t o  the  secondary s i d e  o f  t h e  r e s e r v o i r .  P r i o r i t y  
f o r  the  boos te r s  i n  t h i s  o p e r a t i o n  is maintained by t h e  r e s t r i c t i o n  c o n t r o l  va lve  l o -  
ca ted  downstrean from the  crossover  check on t h e  secondary press t i re  l i n e .  Th i s  valve  
is s e t  t o  al low ] 1 epm flow a t  1300 p s i  minimum, and yermits  no mere than I .  5 gpm flow 
should the  p res su re  i n  the  secondary system drop helow ! 150 p s i .  

Th i s  hydrau l i c  system has  g iven a good account of  i t s e l f  i n  s e r v i c e  and ~ h o w s  one 
method of s ipplyin( :  a l t e r n a t e  sources  o f  power f o r  t h e  s u r f a c e  c o n t r o l  boos te r s .  

F igure  10 shows a schemat ic  diagram o f  the e l e v a t o r  b o o s t e r  i n s t a l l a t i o n  on the  
XH60-1 C,onst i tu t ion.  Note t h a t  t h e r e  a r e  t h r e e  ' s epa ra te  boost  u n i t s  used,  each be ing  
supplied by a s e p a r a t e  source  o f  hydrau l i c  power. Each boost  u n i t  is mounted sepa ra te -  
l y  and connected t o  the  e l e v a t o r  torque tube by means of  a push rod. A l l  t h r e e  u n i t s  
are  s i m i l a r  i n  des ign t o  the  C o n s t e l l a t i o n  b o o s t e r s  i n  t h a t  t he  boost  va lve  is  mounted 
t o  f ixed s t r u c t u r e  wi th  s o l i d  l i n e s  i n  between t h e  valve  and c y l i n d e r .  Eut  i n  t h i s  
case,  a d d i t i o n a l  hydrau l i c  equipment i s  inclcded i n  the  boos t  va lve  hogsing t o  e l i m i n a t e  
the complicated plumbing exper ienced wi th  t h e  C o n s t e l l a t i o n .  The C o n s t i t u t i o n  h a s  t h r e e  
hydraul ic  sys tems,  one c a l l e d  the  u t i l i t y  system which supp l i ed  p res su re  t o  one .of the  
e l e v a t o r  boos te r s  a s  wel l  a s  t h e  l a n d i n g  g e a r ,  f l a p s ,  and o t h e r  h y d r a u l i c  power devices .  
In  add i t ion  t o  t h e  u t i l i t y  system t h e r e  a r e  two s e p a r a t e  systems used f o r  boos te r  opera-  

p l an t  never  l eaves  any h y d r a u l i c  boost  u n i t  without p res su re .  
F igure  11 shows a c r o s s  s e c t i o n  o f  the C o n s t i t u t i o n  boost  va lve .  Note t h a t  i n  ad- 

d i t i o n  t o  the  boost  va lve  we have included t h e  usua l  p res su re  l i n e  f i l t e r  and t h e  boost  
cy l inde r  by-pass a l l  i n  t h e  same package. The by-pass on t h i s '  va lve  is p ressu re  oper-  
a t ed ,  wi th  a s p r i n g  t o  move t h e  va lve  t o  the  by-pasded p o s i t i o n  whenever p res su re  drops. 
In  a d d i t i o n ,  t h e  boost  va lve  s p o o l  au tomat i ca l ly  d isconnects  from t h e  o p e r a t i n g  s h a f t  
when p ressu re  d rops  a t  t h e  va lve  p res su re  p o r t .  Included i n  the  valve  o p e r a t i n g  s h a f t ,  
on t h e  o u t s i d e  of  t h e  va lve  housing,  i s  a pre-loaded- s p r i n g  which w i l l  d e f l e c t ,  should 
the  va lve  spool  become jamned. T h i s  d e f l e c t i o n  o p e r a t e s  a microswitch which i n  t u r n  
l i g h t s  a warning l i g h t  i n  the  c o c k p i t  t o  i n d i c a t e  which boost  u n i t  is malfunct ioning.  
This  then permits  t h e  pfi lot  t o  t u r n  o f f  t h i s  boos te r  by o p e r a t i o n  o f  t h e  motor opera ted  - - 67 - 









drops, the valve s h a f t  becomes disconnected from t h e  jammed spool a s  noted above and 
the cylinder is by-passed, which completes the operat ion o f  p u t t i n g  t h i s  p a r t i c u l a r  
boost u n i t  out of operat ion.  

Figure 12 is a photograph showing the i n s t a l l a t i o n  o f  the  e l e v a t o r  boost u n i t s  
in  the a i rplane.  I t  w i l l  be noted t h a t  none of  the  Cons t i tu t ion  boosters  u t i l i z e  the  
debooster idea t h a t  was used on the  Constel la t ion.  The reason f o r  i t  is t h a t  the  con- 
t r o l  cable system is much more e f f i c i e n t .  A t  the time the  Cons t i tu t ion  was designed, 
the  importance of control  cab le  f r i c t i o n  was recognized and every e f f o r t  was made t o  
reduce f r i c t i o n  due t o  cable  bends, e t c .  The i n s t a l l a t i o n  shown i n  Figure 12 does, 
however, show one o f  the  p o t e n t i a l  d i f f i c u l t i e s  with mult iple  boost u n i t s .  'Ihis con- 
c e p s  the method o f  coupl ing between t h e  t h r e e  un i t s .  It was discovered on t e s t s  
that the mismatch i n  t iming of  the t h r e e  u n i t s  caused by play i n  the  chain couplings 
used t o  transmit p i l o t  load caused u n s a t i s f a c t o r y  operat ion,  and these couplings had 
to be hand f i t t e d  t o  e l imina te  a l l  l o s t  motion before smooth operat ion was obtained. 
This p a r t i c u l a r  problem d i d  n o t  occur  on the  rudder and a i l e r o n  because of the  type 
of construction used. We d id  experience c h a t t e r i n g  of the  e l e v a t o r  boost and d i s -  
covered t h a t  i t  was caused by t h e  s p r i n g  r a t e  o f  the  con t ro l  system between the 
booster and t h e  cockpit .  However, t h e  f i x  i n  t h i s  case  was very simple. A l imi ted  
deflection decoupling s p r i n g  was i n s e r t e d  between t h e  " f e e l "  l e v e r  and t h e  l e v e r  oper- 
ated by the con t ro l  system. 'Ihis i n ' e f f e c t  changed t h e  spr ing  r a t e  of t h e  control  
syste? and smoothed out  the operat ion.  

Figure 13 shows a schematic of t h e  rudder boost u n i t  f o r  the Const i tut ion.  Only 
two boosters a r e  used and it w i l l  be noted t h a t  the  boost valves  a r e  the  same a s  those 
used on the e leva tor .  Cyl inders  and valves a r e  mounted i n  a r i g i d  framework and it 

' w i l l  be noted t h a t  a common "feelJ' l e v e r  is u t i l i z e d .  'Ihis e l iminated any r e l a t i v e  
deflection between the two u n i t s  and precluded the  d i f f i c u l t y  noted above with the  
elevator i n s t a l l a t i o n .  'Ihis booster  assembly is  mounted underneath the hor izontal  
s t ab i l i ze r  and connected by push rod t o  the  rudder a s  shown in Figure 14. 

Figure 15 shows a shematic diagram of the  a i l e r o n  boost assembly. Again, only 
two-units are  used. 'Ihere is a no tab le  d i f fe rence  between t h i s  boost  i n s t a l l a t i o n  and 
that  used on the Cons te l l a t ion  i n  t h a t  a separa te  booster was used a t  each a i l e ron  on 
the Constel la t ion,  while only one dual boost u n i t  is used on the  Cons t i tu t ion .  'Ihis 
assembly is located on the c e n t e r l i n e  o f  the  a i rp lane  on the  r e a r  wing beam. Connec- 
tions to  the a i l e r o n s  a r e  made through c lad  cab les  f r a n  the  l a r g e  quadrant. 'Ihe d i f -  
ference i n  these  two a i l e r o n  boost i n s t a l l a t i o n s  produces one notable  e f f e c t .  Where 
separate u n i t s  a r e  used a t  each a i l e r o n ,  t h e  a i l e r o n s  a r e  def lec ted  upward by the  a i r  
load when the  booster  is turned o f f .  'Ihis takes  a l l  o f  the  l o s t  motion o u t  o f  the  
p i lo t ' s  control  when f l y i n g  boost o f f .  However, when t h e  boost is turned back on 
again, the a i l e r o n s  a re  suddenly def lec ted  back down t o  the  normal pos i t ion  i n  o rder  
to bring the con t ro l  valve back t o  t h e  n e u t r a l  pos i t ion .  Should the  two booster  by- 
pass valves be rigged d i f f e r e n t l y ,  one a i l e r o n  w i l l  be d e f l e c t e d  down before the  other ,  
which r e s u l t s  i n  a r o l l i n g  moment on the a i rplane.  On the o t h e r  hand, wi th  the  type 
of i n s t a l l a t i o n  shown on t h e  Cons t i tu t ion ,  t h i s  act ion does n o t  occur,  b u t  the re  w i l l  
be some l o s t  motion i n  the  p i l o t ' s  c o n t r o l s  when the  boosters  a r e  turned of f .  In  the  
Constitution, q f  course,  t h i s  is not  considered s ince  i t  is always intended t o  have 
powr on one o r  the  o ther  boost u n i t s  used on t h e  a i l e ron .  

In order  t o  go over some of our  experiences,  it might be well  t o  comment on a 
few g e n e r a l i t i e s  concerning power boost i n s t a l l a t i o n s  t h a t  w e  have learned over the  











l a s t  few years. We have b u i l t  and t e s t ed  a number of d i f f e r en t  booster valves, s t a r t -  
ing. with the Constel lat ion.  A s  time went on we obtained a be t t e r  understanding of the 
problem. Some of the requirements were learned a s  a r e s u l t  of considerable f l i g h t  
experience and service experience. We have come t o  the conclusion tha t  it is be t t e r  
t o  include a l l  of the various valves and, i f  possible, even the boost cylinder in to  
one package, eliminating external  plumbing connections en t i r e ly .  'Ihis makes the uni t  
more foolproof a s  f a r  as servicing is concerned, and we have learned from our f i e l d  
serv ice  experience t ha t  anything of t h i s  nature which looks complicated ge t s  e i t he r  
one of two treatments. It e i t h e r  ge t s  l e f t  s t r i c t l y  alone and never serviced, or  i f  
someone does attempt t o  serv ice  it on the airplane he general ly does not thoroughly 
understand the mechanism and may do more harm than good. For t h i s  reason, we believe 
it desirable t o  have the hydraulic u n i t s  consolidated i n t o  one package which is eas i l y  
removable, s o  t h a t  the malfunctioning un i t  can be serviced i n  the hydraulic shop by 
trained personnel. Our l a t e s t  designs used on the F-90 incorporate these ideas. Che 
package contains a l l  hydraulic equipment with in te rna l ly  d r i l l e d  porting and only two 
external  hydraulic connections, one for  the pressure and the other  for  the return 
1 ine . 

We have experimented with a number of  ideas t o  reduce boost valve f r i c t i on  and 
learned tha t  there is a be t t e r  way of doing i t  than t o  use a l i nea r  type of s e a l  for  
the operating sha f t  a s  i l l u s t r a t e d .  In our l a t e r  designs we operate the boost valve 
spool by means of a submerged lever  inside the valve housing and ro ta te  t h i s  lever  
by means of  a sha f t  coming out of  the  valve housing through a ro ta ry  s ea l .  'Ihis elim- 
ina tes  the high breakaway f r i c t i o n  experienced with the usual pis ton rod packing, 
s ince the ro ta ry  s ea l  f r i c t i o n  holds f a i r l y  constant. 

A number of methods t o  accomplish the boost valve modulation cha rac t e r i s t i c s  
have a l so  been t r i ed .  'Ihe Constel lat ion valve used the o ldes t  method, t ha t  of cham- 
fe r ing  the edge of the  spool and allowing the spool t o  uncover one o r  two small holes 
i n  the s leeve before opening the la rger  port .  Other valves have been made with a 
sharp edge on the spool and a la rger  number of small holes t o  get  the progressively 
opening charac ter i s t ic .  However, t h i s  involves accurate locat ion of a number of small 
holes i n  a hard s t e e l  sleeve which has its prac t ica l  disadvantages. Qllr l a t e s t  valve 
design incorporates a tapered thread on the end of  each valve land. No small holes 
a r e  used i n  the sleeve. I n  f a c t ,  an undercut port  i n  the valve body makes the clean- 
e s t  design. By varying the depth, pi tch,  and taper  of the thread on the valve spool, 
any modulation cha rac t e r i s t i c  desired can be accomplished. In e f f e c t ,  t h i s  produces 
a variable length choke tube and ~ r o v i d e s  a simple solut ion t o  making a small diameter 
valve spool. 

Booster cylinders have been b u i l t  both with and without packings on the piston. 
We have a small boost u n i t  a t  the present time which has a lapped pis ton with no pack- 
ing except on the p is ton  rod. This  reduces the cyl inder  f r i c t i o n  considerably and 
is advantageous where f r icc ion  is an important consideration. 

We have designed, b u i l t ,  and experimented with a number of disconnect devices for 
disconnecting the boost cylinder from the"  f e e l h l e v e r .  None of them has ever f l m ,  
since it appeared tha t  the complication involved added more hazard than would be in- 
volved i f  the p is ton  rod were s o l i d l y  connected t o  the linkage. 'Ihis is espec ia l ly  
t rue  on conunercial airplanes. On mil i ta ry  a i r c r a f t  the requirements are d i f f e r en t  , 
and we are convinced tha t  the cyl inder  disconnect operation should be accomplished in 



- 
another way, possibly by freeing the cylinder fran the fixed s t ruc tu re  ra ther  than a t  
the pis ton rod end. 

One of our main sources of  annoyances has been with the linkage parts ,  and es-  
pec ia l ly  with the 'feel" lever  bearings. In  our designs, i n  order  t o  obtain the de- 
s i r e d  r eve r s ib i l i t y  of  the mechanism a t  high boost r a t i o s ,  we have found it neces- 
s a ry  t o  use large ba l l  bearings on the "feel" levers.  However, these levers  never 
ro ta te  through a very large angle, although high loads are transmitted through these 
bearings. This act ion aggravates the fa l se  br ine l l ing  tendencies of the bearing, and 
a f t e r  a period of time w i l l  gradually form some pockets or de ten ts  under each ba l l .  
The only known solut ion t o  t h i s  problem s o  f a r  is t o  use bearings of much la rger  capac- 
i t y  than theore t ica l ly  required, o r  ro t a t e  them f a r  enough s o  t h a t  the b r ine l l i ng  ac- 
t i o n  is prevented by lubricant  i n  the bearing. 

Boost i n s t a l l a t i ons  a t  Lockheed have been made on a number of airplanes i n  addi- 
t i on  t o  the Constel lat ion and Constitution. This includes the a i le ron  boost used on 
the P-38L, the F-80, F-94 Ser ies ,  and the newer F-90. A l l  of these i n s t a l l a t i ons  have 
used a closed center  hydraulic system operating a t  1000, 1500, o r  3000 ps i .  There 
seems t o  be l i t t l e  choice i n  the pressures used a s  f a r  as  operating cha rac t e r i s t i c s  
are  concerned. Some experimental work has been done on open center  boost un i t s ,  but 
we have never flown one on an airplane. There probably a re  a number of good reasons 
fo r  using an open center  type of u n i t  on an airplane l i k e  the Constel lat ion,  while i t  
seems more advantageous t o  use a closed center  system on a small f i gh t e r  airplane. 

DISCUSSION 

MR. FEENEY, N o r t h r o ~  Aircraf t :  I didn't quite get what you meant by the 
threaded holes on the valve design. 

RICHOLT: I ' l l  have to  drau you a picture, I guess. 'Ihis i s  something we re- 
invented the other day. I t  i sn ' t  anything new. Supposing th i s  i s  your housing for 
your boost valve and here's the valve spool which might be l ike that. Here's the port 
that you are going t o  uncover. You w a n t  to  modulate that port and here's the other 
one. You want t o  control the leakage through here. We leave t h i s  corner sharp here. 
Then you just s tar t  grinding a thread i n  here, and you actually do th is  to  i t .  'Ihat 
i s  enlarged. This thread actually does not come up and overlap th i s  hole but by cut- 
t ing a tapered thread on the edge of th is  spool and another one here, you can get 
very nice modulation characteristics. 

FEENEY: I t  i s  sort of an e f f e c t .  

RICHOLT: I t  i s  a variable length choke tube. . 
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DR. WILSON, Goodyear A i r c r a f t :  Would you t e l l  me the di f ference be twen  the 
closed and open center systems? 

RICHOLT: 7he closed center system i s  where we maintain pressure a21 the time 
a t  the boost valve and do i t  wi th  variable volume pumps; i t  has always been our method. 
7he open center i s  where you have a flow through the valve and the valve actual ly  is 
open a t  the neutral posi t ion and when you want t o  build up pressure i n  the cylinder, 
you move the valve over t o  t h ro t t l e  some of that pressure. 



POWER W S T  EXPERIENCE AT GLENN L. MARTIN 

BY 

P .  R. Coulson and T .  C. Hi1 1 
The  G l e n n  L .  Mar t i n  Company, B a l  t i n o r e ,  M a r y l a n d  

I. In t roduc t ion 

This report is prepared i n  conformance with the agreement reached a t  the Power 
Boost Conference (Bureau of Aeronautics, Washington, October 6 & 7 ,  1949) in  which each 
c&any represented is t o  subni t  a sumnary of i ts power boost experiences. The Martin 
Company experience t o  da te  has been qui te ,  varied and includes applicat ion t o  airplanes 
ranging in  s i z e  f ran  the AM-1, Mauler (21,000 pounds gross) t o  the JFW-1, Mars (145,000 
pounds gross). 

11. Sununary and Conc lw ions 

Applications of power boost a t  the  Martin Company are l i s t e d  i n  the f o l l w i n g  
table.  The XPB2M-1, "Mars' f ly ing  boat represents one of the f i r s t  successful power 
boost applications t o  airplane f lying controls.  Outstanding power boost developments 
a t  Mirt in are the s p o i l e r  a i le ron ,  the demand a s s i s t  bungee, and the automatic variable 
r a t i o  booster. ?he mechanical feed-back type of fixed r a t i o  boost has been found t o  be 
superior  t o  the type using hydraulic feed-back. Open center hydraulic systems are most 
s a t i s f ac to ry  for  elevator  and rudder boosters. The closed center  hydraulic system works 
be t t e r  for  spoi le r  a i le ron  operation. No applicat ions have been made t o  date  of a r t i -  
f i c i a l  f ee l  o r  dual boost sy s t em.  

111. Discussion of Pourer Boost Systems 

In  order t o  give an overa l l  p ic ture  of hiartin power boost applicat ions the tab le  
of Par t  A has been prepared. Since the number of d i f f e r en t  airplanes t o  which power 
boost has been applied is qu i t e  large,  the discussion has been l imited t o  the basic  
types of boost sy s t em used r a the r . t han  t o  a de t a i l ed  discussion of the controls  of each 
airplane. The basic  s y s t e m  a re  discussed i n  pa r t s  B, C, and D. Special  experiences 
f ran  each model airplane a re  l i s t e d  where pertinent.  

A. Martin Boost Table. (See next page) 

B. Fixed Ratio Power Boost Systerns. 

1. Description: An airplane f ixed r a t i o  p e r  boosted control  system is one in  which 
the force t o  move a control  surface is supplied j o in t ly  by the p i l o t  and some 
power source, usual ly hydraulic. The proportion of the t o t a l  operating force 
supplied by each is determined in  the design of the system on the  bas is  of maxi- 
mum surfapce hinge moment. Since the p i l o t  output _is l imited t o  approximately 
2000 inch lb .  the booster has t o  supply the r e s t .  The , r a t i o  of the hinge moment 
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Approx. 
Boost Ratio 

Gross Boosted (H. M. Boost) 
Ai rp l  ane Date Weight I Controls Type of  Boost (H. M. P i l o t )  

XPB2M- 1 1941 
Elevator Closed Center 4: 1 

1451 OoO Rudder Fixed Ratio 4: 1 

1945 Elevator @en Center 4: 1 
JRM- 1 145,000 Rudder Fixed Ratio 4: 1 

Elevator Open Center 
Fixed Ratio 7: 1 

h d d e r  Open Center 

XE48 1947 100,000 Fixed Ratio 5.6: 1 
Open Center 

Spoiler  Feel fran Power 
Aileron Small Aileron Control 

Elevator Closed Center 
"Demand Assist Variable 

m- 1 1948 21,000 - 
~ u n ~ e e " '  

Spoiler  Closed Center Power 

Aileron Feel from Control 
Normal Aileron 
Closed Center 

PWI- 5A 1948 60,000 Elevator  "Demand Ass is t  Variable 
Bungee" 
Closed Center 

W4M- 1 1948 
Spoiler  Feel from Power 

80,000 
Ail e ran Normal Aileron Control 

XPSM- 1 1948 Elevator Open Center 4: 1 
701 OoO - Ftudder 

- -- 
Fixed Rat io  4: 1 
Closed Center 

1949 80,000 Spoiler  Feel fran Power 
P4M- 1 

Aileron Normal Aileron Control 

@en Center Variable 
Elevator Variable Ratio 1.5: l  t o  4:l 

XB- 51 1949 53,000 Closed Center 
Spoi l e  r Feel from Power 

Aile rcm &all  Aileron Control 
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supplied by the booster t o  t h a t  supplied by the p i l o t  is known as  the boost ra- 
t i o .  In the fixed r a t i o  boost system the forces applied t o  the surface by the 
booster and the p i l o t  are  always in the same r a t i o  for  any hinge moment up t o  
the maximum. There may be some variat ion i n  boost r a t i o  i n  t h i s  type system 
due t o  changes i n  the mechanical advantages of the booster mechanism and the p i -  
l o t  mechanism a s  the  control is operated through its t o t a l  t rave l .  The fixed 
r a t i o  boost system has been m s t  generally used t o  operate elevator  and rudder 
controls  on Martin airplanes t o  date. There are two arrangements of the fixed 
r a t i o  boost system which have been used a t  the Martin Company. Their operation 
is described in  the following paragraphs. 

2. Operation. 

JRM- 1 
a. Fixed Ratio Boost With Hydraulic Feed Back (XPB2M-1). Refer t o  schematic 

control diagram, Figure 1. 

(1) The p i l o t  moves the control column ( 1 )  which moves rod (7 )  and causes 
arm ( 8 )  t o  ro t a t e  about A. 

(2)  Rotation of arm ( 8 )  moves the spool of  the boost valve (3 )  and d ive r t s  
f l u id  from the pressure l i n e  to  the proper s ide  of the boost cylinder 
(11). The boost cyl inder  moves the  control  surface ( 2 )  which keeps mov- 
ing a s  long as the control  column is moved and the boost valve (3)  is 

(3)  When the movement of the control column (1)  is stopped point C becomes 
fixed and the motion of arm ( 9 )  which is driven by the followup rod (6)  
causes arm ( 8 )  t o  r o t a t e  about Point C and re turn  the boost valve t o  
neutral .  

( 4 )  In the equilibrium pos i t ion  the same hydraulic pressure which is ac t ing  
i n  the boost cyl inder  ( 11) a l s o  a c t s  on the end of the spool of the boost 
valve ( 3 ) .  (beating a force which tends t o  move the valve spool i n  the 
opposite d i r ec t ion  t o  t h a t  corresponding t o  the control  movement. This 
force is transmitted through the linkage back t o  the control  column (1) 
and must be reacted by the p i l o t  i n  order t o  keep the control surface 
(2 )  i n  a deflected position. This force is the p i l o t ' s  f e e l  and may be 
e a s i l y  varied by changing the area of the valve pis ton t o  give any boost 
r a t i o  desired. 'Ihe f ee l  force is a l so  reacted a t  point  A by arm (8 )  and 
is transmitted through rod (6)  t o  bell-crank (10)  and through rod (4 )  t o  
the control  surface thus contr ibut ing t o  the hinge moment which reac ts  
the a i r  load. 

(5 )  Arm ( 9 )  c a r r i e s  a s e t  of stops which permit only enough r e l a t i ve  motion 
between it and arm ( 8 )  t o  operate the boost valve ( 3 ) .  I n  case of hy- 
drau l ic  system fa i l u re  the  p i l o t  is connected d i r e c t l y  t o  the control  sur -  
face through the follow up linkage. In  pract ice the points  A, B, and C 
and t h e i r  corresponding points on arm (9)  would f a l l  on a s ingle  l i ne .  
They are separated here fo r  c l a r i f i c a t i o n  of the linkage operation. 
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b. Fixed Ratio Boost With Mechanical Feed Back. (XB-48, XP5M-1). See diagram, 
Figure 2. 

(1) 'Ihe P i l o t  displaces the control column (1). This act ion operates the 
cable system ( 2 )  which i n  turn ro t a t e s  mast ( 3 )  about its center.  

( 2 )  As the mast ( 3 )  moves, the walking beam ( 4 )  is ro ta ted  about its pivot.  
This motion d isp laces  the  valve ( 7 )  and causes a d i f f e r e n t i a l  pressure 
i n  the cyl inder  (8) .  The unbalanced cylinder pressure moves the elevator .  
A s  the e leva tor  moves i t  operates the follow up rod ( 5 )  and tends t o  re- 
turn the valve ( 7 )  t o  neutral .  Equilibrium is reached when the pressure 
i n  the cyl inder  (8 )  is enough t o  balance the elevator  hinge moment. The 
p i l o t  f e e l s  a port ion of the cylinder load i n  the r a t i o  of the cylinder 
arm t o  the cable arm on the mast ( 3 ) .  'Ihe valve ( 7 )  i n  the equilibrium 
condition is displaced j u s t  enough t o  maintain proper cylinder pressure. 

( 3 )  In case of hydraulic system fa i l u re  the p i l o t  operates the e leva tor  d i -  
r ec t l y  through the  follow up rod (5 ) .  The s tops  on the mast ( 3 )  permit 
only enough r e l a t i ve  motion between it and the walking beam ( 4 )  to  oper- 
a te  the boost valve (7 ) .  

3. Discussion. 

a. The fixed r a t i o  boost system seems t o  be qui te  s a t i s f ac to ry  for  airplanes 
operating a t  comparatively low mach numbers. Under ce r t a in  maximum speeds 
the hinge moment build-up is qui te  gradual as  the airplane increases speed; 
consequently a system designed with a boost r a t i o  which w i l l  give the p i l o t  
su f f i c i en t  assis tance a t  maximum hinge moment w i l l  a l so  give him good f ee l  
charac te r i s t ics  with lower hinge moments. 'Ihe surface loads on high speed 
airplanes very of ten  bui ld  up gradually t o  a ce r t a in  speed and then increase 
extremely f a s t  t o  very high values. A fixed r a t i o  boost system designed t o  
take care of the maximum hinge moments would i n  t h i s  case r e su l t  i n  extreme- 
l y  high boost r a t i o s  and poor f e e l  cha rac t e r i s t i c s  with lower surface loads. 

b. 'Ihe f i r s t  i n s t a l l a t i o n  o f  fixed r a t i o  boost was made on the XPI32M-1, "Mars" 
f ly ing  boat. It consisted of a closed center  type boost system, the mech- 
anics  of which are shown i n  Figure 1 and are explained i n  part  2-a. Boost 
cylinders, reservoi r ,  and pumps were conveniently housed i n  the t a i l  of the 
airplane. Two e l e c t r i c  pumps were used, e i t h e r  one of which was capable of 
handling both rudder and elevator  boosters. 'Ihe system shcwed no tendency 
t o  be unstable and was i n  general considered a very successful i n s t a l l a t i on  

c. An i n s t a l l a t i on  s imi l a r  t o  t ha t  explained i n  pa r t  b, was designed for  the 
m-1. Mock-up t e s t i n g  of  t h i s  system showed v ia len t  cha t te r  charac te r i s t ics .  
Since the mock-up t e s t  s tage  was reached only a short  time before f l i gh t ,  t e s t  
there was no time t o  make a detai led ana lys is  of the vibrat ion troubles. It 
was a very simple matter t o  convert the  boost hydraulic system from a closed 
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center type t o  an open center type by making a minor change in the control 
valve spools. 'Ihis change was made a s  an experiment and proved t o  be very 
successful.  The open center boost system was s t ab le  and had the additional 
advantage of being s e l f  bleeding. 

d. The elevator and rudder boost systems of the XB-48 and the XPSM-1 were de- 
signed as fixed r a t i o  boost systems with mechanical feed back and u t i l i z i n g  
the open center hydraulic system. It was found tha t  a cer ta in  amount of 
"chatter" could be induced i n  the control systems of both airplanes by d is -  
turbing the control  while the  surface was locked. Since the airplane is not 
flown with the control surfaces locked and the "chat te r"  is not apparent with 
the surface f ree  i t  was not considered necessary t o  take correct ive measures. 

e .  I t  can be demonstrated t h a t  a smaller continuous power source is required 
for operation of a closed center system than fo r  the operation of an open 
center system; however, the power requirements t o  date have been small enough 
t o  make t h i s  fac tor  unimportant. The improved performance of the open center 
system makes i t  f i r s t  choice for  t h i s  type of control  boost. 

f .  'Ihe mechanical feed back system described i n  2. b. is preferable t o  the hy- 
draulic  feed back type described i n  2. a .  fo r  the  following reascns: 

(1)  The boost cylinder and valve can be made up as an eas i ly  removable assem- 
bly thus making in s t a l l a t i on  more simple. 

(2)  The valve f r i c t i o n  and wear a r e  much l e s s  since the valve spool does not 
carry any appreciable load. 

(3)  In  trimmed level  f l i g h t  with the boost inoperative the p i l o t  can automat- 
i c a l l y  use a high mechanical advantage t o  overcome the high s t a r t i n g  f r i c -  
t i on  of the boost cylinder when he makes a small control  correction. The 
mechanical advantage is equal t o  the  boost r a t io .  It a r i s e s  from the  con- 
d i t i on  i n  which the p i l o t  must actual ly mve the boost cylinder (8) t o  
displace the control valve. (See diagram, Figure 2) 'Ihe high mechanical 
advantage occurs only within the l i m i t s  of operation permitted by the 
s tops (10). 

C. Spoiler  Ailerons (XB-48, AM-], W4M-1, P4M-1, XB-51) 

1. Description: Spoiler  a i le rons  are movable panels located i n  the top surface of 
the wing, usual ly between the rear  spar  and the f l a p  in  the v ic in i ty  of the con- 
ventional ai leron.  The spoi le r  panels are hinged along t h e i r  forward edges and 
are raised hydraulically a t  a signal from the a i le ron  as i t  moves up. Spoiler  
ai lerons are very ef fec t ive  s ince they give the p i l o t  powerful l a t e r a l  control 
of the airplane with no addit ional  wheel force. 

2. Operation. See schematic diagram, Figure 3 ,  and hydraulic diagrams, Figure 4. 







a. 'Ihe a i le ron  is operated i n  a normal manner from the conventional cockpit con- 
i 

t ro l .  Simultaneously the mast (8) is rotated by the operating cables (10) 
which are connected t o  the a i le ron  control .  The spoi le r  (1 )  is held securely 
down e i the r  by a i r  pressure in the down s ide  of the operating cylinder .(2) o r  
by a i r  pressure i n  the hold down cylinder (11). 

b. As the mast (8) ro t a t e s  about "A' it dr ives  the cam (6 )  which ro ta tes  about 
"C" and causes the walking beam (7)  t o  r o t a t e  about "B" thus actuating the 
valve (9) .  Hydraulic. f l u id  then enters  the cylinder (2)  which ra ises  the 
spoi le r  (1 ) .  

c. ks the spoi le r  opens it rotates  the cam (6)  un t i l  the valve (9)  returns t o  
its neutral posi t ion and stops the spoiler .  

d. When the control  i s  moved i n  the opposite d i rec t ion  the valve (9)  opens the 
cylinder (2)  t o  the , return l i n e  of  the closed center system, and a i r  pressure 
moves the spoi le r  back down. When the same operation i s  performed on the 
open center spoi le r  hydraulic pressure is b u i l t  up on the down side of the cy- 
l inder  thus helping the hold dmn cylinder put the spoi le r  down. 

e .  A negative a i r l ~ a d  is encountered with the spo i l e r  a l l  the way down. 'Ihis is 
a charac ter i s t ic  of a l l  spoilers .  'Ihe - system is s o  designed tha t  the pres- 
sure from the a i r  bo t t l e  (14) is enough t o  overcome the negative air load on 
the surface thus holding it firmly down when not i n  use. 

3. Discussion. 

a. 7he spoi le r  a i l e ron  is a power control.  It performs a l l  of  its work with no 
energy input from the p i l o t  other than the very small amount of work required 
t o  overcome control  system f r i c t i o n  and operate the hydraulic valve. In a l l  
of the Martin in s t a l l a t i ons  control " fee l"  has been provided for the p i l o t  by 
using e i the r  conventional ai lerons (with spring tabs)  or small " feel"  a i l e r -  
ons i n  addition t o  the spoi le rs .  In both cases the auxi l ia ry  ai lerons give 
the p i l o t  su f f i c i en t  l a t e r a l  control t o  land the airplane in case of a hydrau- 
l i c  power fa i lure .  ?here is no reason why a spoi le r  ai leron i n  conjunction 
with a dual power system and an a r t i f i c i a l  " fee l"  source could not be used t o  
give a p i l o t  exclusive l a t e r a l  control of  an airplane. 

b. The spoi le r  a i le ron  has a tendency t o  yaw the airplane i n  the  direct ion in 
which it is turning, a charac ter i s t ic  which'makes it superior  t o  the conven- 
t ional  type a i le ron  which produces yaw i n  the opposite direct ion.  

c .  Spoiler a i le rons  were f i r s t  used a t  the Martin Company on the XB-48 airplane. 
In  t h i s  i n s t a l l a t i on  "feel"  ai lerons are  used i n  addition t o  the spoi le rs .  
'Ihe XB-48 spo i l e r s  operate from an open center  hydraulic system. Instead of 
running the open center flow from the open center pressure supply t o  one 
spoi le r ,  across the airplane t o  the other spoi le r ,  and then t o  the return,  
the flow is divided a t  the center  of the airplane s o  tha t  half  goes t o  each 



spo i l e r  valve and then t o  t he  return.  This  arrangement shows a  t heo re t i c a l l y  
smaller l i n e  pressure l o s s ,  but does cause some o ther  canpl icat ions.  I n  using 
the  split  flow type o f  open cen te r  system it was found t h a t  valve adjustment 
is very c r i t i c a l  i f  smooth operat ion of the spo i l e r  i s  t o  be insured. 

Additional t rouble  ex i s ted  i n  t he  form of "hammer" i n  t he  hydraulic system 
when the cont ro l  was operated rapidly from one extreme t o  the other.  This  d i s -  
turbance was a t t r i bu t ed  t o  i n e r t i a  forces  of the hydraulic f l u id  a s  the t o t a l  
flow of the  system was sh i f t ed  f ran  one s i de  of  t he  a i rp lane  t o  the other .  
The t rouble  was cured by adding a  small accumulator near  the  junction of the  
re tu rn  l i n e s  from the two spo i le r s .  

The design of the open center  boost valves used on the  X&48 spo i l e r s  is such 
t h a t  one spo i l e r  i s  held d m  under pressure when t he  other  spo i l e r  is up. In  
addi t ion a  separa te  cyl inder  is attached t o  the linkage of each spo i le r .  This  
cylinder is always open t o  pressure from an  a i r  b o t t l e  and a c t s  t o  hold the  
spo i l e r  down when the valve is  i n  neutral .  

d. Spoi ler  a i l e rons  a r e  a l so  used on the AM-1, the XPa-1 ,  t he  P a - 1 ,  and the 
XB-51 a i rp lanes .  They a r e  used i n  addi t ion t o  conventional a i l e rons  or " f e e l "  
a i l e rons  which provide " f ee l '  and standby control .  The conventional a i l e rons  
a l so  have spr ing ,  t r im,  and balance tabs.  The exception t o  t h i s  is the XB-51 
" fee l"  a i l e ron  which has no tabs.  

I n  a l l  of these appl ica t ions  a  closed cen te r  hydraulic system is used t o  oper- 
a t e  the spo i l e r s .  The use of a  closed cen te r  system makes it possible  t o  i n -  
s t a l l  an accumulator near each spo i le r  and thus have s u f f i c i e n t  instantaneous 
hydraulic flow f o r  operat ion with a  comparatively small continuous source of 
supply. Hydraulic l i ne s  can be smaller without incur r ing  l a rge  pressure los-  
ses since the high ve loc i ty  flow is only through a  very shor t  length of l i ne .  

Mechanical spr ings a r e  used on the  AM-1 ai rp lane  t o  hold t he  s p o i l e r s  down, 
thus el iminat ing the a i r  b o t t l e  and a i r  cyl inder .  01 t h e  Pa-1, the  P4M-1, 
and the XB-51 a i rp lanes  the  a i r  bo t t l e s  a r e  re ta ined ,  but  the a i r  cy l inders  
a r e  eliminated by cannecting the dawn s ide  of  the s p o i l e r  operat ing cyl inders  
t o  the  a i r  bo t t l e s .  

e .  spoi ler '  "cha t te r"  occurred on both the  P a - 1  and XB-51 airplanes.  The "chat- 
t e r "  on both a i rp lanes  occurred a s  the s p o i l e r s  were moving dawn from the  up 
posi t ion.  This observation seemed t o  i nd i ca t e  t h a t  the i n i t i a l  t r an s i en t  i m -  
pu l s e  of the s p o i l e r  vglve a s  it opened t o  r e l e a se  the f l u i d  from the cyl in-  
der  was not being s u f f i c i e n t l y  damped. This  can be understood s ince  the  c m -  
pressed a i r  which is  on one s i de  of  the p i s ton  is canpressible  and would not  
tend t o  produce viscous damping. It was observed t ha t  a  very l i g h t  hand 
force on t he  t r a i l i n g  edge of the  P a - 1  s p o i l e r  when it was moving down would 
s top  the  "chat ter" .  From t h i k  evidence it was concluded t h a t  the s p o i l e r  
would be s a t i s f ac to ry  with airload on i t ;  however, a  f r i c t i o n  type v ibra t ion  
damper was added t o  the  s p o i l e r  drive linkage. The damper stopped a l l  "cha t te r . "  



'Ihe XE-51 spoi le r  "chat ter"  was cured by tapering the spools of the spoi le r  
valves. This operation made the valves s t a r t  t o  meter the hydraulic f lu id  
from the cylinder more gradually thus making the opening impulse smaller and 
the inherent damping of the valve suf f ic ien t .  

D. Demand Assist Bungee. (AM-1, PBM-5A) 

1. Description: 'Ihe demand a s s i s t  bungee is a device which uses hydraulic system 
pressure to  a s s i s t  a p i l o t  i n  overcoming high s t i ck  forces, especial ly those 
encountered i n  take off  and landing. It is an  accessory t o  the standard spring 
tab system, and uses degree of spring t ab  deflect ion as  a measure of the amount 
of assistance t o  be given the p i lo t .  

2. Operation. (See schematic diagram, Figure 5 )  

a. The p i lo t  moves s t i c k  (1) .  S t ick  motion is transmitted .through rod ( 2 ) ,  
mast ( l o ) ,  cable system (29) ,  mast ( l l ) ,  rod ( 4 ) ,  arm (13) ,  spring cartr idge 
(21),  elevator horn (20),  t o  the elevator (19). 

b. I f  the a i r  load is  su f f i c i en t ly  high the spring cartr idge (21) def lec ts  and 
permits r e l a t ive  motion between arm (13) and elevator  horn (20).  Motion be- 
tween these two pa r t s  operates rod (3)  which i n  turn  moves the tab (28). 

c. Relative motion between arm (13) and elevator  horn (20) a l so  causes r e l a t ive  
motion between arm (14)- and walking beam (16).  This motion moves rod (82, 
ro ta tes  walking beam (17) about the end of rod ( 9 ) ,  and operates valve (18) 
which pressurizes cylinder (22). 

d. Cylinder (22) extends and stretches spring (23). The load i n  the spring is 
transmitted through the cable (27) which tends t o  ro t a t e  arm (15). The cable 
( 2 7 )  is dead centered with the arm (15) only when the elevatcs (19) is in  
neutral or any down ~ o s i t i o n .  A s  the elevator  (19) moves up, the cable (27) 
moves away from pulley (25) and thus establ ishes a moment arm for  the cable. 
Rotational forces on am (15) pass through rods ( 5  & 7 )  i n t o  elevator horn 
(20) thus helping the p i l o t  and spring t ab  t o  move the elevator. 

e .  Rotation of mast (12) by the hydraulic cylinder (22) is transmitted t o  walk- 
ing beam (17) by rod (9)  and shuts  off valve (18) when a bungee spring de- 
f lect ion has been reached which is ~ropor t ioned t o  the exis t ing  amount of 
spring tab deflect ion.  

f .  'Ihe cable (27) is j u s t  long enough t o  wrap around ~ u l l e y  (25) and permit the 
system t o  go t o  f u l l  down elevator  without the cable becoming taut .  Cable 
spring (26) has a low preload and spring r a t e .  I t  keeps the s lack out of 

cab&e (27) when it is i n  the neutral ~ o s i t i o n  and there is no bungee spring 
deflection. 

3. Discussion. - 





a. The demand a s s i s t  bungee is a very good device fo r  overcoming high take off  
and landing loads since its maximum output is obtained a t  high surface de- 
f lec t ions .  

b. ?he demand a s s i s t  bungee has been used qui te  successfully on both the AM-1 
with the system f l u t t e r i n g  on ground run up. This d i f f i c u l t y  was overcome 
by r e s t r i c t i n g  the speed a t  which the device could operate. Fl ight  t e s t  has 
shown tha t  the bungee can cane in  a t  very slow r a t e s  and still be e n t i r e l y  
sa t i s fac tory .  

c. Some of the advantages o f  the bungee are small power consumption, easy vari-  
a t ion of boost cha rac t e r i s t i c s ,  low control system f r i c t i on ,  and no in t e r -  
ference with the normal control  system when the bungee i s  inoperative. I t  
supplies boost only when the  a i r  loads on the control  surface are high 
enough t o  require boost. 

d. Some of the bungee l imi ta t ions  are i ts  complexity, weight, and limited out- 
put due t o  the l imi t ing  s i z e  of  the mechanical springs. 

E. Variable ~ a t i o  Boost (XB-51) 

1. Description: The elevator  control system o f  the XR-51 airplane i s  a combination 
mechanical and hydraulic mechanism which gives the p i l o t  a constant  boost r a t i o  
of 1.5 with hinge moments up t o  15% maximum and then increases gradually t o  4 a t  
maxirmun hinge moment. (See curve, Figure 6 )  

2. Operation. (See mechanical schematic, Figure 7 ,  and hydraulic diagram, Figure 8) 

a. The control calumn (1 )  is  displaced by the p i l o t .  

b. The column motion is transmitted t o  the mast (3)  by the cable system (2 ) .  

c. Rotation of the mast (3)  causes walking beam ( 4 )  t o  ro t a t e  about the end of 
the follow up rod ( 5 )  and displace the spool of the valve (15). 

d. Displacement of  the valve spool bui lds  up pressure i n  the boost cylinder and 
causes the e leva tor  (9)  t o  move. In the equilibrium condition the boost 
valve spool is displaced j u s t  enough t o  maintain a pressure su f f i c i en t  t o  
balance the surface a i r  load. 

e. The variable r a t i o  feature is accomplished within the boost valve (15) .  As 
the boost pressure increases the hydraulic feed back through the valve spool 
t o  the p i l o t  is decreased a t  a variable increasing r a t e .  The boost charac- 
t e r i s t i c s  are  shown i n  the curves, Figure 6. 

f .  In case of boost f a i l u r e  the  by-pass valve (14) permits flow from one s ide  
of the boost cylinder t o  the other ,  and the p i l o t  controls  the elevator  

' d i r ec t l y  through the follow up rod (5 ) .  
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3.  Discussion. 

a .  'Ihe var iab le  r a t i o  boost system was developed t o  take care  o f  the  low grad- 
i e n t ,  high peak hinge moment curve of  the  XB-51 e leva tor .  With low boost 
r a t i o s  a t  low speed the  p i l o t  has good con t ro l  "feel". At high speeds the  
boost r a t i o  changes t o  permit t h e  p i l o t  t o  handle t h e  high hinge moments 
without undue app l ica t ion  of  load t o  the con t ro l  column. 

b. A t  the  da te  of  t h i s  wr i t ing  the  system descr ibed has n o t  flown. I t  has ,  how- 
o-ver, beenthoroughly t e s t e d  i n  a f u l l  s i z e  opera t iona l  mockup, and has prom- 
ise of funct ioning i n  a very s a t i s f a c t o r y  manner. 

C .  The system is very simple f o r  a var iable  r a t i o  booster .  I t  has no more com- 
ponents than a f ixed  r a t i o  boost  system and has most o f  t h e  performance of  
the  complicated demand a s s i s t  bungee. 

d. The ch ie f  def ic iency o f  the  system a s  used on the  XB-51 a i r p l a n e  is  the small 
force d i f f e r e n t i a l  on t h e  con t ro l  column between t h e  l g  f l i g h t  condi t ion and 
the maximum load fac to r  p u l l  out a t  dive speed. Another object ionable  fea-  
t u r e  is  t h e  valve f r i c t i o n  induced by making the valve spool a high load 
carrying member a s  i n  the  f ixed  r a t i o  boost system with hydraulic feed hack. 



POWER BOOST EXPERIENCE AT FAIRCHILD 
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I .  Summary 

A con t ro l  boost  was i n s t a l l e d  on t h e  C-119-A Airplane t o  a s s i s t  i n  a i l e r o n  con- 
t r o l .  A d e s c r i p t i o n  o f  the  boost  used and i t s  opera t ion  is shown i n  t h i s  r e p o r t .  

'Ihe a i l e r o n  boost  was t e s t e d ,  r e s u l t i n g  i n  a cons ide rab le  reduct ion i n  t h e  p i l o t  
f o r c e  required f o r  a i l e r o n  d e f l e c t i o n  i n  f l i g h t .  (See  Figure  5 ) .  

L a t e r a l  s t a b i l i t y  o f  t h e  a i r p l a n e  was improved t o  comply wi th  S p e c i f i c a t i o n  1815A 
by t h e  reduct ion i n  c o n t r o l  system f r i c t i o n  between t h e  c o n t r o l  wheel and t h e  boost  
u n i t .  This  was accomplished by dec reas ing  t h e  r i g g i n g  t ens ion  i n  t h e  c a b l e s  i n  t h i s  
region.  (See Table 1 ) .  

The tests show t h a t  the  a i l e r o n  boost  i n s t a l l a t i o n  is  s a t i s f a c t o r y .  

2. Description and Characteristics of the Boost 

The boost  is a double a c t i n g  hydrau l i c  c y l i n d e r ,  having a s e l f - c o n t a i n e d  va lve  sys -  
tem, mechanical a c t u a t i o n  of which c o n t r o l s  f l u i d  under p res su re  s o  a s  t o  a s s i s t  i n  
movement i n  e i t h e r  d i r e c t i o n  o f  a load coupled t o  t h e  output  s h a f t .  Re c y l i n d e r  pro- 
v ides  output  force  r e a c t i o n  ( l o a d  f e e l ) ,  and is  designed f o r  use  i n  a 1500 p . s . i .  hy- 
d r a u l i c  system. 

Shut-off  va lve  is c l o s e d  by p ressu re  and s p r i n g  loaded t o  open s o  t h a t  when p res -  
s u r e  i s  not  supp l i ed  t o  t h e  u n i t ,  f l u i d  may move f r e e l y  through t h e  valve  from one s i d e  
of t h e  p i s t o n  t o  t h e  o t h e r ,  minimizing the  power-off hydrau l i c  d r a g  of t h e  i n s t a l l a -  
t i o n .  The valve arrangement o f  the  c y l i n d e r  i t s e l f  p r o v i d e s . f o r  power-off t r a n s f e r  
o f  f l u i d  through t h e  p i s t o n  wi th  some back p ressu re  due t o  s p r i n g  loading o f  t h e  ex- 
haus t valves .  

Both exhaust  and i n l e t  va lves  are c o n t r o l l e d  by t h e  i n p u t  s h a f t .  Inhe ren t  back- 
l a s h  i n  the  u n i t  ( r e l a t i v e  movabi l i ty  o f  inpu t  end t o  ou tpu t  end)  makes ~ o s s i b l e  t h i s  
valve opera t ion.  Th i s  r e l a t i v e  movement is  l i m i t e d  i n  t h e  power-off condi t ion  by the  
space  af forded between s t o p s  f o r  movement o f  t h e  shou lde r  on the  ac tua ted  s h a f t .  Th i s  
power-off movement is a t o t a l  maximum of .08". Power-on, a movement o f  .015" engages 
t h e  power system s o  t h a t  the  t o t a l  maximum power-on backlash is  .03". 

Boost r a t i o  is: 

(Area Boost P i s t o n )  - (Area I n s i d e  Diameter Exhaust  Valve Gland) 
(Area Input  S h a f t )  - (Area Ins ide  Diameter Exhaust  Valve Gland) 

The ope ra t ion  o f  t h e  boost  can be seen on examination o f  t h e  schematic drawing i n  Fig.  1. 

The boost  r a t i o  f o r  t h e  boost  on the  C-119 Airplane i s  4: 1. The mechanical advan- 
tage between the  rim o f  t h e  p i l o t s  wheel and t h e  boost  i n s t a l l a t i o n  is  1:6.7. 





3 .  Aileron Control Sys ten 

'Ihe ai leron control system prior  t o  the i n s t a l l a t i on  of the  boost u n i t  is shown 
i n  Figure 2. 'Ihe changes necessary t o  accommodate the boost un i t  is shown i n  Figure 3, 
where the sec tor  wheel s e t  up p r io r  t o  the boost i n s t a l l a t i o n  is compared t o  the a r -  
rangement with the boost. 

'Ihe boost is located 8.9" forward of the rear  spar  a t  the airplane center l ine ,  and 
the sector  wheel centers  are  38" t o  each side of the airplane center l ine.  A planform 
of the outer wing panel showing the a i le ron  and spar  locat ions is shown i n  Figure 4. 

4 .  Test Results 

A s  shown in  Figure 5, the presence of the boost decreases the p i l o t  force appre- 
ciably. From t h i s  consideration the i n s t a l l a t i o n  i n  the C-119-A Airplane is sa t i s f ac -  
tory. However, on preliminary t e s t s ,  l a t e r a l  i n s t a b i l i t y  has been reported on some o f  
the t e s t s  with the boost i n s t a l l ed .  'Ihis i n s t a b i l i t y  was a t t r i bu t ed  t o  the f r i c t i o n  
present i n  the cable system between the p i l o t ' s  wheel and the boost. Preliminary t e s t  
r e su l t s  showed a reduction i n  f r i c t i o n  from 9 lbs. t o  4 lbs .  a t  the p i l o t ' s  wheel when 
r igging tension is reduced from 165 lbs .  t o  75 lbs .  Design changes were made t o  re-  
duce t h i s  f r i c t i o n  t o  eliminate the l a t e r a l  i n s t a b i l i t y ,  followed by addit ional  f l i g h t  
t e s t s .  

The accompanying load-deflection diagrams are for  various type of a i le ron  i n s t a l -  
l a t i on ,  both with and without t he  boost un i t .  'Ihe i n s t a l l a t i on  type is indicated on 
the graph. 

In further  t e s t s  the control  forces have been reduced t o  within the l i m i t s  of 
spec i f ica t ion  1815A. Acceptable s t a t i c  l a t e r a l  s t a b i l i t y  and r a t e s  of r o l l  have been 
achieved, thereby demonstrating the s a t i s f ac to ry  nature of  t h i s  a i le ron  boost i n s t a l -  
l a t i on .  

'Ihese t e s t s  showed major f r i c t i o n  reductions due t o  reducing tension i n  the  cables 
forward of the boost cyl inder  as  follows: 

Table 1 

Main Cable Tension Fr ic t ion  
(Lbs. ) 

P i l o t  Wheel Co-pilot Wheel 
0 s .  1 (Lbs. 1 
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