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PREFACE 

The Thir teenth Aerospace Mechanisms Symposium held a t  t he  NASA Johnson Space 
Center, Apri l  26 and 27,  1979, w a s  sponsored j o i n t l y  by the C a l i f o r n i a  
I n s t i t u t e  of Technology, Lockheed Missiles and Space Company, Inc . ,  and t h e  
National Aeronautics and Space Administration. This series of symposia has 
f i l l e d  a d e f i n i t e  need i n  a highly important s p e c i a l i s t s '  area not f u l l y  
addressed and t r ea t ed  by technical  symposia and conferences of e x i s t i n g  tech- 
n i c a l  s o c i e t i e s .  Through the  years,  the  Aerospace Mechanisms Symposium 
has continued t o  grow i n  s t a t u r e  and prominence na t iona l ly  and now enjoys 
a s i g n i f i c a n t  i n t e r n a t i o n a l  f lavor .  

The Johnson Space Center w a s  pleased to  host  t h i s  symposium s ince  i t  offered 
a continuing opportunity f o r  maintaining d i r e c t  rapport  and i n t e r a c t i o n  with 
the technical  community i n  the mechanisms area, which i s  so v i t a l l y  important 
t o  our space-fl ight programs ., Additionally,  it provided f o r  timely review and 
discussion of some of the more unique mechanisms and associated designs being 
employed on the  Space Shu t t l e .  

This document i s  a compilation of pape r s  presented a t  the symposium, which 
were se l ec t ed  ca re fu l ly  f o r  areas of current  i n t e r e s t  and a p p l i c a b i l i t y .  I t  
i s  a product which represents  the work and e f f o r t s  of many individuals .  I n  
t h i s  regard, I wish t o  thank the authors f o r  the  f i n e  q u a l i t y  of papers, t he  
Symposium Organizing Committee f o r  the review and s e l e c t i o n  of papers and 
f o r  developing the o v e r a l l  program, as w e l l  as the  numerous other  i nd iv idua l s  
who provided a c t i v e  support i n  the var ious f a c e t s  of the symposium prepara- 
t ions,  Addit ional ly ,  I wish t o  acknowledge and thank M r .  Allen J. Louviere 
and M r .  Vi l jar  Sova f o r  t h e i r  dedicated help and a s s i s t ance  and a l l  the 
other  members of the  JSC Spacecraft  Design Division who p a r t i c i p a t e d  i n  the  
conduct of t h i s  symposium. 

Aleck C. Bond 
Host Chairman 
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HYDRAZINE MONOPROPELLANT RECIPROCATING ENGINE DEVELOPMENT 

James W. &emn 
Lyndon B. Johnson Space Center 

ABSTRACT 

A hydrazine-fueled piston-type engine f o r  providing 11.2 kW (15 hp) has 
been developed t o  s a t i s f y  the  need f o r  an e f f i c i e n t  power supply i n  the  range 
from 3.7 t o  74.6 kW (5 t o  100 hp) where e x i s t i n g  non-air-breathing power sup- 
p l i e s  such as f u e l  c e l l s  or turb ines  are inappropr ia te .  
oped fo r  an a i r c r a f t  t o  f l y  t o  21.3 km (70 000 f t )  and above and c r u i s e  f o r  
extended per iods.  The NASA Hugh L. Dryden F l igh t  Research Center developed 
a remotely p i lo t ed  a i r c r a f t  and the assoc ia ted  f l i g h t  cont ro l  techniques f o r  
t h i s  appl ica t ion .  The engine i s  geared down i n t e r n a l l y  (2:l) t o  accommodate 
a 1.8-m (6  f t )  diameter propel le r .  An a l t e r n a t o r  is included t o  provide e lec-  
t r i c a l  power. The pusher-type engine i s  mounted onto the  a f t  c losure  of the  
f u e l  tank, which a l s o  provides mounting f o r  a l l  o ther  propulsion equipment. 

The engine w a s  devel- 

About 20 h r  of run t i m e  have demonstrated good e f f i c i ency  and adequate 
l i f e .  One f l i g h t  test to  6.1 km (20 000 f t )  has been made using the  engine 
with a small f ixed-pitch four-bladed propel le r .  The test  was successfu l  i n  
demonstrating opera t iona l  c h a r a c t e r i s t i c s  and f u t u r e  po ten t i a l .  

BACKGROUND 

Hydrazine (N2H4) is f inding increasing acceptance as a non-air-breathing 
energy source f o r  app l i ca t ions  i n  which the  complexity of using two r e a c t a n t s  
i s  prohib i t ive .  Examples include many satel l i te  rocket systems, a i r c r a f t  
emergency power u n i t s ,  undersea buoyancy systems, and as a primary energy 
source f o r  t he  Space S h u t t l e  f l i g h t  cont ro l  system. 
evolved because of the  fundamental c h a r a c t e r i s t i c s  of high energy content  and 
easy conversion of the  l i qu id  hydrazine,  as a monopropellant, i n t o  hot  gas a t  
a temperature of approximately 1200 K (1700 deg F). 
work has been done on systems i n  the  range of 7.5 t o  37.3 kW (10 t o  50 hp). 

These appl ica t ions  have 

However, very l i t t l e  

CONCEPT SELECTION 

After  the industry had been surveyed and severa l  proposals had been con- 
s idered ,  the  "mini-sniffer" a i r c r a f t  ( f i g .  1) w a s  almost dropped as being 
beyond the scope of the  ava i l ab le  funding. 
powering the  mini-snif f e r  lacked high-energy c a p a b i l i t y  and low-weight char- 
a c t e r i s t i c s  needed. The turb ine  machines lacked e f f i c i ency  and the  t h r o t t l e -  
a b i l i t y  required.  It seemed t h a t  some s o r t  of hot-gas expander of the posi-  
t i v e  displacement type would f i t  the  app l i ca t ion  and r e s u l t  i n  cos t -e f fec t ive  

The battery/motor approach f o r  
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system. Hydrazine w a s  a t t r a c -  
t i v e  as the f u e l ,  because of 
i t s  high energy content.  

Figure 1 .- The "Mini-Sniffer" a i r c r a f t .  

The bas ic  objec t ive  of 
t he  mini-sniffer  a i r c r a f t  i s  
to  f l y  an 11.3-kg (25 lbm) 
a i r  sampler u n i t  t o  an a l t i -  
tude of 21.3 km (70 000 f t )  
o r  higher  and maneuver it 
within a 370-km (200 n. mi.) 
range. Preliminary s tud ie s  
indicated tha t  t h i s  ob jec t ive  
could be accomplished with a 
vehic le  having a wingspan of 
approximately 5.5 m (18 f t )  
and a takeoff weight of less 
than 90.7 kg (200 lbm). The 
climb power required w a s  on 
the order  of 11.2 kW (15 hp), 
the c ru i se  power was approxi- 

mately 2.2 kW (3 hp) ,  and the  f u e l  consumption was i n  the  range of l.Oi-kg/MJ 
(6 lbm/hp-h). (The theo re t i ca l  minimum for  hydrazine is approximately 0.59 
kg/MJ (3.5 lbm/hp-h).) The configurat ion required a pusher propel le r  with a 
diameter of approximately 1.8 m ( 6  f t ) .  
choice of a constant-speed engine. 

A var iable-pi tch u n i t  enabled the 

DESIGN ANALYSIS 

Power Level 

An i t e r a t i o n  of power l eve l  as a funct ion of t o t a l  propel lant  required 
was the  f i r s t  ana lys i s  performed. 
mized the run time to  reach a l t i t u d e  and, thereby, minimized fue l  consump- 
t i on .  
ing. Conversely, a smaller engine caused increased run t i m e ,  which caused 
add i t iona l  weight of hydrazine t o  be ca r r i ed .  
provided the  minimum ove ra l l  weight and was opera t iona l ly  cons is ten t  with 
ordinary a i rp l anes ;  i .e.,  no v e r t i c a l  f l i g h t .  
(10 hp-h) was es tab l i shed  t o  f l y  the des i red  air-sampling mission. 

A high power l e v e l  (22.4 kW (30 hp))  &ni- 

However, t he  l a rge  engine more than o f f s e t  t he  hydrazine weight sav- 

The choice of 11.2 kW (15 hp) 

An energy l e v e l  of 26.85 M J  

Expans ion R a t  i o  

A second ana lys i s  w a s  performed t o  determine the bes t  choice of displace-  
ment f o r  t h e  engine. A large-displacement engine, operat ing a t  11.2 kW (15 
hp) output,  could reduce the hydrazine required by increasing the expansion 
energy. Conversely, a small-displacement engine could minimize engine weight 
but would be less e f f i c i e n t  i n  converting the hydrazine decomposition gases 
i n t o  sha f t  power. 
expansion r a t i o  of approximately 5.5 t o  1, using a t o t a l  displacement of 

A t r ade  study indicated t h a t  an intermediate s i z e  with an 
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approximately 131 cm3 (8 i n3 ) ,  was near  optimum. 
re t ica l  s p e c i f i c  f u e l  consumption (SFC) of 0.73 kg/MJ (4.337 lbmlhp-h). AS- 
suming a lo s s  of 2% due t o  gas leakage, 7% due t o  h e a t  leakage, 10% f o r  me- 
chanical l o s s ,  and 7% t o  run the f u e l  pump, the  o i l  pump, and the a l t e r n a t o r  
(72% o v e r a l l  e f f i c i e n c y )  
lbm/hp-h). The t o t a l  of engine and f u e l  weight var ied about 50% between the  
extremes considered. However, f o r  any normal operat ing pressure and e f f i -  
ciency, the  t r ade  was only a f f ec t ed  by approximately 20%, o r  9.1 kg (20 lbm), 
which made t h e  f i n a l  s e l e c t i o n  somewhat i n s e n s i t i v e  t o  displacement. 

This value provided a theo- 

t h e  SFC would be approximately 0.99 kg/MJ (5.85 

CONTROL VALVE 

shown i n  i t s  f i n a l  form i n  f i g u r e  2. 

of t h e  a i r c r a f t  fuselage by e i g h t  ra- 
d i a l  b o l t s  and two tabs t h a t  a t t a c h  

Figure 2.- Engine cross  sec t ion .  The assembly is  mounted t o  the  a f t  end 

the  t r a i l i n g  edges of the  wings. It weighs 17.3 kg (38.1 lbm) including the  
tank but excluding the propel ler .  The engine mechanism is conventional and 
uses elements t y p i c a l  of many s m a l l  two-stroke engines of s i m i l a r  power output.  

SYSTEM DESCRIPTION 

The desc r ip t ion  of t h e  engine in- 
cludes mechanical and e l e c t r i c a l  de- 
s ign ,  o i l  c i r c u i t  design, and f u e l  c i r -  
c u i t  design. 

Mechanical and Electr ical  Design 

The mechanical arrangement i s  

The a l t e r n a t o r  is mounted adjacent t o  the  forward end of the  crankshaft  
by a set  of four f i n g e r s ,  which are a p a r t  of the  crankcase. A clamp holds 
the f inge r s  aga ins t  the outs ide of the a l t e r n a t o r  s t a t o r  t o  provide a f r i c -  
t ion-force r e t en t ion .  The magnesium crankcase a l s o  serves  as a path f o r  hea t  
r e j ec t ed  from the a l t e r n a t o r  s t a t o r .  Permanent magnets are used t o  provide 
t h e  a l t e r n a t o r  f l u x  f i e l d .  Eight rare-earth magnets are mounted on the  r o t o r s  
on each end of the a l t e r n a t o r  and are ro t a t ed  a t  engine speed with a coupling 
using dowel pins  f o r  t he  d r i v e  mechanism. 

-\ 

OlLERlCOOLERS 

Figure 3 . -  Oil d i s t r i b u t i o n  system. 

O i l  C i r cu i t  Design 

The o i l  c i r c u i t  i s  shown isometri-  
c a l l y  i n  f i g u r e  3.  It is designed f o r  
both l u b r i c a t i n g  and cooling and uses 
5606 hydraulic f l u i d  with a 3% by weight 
molybdenum d i s u l f i d e  add i t ive .  The sys-  
t e m  w i l l  operate  s a t i s f a c t o r i l y  with an 
o i l  quan t i ty  as low as 200 cm3 o r  as high 
as 800 cm3. The o i l  t h a t  is sprayed onto 
t h e  underside of the  p i s t o n  f o r  cooling 
a l s o  provides cyl inder  l ub r i ca t ion .  The 
o i l  splashes through e i g h t  0.102-cm 
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(0.040 in . )  diameter ho les  i n  t h e  p i s ton  wal l  j u s t  below the  top r ing .  The 
holes  a r e  i n  l i n e  r a d i a l l y  with the  br idges between the exhaust po r t s  i n  the  
cy l inder .  The holes  i n  the  p i s ton  a l s o  enable p re s su r i za t ion  of the  sealed 
crankcase and prevent c a v i t a t i o n  of the  o i l  pump i n  vacuum operation. Normal 
p i s ton  r i n g  leakage goes i n t o  the  crankcase during the  top p a r t  of the  p i s ton  
t r a v e l ,  and o i l  flows out through the holes  during the  lower p a r t  of the  p is -  
ton t r ave l .  The lower r i n g  spreads the  o i l  on the  upstroke and wipes the  o i l  
splashed on the  lower cyl inder  back i n t o  the crankcase on the downstroke. The 
average crankcase pressure  i s  approximately 13.8 kN/m2 (2  p s i a )  during vacuum 
operat ion,  

ODY ASSEMBLY 

CCUMULATOR 

SUCTION ACC 

RETURN LINE 

Figure 4 , -  Fuel piping system. 

pressure  i s  regulated 
z ine  i s  decomposed i n  
However, t he  elements 
comp 1 ex i t y  . 

Fuel C i rcu i t  Design 

The f u e l  c i r c u i t  is shown i n  f ig -  
ure  4 .  The hydrazine i s  chemically un- 
s t a b l e  and requi res  spec ia l  handling to 
avoid excessive pressure buildup due t o  
decomposition and/or poss ib le  detona- 
t i o n ,  e s p e c i a l l y  where the  hydrazine i s  
used as a hea t - t ransfer  f l u id .  The f u e l  
t r a n s f e r s  h e a t  from the  submerged lub r i -  
ca t ing  o i l  hea t  exchanger t o  the sur face  
of the  tank. 

The f u e l  system is fundamentally 
simple i n  t h a t  the  hydrazine i s  pressur-  
ized with a plunger-type pump and the  

with a con t ro l l ab le  r e l i e f  valve.  The pressurized hydra- 
a c a t a l y s t  bed t o  generate  hot  gas t o  run the engine. 
f o r  s a f e t y ,  se rv ic ing  and dra in ing  add considerable  

A suc t ion  accumulator suppl ies  f u e l  t o  the  pump i n t e r m i t t e n t l y  on demand 
from,the pump plunger;  by t h i s  means, the flow from the  tank is  s t a b i l i z e d .  
A t r a p  i s  b u i l t  i n t o  the  lower end of the  suc t ion  accumulator t o  keep the  gas- 
eous bubble "spring" from passing i n t o  the  pump. The proper bubble s i z e  is  
loaded as a p a r t  of the  serv ic ing .  The system w i l l  no t  work with continuous 
negat ive g rav i ty  but w i l l  work with in t e rmi t t en t  negat ive grav i ty .  

The f u e l  pump uses  a scotch yoke ac tua to r  mechanism and reed-type check 
It pumps approximately 0.361 cm3 (0.022 in3) per revolu t ion  using a valves.  

0.953-cm (0,375 in . )  bore.  
avoid overs t ress ing .  The steel plunger runs i n  a bronze bushing t o  provide 
proper alinement with the  pumping cy l inder .  
s t e e l  cap wbich operates  i n  a s t a i n l e s s  s t e e l  cy l inder  with about 0.008-cm 
(0.003 in . )  c learance.  The bronze bushing f i t s  c lose  enough t o  the  s t e e l  
plunger t o  prevent contac t  between the s t a i n l e s s  steel elements. An O-ring 
made of e thylene  propylene rubber backed up by a t e t r a f luo roe thy lene  i n s e r t  
a c t s  as the  plunger seal f o r  the  hydrazine. A second s e a l ,  below the s t a i n -  
less sec t ion ,  holds the  o i l  i n  t h e  pump case.  A vent  between the  s e a l s  t o  
the overboard r e l i e f  valve prevents any leakage from e i t h e r  s ide  from enter -  
ing the  o the r  system. 

The reeds are f i t t e d  with a curved backstop t o  

The plunger has a s t a i n l e s s  
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A high-pressure accumulator i s  b u i l t  i n t o  the  pump body and connected t o  

A conventional charging-type check va lve  
the  discharge port .  The piston-type accumulator has redundant O-ring seals 
and a n i t rogen  charge f o r  a spr ing.  
is used fo r  charging the  ni t rogen,  and a s t r a i n  gage is  mounted on the  s i d e  
of t he  accumulator f o r  monitoring the  n i t rogen  charge pressure.  

The pressurized hydrazine flows through 0.318-cm (0.125 in . )  tubing t o  
t h e  t h r o t t l e  valve,  which i s  b a s i c a l l y  a r e l i e f  valve with a con t ro l l ab le  set- 
t ing.  
ho ld  approximately 2068 kN/m2 (300 ps ig) .  Any f l u i d  i n  excess of t h e  amount 
t h a t  w i l l  go through the  engine a t  2068 kN/m2 (300 ps ig )  i s  bypassed back t o  
t h e  suc t ion  accumulator through a 0.318-cm (0.125.in.)  l i ne .  A t  f u l l  th ro t -  
t l e ,  the  t h r o t t l e  ac tua tor  compresses the  r e l i e f  valve spr ing  by way of a 
push rod t o  hold  approximately 5860 t o  6205 kN/m2 (850 t o  900 p s i a )  i n  the  
high-pressure sect ion.  To prevent o s c i l l a t i o n s  i n  the  spring/plunger mecha- 
nism of t h e  t h r o t t l e  valve,  a viscous damper i s  i n s t a l l e d  on the plunger. The 
damper is  charged with o i l  (hydrazine-compatible polyalkdl ine g lycol )  with a 
v i s c o s i t y  of approximately 0.001 m2/sec (225 Sus) ,  providing a slow response 
t o  avoid engine speed o s c i l l a t i o n s .  

A t  the  i d l e  pos i t ion ,  the r e l i e f  valve sp r ing  has  enough tension t o  

A check valve i s  i n s t a l l e d  j u s t  downstream of  the  t h r o t t l e  valve i n  the  
l i qu id  l i n e  t o  the  gas generator  t o  prevent b'ackflow from the  engine/gas gen- 
e r a t o r  i n t o  the f u e l  feed system. 
feed system t o  the i n l e t  of the gas generator  through an i n l e t  f i l t e r .  
f i l t e r  minimizes the  p o s s i b i l i t y  of c a t a l y s t  from the  gas generator  en ter ing  
the  l i qu id  feed system and causing decomposition and overpressures o r  
detonat ions . 

A 0.318-cm (0.125 in . )  tube connects the 
The 

The gas generator  is a c a t a l y s t  type normally used on a small rocket en- 
gine.  
s ign  fo r  t h i s  appl ica t ion  is a thermal-type gas generator  having an almost 
unlimited l i f e .  
ever ,  i n  converting the l i qu id  hydrazine i n t o  hot  gas as required.  

It w a s  s e l ec t ed  f o r  i t s  a v a i l a b i l i t y ,  no t  i t s  design. The proper de- 

The c a t a l y t i c  gas generator  functioned s a t i s f a c t o r i l y ,  how- 

The h o t  gas i s  piped across  the  engine-mounting i n t e r f a c e  through a 
0.953-cm (0.375 in . )  Hastel loy 3 (high nickel-chromium a l l o y )  tube welded a t  
each end. 
provide s u f f i c i e n t  f l e x i b i l i t y  t o  minimize stress. 
i s  Loosely r e s t r a i n e d  by a bracket  joined to  the  plenum t o  minimize low- 
frequency, high-amplitude v ib ra t ions .  

This tube c i r c l e s  twice around the  hot-gas plenum on the  engine t o  
The las t  loop of tubing 

The plenum holds approximately 49 cm3 (3  in3)  of ho t  gas,  awaiting open- 
ing of the hot-gas valves. As  the  valves open, an add i t iona l  16-cm3 (1  in31 
volume i s  provided i n  the  cy l inder ,  r e s u l t i n g  i n  a r ap id  drop i n  plenum pres- 
sure  t o  about three-fourths of the plenum charge pressure.  Af te r  the valves  
c lose ,  the plenum rep res su r i zes  and the  gas charge i n  t h e  cy l inder  expands 
t o  push the  p i s ton  t o  do work. 

The hot-gas valves  and assoc ia ted  hardware ( f i g .  5)  a r e  ac tua ted  open t o  
approximately 0.064 cm (0.025 in . )  by the p i s ton  as it reaches the  top end of 
i t s  s t roke .  
open more than they should, a cup-shaped foot  s e a l s  a cavi ty  between the  valve 
and the  p is ton .  A s  t he  cy l inder  pressure  rises, a clamping force  develops. 
This pressure  force holds the  poppets aga ins t  the p i s ton  as the p i s ton  goes 

To p roh ib i t  t h e  valves  from bouncing o f f  the  p is ton  and l i f t i n g  
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Figure 5.- Valves, plenum, and gas 
generator .  
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Figure 6.- Plenum pressure vs crank 
angle.  

over top dead cen te r  (TDC). 
matic spr ing  i n  the  plenum helps  hold 
the  poppet aga ins t  the  p i s ton  and holds 
the  valve closed as the  p i s ton  p u l l s  
away from the  poppet. The pneumatic 
spr ing  is a small volume of gas trapped 
i n  a cav i ty  behind the  valve poppet 
and sealed by the  valve guide as shown 
schematical ly  i n  f igu re  6. The cav i ty  
is pressurized by the  plenum and i s  
sealed s u f f i c i e n t l y  by labyrinth-type 
seal glands t o  maintain the  pneumatic 
spr ing pressure above plenum (and cyl- 
inder)  pressure during the  cy l inder  
f i l l i n g  t i m e ,  the  c los ing  p a r t  of the 
poppet motion, and fo r  a period a f -  
terward. This pressure d i f f e rence  
keeps the poppet from bouncing open 
a f t e r  it seats. 
a t  the  t i m e  of i n i t i a l  contac t  and 
during c los ing  of the  valve i s  low 
enough t o  avoid impact damage. 
operat ion of the  valves  and the  asso- 
c i a t e d  pressures  a r e  shown i n  f igu re  6. 

A pneu- 

The p i s ton  ve loc i ty  

The 

F ina l ly ,  the  expended hot  gas i s  
vented t o  the  atmosphere through e igh t  
exhaust p o r t s  a t  the  lower end of the  
cy l inder  and ducted through a p a i r  of 
s h o r t  exhaust s tacks  - one out  each 
s ide  of the cowling. The f u e l  system 
a l s o  includes a tank d r a i n  valve,  a 
f i l l  tube, a vent tube, and an over- 
board r e l i e f  valve.  

TESTING 

The t e s t i n g  i s  discussed i n  th ree  par t s :  (1) component eva lua t ion  tests 
(pumps, va lves) ,  (2) engine eva lua t ion ,  and (3)  f l i g h t  t e s t .  

Component Evaluation 

The e a r l y  tests were d i r ec t ed  a t  e s t ab l i sh ing  acceptable  component per- 
formance and component conf igura t ion  so t h a t  the  in t eg ra t ed  system design 
could proceed. 

Fuel pump. Testing of the  f u e l  pump re su l t ed  i n  seve ra l  refinements.  
Early t e s t s  were performed with water. The r e s u l t s  demonstrated the  need f o r  
the  accumulators and a cont ro l led  f lexure  of the  reed valve.  
produce a discharge pressure of 6895 kN/m2 (1000 p s i )  a t  the  flow required 
f o r  11.2 kW (15 hp) output with a 13.8-kN/m2 (2 p s i a )  i n l e t  pressure and 

The pump w i l l  
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operation a t  314.2 rad sec (3000 rpm). 

t i o n  of t he  gas generator) .  
ted on the pump, the only problem was with p a r t i c u l a t e  contamination under 
t h e  reed valve.  This contamination r e su l t ed  i n  the  addi t ion  of t h e  f i l t e r  
a t  the o u t l e t  of the tank shutoff  valve j u s t  upstream of the pump i n l e t .  
Momentary operat ion a t  pressures  near 34 474 kN/m2 (5000 p s i )  were observed 
without damage t o  the  pump. 

The output pressure i s  steady within 

In the  approximately 20 h r  of t e s t i n g  accumula- 
approximately 414 kN/m I (60 p s i )  using an o r i f i c e  for  flow cont ro l  (sirnula- 

Hot-gas valving. 
modified two-cycle engine. 
t h e  ex is tence  of a very severe environment. Hamering w a s  immediately evi-  
dent even i n  tests using cold gas as a working f lu id .  It w a s  apparent t h a t  
t he  p i s ton  could p o t e n t i a l l y  cause damage t o  the  poppets during opening but  
not t o  the seat during c los ing ,  and the seats sustained the most damage. The 
valve was apparent ly  being closed by the  flowing gas,  and the  f i r s t  design 
change w a s  t o  reduce the opening l i f t  t o  maintain enough pressure drop across  
the  valves  t o  force  valve contact  with the  p is ton  a t  a l l  t i m e s .  This modi- 
f i c a t i o n  severely reduced the power of the engine and increased the required 
feed pressure.  A t  slow speeds, t h e  pressure equalized anyway, s t i l l  allowing 
the "f loat"  s i t u a t i o n  and an uncontrolled gas-flow-induced c losure  of the  
valves.  

Early tests of t h e  hot-gas valves  were done using a 
The r e s u l t s  were very disappoint ing and indicated 

The next modification was t o  make a suct ion cup on the s t e m  of the  
valves  such t h a t ,  as the  cy l inder  w a s  pressurized,  the  pressure d i f f e r e n t i a l  
across  the cup or  valve "foot" would hold the valve onto the p i s ton  as out- 
l ined  previously.  
mance, but the  da ta  r e l a t i n g  gas pressure and output torque were s t i l l  incon- 
s i s ten t  and unpredictable .  A t  t h i s  po in t ,  it w a s  decided t o  instrument the  
cyl inder  pressure t o  see exact ly  what was  happening. It became apparent t h a t  
t he  valve poppet - once re leased  from t h e  hold of t h e  suc t ion  cup - was bounc- 
ing o f f  the seat very momentarily, admitt ing add i t iona l  working f lu id .  
amount of e x t r a  f l u i d  admitted w a s  a funct ion of speed and t h r o t t l e  s e t t i n g .  

This change gave tremendously improved l i f e  and perfor-  

The 

Because the bouncing e f f e c t  was not causing s i g n i f i c a n t  damage, there  
The power could be adjusted was a g r e a t  temptation not  t o  worry about it. 

with the t h r o t t l e  in  any event. However, the bouncing could be expected t o  
r e s u l t  i n  a somewhat reduced e f f i c i ency  because the  gas admitted la te  would 
not expand as much as planned. 
appl ica t ion  involved, a design change was considered. 

Because e f f i c i ency  is very important for  the  

Various concepts of antibounce mechanisms were evaluated ana ly t i ca l ly .  
Mechanical spr ing arangements considered lacked s u f f i c i e n t  response t o  t r ack  
the motion and could not apply an appropriate  valve-closing force. F ina l ly ,  
t h e  idea  of a "pneumatic" spr ing evolved as out l ined  i n  the  preceding design 
discussion. The pneumatic spr ing  cav i ty  "consumed" some of the plenum volume 
i n  an e a r l y  vers ion  requi r ing  e x t r a  feed pressure but  produced repeatably 
good r e s u l t s .  In  the  f l i g h t  vers ion,  plenum volume was  increased s u f f i c i e n t -  
l y  t o  house t h e  pneumatic spr ing and t o  feed t h e  working chamber without ex- 
cessive pressure drop. 

The high e f f i c i ency  achieved i n  tests of t he  f l i g h t  engine evidences 

In  
very l i t t l e  valve leakage. The most common problem with the valves w a s  
contamination of t h e  seal area with p a r t i c l e s  from t h e  gas generator.  
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runs using a new gas generator ,  which produced few p a r t i c l e s ,  the  performance 
was near the  theo re t i ca l ly  expected leve ls .  

Other tests. The a l t e r n a t o r  w a s  t e s t ed  extensively on the  workbench. 
Several  sets of s t a t o r  windings w e r e  t es ted  i n  an e f f o r t  t o  achieve the ra ted  
4-A cu r ren t  a t  as wide a speed range as possible .  The only s i g n i f i c a n t  prob- 
lem w a s  with the p in  dr ive ,  and the diameter of the p ins  w a s  increased from 
0.318 t o  0.635 cm (0.125 t o  0.25 in.) .  

The t h r o t t l e  valve w a s  t e s t ed  extensively i n  both water and methyl alco- 
ho l  before  i t  w a s  committed t o  use with hydrazine. 
probably the  only p a r t  t h a t  functioned e n t i r e l y  s a t i s f a c t o r i l y  as designed 
and fabr ica ted  the  f i r s t  t i m e .  It required only the  appropriate  shimming and 
adjustment. 
poppet seat o r  a longer spr ing t o  reduce the  e f f e c t  of flow va r i a t ions  on the  
pressure se t t i ng .  

The t h r o t t l e  valve i s  

An improved vers ion might be b u i l t  with a s teeper  angle on the 

The o i l  pump tests w e r e  uneventful.  However, t he  pump, a gear-type u n i t  
i n  an aluminum case,  i s  prone t o  generation of p a r t i c u l a t e  contamination and 
could be improved i n  t h a t  respec t .  Pump flow i s  3 .8  l i t e r s / m i n  ( 1  al/min> 
a t  209.4 rad/sec (2000 rpm). It is about 85% e f f i c i e n t  a t  517-kN/m s (75 p s i )  
discharge pressure.  About 10% losses  
e f f e c t s  . a r e  due t o  leakage and about 5% t o  drag 

Performance t e s t i n g  of propel le rs  
and propel le rs  i n  general  w a s  a prob- 
l e m  i n  t h e  program. The l a rge ,  low- 
speed u n i t s  required for  t h i s  applica- 
t i o n  requi re  an e x t r a  degree of preci-  
s ion  i n  manufacture t o  provide the same 
e f f e c t i v e  l i f t  on both blades t o  avoid 
excessive v ibra t ion .  The propel le r  
being developed a t  the  NASA Hugh L. 
Dryden F l igh t  Research Center (DFRC) 
f o r  u l t imate  use on the  mini-sniffer  
is shown i n  f igu re  7. It is ground con- 
t r o l l a b l e  i n  the  same way as the  thro t -  
t l e  se t t i ng .  Testing of t h i s  u n i t  had 
not  begun a t  t he  t i m e  of t h i s  wri t ing.  

Figure 7.- Propel le r  assembly. 

Engine Assembly T e s t s  

A l l  the  f l i g h t  engine assembly t e s t i n g  w a s  done on the stand arrangement 
shown i n  f igu re  8. Various loads w e r e  simulated by using d i f f e r e n t  propel- 
lers. Most t e s t i n g  w a s  done a t  sea l eve l ,  with some .high-alt i tude t e s t ing .  
Measurements were pr imari ly  of t he  slow-response type using the  meters shown, 
except fo r  the high-speed measurements of cyl inder  pressure and pump d is -  
charge pressure mentioned previously.  
form of meter readings. 

The da ta  were recorded on f i lm  i n  the  

The t e s t i n g  w a s  done a t  t h e  NASA Lyndon B. Johnson Space Center ther-  
mochemical test  f a c i l i t y  pr imari ly  by support cont rac tor  personnel. The 
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secondary-priority nature of the 
work, behind Space Shuttle and other 
ongoing programs, and continuous re- 
design activities ex tended the testing 
over about 2 yr. The test stand was 
designed primarily to minimize inter- 
face with the facility data and con- 
trol systems such that tests could 
be run on short notice whenever a 
schedule opening occurred. This con- 
figuration provided a very appropri- 
ate environment for experimental test - 
ing in which intermittent activity 
is caused by modifications and rework. 

Only two controls were used: (1) 
the electric-motor-operated throttle 
and (2 )  a supplemental vent valve 
that positively vented the fuel pump 
discharge pressure back to the tank 
and simultaneously vented the fuel 
tank pressure. 

Figure 8.- Flight engine test stand. 
The data for engine speed, feed 

pressure, and fuel level are shown in 
figure 9 for a 17-min, 638.79 + 10.47- 
rad/sec (6100 + 100 rpm) run (il.19 kW 

(15 hp)). It should be noted that the engine required approximately 1 min to 
heat the gas generator and the plenum. At about 60 sec, the throttle was 

SFC- 0.82 kglMJ (4.85 LBMIHP-H) 

- 
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Figure 9.- Speed, pressure, and fuel level vs time for 17-min run at 
628.32 rad/sec (6000 rpm) with small four-blade propeller. 
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advanced t o  f u l l  power, which r e su l t ed  i n  s l i g h t l y  mre than des i red  pressure 
a t  the 2-min point.  The t h r o t t l e  was reduced s l i g h t l y ,  and the power l e v e l  
s t a b i l i z e d  approximately 150 sec i n t o  t h e  run. The run w a s  e s s e n t i a l l y  steady 
for  the durat ion and was terminated because of o i l  deplet ion.  One s i g n i f i c a n t  
aspect of t h i s  run, the  improvement i n  e f f i c i ency  as the  run progressed, i s  
apparently the r e s u l t  of s t e a d i l y  decreasing windage as the o i l  i s  l o s t  and/or 
s t a b i l i z a t i o n  of the  temperature of t h e  hot-gas sec t ion  occurs. The f l i g h t  
conrigurat ion was modified to  include an o i l  b a f f l e  i n  the crankcase t o  reduce 
windage. 

The hea t  leak through the Inconel p i s ton  cap is  apparently minimil. 
No evidence of o i l  coking in the  p is ton  r ing  groove o r  on the  bottom of the  
p is ton  dome was observed, an ind ica t ion  tha t  the operat ing temperature of 
the  u n i t  w a s  less than 422 K (300 deg F). The s t a i n l e s s  steel p i s ton  cap 
general ly  produced a s t r a w  color  on the back s ide  ind ica t ive  of a temperature 
of approximately 589 t o  700 K (600 t o  800 deg F). The steel exhaust manifold 
showed no evidence of excessive heat ing,  ind ica t ing  tha t  the flow of cooling 
a i r  maintained a temperature below 533 K (500 deg F). It d id  g e t  ho t  enough 
t o  coke o i l ,  however. 

Several  i n t e r e s t i n g  da ta  poin ts  were taken i n  unusual circumstances, es- 
(Most pec ia l ly  when the o i l  w a s  l o s t  and p i s ton  se izure  caused a sudden stop. 

o i l  l o s ses  w e r e  by way of broken l i n e s  caused by excessive propel le r  vibra- 
t ion.)  Under t h i s  condi t ion,  l i qu id  hydrazine is trapped between the check 
valve and t h e  hot-gas generator .  
the pressure a t  5515.8 kN/m2 (800 I n  these cases ,  the pressure would 

t h i s  t i m e ,  the only escape of gas is pas t  the hot-gas valves and the p i s ton  
r ings.  
t o  produce overpressurizat ion of feed system hydrazine; however, it never 
occurred. 

Typically,  t he  shutdown would occur with 
s i ) .  

slowly decrease t o  about 2758 kN/m 3 (400 p s i )  over a 30-min period. During 

It i s  t h i s  condi t ion t h a t  should provide t h e  environment necessary 

Apparently, the slow leakage p a s t  the valves and the p is ton  was enough 

The feed tube i n t o  the .gas 
t o  vent  t h e  decomposition products as they were being generated by hea t  soak 
from the gas generator back in to  the feed tube. 
generator i s  a comparatively heavy piece of aluminum i n t o  which t h e  i n l e t  
f i l t e r  i s  fastened. 
i t  soaks out  of t he  gas generator  t o  maintain a s a f e  hydrazine temperature. 
The h ighes t  temperature measured at the  gas generator  i n l e t  under these c i r -  
cumstances w a s  about 366 K (200 deg F). 

This element can apparently r e j e c t  heat  as rap id ly  as 

Another i n t e r e s t i n g  occurrence documented some safe ty  margin i n  the sys- 
t em.  Excessive valve leakage caused i g n i t i o n  of t he  exhaust gases a t  a tem- 
perature  of about 866 K (1100 deg F). Subsequently, severa l  of the c lo th  and 
rubber o i l  l i n e s  j u s t  under the  exhaust manifold ign i ted .  
shut down, but the f i r e  continued and r e su l t ed  i n  considerable hea t ing  of the 
hydrazine pump. 
burned, but the hydrazine was  not heated s u f f i c i e n t l y  t o  cause overpressuriza- 
t ion .  
the t e s t i n g  was continued. 

The engine w a s  

Essen t i a l ly  a l l  t he  combustible material i n  the  engine cowl 

New o i l  l i n e s  were i n s t a l l e d ,  t he  hot-gas valves  were repa i red ,  and 

On seve ra l  occasions,  hydrazine leaks  occurred; however, no i g n i t i o n  
resu l ted ,  even though the l i qu id  and vapor were sprayed through the exhaust. 
This leakage a l s o  occurred i n  f l i g h t  without inc ident .  Of course,  leaking 
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hot-gas valves  (which dump 1 2 0 0 4  (1700 deg F) unexpanded gas out the  ex- 
haus t )  combined with a hydrazine leak would probably r e s u l t  i n  a f i r e ,  but 
t h a t  combination of problems never occurred. 

One of the major problems i n  ve r i fy ing  the  f l i g h t  configurat ion was 
e s t ab l i sh ing  the  proper s i z e  holes  i n  t h e  p i s t o n  t o  provide s u f f i c i e n t  cyl in-  
der o i l i n g  without excessive lo s s  of o i l  through the exhaust. The decis ion 
t o  f l y  a "demonstration" tes t  using a fixed-pitch p rope l l e r  complicated the  
s i t u a t i o n  because it demanded operat ion from about 419 rad/sec (4000 rpm) t o  
628 rad/sec (6000 rpm) during the  climb. Holes t h a t  l ub r i ca t ed  s u f f i c i e n t l y  
a t  419 rad/sec (4000 rpm) were i n s u f f i c i e n t  a t  628 rad/sec (6000 rpm). Con- 
versely,  ho le s  t h a t  o i l e d  s u f f i c i e n t l y  a t  628 rad/sec (6000 rpm) passed o i l  
excessively a t  419 rad/sec (4000 rpm). 
worked o u t ;  bu t ,  as t h e  f l i g h t  t i m e  approached, t h e  only tes t  c a t a l y s t  bed 
ava i l ab le  w a s  shedding many p a r t i c l e s ,  causing valve leakage, producing exces- 
s i v e  hea t ing ,  and shadowing the  r e s u l t s ,  A s  a temporary so lu t ion  f o r  t he  one 
t e s t  f l i g h t ,  a s p e c i a l  o i l e r  w a s  added having four separate  i n j e c t o r s  powered 
by a small  e l e c t r i c  motor. 
i n to  the engine j u s t  downstream of the valves through small (0.033-cm 
(0.013 in . )  i.d.1 steel tubes. A f i n a l  test  run v e r i f i e d  good performance, 
and the test i n j e c t o r  w a s  i n s t a l l e d  on the  a i r c r a f t  fo r  lack of a new u n i t .  

A compromise could probably have been 

This system i n j e c t e d  upper cy l inde r  l u b r i c a n t  

F 1 igh t T e s t  

The new engine fo r  the  tes t  f l i g h t  passed a l l  the checkout c r i te r ia  with 
a good margin. Although a s t a t i c  tes t  of the  new engine before f l i g h t  would 
have been d e s i r a b l e ,  the f a c t  t h a t  the gas generator w a s  s e r ious ly  l i f e  l i m -  
i t e d  toge the r  with t h e  schedule and man-hour l i m i t a t i o n s  prohibi ted a s t a t i c  
t es t  run. 

The veh ic l e  w a s  checked out  and serviced a t  DFRC the  night  before  the  
f l i g h t .  It was c a r r i e d  about 8 km (5 s. mi.) across  the dry lake  the morn- 
ing of November 23, 1976. A f i n a l  communication l i n k  checkout w a s  made, the  
tank was pressurized t o  413.69 kN/m2 (60 p s i a ) ,  and the upper cyl inder  o i l e r  
was turned on. A t  about 9:30 a.m., t he  engine w a s  s t a r t e d  and the  f l i g h t  
w a s  begun. The same bas i c  engine parameters were monitored i n  the  ground 
telemetry van as were monitored i n  the  development tests.  Engine pressure 
and speed increased normally as the a i r c r a f t  taxied fo r  takeoff.  The a i r -  
c r a f t  l i f t e d  o f f  much t h e  same as it had many t i m e s  before  using a chain-saw 
engine. About 20 sec i n t o  the climbout, however, the f u e l  feed pressure 
dropped suddenly and t h e  power sagged; then, almost as suddenly, t h e  power 
increased again. The f i r s t  thought was t h a t  a bubble passed through the hy- 
draz ine  pump. 

The climbout continued, and a r i g h t  t u rn  w a s  performed as planned. 
Within about 5 min i n t o  t h e  f l i g h t ,  it became apparent from the  climb rate 
tha t  the  power was a l i t t l e  less than expected but within the estimated to l -  
erance. However, within 8 t o  10 min, it appeared t h a t  t he  power l e v e l  was 
out of tolerance on the low s ide .  

About 25 min i n t o  t h e  f l i g h t ,  t he  t h r o t t l e  w a s  advanced i n  an e f f o r t  t o  
obtain more power, but t h i s  s e t t i n g  caused the  power t o  decrease s t i l l  fur- 
t h e r ,  even though t h e  pressure increased properly.  Since the  pressure w a s  
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then dangerously high (near  6550 kN/m2 (950 p s i ) ,  t he  upper maximum allow- 
ab le ) ,  the t h r o t t l e  was decreased s l i g h t l y .  The power increased appreciably.  
When the  power increased,  the  climb began again but  s t i l l  a t  a less than de- 
s i r a b l e  r a t e .  A t  about 30 min i n t o  the f l i g h t ,  the  fue l  tank p res su re  w a s  
ind ica t ing  near  deple t ion  of t he  fue l .  

The slow climb proceeded t o  near 6.1 km (20 000 f t )  a t  34 min, when f u e l  
feed pressure  became s l i g h t l y  i n t e r m i t t e n t ;  the  pressure  dropped, the  engine 
speed dropped, and the run was f inished.  The p i l o t ,  located i n  the  base 
tower about 8 km (5 s. mi.) away9 nosed the  plane over ,  set the  t h r o t t l e  t o  
"cf f9 ' '  and began the  long g l i d e  down, About 30 min l a t e r ,  the  veh ic l e  landed 
on the  dry lake near  t he  takeoff  po in t ,  The tank s t i l l  had the  same low pres- 
s u r e  (about 13.8 kN/m2 (2 psis)). The engine windmilled a t  about 189 t o  209 
rad/sec (1800 t o  2000 rpm) a l l  t he  way down because of  the  fixed-picch propel- 
ler. The gas generator  and a l l  o ther  components were a t  ambient temperature 
on landing. 

The r e t r i e v a l  crew not iced almost immediately that the f i n i s h  w a s  re- 
moved from the  p rope l l e r  blades i n  an a rea  about 15 cm (6  in . )  from the  hub. 
It was apparent t h a t  a s t rong solvent  had r insed  the f i n i s h  o f f ,  Approxi- 
mately in  l i n e  with t h e  a r e a ,  the  hydrazine pump discharge f i t t i n g  was found 
t o  be loose. There were no other  ind ica t ions  of any problem w i t h  the  engine 
a t  t h a t  t i m e .  

The c r a f t  was ca r r i ed  back t o  the checkout lsenricing a rea  and f lushed 
with methanol; t he  loose f i t t i n g  was v e r i f i e d  as the source of a leak.  The 
engine w a s  disassembled t o  eva lua te  the condi t ion of the hardware and t o  de- 
tennine t h e  cause of the  low power and the  inver ted  t h r o t t l e  response. No 
ex terna l  leaks  were found i n  the high-pressure hot-gas sec t ion ,  but one of 
the  small o i l e r  tubes was broken where i t  connected t o  the  engine. 
the valves and seats were somewhat b r ine l l ed ,  The p i s t o n  and r ings  appeared 
normal and had no measurable dimensional change. 

Also, 

The l i q u i d  hydrazine leak could not account for  the power reduct ion be- 
cause i t  w a s  small enough t o  be automatical ly  co r rec t ab le  by the  t h r o t t l e  
valve. The momentary power sag during the  takeoff had the c h a r a c t e r i s t i c  
timing of t h e  t h r o t t l e  valve response. Also, because the  pressure  increased 
and was maintained during the  f l i g h t ,  t h i s  leak was not the  cause of the  
power sag. The va lve  damage observed ( b r i n e l l i n g )  w a s  apparent ly  the  r e s u l t  
of windmilling the engine with hot  valves during the  g l i d e  down (without the  
pneumatic spr ings  opera t ing) .  
cont ro l lab le-p i tch  p rope l l e r ,  stopping the engine a f t e r  the run by going 
s l i g h t l y  p a s t  t he  f ea the r  point .  The leak r e s u l t i n g  from the  f r a c t u r e  of the  
upper cy l inder  o i l e r  tube (0 .033  cm (0.013 in . )  i .d.1 was i n s u f f i c i e n t l y  
la rge  t o  be s i g n i f i c a n t  and very l i k e l y  occurred on t h e  way down s ince  the re  
w a s  no evidence of any hot-gas leakage. There simply was no immediate expla- 
na t ion  of t he  power reduct ion during the  f l i g h t ,  o r  of t he  inver ted  t h r o t t l e  
response, 

This problem w i l l  be e l iminated with the  new 

The two poss ib le  explanat ions of t he  f l i g h t  anomalies a r e  f u e l  feed block- 
age and/or mechanical reduct ion of valve l i f t .  
t o  be open i n  the  process of system f lush ing  a f t e r  f l i g h t .  
engine could possibly have readjusted i t s e l f  mechanically during i t s  f i r s t  
run t o  e f f e c t i v e l y  reduce the  valve l i f t  ., 

The f u e l  system w a s  v e r i f i e d  
However, the  new 

Actual ly ,  t h i s  self-adjustmeat 
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was expected, because i t  occurred t o  some ex ten t  on the  t e s t  engine but  no t  
t o  the  degree tha t  apparent ly  occurred during f l i g h t .  The l i f t  w a s  set a t  
0.069 cm (0.027 in . )  during assembly, 0.005 cm (0.002 in . )  more than normal 
i n  the development engine. This adjustment w a s  made t o  allow for  "set" i n  
the  new three-piece c rankshaf t ,  run-in of the  new bear ings ,  and any o the r  
de f l ec t ions  which might a f f e c t  the  l i f t  adversely.  However, behavior of the  
f l i g h t  engine i n  the  f i n a l  minutes of opera t ion  was s i m i l a r  t o  t h a t  of the  
development engine with low-valve-lift s e t t i n g .  With the valve l i f t  near 
0.030 cm (0.012 i n . ) ,  h igher  pressure causes  s t r u c t u r a l  f l exure  and add i t iona l  
reduct ion i n  l i f t ,  which reduces both the  flow area  opened by the  valves  and 
the  t i m e  f o r  flow. Conversely, reduced pressure  reduces s t r u c t u r a l  d e f l e c t i o n  
and thereby increases  the  area-time i n t e g r a l ,  which increases  flow and power a 
The valves  were deformed j u s t  enough by windmilling during descent t o  p roh ib i t  
a good ind ica t ion  of whether va lve - l i f t  reduction a c t u a l l y  happened, but it 
seems reasonable  

The f l i g h t  t e s t  demonstrated the opera t iona l  c h a r a c t e r i s t i c s  of a 
hydrazine-fueled non-air-breathing a i r c r a f t  engine.  The f l i g h t  produced no 
complications o r  o ther  unforeseen problems. With appropr ia te  precaut ions,  
the  sys t em can be handled with l i t t l e  more t i m e  and e f f o r t  than any o the r  
power system. Although the  f l u i d  is  tox ic ,  it requi res  a cumulative exposure 
t o  be s e r i o u s l y  dangerous, bar r ing  excessive exposure. The most dramatic 
hazard is of course a f i r e ,  but the f l u i d  - having r e l a t i v e l y  low vapor pres-  
sure  - i s  no t  e a s i l y  ign i t ed .  The p o s s i b i l i t y  of detonat ion of the  hydrazine 
i s  p r a c t i c a l l y  e l iminated by proper design t o  keep the  f u e l  cool (below about 
366 K (200 deg F). 

CONCLUSIONS 

The valving concept has  been demonstrated and i s  being patented,  bu t  the  
work required t o  optimize the performance of the  valving concept fo r  any spe- 
c i f i c  app l i ca t ion  s t i l l  must be done. The design f o r  the  bes t  choice of s e a l  
perimeter,  l i f t  he ight ,  poppet length ( f o r  e l a s t i c  deformation on contac t  
with the  p i s t o n ) ,  seal width,  pneumatic spr ing volume, guide clearance and 
to le rances ,  and mater ia l  choice fo r  guide, s e a t ,  and poppet can only be 
es tab 1 i shed through ana l y  s i s  and cons iderab l e  t e  s t ing . 

Any vapor or  hot-gas expander-cycle machine can u t i l i z e  the valving con- 
cept .  A steam engine i s  a good example. The low-weight, simple,  p o s i t i v e  
mechanism involved can make it  a candidate fo r  mobile appl ica t ions .  However, 
the  valving concept may be l imi ted  t o  app l i ca t ions  i n  which the  engine always 
dr ives  the  load. I n  t h a t  case,  the  pneumatic spr ings  a r e  always pressurized 
and the  va lves  w i l l  no t  f l o a t  as they d id  during the  downward g l i d e  i n  the  
f l i g h t  test. However, i f  valve f l o a t i n g  occurs a t  a s u f f i c i e n t l y  low speed 
and/or temperature,  i t  may cause no problem. Also, depending upon the  temper- 
a t u r e  and speed involved, a mechanical spr ing  might be added t o  supplement 
the  pneumatic spr ing f o r  e l imina t ing  the  f l o a t i n g  operat ion.  The most s ign i f -  
i can t  improvement fo r  the  concept might be the  use of a thermal-type gas gen- 
e r a t o r  (one t h a t  does not  shed p a r t i c l e s  i n t o  the  engine).  
is a v a i l a b l e ,  but the design d e t a i l s  must be resolved and the hardware devel- 
oped. A gas  generator  t h a t  mounts on t h e  va lve  plenum, e l imina t ing  the  hot-  
gas de l ivery  tube, would a l s o  be a s i g n i f i c a n t  improvement. An appropr ia te  

The technology 
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thermal-type gas genera tor  could withstand the  v i b r a t i o n  environment of the  
engine,  and i t s  volume and weight could be combined with t h a t  of the  plenum, 

It appears t h a t  the  most promising d i r e c t i o n  f o r  optimizing the  concept 
i s  to  s t r i v e  €or higher  pressure r a t i o s  across  the engine (plenum t o  ambient); 
by t h i s  means, t he  t h e o r e t i c a l  work produced by the  engine i s  maximized and 
the s i z e  required i n  the plenum and valving is minimized. The only o f f s e t -  
t i n g  e f f e c t s  a r e  t h e  leakage ac ross  t h e  valves  during the  closed por t ion  of  
the cycle  and e x t r a  mechanical loading during opening. The r e s u l t s  t o  d a t e  
ind ica t e  however, t h a t  these  problems should not  be se r ious  and pressures  
as high as 20 684 kN/m2 (3000 p s i )  might be used. 

Also, t he  use of very la rge  bore t o  s t roke  r a t i o s  (2.0 o r  g r e a t e r )  
should prove a t t r a c t i v e  because very l a rge  valves  can be used and correspond- 
ingly smaller l i f t s .  This technique enables  an increace i n  engine speed with 
corresponding decrease i n  s i z e  and weight. It a l s o  enables bui ld ing  a s t i f -  
f e r  engine mechanism so t h a t  h igher  pressures  can be used. 
weight i s  reduced, the opt imizat ion of displacement and expansion r a t i o  out- 
l ined  i n  t h e  design d iscuss ion  i s  dr iven  toward l a r g e r  expansion r a t i o s ,  
which r e s u l t  i n  a more e f f i c i e n t  o v e r a l l  design. 

I f  t he  engine 

A mathematical nodel constructed t o  encompass a l l  aspec ts  of t he  engine 
operat ion and design w i l l  enable quick, easy opt imizat ion fo r  any p a r t i c u l a r  
appl ica t ion .  
Hot-gas and vapor-cycle expanders using low-grade hea t  a r e  f inding increased 
app l i ca t ions  because of t he  continued changes i n  the  bas ic  energy supply. 
This engine concept o f f e r s  one add i t iona l  design a l t e r n a t i v e  fo r  power sys- 
t e m  s e l e c t i o n ;  i t s  mechanical s impl i c i ty  provides good economic v i a b i l i t y .  

Testing of var ious  designs as they evolve w i l l  r e f i n e  the  model. 
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DESIGN AND DEVELOPMENT OF A MOTION COMPENSATOR 
FOR THE RSRA M A I N  ROTOR CONTROL 

P. Je f fe ry * ,  R. Huber* 

ABSTRACT 

The RSRA, an exper imental  h e l i c o p t e r  developed by S i  korsky A i r c r a f t  f o r  
NASA and t h e  U. S. Army, i s  equipped w i t h  an a c t i v e  i s o l a t i o n  system t h a t  a l lows 
the  t ransmiss ion  t o  move r e l a t i v e  t o  the  fuselage. The purpose o f  t h e  mot ion 
compensator i s  t o  p revent  these motions from i n t r o d u c i n g  unwanted s igna ls  t o  t h e  
main r o t o r  c o n t r o l .  

Review o f  mot ion compensator concepts i n d i c a t e s  t h a t  most f u n c t i o n  o n l y  f o r  
l i m i t e d  motion. A new concept was developed t h a t  has six-degree-of-freedom 
c a p a b i l i t y .  The mechanism was implemented on RSRA and i t s  performance v e r i f i e d  
by ground and f l i g h t  t e s t s .  

INTRODUCTION 

The Rotor Systems Research A i r c r a f t  (RSRA) i s  an exper imental  h e l i c o p t e r  
in tended f o r  f l i g h t  research on advanced r o t o r  systems, designed and developed 
by Sikorsky A i r c r a f t  under the  j o i n t  sponsorship o f  NASA and the  U. S. Army. Two 
a i r c r a f t  have been b u i l t .  A t  p resent  one a i r c r a f t  i s  i n  compound con f igu ra t i on ,  
equipped w i t h  a v a r i a b l e  inc idence wing, a moving s t a b i l a t o r  and a u x i l i a r y  
t h r u s t  f a n  j e t  engines (F igure 1). Th is  ve rs ion  w i l l  be used f o r  high-speed 
research on h i g h l y  loaded o r  p a r t i a l l y  unloaded r o t o r s .  The o the r  a i r c r a f t  i s  
con f igured  as a pure h e l i c o p t e r  (F igure 2) and w i l l  be used f o r  a d d i t i o n a l  
research on a v a r i e t y  o f  r o t o r s .  Both a i r c r a f t  a r e  p r e s e n t l y  f l y i n g  w i th  a 
base l ine  r o t o r  system v i r t u a l l y  i d e n t i c a l  t o  the  Sikorsky S61 i n c l u d i n g  b i f i l a r  
v i b r a t i o n  absorbers, and t h e  v i b r a t i o n s  t ransmi t ted  t o  the  fuselage are  small i n  
a l l  f l i g h t  regimes. However, i t  i s  a n t i c i p a t e d  t h a t  some o f  t h e  r o t o r  systems 
t h a t  may be mounted on t h e  a i r c r a f t  i n  the  f u t u r e  w i l l  cause v i b r a t i o n s  t h a t  
cannot be a l l e v i a t e d  by b i f i l a r  absorbers alone. Thus the re  are  p rov i s ions  f o r  
an i s o l a t i o n  system t h a t  w i l l  a l l o w  t h e  r o t o r  and i t s  t ransmiss ion t o  move on 
spr ings r e l a t i v e  t o  the  fuselage, so p reven t ing  t h e  t r a n s m i t t a l  o f  r o t o r  induced 
v i b r a t i o n s  t o  the  fuselage. 

The RSRA r o t o r  c o n t r o l  i s  convent ional .  C y c l i c  and c o l l e c t i v e  blade p i t c h  
are c o n t r o l l e d  by pushrods at tached t o  a swashplate whose v e r t i c a l  p o s i t i o n  and 
tilt about l o n g i t u d i n a l  and l a t e r a l  axes are  determined by t h e  extens ion o f  
th ree  h y d r a u l i c  servo ac tua tors  mounted on t h e  t ransmiss ion  base. The s igna l  t o  
each servo ac tua to r  i s  a mechanical displacement t ransmi t ted  from t h e  c o c k p i t  by 
a s e t  o f  rods and cranks. When the  i s o l a t i o n  system i s  opera t ive ,  t he  
t ransmiss ion base i s  sub jec t  t o  t r a n s i e n t  and p e r i o d i c  motions r e l a t i v e  t o  t h e  
fuselage. Wi th no compensating dev ice these motions would i n t roduce  unwanted 
s igna ls  t o  the  servos and so cause c o l l e c t i v e  and c y c l i c  blade p i t c h  changes. 

t he re  a re  obvious Apart  f rom undesi rab le changes t o  the  f l i g h t  p a t h  
p o s s i b i l i t i e s  f o r  c o n t r o l  coupled i n s t a b i l i t i e s .  

* S i  korsky A i r c r a f t  D i v i s i o n ,  Un i ted  Technologies Corporat  
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TEE ACTIVE ISOLATION SYSTEM 

Various con f igu ra t i ons  o f  a c t i v e  i s o l a t i o n  were under cons ide ra t i on  i n  t h e  
e a r l y  days o f  RSRA design. The purpose o f  t h e  RSRA i s  t o  serve as a f l y i n g  t e s t  
bed f o r  advanced r o t o r  systems w i t h  d i f f e r e n t  dynamic c h a r a c t e r i s t i c s  rang ing  
from two-bladed t e e t e r i n g  r o t o r s  t o  h ingeless,  bear ing less,  and f u l l y  
a r t i c u l a t e d  designs. For some a p p l i c a t i o n s  i t  was known t h a t  ext remely s o f t  
t ransmiss ion supports would be requ i red  f o r  acceptable i s o l a t i o n ,  w h i l e  t h e  
t o t a l  excurs ion o f  t h e  t ransmiss ion under steady loads must be r e s t r i c t e d  
because o f  t he  l i m i t a t i o n s  o f  i n t e r f a c i n g  systems - i n  p a r t i c u l a r  engines, t a i l  
r o t o r  d r i v e ,  and c o n t r o l s .  The s o f t  r e s t r a i n t s  were thus prov ided by ' a c t i v e  
i s o l a t o r s  ' c o n s i s t i n g  o f  servo-nul 1 ed hydro-pneumatic ac tua to rs  w i t h  
displacemetit feedback t o  recenter  t h e  t ransmiss ion under steady f l i g h t  loads 
wh i l e  a l l o w i n g  o s c i l l a t o r y  motion a t  t h e  c r i t i c a l  v i b r a t i o n  frequencies. Other 
r e s t r a i n t s  cons is ted  o f  very  s t i f f  p i v o t e d  l i n k s  con ta in ing  l oad  c e l l s .  The 
number o f  independent s o f t  r e s t r a i n t s  determines t h e  number o f  degrees o f  
freedom o f  t h e  t ransmiss ion  r e l a t i v e  t o  the  fuselage. 

Dur ing t h e  course o f  development, a design evolved c o n s i s t i n g  o f  f o u r  
a c t i v e  i s o l a t o r s  (two independent) i n  t h e  h o r i z o n t a l  plane, a to rque r e s t r a i n t  
l inkage i n  t h e  h o r i z o n t a l  plane, and f o u r  l oad  c e l l  l i n k s  w i t h  t h e i r  axes 
focused t o  a p o i n t  low down on the  r o t o r  a x i s  (F igure 3). The a c t i v e  i s o l a t i o n  
system has been descr ibed by Kuczynski and Madden (Ref. 1). Th is  system has two 
degrees o f  freedom - o r  th ree ,  when f a i l u r e  modes, e.g., f r a c t u r e  o f  t h e  a n t i -  
torque 1 i nkage, are considered. 

COMPENSATOR REQUIREMENTS 

The p r e l i m i n a r y  design o f  t he  RSRA c o n t r o l  system took  p lace  w h i l e  t h e  
i s o l a t i o n  system was undergoing many i t e r a t i o n s .  Many combinations and con- 
f i g u r a t i o n s  o f  s o f t  r e s t r a i n t s  and r i g i d  l i n k s  were inves t iga ted .  The dec i s ion  
was made t h a t  t h e  main r o t o r  c o n t r o l  would i nc lude  compensating l inkages  w i t h  a 
f u l l  six-degree-of-freedom c a p a b i l i t y ,  Thus t h e  i s o l a t i o n  system design cou ld  
proceed w i t h o u t  any cons ide ra t i on  o f  r e s t r a i n t  imposed by c o n t r o l  system 
requirements. Also, t he re  would be no i n h i b i t i o n  o f  development and 
r e c o n f i g u r a t i o n  o f  t h e  i s o l a t i o n  system a t  any f u t u r e  time. 

The requirement f o r  a c o n t r o l  compensating l i nkage  may be s imply  described. 
The i n p u t  c o n t r o l  s igna l  i s  generated by t h e  p i l o t  commanding a displacement 
between h i s  s t i c k  and t h e  fuselage. The mechanical c o n t r o l  system l i nkage  
t ransmi ts  t h i s  s igna l  t o  one o f  t he  hyd rau l i c  servo ac tua tors  t h a t  p o s i t i o n  t h e  
swashplate and are  mounted on t h e  t ransmiss ion  base. I f  an i s o l a t i o n  system i s  
incorporated,  t he  t ransmiss ion base can move r e l a t i v e  t o  t h e  fuselage. Thus a 
mechanical displacement r e l a t i v e  t o  one body must be f a i t h f u l l y  copied by a 
displacement r e l a t i v e  t o  a second body, w h i l e  remaining unaf fec ted  by r e l a t i v e  
motion between t h e  bodies. I n  t h e  most general case, t he  motions c o n s i s t  o f  
t r a n s l a t i o n s  a1 ong th ree  mutual l y  perpend icu la r  axes and th ree  r o t a t i o n s  about 
these axes. 
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COMPENSATOR CONCEPTS 

I f  t h e  number o f  degrees o f  freedom a re  l i m i t e d ,  then simple s o l u t i o n s  a re  
poss ib le .  For  example, cons ider  two bodies w i t h  r e l a t i v e  t r a n s l a t i o n a l  freedom 
along one a x i s  (F igure 4). A l i nkage  c o n s i s t i n g  o f  a crank p i v o t e d  a t  each body 
and a l ong  r o d  perpend icu la r  t o  t h e  a x i s  i s  an e f f e c t i v e  approximate 
compensator, s ince smal l  motions produce l i t t l e  d is turbance t o  the  s igna l  i n  t h e  
rod. This  s imple idea was t h e  sub jec t  o f  a pa ten t  i n  1971 (Ref. 2). I f  t h e  
r e s t r a i n t  between the  two bodies i s  p rov ided by p a r a l l e l  p i v o t e d  bars and t h e  
c o n t r o l  r o d  i s  made p a r a l l e l  t o  the  bar  and equal i n  length ,  then a p e r f e c t  
compensator r e s u l t s .  

I f  t h e  bodies have t r a n s l a t i o n a l  freedom along a l l  t h ree  axes b u t  a re  
r e s t r a i n e d  r o t a t i o n a l l y  about a t  l e a s t  one a x i s ,  then a s o l u t i o n  i s  poss ib le  
c o n s i s t i n g  o f  a torque tube, u n i v e r s a l l y  connected t o  the  c o n t r o l  l i nkage  a t  
each end and having a te lescop ic  f e a t u r e  w i t h  a sp l i ned  o r  sc i sso rs  l i n k  
connection. The c o n t r o l  s igna l  cons i s t s  o f  r o t a t i o n  of t he  torque tube. Th is  
device,  sub’ect  o f  a pa ten t  by Durno & Dean (Ref. 3) ,  was used i n  t h e  Sikorsky 
XH-59A ABCJ’” (Advancing B1 ade Concept) research he1 i c o p t e r ,  which had 
p rov i s ions  f o r  a pass ive i s o l a t i o n  system w h i l e  be ing r e s t r a i n e d  i n  r o l l  by 
torque l i n k s  (F igure 5). 

A s imple apparent s o l u t i o n  t o  t h e  problem o f  t r a n s m i t t i n g  a displacement 
s igna l  between t w o  bodies w i t h  complete freedom o f  r e l a t i v e  mot ion i s  t o  use a 
f l e x i b l e  push/pul l  cable ope ra t i ng  w i t h i n  a f l e x i b l e  condui t .  I n  f a c t ,  t he  bes t  
o f  these devices e x h i b i t s  more f r i c t i o n  and hys te res i s  than can be t o l e r a t e d  i n  
a pr imary f l i g h t  c o n t r o l .  

COMPENSATOR DEVELOPMENT 

Development o f  t he  RSRA mot ion compensator s t a r t e d  w i t h  cons idera t ion  o f  
t he  problem o f  t r a n s m i t t i n g  a mechanical c o n t r o l  s igna l  between two bodies 
having r e l a t i v e  mot ion i n  a plane, i . e . ,  t r a n s l a t i o n  a long two axes and a 
r o t a t i o n  about a t h i r d  a x i s  perpend icu la r  t o  these two. Thus a s o l u t i o n  
cons is t s  o f  a summing l i nkage  con ta in ing  two s igna l  paths i n  p a r a l l e l  p lanes 
(F igure 6). One pa th  t ransmi t s  the  c o n t r o l  s i g n a l ,  t he  o the r  a c a n c e l l i n g  
s igna l  t h a t  removes the  e f f e c t  o f  t h e  r e l a t i v e  displacement between t h e  two 
bodies. I f  body 2 i s  subjected t o  displacements dg, dp, and r o t a t i o n  8, w h i l e  a 
c o n t r o l  i n p u t  c i  i s  made the t o t a l  displacement o f  t he  c o n t r o l  ou tpu t  p o i n t  i s  
d, + c i .  Hence the  ou tpu t  s igna l  cg = c i  and compensation i s  achieved. This  
re1 a t i  onship and the  independence o f  t he  c o n t r o l  ou tpu t  displacement on d, and 
8, i s  t r u e  a t  the  c o n t r o l  s igna l  mid-point  and very  nea r l y  t r u e  f o r  small 
displacements from the  mid-point .  

I f  t h e  mechanism i s  implemented w i t h  s e l f - a l i g n i n g  b a l l  t ype  connect ions,  
then t h i s  device prov ides compensation f o r  t he  case where the  two bodies a l so  
have t r a n s l a t i o n a l  freedom along the  z a x i s  and r o t a t i o n a l  freedom about the  x 
a x i s  (F igure 7). The c o n t r o l  ou tpu t  i s  independent o f  t he  displacement d, o r  
r o t a t i o n  8% and i s  very  nea r l y  unaf fec ted  by a combination o f  these two motions. 
Rota t ion  about the  y a x i s  i s  another mat ter .  I f  t h e  d is tance between the  s igna l  
pa th  planes i s  h, then a r o t a t i o n  8, w i l l  produce a f a l s e  ou tpu t  s igna l  co = h 
s i n  Ely. It i s  ev ident  t h a t  i n  order  t o  achieve a f u l l  six-degree-of-freedom 
compensator, i t  i s  s u f f i c i e n t  t o  l e t  h = 0. 
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The i m p l i c a t i o n  of h = 0 i s  t h a t  t h e  two s igna l  paths occupy t h e  same plane. 
The f i r s t  development o f  t h i s  i dea  i s  shown i n  F igure  8. The summing beams a re  
separated and connected by rods, arid one beam has become shor te r  than t h e  o the r  
t o  accGmmodate a be l l c rank .  Implementat ion o f  t h e  i dea  t o  a mechanism designeci 
t o  f i t  i n t o  the  space a v a i l a b l e  around t h e  t ransmiss ion  base a f t e r  t he  a c t i v e  
i s o l a t o r s  had been loca ted  l e d  t o  even more compl icat ions (F igures 9, l o ) .  Two 
l inkages  a re  i n s t a l l e d  a t  t h e  r i g h t  s ide  o f  t he  t ransmiss ion and one a t  t h e  
l e f t .  Local p e c u l i a r i t i e s  of space and al ignment imposed an i n d i v i d u a l  approach 
a t  each l o c a t i o n  and t h e r e  are  no common p a r t s  anywhere i n  t h e  l inkages.  A lso a 
number o f  compromises had t o  be made away from the  i d e a l  geometry, each 
i n t r o d u c i n g  another smal l  e r r o r .  A t  t h i s  t ime i t  was decided t o  make a new 
s t a r t .  

The nex t  development reve r ted  t o  the  bas ic  s i m p l i c i t y  o f  t he  o r i g i n a l  
concept (F igure  11). I n  order  t o  b r i n g  t h e  s igna l  paths i n t o  one p lane,  t h e  
summing l i nkage  took  t h e  form o f  an open frame beam, w i t h  t h e  o the r  beam 
centered i n s i d e  (F igure 12). Likewise, t h e  two rods take  the form o f  concen t r i c  
t u b u l a r  members. It was n o t  poss ib le  t o  a t t a c h  t h e  ou te r  ( cance l l i ng  s igna l )  
rod  t o  t h e  t ransmiss ion base a t  t he  same p o i n t  t h a t  t he  i nne r  ( c o n t r o l  s i g n a l )  
r o d  at taches t o  i t s  ou tpu t  crank (F igure 13). Th is  in t roduces an e r r o r ,  b u t  i t  
i s  extremely smal l  i f  the  rods are  l ong  compared t o  the  attachment o f f s e t .  F o r  
t h i s  reason, the  rods were a l i g n e d  h o r i z o n t a l l y  and a b e l l c r a n k  was naeded a t  
the  output .  The mot ion of t he  i nne r  rod  i s  l i m i t e d  by be ing  stepped down 2 : l  a t  
t h e  i n p u t  end and stepped up 1:2 a t  t h e  ou tpu t  be l l c rank .  

IMPLEMENTATION OF THE COMPENSATOR ON THE RSRA 

Implementat ion o f  t he  mot ion compensators on t h e  RSRA fo l l owed  very  c l o s e l y  
A compromise fo rced by t h e  l i m i t a t i o n s  o f  space was the  l i n e s  o f  t h i s  concept. 

t h e ' i n v e r s i o n  o f  t he  summing l i nkage  geometry. 

The th ree  l inkages  a re  s i m i l a r  i n  c o n f i g u r a t i o n  and many common p a r t s  a re  
used (F igure  14). A number o f  innovat ions were incorpora ted  i n  the  d e t a i l  
design of t he  summing l inkages  t o  make these u n i t s  compact and prevent  the  
p o s s i b i l i t y  o f  fas teners  s lackening o f f  and jamming t h e  c o n t r o l s  (F igure  15). 

True compensation i s  achieved w i th  the  i d e a l  l i nkage  and f o r  smal l  c o n t r o l  
s igna l  d isplacements about neu t ra l .  The compromises t h a t  had t o  be accepted 
in t roduced small e r ro rs .  A lso e f f e c t i v e  compensation was requ i red  over t h e  
whole range o f  c o n t r o l  displacements. A c r i t e r i o n  was s e t  t h a t  t he  e r r o r  i n  
output  should n o t  exceed 2% f u l l  s t roke  a t  any c o n t r o l  p o s i t i o n  w h i l e  the  
t ransmiss ion base was sub jec t  t o  motions i n  any d i r e c t i o n  up t o  the  maximum 
s t roke  o f  t h e  a c t i v e  i s o l a t o r  (+9 mm) taken i n  the  wors t  combinat ion o f  poss ib le  
con f igu ra t i ons .  A geometric mct ion ana lys i s  was performed by computer program 
and performance w i t h i n  s p e c i f i c a t i o n  was determined. 
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The compensating 1 inkage described was ins ta l  led on both RSRA a i r c r a f t  
(Figures 16, 17). Only the second a i r c r a f t  has been configured w i t h  the act ive 
isolat ion system operative,  and t e s t s  of the compensator performance were 
conducted on this a i r c r a f t .  The t e s t  consisted of s e t t i ng  a control i n p u t  w i t h  
a fixed s t i c k  i n  the  cockpit and driving the transmission base t o  extremes of 
travel on the isolat ion system, while observing motion a t  the control output 
poin ts .  The  resu l t s  of these t e s t s  confirmed the predictions of analysis.  

CONCLUSIONS 

The RSRA has made many f l i g h t s  w i t h  the  i so la t ion  system action and records 
indicate t h a t  the motion compensators have functioned t o  completely eliminate 
any measurable spurious control signals.  
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Figure 1 RSRA Compound Configuration 

Figure 2 RSRA Helo Configuration 
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Figure 3 RSRA Transmission Active Isolat ion System 
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Fiqure 9 Preliminary Design for RSRA Motion Compensator - Right Side 

Figure 10 Preliminary Design for RSRA Motion Compensator - Left Side 
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Figure 14 Final Design - RSRA 
Mot i on Compensator 

Figure 16 Motion Compensator 
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A TWO A X I S  P O I N T I N G  SYSTEM FOR AN O R B I T I N G  ASTRONOMICAL INSTRUMENT 

R F Turner - J G F i r t h  

SRC Appleton Laboratory Astrophysics Research Divis ion,  Culham Laboratory, 
Abingdon, Oxon, OX14 3DB. 

A B S T R A C T  

The system descr ibed has been b u i l t  f o r  incorporat ion 
i n t o  a s o l a r  f lare  X-ray instrument due t o  be o r b i t e d  
as one o f  a number o f  instruments  on t h e  NASA Sola r  
Maximum Mission (SMM) satel l i te  i n  l a t e  1979. It en- 
a b l e s  t h e  instrument t o  be r o t a t e d  about 2 mutually 
perpendicular  axes m 5  arcsecond s t e p s  wi th in  a range 
of  7 arcminutes,  t hus  g iv ing  t h e  instrument t h e  capa- 
b i l i t y  t o  map areas of  t h e  sun. 

INTRODUCTION 

The instrument f o r  which t h e  system w a s  designed i s  a seven channel 
F l a t  C rys t a l  Spectrometer (FCS) (Figure 11, and is  t h e  r e s u l t  of a 
co l l abora t ion  between t h e  Appleton Laboratory (Astrophysics Research Division, 
Culham) U.K. ,  Mullard Space Science Laboratory U . K . ,  and Lockheed Missiles 
and Space Corporation U.S. 

Although t h e  spacecraf t  has  the  c a p a b i l i t y  t o  po in t  a t  a f la re  region 
on t h e  s o l a r  d i s c ,  t h e  m u l t i p l i c i t y  o f  instruments on board implies  t h a t  
mapping requirements be met by ind iv idua l  r a s t e r  systems. 
c o n s t r a i n t s  i n  terms o f  mass and accommodation l e d  us  t o  choose a " f la t  
pack" raster platform f o r  t h i s  X-ray instrument .  
upon conduction t r a n s f e r  ( v i r t u a l l y  a l l  hea t  generated or absorbed has  t o  
be r ad ia t ed  t o  t h e  spacecraf t  w a l l )  l e d  t o  t h e  s e l e c t i o n  o f  a low power 
r a s t e r  system which could maintain i t s  poin t ing  i n  t h e  unpowered mode. 

Spacecraf t  

S imi l a r ly  a c o n s t r a i n t  

It i s  an t i c ipa t ed  t h a t  misalignment between instrument and spacecraf t  
due t o  launch fo rces  could be about 1 arcminute. 
t h e  system i s  designed t o  encompass any such misalignment. 

The opera t ing  range o f  

Although o r i g i n a l l y  conceived as a modular design,  instrument and 
spacecraf t  needs ( p a r t i c u l a r l y  t h e  minimum n a t u r a l  frequency requirement of 
45 Hz) caused t h e  raster system t o  evolve i n t o  an i n t e g r a l  p a r t  of t h e  
instrument.  
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E s s e n t i a l l y  t h e  raster system c o n s i s t s  of a two-axis flex p ivot  dr iven 
by a cam mechanism via an a r m .  
(Figure 2) can be broken down i n t o  f i v e  areas: 

For t h e  purposes of descr ip t ion  t h e  system 

1) Two a x i s  p ivot  

2) Raster d r ive  

3)  Pos i t ion  readout 

4) Launch locks 

5 )  Wiring 

TWO AXIS PIVOT SYSTEM 

The 5 arcsecond s t e p  requirement and the  mass of  t h e  instrument l e d  us  
t o  consider t h a t  t h e  v ib ra t ion  environment could l ead  t o  problems o f  
b r i n e l l i n g  and torque noise  with r o l l e r  bear ings,  thus  the  f r i c t i o n l e s s  f l e x  
pivot  system w a s  se lec ted .  

A compact two-axis gimbal platform 9 c m  t a l l  w a s  designed around f o u r  
standard 2.54 c m  diameter e l ec t ron  beam welded f l e x  p ivots .  
adopt2d is shown i n  f i g u r e  3 .  Each a x i s  is formed by a p a i r  o f  p ivo t s  with 
t h e i r  inner  s leeves  clamped i n  a common yoke. 
a x i s  p a i r  are clamped t o  t h e  instrument base p l a t e  and the  outer  s leeves  of 
the  Y a x i s  p a i r  t o  t h e  main instrument support s t ruc tu re .  

The arrangement 

The ou te r  s leeves of  t h e  Z 

Even though t h e  raster system is  la tched  down f o r  launch it is estimated 
t h a t  t he  p ivo t  w i l l  s t i l l  ca r ry  some 30% of  t h e  load.  
t h i s  demaEd and have an i n b u i l t  f l e x i b i l i t y  which can t o l e r a t e  s t r u c t u r a l  
movements during launch. 

These u n i t s  can meet 

Flex p i v o t s  can be used up t o  some 7O without s i g n i f i c a n t  cen t r e  a x i s  
s h i f t  so t h i s  appl ica t ion  r equ i r ing  only 0.5O r o t a t i o n  i s  comfortably within 
the  margin. 

RASTER DRIVE 

The d r ive  p a r t  of t h e  system is  based upon two separate  cam u n i t s  (one 
f o r  each a x i s ?  with an add i t iona l  p a i r  f i t t e d  f o r  redundancy. 
on r o l l e r  followers,  f l e x i b l y  at tached t o  t h e  r a s t e r  a r m  ( f i g u r e  4 ) .  

These operate  

The motors are 200 s teps / rev .  devices with 2 cen t r e  tapped windings 
driven i n  s ing le  phase mode so t h a t  powered and unpowered r o t o r  pos i t i ons  
coincide.  
with high de ten t  torque t o  r e s i s t  angular displacement i n  t h e  unpowered s t a t e .  

They are of  double ended s h a f t  configurat ion and were spec i f ied  

A cam i s  f i t t e d  t o  the  forward end of  each motor and an absolute  200 
pos i t ion l rev .  s h a f t  angle encoder t o  t h e  o the r .  The cam p r o f i l e  is such t h a t  
1 motor s t e p  w i l l  cause the  instrument t o  move by 5 arcseconds. 
c i r c u i t r y  contains  a r e - t r igge rab le  one-shot mul t iv ibra tor  which ensures t h a t  
60 mill iseconds after t h e  last  clock pulse,power is  removed from t h e  motor. 

The dr ive  



I n  order  t o  minimise power consumption a l l  c i r c u i t r y ,  with t h e  exception 
of t h e  motor power d r i v e r s ,  w a s  b u i l t  us ing CMOS. The power d i s s i p a t i o n  with 
no motors running i s  about 140 mW. 

Mechanism 

The d r i v e  p r i n c i p l e  i s  shown i n  Figure 5.  Both d r ive  u n i t s  (Z and Y >  
are anchored t o  t h e  base p l a t e  and are so arranged t h a t  each d r i v e  u n i t  wha 
opera t ing  u t i l i s e s  t h e  o the r  as a s l i d e  f o r  t he  r a s t e r  a r m .  The p r i n c i p l e  i s  
t h a t  only one a x i s  ( Z  f o r  example) is  a c t i v e  a t  a given i n s t a n t .  O f  each 
d r ive  u n i t ,  one s tepping motor remains dormant while the  o the r  l i f t s  a 
second order  l e v e r ,  pivoted a t  t h e  contac t  with the  dormant cam, t o  r a i s e  
or lower t h e  raster a r m .  
t h e  cams b u t  without de f l ec t ing  t h e  raster a r m .  
opposing t h e  cams so  t h a t  as one fol lower r i s e s  t h e  o the r  f a l l s ,  g iv ing  a 
zero n e t  d e f l e c t i o n  a t  Y.  

The Y u n i t  cam fo l lowers  a r e  requi red  t o  r i d e  over 
This i s  achieved by 

The cams a r e  provided with s u f f i c i e n t  l i f t  so t h a t  should t h e  first 
motor i n  any p a i r  f a i l  i n  t h e  a c t i v e  range,  then t h e  o the r  s t i l l  has t h e  
c a p a b i l i t y  t o  cover t h e  opera t ing  reg ion .  
contac t  wi th  t h e  cams by sp r ing  fo rce  and t h e  raster arm has a b u i l t - i n  
adjustment c a p a b i l i t y  t o  allow co r rec t ion  of t o l e rance  build-up during 
assembly. 

The fo l lowers  a r e  kept  i n  

P O S I T I O N  SENSING 

Although t h e  mode of  c o n t r o l  i s  s t e p  i n s t r u c t i o n  from t h e  on-board com- 
puter ,  t h r e e  a d d i t i o n a l  systems enable  a check t o  be  maintained on t h e  
memory accuracy. 
diagnosis  of  a system 

Together they provide a considerable  c a p a b i l i t y  f o r  
malfunction i n  o r b i t .  

Shaft  Angle Encoders 

Each o f  t h e  r a s t e r  motors i s  equipped with a 200 pos i t i on / r ev .  absolu te  
encoder. The purpose of these  i s  twofold:- 

( a )  

(b)  

To v e r i f y  t h a t  t h e  motor has i n  fact  moved t o  t h e  loca t ion  
commanded. 

To enable  s e t  up i n  o r b i t .  

The assumption w a s  made t h a t  t h e  pos i t i on  of each cam cannot be  determined 
wi th  any c e r t a i n t y  after t h e  spacec ra f t  is  i n s e r t e d  i n t o  o r b i t .  The poss ib l e  
permutations o f  t h e  fou r  cam p o s i t i o n s  could be  unscrambled from t h e  t r ans -  
ducer and/or alignment sensor ,  given s u f f i c i e n t  r e a l  time access t o  space- 
craft and da ta .  
encoder on each cam has been u t i l i s e d ,  t h e  b e n e f i t s  of  which have been noted 
when s e t t i n g  up even i n  t h e  labora tory  environment. 

The fa r  more r e a l i s t i c  s o l u t i o n  employing a s h a f t  angle  

Pos i t ion  Transducers 

Two s t r a i n  gauge t ransducers  a r e  mounted ac ross  t h e  r a s t e r  platform flex 
p ivo t s .  They a r e  arranged i n  such a manner t h a t  one measures angular  
movement between t h e  instrument and t h e  basepla te  i n  t h e  Y a x i s  only,  and 
the  second d e t e c t s  similar s h i f t s  i n  t h e  Z a x i s .  The output  from each 
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t ransducer  i s  amplif ied and fed  i Q t o  an 8 b i t  Successive Approximation A t o  
D convertor .  The convertor output  i s  i n  Natural  Binary code, and t h e  
system ga in  is  such t h a t  a s i n g l e  s t e p  o f  5 arcsec causes  a change of 1 i n  
the  output  count.  

Solar  Sensor 

The X-ray instrument is  f i t t e d  with a s o l a r  sensor  which can d e t e c t  
limb (edge c-f t h e  s o l a r  d i s c )  c ross ing  t o  an accuracy of  5 arcseconds.  
t h i s  information compared t o  t h e  spacec ra f t  s o l a r  po in t ing  co-ordinates we 
can o f f - s e t  t h e  instrument t o  co-align with t h e  spacecraf t  bores ight .  

With 

LAUNCH LATCH 

The purpose of  t h e  l a t c h i n g  system is t o  ca r ry  t h e  launch loads  and t o  
hold the  raster fo l lowers  clear o f  t h e  cams. This area more than any o the r  
w a s  t h e  s u b j e c t  of  on-going design evolu t ion  during instrument development. 
The o r i g i n a l  p in  r e l e a s e  system proved t o  be  inadequate i n  t h e  l i g h t  o f  in -  
creased instrument mass and s u b s t a n t i a l  f i n i t e  element s t r u c t u r a l  a n a l y s i s  
of t h e  instrument when subjected t o  t h e  NASA environmental t e s t  requi re -  
ments. The system shown i n  f i g u r e  6 was developed and meets t h e  s t r u c t u r a l  
requirements.  

The instrument i s  la tched  onto t h e  basepla te  by four  clamps, each of 
which i s  held closed by a t i t an ium t i e  b a r .  The l a t c h e s  a r e  r e l eased  by 
f i r i n g  a pyrotechnic g u i l l o t i n e  which c u t s  through t h e  b a r .  
arms a r e  sp r ing  loaded so t h a t  when t h e  bar  i s  severed, they move apa r t .  
A s  a back-up a second g u i l l o t i n e  i s  i n s t a l l e d  on each ba r  b u t  t h i s  w i l l  not 
be f i r e d  un le s s  t h e  primary f a i l s .  

The l a t c h  mating sur faces  a r e  coated with a t h i n  f i lm  o f  PTFE t o  re- 

The clamp 

duce t h e  p o s s i b i l i t y  of  binding. 

WIRING -- 
With l i g h t  fo rces  and p rec i se  pos i t i on ing  of  t h e  system, t h e  need t o  

ca r ry  some 200 w i r e s  a c ros s  t h e  raster i n t e r f a c e  can cause problems with 
harness s t i f f n e s s  and wind up during v ib ra t ion .  

The system evolved i n  f i g u r e  7 has proved most successfu l .  A l l  l a r g e  
bundles were s p l i t  as shown. 
were l e f t  i n t a c t  bu t  t h e  e f f e c t  of  t h e i r  s t i f f n e s s  w a s  minimised by plac-  
ing  t h e  t h i c k e s t  bundles nea res t  t h e  p ivo t .  
laxed i n  t h e  des i red  p o s i t i o n  by hea t ing  t o  Q, 1OOOC. 

t o  t he  base p l a t e  has been shown t o  produce i n s i g n i f i c a n t  loads  and has  
remained cons tan t  throughout environmental t e s t i n g .  

Several  cab les  containing 3 or l e s s  wires  

The whole assembly was r e -  

The f l a t  loop conf igura t ion  a t tached  a t  each end t o  t h e  instrument and 
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TABLE 1 

SYSTEM CHARACTERISTICS 

Mass of  instrument (on r a s t e r  platform) 

Raster p a t t e r n  required 

Allowance f o r  changes i n  spacecraf t  

Designed scan s i z e  (with redundancy) 

Designed scan s i z e  (without redundancy) 

Single  s t e p  s i z e  5 arcsec 

100 kg 

5 x 5 arcmin 

s t r u c t u r e  2 x 2 arcmin 

7 x 7 arcmin 

28 x 28 arcmii 

! 

Accuracy (pos i t ion ing)  

Step rate (maximum) 

1 s t e p  

32 s teps /sec  

1 Peak running power ( a t  32 s t eps / sec  - 
fast r epos i t i on  mode - 2.7 seconds 
max. 1. 6.5 watts 

Data gather ing mode ( 4  s t eps / sec )  0.78 watts 
I 

TABLE 2 

COMPONENT SUMMARY 

ITEM 

Flex Pivot  

Transducer 

Raster Motor 

Shaft  Angle Encoder 

Gui l lo t ine  

MANUFACTURER 

Bendix, Utica, N.Y. 

Kistler Morse, Seatt le 

C.  D. C.  , Los Angeles 

Moore Reed, Hungerford, 
U.K. 

Holex, Ho l i s t e r ,  Cal. 

DESCRIPTION 

2.54 c m  d i a  Electron 
beam welded. 

S t r a i n  gauge type 

S ize  15  double ended 200 
s teps / rev .  high de ten t  

200 Step/rev.  absolute ,  
contac t ing  

Spec ia l  vers ion t o  c u t  
t i tanium bar .  
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DEVELOPMENT OF THE TRIDENT I 

AERODYNAMIC SPIKE MECHANISM 

By Mark D. Waterman and B. J . Richter 

Lockheed Missi les  and Space Company 

ABSTRACT 

The Aerospike drag reduction mechanism was designed and developed for use on 
the Trident I submarine launched ballistic missile. This mechanism encounters a unique 
combination of environments necessitating unique design solutions to ensure satisfactory 
operation over its design life. This paper traces the development of the Aerospike 
emphasizing the unique and interesting problems encountered and their solutions. 

INTRODUCTION 

The Aerodynamic Spike (Aerospike) is a deployable drag reducing mechanism 
stowed within the nose fairing of the Trident I submarine launched ballistic missile. This 
mechanism maximizes missile performance within the limited envelope available by trans- 
.forming the aerodynamic characteristics of a blunt, space efficient nose fairing into a 
more streamlined shape. 

The Aerospike mechanism is comprised of three subsystems which perform three 
separate and distinct functions: The mechanical inertial initiator (I2) discriminates the 
correct missile flight acceleration and initiates a gas generator; the gas generator pro- 
vides the energy for deployment, and boom segments which once deployed and locked, 
establish a region of separated flow which provides the induced drag reduction. The 
Aerospike is required to be maintenance- and service-free over a ten year design life. 
Initiation and Deployment of the Aerospike occurs just after the missile is launched; 
after the missile leaves the atmosphere the Aerospike is jettisoned along with the nose 
fairing approximately 2 minutes after missile launch. The major components of the 
Aerospike are shown in Figure 1. 

The Aerospike is now in production after a four year development program culmin- 
ated by eighteen consecutive successful flight tests. 

ACCELEWTION SENSING 

The first task of the Aerospike is to detect the correct flight acceleration profile 
and to ignite the gas generator at the moper time. An all-mechanical approach was 
selected for this function a s  the Aerospike is completely isolated from the missile elec- 
trical system due to its position in the nose fairing, which is subject to numerous 
installation cycles. The inertial initiator must also remain safe when subjected to a 
variety of transportation/handling environments of short term acceleration, vibration, 
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shock, and temperature/humidity extremes as well as the long term low level vibration 
encountered in the submarine launch tube. The inertial initiator must possess good 
aging characteristics a s  it is not tested or  serviced once it is installed in the Aerospike; 
it must be flight ready over its 10 year design life. 

The components of the inertial initiator a r e  shown in Figure 2. A spring mass 
system senses missile acceleration and releases a timer once the correct acceleration 
level has been reached, Torque generated by a watch-like mainspring drives a timer 
escapement, After the correct time interval has been achieved, a spring-driven firing 
pin is released to ignite the gas generator. E the acceleration is removed before 
firing pin release, the unit will reset in less than one second. Figure 3 deiineates the 
"must fire'' regime of the inertial initiator; the inertial initiator will not fire when sub- 
jected to any acceleration outside of the "must fire" environment. 

Correct operation of this mechanism is ensured by a series of in-process tests 
and a final acceptance test in which the "must fire" and "no fire'! limit are checked. 
During development testing it was discovered that the unit would cease to operate properly 
after only three months of storage. The problem was traced to the lubrication system 
used and to the low design torque in the mainspring. Various design changes were in- 
corporated to increase the torque margin of the 12 so that the mit was much less 
susceptible to friction variations, and a change in the lubrication method was made. 

The lubrication system originally used was a combination of the MIL-L-6085 oil 
for the linear and ball bearings, a dry film lubricant on the timer, and a combination of 
dry film lubricant and grease for the firing pin release mechanism. Examination o€ the 
aged units revealed that this system was unacceptable, mainly due to oil migration which 
'made the unit susceptible to contamination and interaction of the oil and dry film lubricant, 
The dry film lUbricant used in the timer also was a problem due to process variations and 
the extremely tight tolerances of the timer gears. 

The aging problem was solved by reducing the amount of oil to a minimum by 
centrifuging the bearings, elimination of the grease on the firing pin release mechanism, 
and a change in the timer lubrication to a Lockheed Missiles & Space Co. (LMSC) developed 
process of applying dry moly disulfide powder to the part to be lubricated (Molykote 
This method was chosen after testing showed it to be superior in terms of friction reduc- 
tion, aging, and ability to withstand repetitive cycling (service life). Table 1 shows the 
results of the test. No inertial initiator timing anomalies have occurred in the two years 
after the new lubrication system was incorporated. 

Table 1 e Inertial initiator timer lubrication evaluation 

Lubricant Friction Aging Service Life 

Low 
Dry Film 

o Everlube 620C 
o Electrofilm 77s Low 

No Lubrication High 
Molykote Z Low 

Moderate Moderate 
Moderate Good 
Good Poor 
Good Good 
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DEPLOYMENT 

The Aerospike is deployed shortly after the missile has reached a sustained 
acceleration and the deploying boom sections are subjected to a combination of aero- 
dynamic loads , acceleration, and vibratory loadings; in addition to deploying under these 
flight loads, the Aerospike is ground tested on a centrifuge which imparts a large side 
load due to Coriolis effects. Once deployed, the Aerospike must meet stringent dimen- 
sional and structural requirements. 

Deployment is accomplished by internal pressures created by the solid propellant 
gas generator, which acts on the tube sections to overcome static and dynamic friction 
and external environments. The momentum and forces imparted by the gas force the 
joint/locking mechanism into the engaged position. Gas pressure initially builds up 
rapidly until a set of retention bolts fracture, releasing the tube sections. A s  the tube 
sections begin moving, the rapidly expanding volume within the Aerospike causes the 
pressure to decay; after the Aerospike is fully extended, the gas generator continues to 
build up pressure to ensure that all joints are in the locked position. Under large external 
loadings the deployment process is slowed sufficiently to require joint engagement due to 
internal pressure forces alone Two related problems occurred during early deployment 
testing: Under ground test conditions the deployment was taking place too rapidly, causing 
joint structural damage and rebound, and the gas generator was extinguished by impact 
induced acoustic resonance, These two problems were solved by a complete redesign of 
the gas generator and modifications to the joint/locking mechanism ~ 

. The gas generator extinguishment problem was especially perplexing because the 
N-5 propellant is used throughout the industry (2.75 inch rocket) and was thought to be 
well characterized; additionally, the extinguishment phenomena was temperature related, 
occurring only at low ambient temperatures. The extinguishment problem was traced to 
acoustic resonances induced by the shocks produced by the joints impacting into place. 
This resonance caused pressure excursions outside the region of stable burning and 
extinguishments occurred. Although extinguishment occurred before final extension, the 
tube sections had sufficient momentum to complete the deployment. Two methods of 
solutions were pursued: The first was to alleviate the impact shocks through addition of 
an energy absorbing device in each joint, o r  to slow down the deployment by reducing 
gas generator flow rate, The second method was to mechanically break up the resonance 
in the gas generator through grain design and resonance rods. 

Although a number of solutions could eliminate the extinguishment, complete 
elimination of the pressure fluctuations at joint impact could not be achieved and it was 
decided that the N-5 propellant was unsuited to this application. A low metalized pro- 
pellant, Arcite 386 M with 2% aluminum for resonance suppression, was selected and 
the grain geometry was tailored to deploy the Aerospike more slowly thereby reducing 
the shock induced resonance as well as the related joint impact damage. 

The second major problem was that the deployment was  too rapid, causing damage 
to the joint/locking mechanism and rebound past the locking area. The most severe 
damage occurred at the innermost joint which is the last joint to impact and carries the 
greatest kinetic energy; internal gas pressure was  insufficient to re-engage the lock 
mechanism on this joint which has the smallest cross sectional area for the gas to react 
against. The solution to this problem took three forms; the strength of the joint/locking 
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mechanism was increased to provide more resistance to impact damage and the 
locking €inger strength was  increased to reduce the chances of rebound. The deploy- 
ment was slowed by decreasing the initial gas generator flow rate and reducing the 
strength o€ the retention bolts by SO%, and, finally, the propellant loading was in- 
creased by 7Q% to increase peak pressure to ensure pressure lockup. 

Incorporation of the gas generator and the modifications have proven completely 
successful in solving the deployment problems. Aerospikes have since been tested 
under a large variety of conditions ranging from static gromd tests to missile flight 
test without an anomaly. Figure 4 compares the two deployments and Table 2 gives a 
history of Aerospike deployments. 

Table 2, Aerospike deployment 

Peak Peak 
Deploy Velocity Pressure Joint 

Test # Time, ms  in/sec psi Lock 

1 75 - 240 No 
2 82 - 175 No 
3 92 960 17 7 NO 
4 138 5 60 470 Yes 
5 118 695 500 Yes 
6 135 540 575 Yes 
7 136 550 550 Yes 
8 137 - 500 Yes 
9 123 - 500 Yes 

10 120 - - Yes 
11 138 - Yes - - Yes 12-18 - 

Note: 1. Changes introduced at  Test 4 
2. Tests 12-18 were flight tests 

STRUCTURAL 

The Aerospike becomes a part of the missile structure after it has been de- 
ployed and locked and it is subjected to severe environments during powered missile 
flight. The primary requirement for the Aerospike is to maintain a first bending 
mode frequency of 25 Hz to assure overall missile stability. During its two minutes 
of operation, the Aerospike is subjected to a combination of aerodynamic heating 
loads that raise parts of the aerospike above 1000°F, compressive axial aerodynamic 
loads of up to 2380 pounds, and vibratory loads that results in tip accelerations of up 
to 60 G in the first lateral bending moda. 
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The Aerospike carries these loads through its joint/locking mechanism as 
shown in Figure 5.  This mechanism, the primary determinant of natural frequency, 
carries the lateral bending loads through the two interference lands (this loading 
mechanism has been described in a previous paper, "Structural Evaluation of Deploy- 
able Aerodynamic Spike Booms, '' by B * J * Richter, 9th Aerospace Mechanisms 
Symposium), while the locking fingers provide the required axial strength. These 
fingers had to be redesigned after an early test revealed a design deficiency. The 
locking fingers were fastened to the tube section by pins; the early design had only 
one pin for every four lock fingers which allowed the fingers to rotate about the re- 
taining pins and slip out of the lock groove. By doubling the number of pins, this 
rotation was minimized and the axial capability was doubled to about 16,000 pounds - 
more than five times the flight requirement. Other changes, detailed in Figure 5,  
also helped increase the axial capability and provided additional capability to withstand 
the deployment shock and subsequent rebound. 

The Aerospike posed a challenge in testing the structural capability because 
each of the major environments -heat, vibration, and axial loads - affects the natural 
frequency and axial strength of the Aerospike, the prime determinants of Aheraspike 
acceptability. A combined environments test was devised to apply simutaneously 
simulated flight loads to the Aerospike. A shaker is used to apply a simultaneous 
combination of sine and random vibration, radiant heat lamps provide simulated aero- 
dynamic heating, and an air cylinder/cable arrangement applies the simulated aero- 
dynamic compressive load. The Aerospike is subjected to vibration in both the axial 
and lateral directions, although not simultaneously. Figure 6 shows the results of a 
typical lateral combined environments test; natural frequency can be seen to decrease 
as both the vibration level is increased and the skin temperature increases. Data 
from wind tunnel tests and two instrumented flight tests have shown the combined 
environments test to be a reasonable simulation of flight environments and the 
Aerospike has been proven to have structural capability far exceeding its flight loadings 
due to being designed for natural frequency and heat loadings at the end of flight. 

CONCLUDING REMARKS 

The Aerospike has proven to be an extremely successful method of improving the 
range of the Trident I at minimum cost. The unique nature of the Aerospike highlighted 
the importance of overall system design in mechanisms of this type. 
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Figure 2 Aerospike inertial Initiator 

MINIMUM TIME FOR BOOM MOTION 

8 4.0 

U 

/ 
MAXIMUM ACCELERATION 

MAXIMUM DEPLOYMENT TIME 

MINIMUM ACCELERATION 
" MUST FIRE" 

REGION 

01 I I I I I I I I 
0 2 4 6  8 IO 12 14 16 

TIME (SEC) 

Figure 3 Aerospike Acceleration Initiation and Deployment Requirement 
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Figure 4 Aerospike Deployment 

46 



OLD 
DESIGN 

TUBE STRENGTH 

HOOK HEIGHT 

GROOVE RAKE 

- FINGER STRENGTH 

NEW 
DESIGN 

Joint/Loc k Design Improvements 

17 INTERFERENCE FITS 
JOINT DESIGN 

LATERAL 
LOAD 

\-LOAD AXIAL 

\ LOCK FINGERS 
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A TELESCOPIC JIB FOR CONTINUOUS AOJUSTMENT 

By C. Ch. Etzler 

Dornier System GmbH 

ABSTRACT 

For special space applications, e.g. for experiments distant from any orbital platforms or manipu- 
lators a new kind of jibs with extreme extension capacity has to be designed. Considering the re- 
quirements the telescopic principle is found to be the most promising. For the choice of the stiff 
structure, design criteria are evaluated. Special effort deals with the drive system. An electro- 
mechanical system can satisfy the requirements. First results of the development of such a drive 
are presented. The most significant features are: A telescopic assembly of tubes which can be 
mutually moved by a short spindle in the centre of the package. An elastically suspended screw 
is  located a t  the bottom of each tube. For the jib extension these screws will be linked with the 
spindle. The control of their sequence and the adjustment of tubes in mutual end positions are . 

performed by latches. A functional model proved the basic idea. 

' INTRODUCTION 

There are fields of activities in space, where the application of extendable jibs is  necessary. One 
field i s  signified by the requirement to perform experiments in a certain distance of the space 
shuttle and other orbital platforms. The physical reason is to be free of a l l  kinds of disturbances 
caused by the platform. Distances between 30 and 50 meters are in discussion as being satisfac- 
tory. In other cases the establishment of special geometric positioning of experimental objects 
is desired. These targets have to be attained without introduction of intolerable inherent j ib- 
dependent new disturbances, and within narrow tolerances for deviations. The other field refers 
to the construction of large structures in space. In this case the jib shall have the capacity of 
being the integral part of a manipulator which partly fulfills the task comparable to the function 
of a human arm amplified in range and force. The jib shall be easy to handle manually or auto- 
matically. 

Up to now the extendable jibs are not constructed for general application and do not satisfy the 
whole requirements above circumferenced. This paper presents the characteristic items of a devel- 
opment we are persuaded to content an answer to the challenge set by the aims of space tech- 
nology. The paper refers to an extendable jib which incorporates the advantage of tailored booms 
to be optimal in weight and alignrnent accuracy with the flexibility required for use a t  manipula- 
tors. 

DESIGN REQUIREMENTS 

For application within the development of the extendable jib the generally formulated require- 
ments given in the introduction have to be formulated precisely to get their rationally provable 
demands. Signified by head lines these requirements are for the experimental application case: 
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large extension range (30 through 50 m), 

flexibility (continuous extension) with narrowhold mode tolerances 

guaranty of alignment within narrow tolerances (< 1 
tolerable dynamic response properties (vibration levels of launch, attitude control loads by 
vernier and primary thrusters of the supporting platform. preliminarily the space shuttle) 
regarding the jib strength capacity, the extension functions and control efficiency, 

small storage volume (mainly aspired to be smaller than one space shuttle pallet length) and 
weight (less than existing - and under restrictions applicable - competitive systems), 

clean environment (no gas, debris or contaminating fluids which could falsify experimental 
results or hamper their functions, 

easy adaptation to payload interfaces (e.g. development goal 200 kg payload). 

1' I ) ,  

The design requirements for manipulators are partly equal, partly not yet animated by final 
figures. The differences influence sizes or special parameters, e.g. in the case of experiments it 
is possible to wait up to the elastic vibrations are damped down:for manipulators one desires a 
behaviour which is nearly equal to the aperiodic boundary case. Nevertheless these differences 
do not make questionable the main design principle for jib extension. 

HOKE OF JIB STRUCTURE 

For unfolding mechanisms several structural principles have proved their capability: the two hinges 
and the multi hinges booms, the boom built up by stiffly erected continuous material cords and 
the telescopic booms. Already for reason of the volume demands the first principle has~to be 
excluded. By means of a design based on the second and third principle it is difficult to get the 
desired stiff ness and alignment independently from the extension status. The only principle pro- 
mising to cover all requirements is the telescopic structure. 

The european GEOS satellite was equipped with two pairs of telescopic booms. Structural lay- 
out ideas could be expanded to general application. But for their drive system a new mechanism 
had to be developped to become able to  fulf i l l  the requirements. Several reasons (simple power 
supply, tolerable disturbance of the environment, short and direct methods for control opera- 
tions) urge to use electric motors for energy feed in. 

The conversion of the motor revolution into mutually telescopic tube linear motion is carried 
out by means of a spindle drive..The advantage and reason for choice is the short way for drive 
torques in motion and hold phases, e.g. i f  compared with rope drives. Weight saving reasons 
favour reception of the drive system in the tube assembly core. Some guiding and latching 
mechanisms have to work together with the drive. 
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In the following the whole system will be described. Fortunately this can be done separately for 
the main functions: 

- procurement of stiff structure, 
- drive, 
- guiding, and latching for hold phases, 
- control, 
- power and signal transfer. 

The two latter functions are only mentioned for completeness and not discussed in detail. 

THE STIFF STRUCTURE 

The stiff structure consists of an assembly of tubes with different diamter (Fig. I ) ,  which are 
mounted into one another. They put together nearly fully in the stowed condition and only 
partly up to a final overlap length in unfolded conditions. 

The tubes do not have necessarily a circular cross-section . The triangle too is  an interestic shape 
with some advantages for guiding. The circular shape presents advantages for manufacture and is  ' 
chosen as a basis for design estimations. 

For constructional reasons,namely to mount the drive mechanism, the smallest tube should have 
a diameter not smaller than 60 mm. Advantages for manufacture can be deduced if the increase 
of diameter is performed by constant steps, thus getting constant gap widths between the tubes 
to place identical latching mechanisms within. The ratio of the smallest to the largest diameter (i) 
can be optimized with regard to the desired response behaviour, assuming a constant ratio bet- 
ween inner and outer diameter ( a )  for each tube. The ratio i is bigger than tolerable from the 
manufactural view point. Therefore a constant (a )  policy for all tubes is  not practicable. But this 
influence is not so important that for further estimations this aspect will be expanded here. 

The design goal is to get a sufficiently stiff construction with minimum of weight. Representa- 
tive for stiffness is the deflection (6)  under static loads. To describe the dependencies Fig. 2 has 
been drawn. The abscissa presents the acceleration environment at  the space shuttle spread over 
the range from vernier thruster to primary thruster pulses. The vernier thruster pulses may induce 
a . boom oscillation with amplified amplitudes within the first half of the described range. The 
graphs are valid for a construction with one kind of material, constant wall thickness ratio ( a )  and 
constant resulting deflection ( 6 ) .  Additional deflection caused by backlash is not considered. 
The graphs describe weight expense, readable at  the ordinate of the figure. The additional weight 
by overlapping of the adjacent tubes and by the drive mechanism is considered. Competitive 
materialrare only aluminum alloy and CFP. 

, 

From the Fig. 2 it can be deduced furthermore the tube wall thickness has a tremendous influence 
on the total weight. It should be as small as possible and as far as the pertinent increase of dia- 
meter allows. Further it can be deduced that the increase of stiffness by the factor of ten means 
increase of weight by the factor of three. In this situation the aluminum alloy boom can be re- 
placed by a CFP construction gaining half of the weight. 

In Fig. 3 the design goal stiffness is checked against strength, resp. manufactural and construc- 
tional view points. The diagrams demonstrates that there exist lower and upper limits for the 
jib diameter. The lower limit is bounded to a wall thickness smaller than it would be practicable 
for a plain CFP shell. This suggests a network construction seems to be adequate for the material. 

51 



Concerning the upper boundary more detailed investigations are necessary. 

An important viewpoint is the thermal stability. At CFP designs by i t s  special properties this 
is reachable with special variation of the directions of the fibers. In case of aluminum construc- 
tions it may be necessary to perforate the boom, mainly a t  tubes with small diameter because 
the temperature dependent deflection is inversely proportional to the tube diameter. But this 
technology is bounded to weight expense. 

Not included in the description of basic design aspects and parametric relations but necessary 
to investigate are local reinforcements a t  latching points and guiding tracks. 

Two elements of the drive mechanism have been already mentioned: the motor and the spindle. 
The spindle has a threaded and an unthreaded section. In Fig. 1 this section is located between 
the motor and the upper spindle part. Further elements required for the drive are screws elasti- 
cally suspended at  the bottom of each tube and finally keyway rails at  the shell surface of each 
tube to prevent mutual rotation of the tubes. 

In the stowage mode, when the tubes are nearly completely fitted into one another, the screws 
are stringed up over the unthreaded store - section of the spindle. Only the uppermost screw 
i s  thrown into gear (Fig. 4). 

The deployment mode starts with shift of the upper screw along the spindle, when it starts to 
turn. To prevent the other screws and therewithi the other tubes to follow these tubes are latched 
with one another by pins. This will be described in detail later. 

Shortly before the moving screw leaves the spindle a skewed ring of the moving tube comes into 
contact with a counter ring fixed a t  the upper end of the neighbouring outer tube (see Fig. 5). 
Now this tube is  urged to leave the store. After i t s  bottom screw has been thrown into gear the 
bottom screw of the preceding tube leaves the spindle not before the coupling between both 
tubes is performed. 

The coupled tubes are now together the moving part. The described sequence from the start 
of deployment will be repeated up to fully boom extension. At any longitudinal extension is a 
stop of the motion (hold phase) and also a reversal of motion possible. 

In the totally extended condition the holding phase is signified by the fact that al l  screws are 
outside the spindle without one. The reachable position of the last screw depends on the length 
of the container tube. For direct coupling of the last moving tube with the container tube the 
screw should reach the upper end of the spindle to release the coupling mechanism as in the 
cases before. Then the most outer (container) tube has to have nearly the block length (LB) of 
the telescopic boom, whilst all other tubes have the length LB - (n-l).Ls. Ls is the thickness 
of the bottom sections with the suspended screws and assumed to be equal for a l l  tubesand n is 
the number of moving tubes. The described construction has the advantage that in the most 
unfolded condition the spindle is eased from loads. These have to take the direct path through the 
tube wa I Is. 
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In Fig. 6 our functional model is  sketched, a l l  tubes having the same length. The desired end 
positioning of the last screw is  maintained by loss of overlapping between the last two tubes, 
which is  not a preferred design. loss of overlapping means loss of stiffness and alignment accuracy. 

The choice of the motor for the drive system depends on the awaited motion performances. 
Those are not finally fenced in, therefore this problem will not be discussed here. The choice 
of the coupling between the motor and the spindle and the supporting of the spindle which has 
to be suited and therefore different for operation and launch, has been excluded too. 

THE LATCHING AND GUIDING DEVICES 

The control of the sequence of motion and the blocking of the tubes in mutual end positions 
are performed by latches and pins. In the stowage mode each tube is  blocked with the neigh- 
bouring outer tube by a t  least three pins (see Fig. 4). With exception of the pins of the most 
upper tube al l  other pins are blocked by additional pins which dive from the bottom of each 
tube into the bottom section of the adjacent tube. 

During the deployment mode the lifting bottom pulls i t s  blocking pin out of the next resting 
bottom. There the fixation of the coupling pins is solved and the resting tube can be set into . 
motion as soon as a force along side the resting tube is  high enough to overcome the lateral for- 
ces at  the coupling pins from the skewed resting hole borders. The force required will be set free, 
by the drive system and introduced into the resting tube by the above mentioned contact rings 
(Fig. 5). 

The amount of the force has to be significantly larger thar! friction between the moving tube 
and the resting tube, accelleration forces gathered directly from the single resting tube. 

For the last (bottom section) coupling pins a suitable number of resting positions (n-I in equal 
distances along side the container tube has to be provided. This is necessary to warrant the block- 
ing and unique positioning of the tube packages. 

The coupling of moving tubes is performed by latches, three for each bottom section as visible 
in Fig. 7. A skewed plug of each latch is  pushed into appertaining holes of the neighbouring 
outer tube by a compression spring, This latching can occur as soon as latch pins give the latch 
free to rotate. These pins on the other hand are blocked by the spindel. Only when the bottom 
section with the pins is  outside the spindle length the pins release the latch. 

For the reversa1,that is the opening of latching,the spindle head cone has to penetrate the pin 
section and to push the pins outside. Then the pins will turn the latches back with drawing their 
plugs out of the resting holes. 

The latching pins are mounted in the same bottom section as the coupling pins. The latching pins 
serve only for one task. In the case of booms with a sufficiently stiff structure the coupling pins 
can be used in addition for realization of a jib free of backlash, bridging the necessary gap to 
prevent jamming between two tubes by spring elasticity. But it may be required to solve the 
task by means of different elements. And this has to be handled together with the bridging of the 
gap between the stop rings. The problem has to be handled very cautiously because a l l  failures 
will be augmented by the number of tubes. 

A final remark has to be made referring to the keyway rails which prevent the mutual torsion of 
the tubes. Because only in maximum two rai ls are in relative motion simultaneously their toler- 
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ances and gaps between their keyways induce no problems for alignment. The locked tubes can 
be hold in unique positions thus creating no additional geometric deviations. 

ERENCE OF REQUlR MENTS AT THE SPINDLE 

The topics presented up to now were functional components built up by sets of structural ele- 
ments. These elements have to be chosen appropriately. The spindle is  an example. 

If the length of the fully extended boom is specified then the length of the spindle depends on 
several parameters. At first there is the number of tubes and this number (n) depends on align- 
ment requirements (As ) ,  the desired stowed boom block length (LB), on the tubes overlapping 
length (Lu) and the tube bottom section thickness (Ls). The last parameter interferes with the 
thread pitch. The elastically suspended screw should have the possibility of performing the elastic 
motion equal to two spindle revolutions in both axial boom directions. This drive a t  a low pitch 
number. The necessity for self locking if the motor gear does not perform this work in inter- 
mediate boom positions also claims to a low pitch number. 

The requirement to minimize weight asks for a small number of tubes. Finally dynamic response 
estimations as well as aspects of strength have to be considered. In Fig. 8 the main influencing 
parameters are gathered. The abscissc of the diagram refers to the number of tube elements. The 
ordinate refers to ratio between the induced alignment error and the diameter tolerances. The 
latter are the reason for alignment errors. The lines in the diagram are signified by constant over- 
lapping length, constant block length, or constant spindle length. 

It is  visible tha t  the overlapping length has a very significant influence on the alignment. Better 
alignment calls for more overlapping. This in addition hasas result a larger block length. Only with 
a special number of tubes a minimum of alignment errors is reachable. 

A realistic compromise for greater 0.8 m diameter booms will be 3.5 m block length, 17 tubes and 
2.5 m spindle length (threaded part). For reason of the oscillation behaviour this spindle'should 
have about 25 mm diameter. Then the amplification of boom dependent inputs for the spindle 
wilt be in any case smaller 6 dB. 

A summary of important design details of the telescopic jib has been presented. The estimation 
of the interference of al l  details is not closed. By means of a functional model it has been proved 
that the drive and latching mechanism works satisfactorily. Further efforts therefore will be to 
develop a jib based on the initial success and experiences. Thus mating by the presented estima- 
tions the initial design idea with the required properties. The main steps will be: 

- guaranty of latching system reliability, 
- increase of the spindlehrew efficiency, 
- development of a stiff tube structure. 

The first two tasks will be signified by a lot of test activities. 
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DESIGN OF A PIEZOELECTRIC SHAKER FOR CENTRIFUGE TESTING 

By Jeffrey G .  Canclini 
NASA-Ames Research Center 

Jerald M. Henderson 
University of California, Davis 

AB ST RA CT 

Centrifuge tes t ing i s  a new experimental technique designed to  t e s t  models 
Using centrifuge modeling to  study the e f fec ts  of of large earthen structures.  

earthquake ground motion requires a compact lightweight actuator t ha t  can pro- 
duce large forces a t  h i g h  frequencies. 

T h i s  paper describes the design of a prototype piezoelectric shaker and 
i t s  development to  date. 
the piezoelectric system shows promise for adaptation to  a larger payload system 
such as the proposed geotechnical centrifuge a t  the Ames Research Center. 

Although certain design problems remain to  be solved, 

INTRODUCTION 

A centrifuge can simulate gravity-induced s t resses  on foundations and earth 
structures a t  a reduced geometric scale through centrifuge loading. 
technique, large structures of a s ize  tha t  cannot be tested practically i n  any 
other fashion can be modeled. In addition, centrifuge modeling i s  potentially a 
more accurate tes t ing method and therefore can be used to  verify and improve 
present f i n i  t e  element analysis techniques. In centrifuge model tes t ing , a soi 1 
payload experiences increased so i l  pore pressure due to  the normal (centripetal  ) 
acceleration produced by the centrifuge rotation. T h i s  increased pressure causes 
the soi l  t o  behave as though i t  was a t  a deeper level .  For example, a 100 foot 
deep earthen dam can be represented by a 1 foot deep embankment when subjected t o  
a 100 g normal acceleration. 

Centrifuge modeling can be used to  study the e f fec t  of earthquake ground 
motion on earthen embankments. To correctly simulate real world conditions i n  
an N times g normal acceleration t e s t ,  the centrifuge model laws require the 
simulated earthquake motion to  have N times the acceleration, N times the frequency 
and 1/N times the duration of the real world motion. W i t h  an actual peak acceler- 
ation of .25 g 's ,  a frequency o f  4 Hz and a time d u r a t i o n  of 10 seconds, a model 
payload rotating with a 100 g normal acceleration would need to  experience a 25 g 
peak acceleration w i t h  a frequency of 400 Hz las t ing fo r  0.1 seconds. 

Using t h i s  

In 1976, a t  the University of California, Daviss the Department of C i v i l  and 
Mechanical Engineering, i n  collaboration w i t h  the NASA-Ames Research Center, under- 
took a study to  develop an earthquake simulator system. I t  was proposed tha t  the 
f eas ib i l i t y  of the system be tested i n  the Schaevitz 3-meter-arm centrifuge a t  Davis. 
The system components include: 
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1 .  An actuator capable of producing the desired earthquake motion on 
a t e s t  payload. 

2. A payload box (container) t o  hold model earthen embankments. 

3 .  A mounting and drive system t o  attach the actuator and payload box 
to  each other and secure them to  the centrifuge. 

4. A monitoring system to  record the earthquake motion and i t s  sub- 
sequent e f fec ts  on the test  payload. 

Using this system,preliminary data was obtained to  check the accuracy of 
the model laws and to  determine the f eas ib i l i t y  of developing this system fo r  
use i n  a larger  centrifuge. 

DESIGN 

Discussions between the organizations involved and other geotechnical 
researchers resulted i n  the following design requirements: 

1. The actuation need only produce motion i n  one dimension. The desired 
model factor  i s  N=100 ( i e e - ,  the test payload will experience a 100 g 
normal acceleration).  

2. The shaking system i s  to  be mounted i n  the outer,free-swinging bucket 
presently attached to  the centrifuge. Some additional space is. avail-  
able a t  the center o f  the centrifuge fo r  equipment mounting. 

3.  The total  useful load mounted inside the outer bucket may not exceed 
100 pounds (this i ncl udes soi 1 , pay1 oad box actuator, and i nstrumen- 
ta t ion mounted i n  the outer bucket). 

4. The instrumentation will include a videotape camera (mounted i n  the 
center of the centrifuge) a n  accelerometer attached to  the payload 
box, and a pore pressure transducer. 

5. The shaker mechanism must be made as l i gh t  as  possible i n  order t o  
maximize the amount of soi l  t ha t  can be used i n  a centrifuge t e s t .  

6. The soi l  payload depth will not exceed 5 inches. 

7. The  shaker should be able t o  model real world accelerations of .2 to  
.5 g .  

8. The exact simulation of a g iven  earthquake record is desired, b u t  a 
shaker which can produce sinusoidal motion from 200 to  600 Hz frequency 
range i s  considered acceptable. 
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METHOD CHOSEN 

Seven possible actuator methods were considered. These were electro- 
dynamic, rotating counterweights, explosive f i r i n g ,  spark gap ( e l ec t r i c  arc 
di scharge) , el  ectrohydraul i c ,  natural osci 11 a t i  on of a spring-mass system 
and piezoelectric.  
design requirements. 
an exact earthquake record. 

The piezoelectric method was found t o  best s a t i s fy  the 
I t  i s  simple, l i gh t ,  compact, and can potentially model 

A piezoelectric ceramic element i s  an a r t i f ic ia l ly-polar ized  wafer which 
The 

To obtain the desired displacements, i t  i s  necessary 

deforms when an e l ec t r i c  f i e l d  i s  applied across i t s  polarized surfaces. 
magnitude of the s t r a in  i s  d i rec t ly  proportional to the magnitude of the 
e l ec t r i c  f i e l d  applied. 
t o  stack a number of elements i n  se r ies  and pre-stress them i n  Compression. 
Since the s t r a i n  i s  related to  the e l ec t r i c  f i e l d  applied, i t  i s  possible to  
control the motion by varying the e lec t r ica l  input signal.  

SYSTEM COMPONENTS 

The des ign  of the piezoelectric actuator system was divided in to  f ive  
areas: 

1 . P i  ezoel ec tri c el ements . 
2. Electrical system. 

3. Piezoelectric stack support and insulation. 

4. Preload and drive system. 

5. Payload box and i t s  support. 

Piezoelectric Elements 

The piezoelectric material chosen was a lead t i t ana te  ceramic called PZT-4. 
T h i s  material has the highest s t r a in  per u n i t  length of any available material 
when operated just below i t s  maximum depoling f i e ld .  
and can withstand the most compressive s t r e s s  of the piezoelectric materials 
manufactured. 
(da3 i s  a measure of the strain produced fo r  a given applied e l ec t r i c  f i e l d )  
re uces the power necessary t o  operate i t .  For PZT-4 operating a t  low voltage 
levels d i s  approximately 2.89 x 10-10 meters/volt. 
thicknesz available (0.5 inches) was chosen to  reduce the number of e lec t r ica l  
connections. To reduce the power requirements, primary t e s t s  conducted used 
a 6-inch stack (12 piezoelectric elements) to  drive the payload. The proposed 
final design i s  t o  use an 8-inch stack (16 piezoelectric elements). 

I t  has a low compliance 

I t s  re la t ively low capacitance combined w i t h  a h i g h  d33 constant 

The largest  standard 

E l  ec tri cal Sys tem 

Figure 1 shows the basic electromechanical model of a piezoelectric element 
fo r  a non-resonant system. The leakage resistance R L  i s ,  for  t h i s  application, 
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so large t h a t  i t  can be treated as an open c i r cu i t .  
of the model reduces simply to  a capacitor w i t h  a reactance of I/wCee 
Because of the large impedance and h i g h  voltage requirements of the piezoelectric 
stack, i t  is  estimated tha t  the power required to  operate a t  maximum amplitude 
would be near 28 kw (a 6 inch stack operated sinusoidally a t  500 Hz). To eval- 
uate the system without the use of a larger power supply the system is incorpo- 
rated into an LRC resonant c i r cu i t .  In this c i r c u i t  the piezoelectric stack 
behaves as a capacitor while a variable inductor is  used to  peak the applied 
e l ec t r i c  voltage a t  d i f fe ren t  frequencies. 

The e lec t r ica l  portion 

As shown in Figure 2,  the piezoelectric elements a re  connected e l ec t r i ca l ly  
i n  parallel  by t h i n  shims placed between each element. 

Piezoelectric Stack Support and Insulation 

To insulate and protect the piezoelectric elements from other components 
i n  the system and to  hold the s ta in less  s teel  shims i n  place, a hollow poly- 
vinylchloride (PVC) cyl-inder (Figure 2 )  surrounds the piezoelectric stack. 
As an additional safeguard to  prevent e lec t r ica l  arcingg anticorona coating 
is  sprayed on the outer sides of the elements. To separate the outer edges 
of the posit ive shims from the groundwire, and visa versa, each sh im has a 
terminal str ip which passes through a s l o t  i n  the PVC shell and allows connec- 
t ions outside the shel l .  The positive and negative terminals a re  connected on 
opposite s ides  of the she l l .  The PVC shell  a lso ac ts  as a support fo r  the 
piezoelectric elements and helps to  keep them aligned. 

Piezoelectric Preload and Drive System 

The stack i s  preloaded u s i n g  disc s p r i n g s  to  hold the stack t igh t ly  together 
as i t  expands and contracts [Figure 2) .  
constant much less  than the s p r i n g  constant of the stack drive system allows the 
higher s p r i n g  constant t o  control the resonant frequency. 
varied from 0 - 6500 pounds. 
The piston actuator s l ides  through the hollow center of the disc springs and the 
preloading bar. 
bakelite co l la rs  preventing a ground loop which would reduce the current passing 
through the elements. 

Using disc spr ings  w i t h  a total  s p r i n g  

Most t e s t s  were conducted w i t h  a 4500 pound preload. 
Preloading can be 

The preloading bo1 ts are  insulated from the preloading bar by 

The piezoelectric stack and drive system is mounted underneath the baseplate 
of the payload box as shown i n  Figure 3.  
plate of the payload box would provide a more r i g i d  connection, this was not possi- 
ble due t o  the dimensions of the outer bucket i n  the centrifuge. 
compressed on one end by a baseplate which i n  t u r n  is  bolted to  the outer centrifuge 
bucket. In addition to  compressing the piezoelectric stack the baseplate d i s t r i b -  
utes the force acting on the outer bucket wall, reducing the s t r e s s  and deflection 
i n  this wall. 
which i n  t u r n  i s  threaded and bolted to  a mounting plate attached to  the bottom of 
the payload box. 

Although mounting the stack to  the base- 

The stack is  

The outer end of the stack is compressed by the piston actuator 

Payload Box and I t s  Support System 

-The payload box is  shown i n  Figures 3 and 4. Weight, s ize ,  s t r e s s ,  resonanceg 
and providing a very s t i f f  attaching platform were the five major considerations 
used i n  developing the box. 
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The payload box i s  constructed of 6061-T651 aluminum alloy. To increase 
the r ig id i ty  between the payload box and the piston actuator, s t i f fening ribs 
a re  welded to  the bottom of the box (Figure 3 ) .  W i t h  this reinforcement, the 
s t i f fness  of the baseplate i s  estimated to  be between 10 and 100 times greater 
than t h a t  of the four cantilever supports. 

The dimensions of the cantilever supports represent a compromise between 
the need for  low stresses  and a h i g h  resonance frequency and the desire for 
low compliance and minimum mass. 

Description of Overall System 

Figure 5 portrays the current t e s t  setup. 
manually tr iggered, a low voltage AC signal i s  sent t o  the power amplifier for  
a prescribed time interval .  The output signal from the power amplifier i s  fed 
t h r o u g h  the autotransformer and into the inductor. This h i g h  voltage sinusoidal 
signal i s  fed t o  the piezoelectric elements producing a sinusoidal motion pro- 
portional to  the e l ec t r i c  f i e ld  across them. The signal generator also tr iggers 
the oscilloscope sweep and sends a signal t o  the d ig i ta l  counter which records 
the time interval of the t e s t  run .  

When the frequency generator i s  

The voltage across the en t i re  LRC system, the voltage across the piezoelec- 
t r i c  elements and the current through the LRC system i s  monitored by voltage 
and current probes connected t o  an osci 11 oscope. The accel eration produced i s  
measured by an accelerometer r igidly attached t o  e i ther  the p i s t o n  actuator o r  
the payload box. 
centrifuge i s  used to  observe the payload, 

A video camera attached on the center platform inside the 

Slip rings on the main s h a f t  of the centrifuge provide e lec t r ica l  connec- 
t ions fo r  dynamic t e s t s .  The charge amplifier i s  mounted inside the centrifuge 
to  reduce the ef fec ts  of e lectr ical  noise generated when the s i g n a l  passes 
th rough  the s l ip  rings. 
grounds the charge amplifier and clears  i t  of t ransient  signals.  
f i l t e r  screens out 60 Hz noise and other h i g h  frequency electr ical  and mechanical 
noise. 

A solenoid remotely triggered by a DC power supply 
The bandpass 

RESULTS 

S ta t ic  tests (conducted without the centrifuge rotat ing)  produced accelera- 
t ions a t  or above the level expected. Mechanical resonance of the shaker pay- 
load system occurred a t  a lower frequency than predicted amplifying the accel- 
eration produced near 500 Hz. 
acceleration peaks even though the appl ied voltage i s  decl i n i  ng . 

of this decline i s  due t o  the normal acceleration affecting the mechanical reso- 
nance frequency. 
coupling between the piezoelectric stack and the payload bucket. 
modifications have been tested b u t  none have completely eliminated the decline. 
Other factors t h a t  may contribute to  the decline are under investigation. 

T h i s  resonance can be observed i n  Figure 6 where 

Dynamic t e s t s  produced acceleration which declined a s  RPM's increased. P a r t  

Another p a r t  i s  due to  the normal force acting on the mechanical 
A number of 
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Current t e s t s  were conducted a t  40% of the piezoelectric systemk rated 
capacity. 
addition to  modifications tha t  will hopefully eliminate the decline i n  ac- 
celeration o r  a t  l e a s t  lead to  an understanding o f  why i t  exists. 

The system i s  being modified to  operate a t  h igher  power levels i n  

CONCLUSIONS 

To date the results o f  t h i s  study have shown; 

1.  The f eas ib i l i t y  o f  producing large forces using the piezoelectric 
sys tem. 

2. The f eas ib i l i t y  of easi ly  controlling and varying the frequency, the 
amplitude of acceleration and the time duration o f  motion. 

3.  The system shows promise fo r  adaptation to  a larger payload system. 

Before a complete evaluation can be made, the system needs t o  be be t te r  
understood. 
conducted w i t h  a " s t i f f e r "  system to  eliminate the influence of mechanical 
resonance, and t e s t s  conducted a t  higher power levels are  necessary before 
valid geotechnical studies can be successfully conducted. 

Elimination of the decline when the centrifuge is rotating, tests 
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FIGURE 1 - Electromechanical model of a piezoelectric element. 
leakage resistance,  Ce the e lectr ical  capacitance, 1.J the transformation 
ra t io ,  Cm the mechanical compliance, me the effect ive mass, R, the mechanical 
resistance, and mPL the mass of the paylaad, 

RL i s  the 
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FIGURE 2 - Piezoelectric stack shown w i t h  greloading system and e lec t r ica l  
w i r i n g .  
system when no payload bucket i s  attached. 

The piston actuator shown i s  used t o  measure acceleration of the 
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FIGURE 3 - Side view o f  piezoelectric system showing attachement 
o f  the piston actuator t o  the payload bucket. 
not shown. 

Electric wir ing  i s  
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FIGURE 4 - Bottom view o f  payload bucket with 
piezoelectric stack and driving system attached. 



\ \ 

FIGURE 5 - Geographic location o f  piezoelectr ic  system components. 
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GIMBAL BEARING DESIGN CONSIDERATXONS 

AND FRICTION CONTROL 

By Nathan R. K r a m e r  
Hughes A i r c r a f t  Company 

ABSTRACT 

The des ign  cons ide ra t ions  of bear ing  s e l e c t i o n ,  bea r ing  f i t s ,  bear ing  
i n s t a l l a t i o n  and thermal c o n t r o l  are d iscussed  f o r  a gimbal wi th  a h igh  
s t i f f n e s s ,  low f r i c t i o n  torque requirement .  
s m a l l  d iameter  spread a p a r t  o r  a l a r g e  diameter bea r ing  p a i r  r e s u l t e d  i n  a 
c l eane r ,  l i g h t e r ,  s t i f f e r  u n i t  w i th  t h e  l a t te r  s e l e c t i o n .  

Bearing f i t s  were designed t o  e l imina te  c l ea rances  wi th  to l e rances  of 
127x10-5 mm (50x10-6 i n )  on the  bea r ing  s h a f t s  and housings.  The problems 
i n  metrology are d iscussed  and a p r e f e r r e d  technique f o r  measurement of 
small cross-sec t ion  bea r ings  descr ibed .  A technique f o r  i n s t a l l a t i o n  t o  
a s s u r e  proper  s e a t i n g  of t h e  bear ing  i s  o f f e r e d .  

c o n t r o l l i n g  bear ing  f r i c t i o n  by a c t i v e  c o n t r o l  of bea r ing  temperature  grad i -  
e n t s  i nc lud ing  t h e  use  of bea r ing  unload test curves i s  descr ibed .  

Tradeoffs  between a quad set  of 

F i n a l l y ,  where t r a n s i e n t  thermal condi t ions  are involved,  a method of 

INTRODUCTION 

When adequate  s t i f f n e s s  of a device  r e q u i r e s  t i g h t  bear ing  f i t s  b u t  
o t h e r  cons ide ra t ions  prec lude  h igh  bear ing  stresses and h igh  bear ing  f r i c t i o n ,  
and on top  of t h a t  t h e r e  exists h igh  launch loads ,  a dynamic thermal environ- 
ment and weight  and space  l i m i t a t i o n s ,  how does one handle  t h i s  delimma? 
This paper desc r ibes  an approach t h a t  evolved f o r  handl ing a case of t h i s  
na tu re .  

BEARING SELECTION 

The problem concerned a two axis gimbal, F igure  1, i n  which t h e  s t r u c -  
t u r e  w a s  r equ i r ed  t o  have a s t i f f n e s s  of approximately 40 Hz. 
t i m e  t he  f r i c t i o n  had t o  b e  kep t  t o  a minimum f o r  proper  se rvo  ope ra t ion .  
The s i z e ,  weight  and power a v a i l a b l e  w e r e  a l s o  cr i t ical .  The azimuth 
bear ing  w a s  t h e  key element of t h e  gimbal design i n  c o n t r o l l i n g  both  t h e  
s t i f f n e s s  and t h e  f r i c t i o n  va lues .  Inasmuch as t h e s e  two c h a r a c t e r i s t i c s  
are d i r e c t  func t ions  of each o t h e r ,  i .e . ,  an i n c r e a s e  i n  pre load  f o r  
g r e a t e r  s t i f f n e s s  r e s u l t s  i n  an i n c r e a s e  i n  f r i c t i o n ,  t h e  s i t u a t i o n  w a s  l i k e  
t r y i n g  t o  walk a t i g h t r o p e  between adequate  s t i f f n e s s  and acceptab le  f r i c t i o n  
torque  levels.  

and lower p a i r s  spaced a p a r t  t o  provide over turn ing  moment s t i f f n e s s .  
F igure  2. 
a much c l eane r ,  more compact, l i g h t e r  weight and s t i f f e r  design.  The bear- 
ing  s e l e c t e d  was  26.7 cm (10.5 inch)  I . D .  x 29.5 cm (11.6 inch)  O.D. x 2.54 
cm (1.00 inch)  wide wi th  n i n e t y  (90) -635 cm (.250 inch)  diameter  b a l l s  i n  
each row. 
assembled i n  a DB arrangement w i t h  a pre load  of 125 pounds. 

A t  t h e  s a m e  

I n i t i a l  design s t u d i e s  looked a t  quad sets of bea r ings  wi th  t h e  upper 
See 

However one l a r g e  bear ing  p a i r  w i th  a h igh  c o n t a c t  ang le  provided 

The material i s  440C s t a i n l e s s  steel  and t h e  bear ings  are 
For t h e  e l e v a t i o n  
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ax i s ,  where t h e  d i s t ance  between bearings is  approximately 20 inches, two DF 
p a i r s  having 12.7 cm (5 .0 inch) bores with a .95 cm (.375 inch) c rossec t ion  
were se lec ted .  

Rulon A. 
The bearings w e r e  dry f i l m  lubr ica ted  with molybdenum d i s u l f i d e  and 

And a Rulon A plus  5% MoS2 r e t a i n e r  provides a lub r i can t  r e se rvo i r .  

BEARING FITS 

I n  order t o  maintain t h e  s t i f f n e s s  throughout t h e  temperature range an 
in t e r f e rence  f i t  of 760 t o  890 x mm (300 t o  350 x inch) w a s  speci- 
f i e d  with t h e  s h a f t  of t h e  azimuth bearing and 0 t o  127 x mm ( 0  t o  50 x 

For t h e  
e leva t ion  bearing, 127 t o  254 x mm (50 t o  100 x inch) c learance  
w a s  spec i f i ed  f o r  both inner and outer  diameters p r i o r  t o  preloading. 
t he  I . D .  con t r ac t s  and t h e  O.D. expands approximately 254 x mm (1.00 x 

ness i s  maintained. 
I n  order t o  achieve t h e  bearing f i t s  spec i f i ed ,  it required very accur- 

ate measurements of t h e  bearing diameters and then f a b r i c a t i o n  of t h e  s h a f t s  
and housings t o  f i t  t h e  se l ec t ed  bearings. However, i t  w a s  soon found t h a t  
measuring t h e  diameters of s m a l l  c rossec t ion  bearings i s  not  a simple th ing  
t o  do. A s  an experiment t h r e e  sets of bearings w e r e  s e n t  f o r  measurement 
t o  two sources which are reputed t o  be exper t s  i n  metrology and t h e  r e s u l t s  
w e r e  compared with t h e  bearing vendor-supplied da ta .  
s u l t s  are shown i n  Table I. 

inch) clearance f i t  with t h e  housing, p r i o r  t o  preloading. 

Since 

inch) when t h e  preload i s  applied,  a l l  c learances  are removed, and s t i f f -  

A t y p i c a l  set of re- 

TABLE I 

O.D. 
=(in. ) 

I .D .  (-1) I . D .  ( -2) 
mm (in.)  mm(in.1 

VENDOR 

A 

B 

MEAN 

294.63550 266.69652 266.69619 
(11.599823) (10.499863) (10.499850) 

294.63218 266.69937 266.69683 
(11.599692) (10.49975) (10.499875) 

294.63111 266.69594 266.69467 
(11.599650) (10.499840) 10.499790) 

294.63294 266.69728 266.69589 
(11.599722) (10.499893) (10.499838) 

MEAN DEVIATION 0.00170 0.00140 0.0081 
(0.000067) (0.000055) (0.000032) 

MAX. DIFFERENCE 0.00439 0.00343 0.00216 
(0.000273) (0.000135) (0.000085) 

I n  another experiment, one of t h e  sources w a s  asked t o  measure t h e  same 
diameter each day f o r  f i v e  successive days using t h e  s a m e  operator and 
same instruments. The d i f f e rence  i n  t h e  r e s u l t s  averaged approximately 
100 x mm (40 x inch) wi th  a t o t a l  spread of about 315 x mm 
(125 x inch). 
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It w a s  found t h a t  p ick ing  up a small c rossec t ion  bear ing  i s  very  much 

To overcome 

This  is done 

l i k e  p ick ing  up a w e t  noodle t h a t  has  been formed i n t o  a r i n g .  
w i l l  move i n  t h e  d i r e c t i o n  i n  which hand p res su re  i s  appl ied .  
t h i s  e f f e c t ,  t h e  procedure f o r  measurement which w a s  adopted provides  an 
i n t e g r a t e d  average of t h e  r ad ius  around t h e  en t i r e  per imeter .  
by u t i l i z i n g  a set of gage blocks s tacked  t o  the  nominal diameter t o  be  
measured. This  s t a c k  is  centered  on an Indi ron  t a b l e .  A two gram f o r c e  
i n d i c a t o r  probe is  used t o  p l o t  t he  l o c a t i o n  of t h e  ends of t h e  s t a c k  on t h e  
Indi ron  Char t  wi th  t h e  scale set f o r  254 x 10-6 inch)  pe r  d i v i s i o n .  A circle  
drawn between t h e  two d i a m e t r i c a l l y  opposed low p o i n t s  r ep resen t s  t h e  nominal 
diameter ,  see Figure  3 .  Without changing t h e  s e t t i n g ,  t h e  gage b locks  are 
removed and the  r i n g  t o  be  measured centered  on t h e  Indi ron  Table.  The 
r i n g  diameter  i s  then run wi th  t h e  two gram probe and p l o t t e d  on t h e  same 
cha r t .  The average d i f f e r e n c e  between t h i s  p l o t  and t h e  nominal diameter 
c i rc le  is  then determined from which t h e  bear ing  diameter is  e s t ab l i shed .  

The diameter 

BEARING INSTALLATION 

Bearing i n s t a l l a t i o n  w a s  c a r e f u l l y  superv ised  t o  be s u r e  t h a t  t he  bear- 
ings  were proper ly  o r i e n t e d  and a l igned  b u t  of  most concern w a s  making s u r e  
t h a t  t h e  bear ings  were f u l l y  sea t ed  wi thout  applying excess ive  f o r c e s  t o  
the  bear ings .  
th reads  l u b r i c a t e d ,  t h e  torque t o  be  appl ied  t o  the  screws o r  threaded 
r e t a i n e r  which w i l l  r e s u l t  i n  a reasonable  f o r c e  t o  be appl ied  t o  the  bear-  
ing  can r e a d i l y  be ca l cu la t ed .  For a DB bear ing  p a i r ,  t h e  housing can be 
heated,  t h e  bear ing  i n s e r t e d  and t h e  r e t a i n e r  torqued down. The housing 
and bea r ing  subassembly is  then heated and i n s t a l l e d  on the  s h a f t .  The 
s h a f t  r e t a i n e r  is  then torqued down. On t h e  s u r f a c e  t h a t  would appear t o  be 
a l l  t h e r e  i s  t o  i t .  However, due t o  t h e  d i f f e r e n c e  i n  temperature between 
the  bea r ing  and i ts  mating p a r t  a t  t h e  t i m e  i t  i s  clamped by t h e  r e t a i n e r ,  
t he  bea r ing  may n o t  be centered  o r  proper ly  preloaded. 
cedure t h a t  w a s  used w a s  t o  a l low the  assembly t o  cool  down u n t i l  i t  w a s  
c l o s e  t o  room temperature.  The retainers w e r e  then loosened t o  a l low t h e  
bear ings  t o  c e n t e r  themselves and then r e t igh tened .  For the  o u t e r  races and 
housing, t h i s  is adequate.  However, f o r  t h e  i n n e r  races and s h a f t ,  wi th  a 
DB p a i r ,  t h e  preload i n  t h e  bear ing  tends t o  separate t h e  r aces .  When t h e  
r e t a i n e r  is  r e t igh tened ,  it is necessary  t o  overcome t h e  f r i c t i o n  between the  
bear ing  and s h a f t  as w e l l  as the  pre load  and f r i c t i o n  i n , t h e  threads .  This  
does n o t  l e n d  i t s e l f  r e a d i l y  t o  c a l c u l a t i o n  s i n c e  the  normal f o r c e  between 
bear ing  and s h a f t  is  d i f f i c u l t  t o  determine. The approach t h a t  w a s  used w a s  t o  
t i g h t e n  t h e  r e t a i n e r  i n  incremental  s t e p s  and measure t h e  f r i c t i o n  torque 
of t he  bea r ing  a t  each s t e p .  A running p l o t  of t h e  f r i c t i o n  torque versus  
t h e  t i g h t e n i n g  torque  w a s  made, see Figure  4 .  When t h e  s lope  of t he  p l o t  
f l a t t e n e d  o u t  so  t h a t  t h e  f r i c t i o n  w a s  e s s e n t i a l l y  t h e  same f o r  t h r e e  va lues  
of t i g h t e n i n g  torque t h e  bear ing  w a s  considered t o  be  sea ted .  For the  DF 
bear ings ,  t h e  procedure r e q u i r e s  t h a t  t h e  s h a f t  be i n s t a l l e d  f i r s t  and then 
the  housing added. 

There is  no problem s e a t i n g  an unloaded bear ing.  With t h e  

Therefore ,  t h e  pro- 

THERMAL CONTROL 

The above procedures may be  adequate f o r  s t a b l e  temperatures ,  however 
t r a n s i e n t  thermal condi t ions  can create l a r g e  temperature g rad ien t s  ac ross  
t h e  bear ings .  
stresses and f r i c t i o n  a t  one extreme,and cause the  bear ings  t o  become unloaded 

These can induce condi t ions  of excess ive  bear ing  loads ,  
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r e s u l t i n g  i n  a l o s s  of s t i f f n e s s  a t  t h e  o t h e r  extreme. To overcome t h i s  
problem, active thermal con t ro l  of t he  temperature g r a d i e n t s  can be  appl ied .  
In  t h i s  form of thermal con t ro l ,  t h e  bulk temperature  is  permit ted t o  vary ,  
bu t  t h e  temperature  d i f f e r e n c e  between t h e  s h a f t  and housing i s  maintained 
a t  a s e l e c t e d  va lue  which w i l l  r e s u l t  i n  a moderate p o s i t i v e  load  on t h e  
bear ings .  

t u r e  g r a d i e n t ,  AT, ac ross  a bear ing  is  much g r e a t e r  than t h a t  of t h e  bulk  
temperature.  I n  t h e  s u b j e c t  gimbal, thermal a n a l y s i s  i nd ica t ed  t h a t  t h e  
azimuth bea r ing  s h a f t  always tended t o  be coo le r  than  t h e  housing. 
f o r e  h e a t e r s  were requi red  only on t h e  s h a f t  t o  prevent  t he  bear ings  from 
becoming unloaded. With t h e  e l e v a t i o n  bear ings  t h e  r eve r se  w a s  t r u e ,  there-  
f o r e  h e a t e r s  were requi red  only on t h e  housings t o  prevent  excess ive  loads .  

maintained, h e a t e r s  and temperature sensors  were appl ied  t o  the  housings 
and s h a f t s  and bear ing  unload test  curves were p l o t t e d ,  see Figure 6.  
i s  a technique where t h e  temperature g rad ien t  ac ross  the  bear ing  i s  v a r i e d  
and the  bea r ing  f r i c t i o n  torque va lues  (TF) measured and p l o t t e d .  
va r i ed  from zero o r  some nega t ive  va lue ,  where t h e  s h a f t  i s  w a r m e r  than t h e  
housing t o  inc reas ing  p o s i t i v e  va lues .  A s  t h e  housing becomes w a r m e r ,  TF 
w i l l  cont inue  t o  decrease u n t i l  t h e  bear ing  becomes unloaded a f t e r  which TF 
w i l l  remain cons tan t .  From t h e  unload curve a va lue  of AT can be  s e l e c t e d  
where t h e  f r i c t i o n  is some s a f e  va lue  above unload and t h e  a s soc ia t ed  
stresses can be computed. 

s e l e c t e d  va lue .  Provis ion  w a s  a l s o  made t o  inc rease  AT i f  f o r  some reason 
an undes i r ab le  inc rease  i n  f r i c t i o n  torque occurred.  See Figure 7 .  Con- 
ve r se ly ,  AT may be  decreased i n  t h e  event  t h a t  t h e  bear ing  approaches an 
unloaded condi t ion .  

A s  shown i n  F igure  5, t he  e f f e c t  on f r i c t i o n  and stress of t h e  tempera- 

There- 

To e s t a b l i s h  t h e  levels  of temperature g rad ien t  (AT) which should be 

This  

AT is  

A system of thermal con t ro l  of AT w a s  then app l i ed  t o  maintain t h e  

CONCLUSIONS 

When t h e  requirements f o r  a gimbal spec i fy  a s t i f f  s t r u c t u r e  and low 
f r i c t i o n ,  t h e  bear ing  w i l l  probably be  t h e  most c r i t i c a l  element. Carefu l  
s e l e c t i o n ,  measurement, f i t t i n g  and i n s t a l l a t i o n  are e s s e n t i a l .  Ca re fu l  
a n a l y s i s  of thermal condi t ions  may reveal a need f o r  active thermal con t ro l .  
Control  of bear ing  temperature g rad ien t s  provides  a means f o r  c o n t r o l l i n g  
f r i c t i o n .  
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HELICAL GRIP FOR THE CABLE CARS 
OF 

SAN FRANCISCO 

By Richard J. Peyran 
NASA-Ames Research Center 

ABSTRACT 

A Helical Cable Car Grip t o  minimize h i g h  maintenance costs of San 
Francisco's cable car operation i s  presented. 
contact between the cable and g r i p  t o  reduce s l i d i n g  f r ic t ion  and associated 
cable wear. 
Helical Cable Car Grip. 

The g r i p  establishes a ro l l i n s  

This paper describes the design, development, and tes t ing of the 

I NTRODUCTI ON 

The San Francisco cable cars (Figure 1 )  currently u t i l i ze  a manually 

Friction between the cable and dies creates h i g h  

operated mechanical grip t o  force two replaceable so f t  s teel  dies against a 
3.33 cm (1.31 i n . )  diameter cable t o  accelerate the car from r e s t  t o  cable 
speed of 4 m/s (9  mph).  
temperatures and rapid wear result ing in a die l i f e  of 3-4 days and a cable 
l i f e  of 3-4 months. Associated maintenance costs a re  $500,000 per year. 

A j o i n t  e f fo r t  of the NASA-Ames Research Center and Stanford University 
created a design for  a cable car g r i p  that  minimizes maintenance costs while 
preserving the tradit ional appearance and operation o f  the cars. The 10,900 Kg 
(24,000 lbm) cable cars climb 21% grades a t  speeds from 0 t o  4 m/s ( 9  rnph) and 
accelerate a t  0.1 g. 
a t  cable intersections and operate within the confines of the cable conduit 
under the s t r e e t  . 

The grip mechanism must release and re-engage the. cable 

GRIP DESIGN 

T h i s  study concentrates on the design of the cable gripping mechanism 
operates below the surface of the s t r e e t .  The Helical Grip design reduces 

which 

sliding f r i c t ion  and.cable wear compared t o  the existing g r i p .  
are grooved w i t h  a helical pattern tha t  meshes w i t h  the lay of the cable i n  a 
manner s imilar  t o  a worm and gear se t .  The cable i s  gripped between the drive 
wheels and guide ro l le rs  (Figure 2 )  and the cable car pulled along as the 
rotation of the drive wheels i s  slowed by hydraulic clutches. 
maintain roll ing contact with the cable without the wear-producing slippage of 
the sof t  s teel  dies. 
enhances the gripping ab i l i t y  and reduces the clamping forces needed t o  maintain 
the wheel's grip on the cable. 
required t o  prevent slippage between the drive wheels and cable i s  so great tha t  
cold rol l ing of the cable would occur. 

Drive whee s 

The  drive wheels 

The meshing action between the drive wheels and the cable 

Without the helical grooves, the clamping force 



The complete g r i p  (Figure 3) uses four drive wheels 10.7 cm (4.2 i n . )  i n  
diameter. Two hydraulic wet clutches brake each drive wheel. The clutches are 
a multiple plate  type w i t h  an o i l  film separating the individual plates. Fluid 
shear brakes the drive wheels as the plates are forced together. Metal t o  metal 
contact of the plates occurs only when the drive wheels are locked ( fu l lgr ip) .  
To operate the clutches, a 0.4 hp hydraulic pump and o i l  reservoir are required 
t o  supply o i l  a t  a pressure of 1.03 MPa (150 psi). T h i s  pump could be located 
i n  the cable car away from the g r i p .  A separate oi l  system t o  c i rculate  o i l  
t h rough  the clutch plates could be incorporated t o  f a c i l i t a t e  heat removal. 
Sixteen guide ro l le rs  position the cable against the drive wheels and prevent 
separation between the cable and drive wheels while G r i p p i n g  the cable. L i f t  
arms l i n k  the ro l le rs  w i t h  the shank plate (Figure 3) .  Downward motion of the 
shank plate presses the ro l le rs  t i g h t  against the cable. Upward motion of the 
shank plate re t rac ts  the ro l le rs  t o  allow the cable t o  drop away from the g r i p  
a t  cable intersections. Once passed the intersection, the grip may re-engage 
the cable. 

MODEL TESTING 

To determine i f  the Helical Cable Car Gr ip  concept was feasible,  a t e s t  plan 
examining the basic principles was needed. For a feasible  design, the t e s t  needed 
t o  show tha t  no slippage occurred between cable and drive wheel, tha t  suff ic ient  
force, 32,000 N (7200 l b f ) ,  was developed t o  pull the cable car,  and tha t  the 
clutches lock the drive wheels against the cable. A prototype rnodel t o  be tested 
under laboratory conditions was designed (Figure 4 ) .  
of a single drive wheel, two clutches, and four pressure ro l le rs  which correspond 
t o  one-quarter of a fu l l  g r i p  assembly. Two arms adjusted the pressure ro l le rs  
by a threaded rod. Each clutch was actuated through a h i g h  pressure o i l  l i ne  and 
a lower pressure bleed was used for lubrication and cooling. The g r i p  was bolted 
t o  the floor and remained stationary during the t e s t s  (Figure 5 ) .  

The t e s t  model consisted 

The drive wheel was cut t o  mesh w i t h  a 1.91 cm (0.75 i n . )  diameter cable. 
The helical pattern (Figure 6) was cut u s i n g  a h i g h  speed milling cut ter  0'.95 cm 
(0.375 i n . )  diameter and 6.99 cm (2.75 i n . )  pitch on a helical gear cutting 
machine. 

The t e s t  set-up (Figure 7)  used a 15.3 rn (50 f t . )  loop of 1.91 cm (0.75 in . )  
diameter cable. 
similar i n  construction t o  the 3.33 cm (1.31 i n . )  diameter cable i n  actual use 
b u t  i t s  smaller diameter allowed for  a simpler test  apparatus. A jack shaf t  
assembly connected a 3 h p  motor t o  the cable drive. A hydraulic pump with a 
2.84 L (0.75 gallon) reservoir supplied o i l  t o  the clutch assemblies. 

The cable was made of s ix  strands around a hemp core and was 

S ta t ic  t e s t s  on the g r i p  model simulated the car moving a t  cable speed. The 
t e s t  was conducted by loading the cable w i t h  a manual winch t o  force i t  through 
the g r i p  w i t h  the clutches engaged (Figure 8) e 

scale, 8000 N (1800 l b f ) ,  corresponding t o  one of four drive wheels. A dynamic 
t e s t  simulated the cable car accelerating t o  cable speed. 
driven as clutch pressure was increased. 
transmitted from the cable t o  the g r i p  was calculated. 
simulated the stationary cable car w i t h  the cable r u n n i n g  free t h r o u g h  the grip. 
Cable speed and drive wheel speed were measured w i t h  a strobotach and compared 
t o  detect slippage. 

Loads were one-quarter of fu l l  

The cable was nmtor 
By measuring motor current the load 

Another dynamic t e s t  
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CONCLUSIONS 

G r i p  model tests show tha t  the Helical G r i p  des ign  i s  feasible .  No 
sliding between the cable and drive wheel was detected d u r i n g  the dynamic 
t e s t s ,  which indicates t ha t  cable and g r i p  wear will be minimized. The s t a t i c  
t e s t s  have demonstrated tha t  the g r i p  will provide enough force to  p u l l  the 
cable car.  The clutch system worked properly, stopping the drive wheel against 
the cable. 

Further development o f  the g r i p  i s  planned. Long term wear t e s t s  on the 
model , investigations into guide roller and clutch interfaces and actuation on 
the ful l -scale  g r i p  are  required. Eventually a ful l -scale  g r i p  will be tested 
on the cable car  system i n  San Francisco. 
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(CALIFORNIA STREET CABLE CAR R.R. COMPANY) 

I .  
2. 
3. 
4. 
5. 
6. 
7. 

EMERGENCY BRAKE LEVER 8. 
TRACK BRAKE LEVER 9. 
WHEEL BRAKE FOOT PEDAL 10. 
GRIP LEVER 11. 
CABLE 12. 
GRIP LEVER (ALTERNATE) 13. 
ADJUSTING LEVER 14. 

CONNECTING ROD 
THE GRIP 
BELL 
QUADRANT FOR GRIP LEVER 
EMERGENCY BRAKE 
TRACK BRAKE 
WHEEL BRAKE 

FIGURE 1. - SAN FRANCISCO CABLE CAR 
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A. CAR STATIONARY B. PARTIAL GRIP 

C. FULLGRIP 

Vc = CABLESPEED 
Vcc = CABLECARSPEED 
T = NET TORQUE ON DRIVE WHEEL 

FROM HYDRAULIC BRAKING 

FIGURE 2. - DRIVE WHEEL-CABLE INTERACTION 

87 



SCALE: NONE 
CLUTCH 

ASSEMBLY SHANK PLATE \ CARRY BAR (2) \ 

SECTION END 
THRU VIEW 

CLUTCH 
(NOTE: GRIP tS SYMMETRICAL) 

‘PRESSURE ROLLERS (16) 
SIDE VIEW 

FIGURE 3. = COMPLETE HELICAL GRIP 
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LOW PRESSURE 
CLUTCH LUBRICATION 
AND COOLING LINE (2) 

HYDRAULIC 
CLUTCH ASSEMBLY 

HIGH PRESSURE 
ACTUATION LINE 

DRIVE WHEEL 

PRESSURE ARM (2) 

GUIDE ROLLER 
GUIDE ROLLER (4) ADJUSTMENT 

FIGURE 4. .. GRIP TEST MODEL 
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FIGURE 5. - TEST GRIP AND PUMP 
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FIGURE 6. - DRIVE WHEEL DETAIL 
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JACK SHAFT ASSEM. 
AMMETER 
BELT TENSIONER 
CABLE LOOP 
PRESSURE GAGE 
HYDRAULIC PUMP 
TEST GRIP 

ITEM 
1 

DESCR I PTI ON ITEM 
3 HP MOTOR 9 

10 
11 
12 
13 
14 
15 

DESCRIPTION 
KLINE GRIP 
WINCH 
FORCE GAGE 
10 in. DIA. BLOCK 
TURNBUCKLE 
CABLE PYLON 
GRIP PYLON 

FIGURE 7. - TEST SET UP 
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FIGURE 8. - STATIC TEST WITH MANUAL WINCH 
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LOAD PROPORTIONAL SAFETY BRAKE 

Michael J .  C a c c i o l a  

B o e i n g  C o m m e r c i a l  A i r p l a n e  Company 

INTRODUCTION 

This  brake  i s  a se l f - ene rg iz ing  mechanical f r i c t i o n  brake  and is in-  
tended f o r  u s e  i n  a r o t a r y  d r i v e  system. It inco rpora t e s  a torque  sensor  
which c u t s  power t o  t h e  power u n i t  on any overload condi t ion .  The brake  i s  
capable  of d r i v i n g  a g a i n s t  an  opposing load  o r  d r i v i n g ,  paying-out, an a id-  
i n g  load i n  e i t h e r  d i r e c t i o n  of r o t a t i o n .  The brake  a l s o  acts as a no-back 
device  when torque  i s  appl ied  t o  t h e  output  s h a f t .  

The advantages of us ing  t h i s  type  of device  are: 

1. Low f r i c t i o n a l  d rag  when d r i v i n g .  

2. Smooth paying-out of an a i d i n g  load wi th  no runaway danger. 

3 .  Energy absorp t ion  p ropor t iona l  t o  load.  

4 .  No-back a c t i v a t e s  w i t h i n  a few degrees  of ou tput  s h a f t  r o t a t i o n  
and resets au tomat ica l ly .  

5. Bu i l t - i n  overload p ro tec t ion .  

DESCRIPTION 

Figure  1 shows a s e c t i o n  view of t h e  brake  which is  made up of two 
major components, t h e  braking component and t h e  torque  sens ing  component. 
The braking component i s  comprised of t h r e e  s e p a r a t e  elements;  t h e  energi-  
z ing  brake,  t h e  load sens ing  cams, and t h e  holding brake.  The torque  sensor  
i s  comprised of load  sens ing  d e t e n t s ,  load r e a c t i n g  sp r ings  and a swi tch  
assembly. The brake  absorbs energy i n  propor t ion  t o  t h e  load and d i s s i p a t e s  
t h e  energy as hea t  through an o i l  f i l l e d ,  f inned  aluminum housing. 

F igure  2 shows t h e  brake assembly without  t h e  torque  sens ing  element 
a t t ached .  
r e q u i r e  overload p ro tec t ion .  

This  type  of brake can be used i n  a p p l i c a t i o n s  which do not  

The inpu t  s h a f t  (1) has  one ou te r  and one inne r  set of d r i v i n g  s l o t s ,  
see Figures  1 and 3. 
s h a f t  (2) and provide a s t r a i g h t  through d r i v e .  They a l s o  provide  a second- 
a r y  load pa th  i n  case of brake f a i l u r e .  The o u t e r  d r i v i n g  s l o t s  con tac t  
l ugs  on t h e  sp r ing  cage (6)  which i s  index sp l ined  t o  t h e  input  c a m  p l a t e  
(10). Th i s  arrangement of d r i v i n g  s l o t s  and l u g s  main ta ins  alignment of t h e  
b a l l  d e t e n t  p o s i t i o n  on t h e  cam p l a t e s  (10) (12) and keeps t h e  hold ing  brake 
de-energized. 

The inner  set  of s l o t s  con tac t  l ugs  on t h e  main brake  

Because of t h e  symmetry of t h e s e  p a r t s ,  t h e  brake w i l l  
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func t ion  when d r iven  i n  e i t h e r  d i r e c t i o n .  Return s p r i n g s  (33) provide  an  
axial  f o r c e  t o  t h e  output  cam p l a t e  (12) which keeps t h e  t h r e e  b a l l s  (11) 
sea t ed  i n  t h e i r  d e t e n t  p o s i t i o n  and main ta ins  a gap a t  t h e  brake  p l a t e s  t o  
e l imina te  hold ing  brake  drag.  
t a i n e d  i n  t h e  s p r i n g  cage (6) provide  a n  axial  f o r c e  t o  t h e  energ iz ing  brake  
which gene ra t e s  a r e a c t i o n  torque  f o r  energ iz ing  t h e  hold ing  brake. The re- 
a c t i o n  torque  i s  t r ansmi t t ed  by t h e  s t a t o r  p l a t e s  (9) which are grounded t o  
t h e  e x t e r n a l  housing (3) through s p l i n e  t e e t h  on t h e  s t a t o r  (37).  Anti- 
f r i c t i o n  t h r u s t  bea r ings  (5) (35) are used t o  c a r r y  t h e  f o r c e  of the energiz-  
i n g  sp r ings  (7)  t o  minimize f r i c t i o n a l  drag  developed by t h e  relative 
r o t a t i o n  of t h e  inpu t  c a m  p l a t e  (10) and main brake  s h a f t  (2) dur ing  brake  
a p p l i c a t i o n .  Nut (4) i s  used t o  react t h e  energ iz ing  sp r ing  f o r c e  and t o  
a d j u s t  t h e  gap a t  t h e  energ iz ing  brake  p l a t e s .  The load  sens ing  element of 
t h e  brake is  made up of c i r c u l a r  b a l l  cams on both t h e  inpu t  and output  cam 
p l a t e s  (10) (12) ,  three b a l l s  ( l l) ,  and a b a l l  cage (36),  see Figure  4 and 5. 
The b a l l  cams are designed t o  o p e r a t e  i n  e i t h e r  d i r e c t i o n .  
forms a vee  which h a s  a r a d i u s  smaller than  t h e  b a l l  r ad ius .  Th i s  provides  
a d e t e n t  e f f e c t  which prevents  movement u n t i l  t h e  t r ansmi t t ed  torque  a c t u a t e s  
t h e  c a m  p l a t e s .  
l a r g e r  than  t h e  b a l l  r ad ius .  This  a l lows  t h e  b a l l s  t o  seek  a p o s i t i o n  where 
a l l  t h e  b a l l s  share t h e  load ,  and compensates f o r  t o l e r a n c e s  on t h e  ind iv id-  
u a l  p a r t s .  The b a l l  cage (36) i s  used t o  cap tu re  t h e  t h r e e  b a l l s  and f o r c e s  
t h e  b a l l s  t o  move i n  unison up t h e  cam su r faces .  The brake  p l a t e s  (8) (13) 
are  a s p e c i a l  des ign  which have a con t ro l l ed  uniform c o e f f i c i e n t  of f r i c t i o n .  
The f r i c t i o n  l i n i n g  i s  non-metall ic and is bonded t o  a steel  co re  which i s  
sp l ined  t o  t h e  cam p l a t e s .  The s t a t o r  p l a t e s  (9) (14) have an  e x t e r n a l  
s p l i n e  wi th  every o t h e r  t o o t h  removed, see Figure  3, and provide t h e  mating 
s u r f a c e  f o r  t h e  brake p l a t e s  (8) (13) .  The s t a t o r  (37) a l s o  has  every o t h e r  
t o o t h  removed on t h e  i n t e r n a l  s p l i n e  i n  t h e  area of t h e  holding brake  only.  
Spacers  (15) are provided i n  both t h e  energ iz ing  and hold ing  brake t o  change 
t h e  braking c a p a c i t y  depending on t h e  load.  The load s p r i n g s  (34) are re- 
t a ined  i n  s p r i n g  cage (16). 
brake  i n  d i r e c t  p ropor t ion  t o  t h e  load .  The sp r ings  are s e l e c t e d  so t h a t  
t h e  f o r c e  generated by t h e  load sens ing  cams i s  w i t h i n  t h e i r  working range. 
Th i s  enhances t h e  smoothness of t h e  brake when d r i v i n g  an  a id ing  load .  Shim 
(32) i s  a laminated shim used t o  a d j u s t  the gap on t h e  holding brake.  
(18) is  used t o  l o c k  t h e  p re s su re  p l a t e  (17) t o  t h e  main brake  s h a f t  (2) f o r  
r e a c t i n g  t h e  load  s p r i n g  fo rce .  
d e t e n t  s h a f t  which r e t a i n  t h r e e  b a l l s  (20) i n  countersunk d e t e n t s .  The inpu t  
d e t e n t  s h a f t  (19) i s  s p l i n e d  t o  t h e  main brake  s h a f t  (2) and t r a n s f e r s  l oad  
t o  t h e  output  d e t e n t  s h a f t  (31) through t h e  t h r e e  b a l l s  (20).  I n  case of 
b a l l  d i s i n t e g r a t i o n ,  a secondary load  pa th  i s  provided through a p a i r  of 
d r i v i n g  l u g s  w i t h  enlarged c l ea rances  t o  a l low normal opera t ion .  
d e t e n t  s h a f t  (31)  is  sp l ined  t o  t h e  output  s h a f t  (26) and has  a f l a n g e  which, 
when d isp laced ,  c o n t a c t s  a n  a n t i - f r i c t i o n  bear ing  (22) on t h e  swi tch  assembly. 
F ive  b e l l e v i l l e  s p r i n g s  (30) provide  the f o r c e  t o  t h e  output  d e t e n t  s h a f t  f o r  
r e t a i n i n g  t h r e e  b a l l s  (20) i n  t h e  d e t e n t s .  The sp r ing  f o r c e  is reac t ed  t o  
t h e  inpu t  d e t e n t  s h a f t  through washers (28) ,  a n  a n t i - f r i c t i o n  t h r u s t  bear ing  
(29) , and nu t  (27).  A lever (24) and s h a f t  (23) are used t o  t r a n s f e r  t h e  
d e t e n t  s h a f t  motion t o  a c t u a t e  t h e  swi tch  (21).  An a d j u s t a b l e  s t o p  (25) is 
provided f o r  t h e  lever (24) t o  main ta in  a c l ea rance  gap a t  a n t i - f r i c t i o n  
bea r ing  (22) dur ing  normal opera t ion .  

The energ iz ing  sp r ings  (7) which are re- 

The cam s l o p e  

Transverse t o  t h e  d i r e c t i o n  of r o t a t i o n  t h e  cam r a d i u s  is  

They supply an  a x i a l  f o r c e  t o  t h e  hold ing  

Nut 

The torque  sensor  has  an  inpu t  and output  

The output  
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PRINCIPLES OF OPERATION 

Driving Against  A Load (Figure 6) 

When d r i v i n g  from a stopped p o s i t i o n  wi th  t h e  brake  f u l l y  energized,  
(no-back a c t i v a t e d )  t h e  i n i t i a l  r o t a t i o n  of t h e  inpu t  s h a f t  (1) releases t h e  
holding brake.  The inpu t  s h a f t  (1) s u p p l i e s  to rque  d i r e c t l y  t o  t h e  main 
brake  s h a f t  (2) through a p a i r  of d r i v i n g  lugs ,  see Figure  3. The output  
cam p l a t e  (12) i s  d r iven  by t h e  main brake  s h a f t  (2)  t o  a l i g n  t h e  b a l l  
d e t e n t s .  The holding brake  a l lows  t h e  cam p l a t e  (12) t o  r o t a t e  because of 
t h e  enlarged c l ea rance  between t h e  s t a t o r  p l a t e  (14) and t h e  s t a t o r  (37) 
s p l i n e  t e e t h .  The input  s h a f t  (1) s imultaneously d r i v e s  t h e  s p r i n g  cage (6) 
through another  p a i r  of d r i v i n g  l u g s  which provide torque  t o  t h e  inpu t  cam 
p l a t e  (10) t o  overcome t h e  energ iz ing  brake  torque.  The cam p l a t e s  are keyed 
so t h a t  t h e  b a l l  d e t e n t s  are a l igned  when t h e  d r i v i n g  f a c e s  of both sets of 
l ugs  are i n  con tac t .  With t h e  b a l l  d e t e n t s  a l igned  t h e  r e t u r n  s p r i n g s  (33) 
provide  a n  a x i a l  f o r c e  t o  t h e  output  c a m  p l a t e  (12) which keeps t h e  t h r e e  
b a l l s ( l 1 )  s ea t ed  i n  t h e  d e t e n t s .  Since t h e  t h r e e  b a l l s  (11) cannot r ise up 
t h e  cam s u r f a c e s  t h e  brake  remains de-energized. Torque is  then  app l i ed  
through a s p l i n e  t o  t h e  input  d e t e n t  s h a f t  (19) of t h e  torque  sensor  and 
t r a n s f e r r e d  through t h r e e  b a l l s  (20) t o  t h e  d e t e n t  s h a f t  (31).  The output  
d e t e n t  s h a f t  (31) i s  coupled t o  t h e  output  s h a f t  (26) through a s p l l n e  and 
t r a n s m i t s  t h e  torque  t o  t h e  d r i v e  system. When an overload cond i t ion  i s  
developed t h e  load r e a c t i n g  s p r i n g s  (30) are not  supplying enough f o r c e  t o  
keep t h e  t h r e e  b a l l s  (20) s ea t ed  i n  t h e  d e t e n t s .  The output  d e t e n t  s h a f t  
(31) i s  then  d isp laced  a x i a l l y  t o  ope ra t e  a l e v e r  (24) which t r i p s  t h e  swi tch  
(21) i n  t h e  e l e c t r i c a l  c o n t r o l  c i r c u i t  and c u t s  power t o  t h e  d r i v e  motor. 

Stopped-No-Back (Figure 7 )  

When t h e  d r i v e  motor i s  s topped,  t h e  load back d r i v e s  t h e  main brake  
s h a f t  (2) and t h e  output  cam p l a t e  (12).  The energ iz ing  sp r ings  ( 7 )  main ta in  
a f o r c e  on t h e  energ iz ing  brake  p l a t e s  which provide a r e a c t i o n  torque  t o  t h e  
load  through t h e  t h r e e  b a l l s  (11) .  A s  to rque  i s  app l i ed ,  relative r o t a t i o n  
occurs  between t h e  inpu t  cam p l a t e  (10) and t h e  output  cam p l a t e  (12) .  This  
causes  t h e  output  cam p l a t e  (12) t o  d i s p l a c e  a x i a l l y  as t h e  t h r e e  b a l l s  (11) 
r i se  up t h e  cam s u r f a c e s  and remove t h e  holding brake  p l a t e  c learance .  
Fur ther  i nc rease  i n  back d r i v i n g  torque  d i s p l a c e s  t h e  output  cam p l a t e  (12) 
t o  compress t h e  load s p r i n g s  (34) t o  some f o r c e  l e v e l .  When t h e  s p r i n g  f o r c e  
appl ied  t o  t h e  holding brake p l a t e s  (13) (14) gene ra t e s  s u f f i c i e n t  to rque  a l l  
movement s t o p s  and t h e  load i s  f u l l y  r eac t ed .  

Driving An Aiding Load - Paying Out (Figure 8) 

When d r i v i n g  a n  a i d i n g  load ,  t h e  inpu t  s h a f t  (1) r o t a t e s  i n  t h e  d i r ec -  
t i o n  of t h e  load and t h e  o u t e r  set of d r i v i n g  l u g s  con tac t  t h e  sp r ing  cage 
(6) which a p p l i e s  to rque  t o  t h e  input  c a m  p l a t e  ( l o ) ,  see Figure  3. When 
t h i s  to rque  exceeds t h e  d i f f e r e n c e  between t h e  energ iz ing  brake  torque  and 
t h e  r e a c t i o n  torque  of t h e  t h r e e  b a l l s  (111, t h e  main brake s h a f t  (2) r o t a t e s  
under t h e  in f luence  of t h e  load .  The load sp r ings  (34) modulate t h e  f o r c e  of 
t h e  load sens ing  cams on t h e  holding brake  p l a t e s  (13) (14) which gene ra t e  a 
holding torque  pe rmi t t i ng  t h e  load t o  pay out  smoothly a t  d r i v e  motor speed. 
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SYMBOLS 

- 
Input  Torque To - 
Drag Torque TM = 
Torque Across B a l l  FE = 
Modulating Spring Force FR = 
Axial Force A t  B a l l  Ft = 
Coeff ic ien t  Of F r i c t i o n  r D  = 
Main Brake P l a t e  Radius r g  = 
Number Of Drag Brake Surfaces  nM = 
Cam Slope Angle 

Output Torque 
Main Brake Torque 
Energizing Spring Force 
Return Spring Force 
Tangent ia l  Force A t  B a l l  
Drag Brake P l a t e  Radius 
Radius To B a l l  
Number Of Main Brake Surfaces 

MAXIMUM CAM SLOPE ANGLE 

For a given load t h e  axial  f o r c e  on the  b a l l  is: (See Figure 7) 

Minimum Holding Brake is: 

Solut ion of t h e  above equat ion reso lves  i n t o  a quadra t ic  of t he  form: 

A tan02 + B tan0 - c = o 
Subs t i t u t ing  values  f o r  a l l  t h e  known terms and so lv ing  f o r  0 w i l l  

g i v e  the  maximum cam s lope  angle  which w i l l  hold t h e  load without s l i pp ing .  

BRAKE STABILITY 

The brake as descr ibed i n  Figures  1 and 2 is e a s i l y  proportioned t o  be  
self-energizing and capable of holding a load i n  the  s t a t i c  o r  stopped 
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condi t ion .  
smoothly without  brake c h a t t e r .  
t h e  brake  i s  r a p i d l y  cyc l ing  between locked-up and r e l eased .  

The c r i t i c a l  cond i t ion  i s  d r i v i n g  o r  paying ou t  an  a i d i n g  load 
Chat te r  i s  an uns t ab le  cond i t ion  i n  which 

The fo l lowing  i t e m s  are  requi red  t o  i n su re  s t a b l e  ope ra t ion  of t h e  
brake: 

1. F r i c t i o n  material wi th  a s t a b l e  c o e f f i c i e n t  of f r i c t i o n  throughout 
t h e  ope ra t ing  range of temperature  and brake  p l a t e  pressure .  

2. Combination of f r i c t i o n  material and o i l  which minimizes t h e  
f l u c t u a t i o n  between s t a t i c  and dynamic c o e f f i c i e n t  of f r i c t i o n .  

3 .  Correc t  load  ba lance  between t h e  ene rg iz ing  brake  and t h e  main 
holding brake. 

4 .  Modulating sp r ing  ra te  t o  balance maximum a x i a l  load developed by 
t h e  b a l l  cams. 

Another method of producing a s t a b l e  brake  is  t o  reduce t h e  torque  
capac i ty  of t h e  energ iz ing  brake  t o  a va lue  below t h e  b a l l  to rque  and then 
add a cons t an t  drag  brake  t o  t h e  input  s h a f t .  The a f f e c t  of reducing t h e  
energ iz ing  brake i s  t o  make t h e  brake r e v e r s i b l e ,  bu t  t h e  a d d i t i o n  of t h e  
cons tan t  d rag  brake  i n  conjunct ion  w i t h  t h e  o the r  braking elements makes 
t h e  brake  i r r e v e r s i b l e  and capable  of r e a c t i n g  t h e  f u l l  load.  
a n  a i d i n g  load ,  t h e  inpu t  to rque  need only overcome t h e  margin of t h e  
cons tan t  drag  brake which a l lows  t h e  load t o  pay-out. F igure  9 shows a 
cons tan t  drag  brake  app l i ed  t o  t h e  inpu t  s h a f t  w i th  a r a t c h e t i n g  device  
which bypasses  t h e  brake  when d r i v i n g  a g a i n s t  a load.  

When d r i v i n g  

F igu re  10 shows t h e  d r i v e  system of t h e  Boeing Model 747 On-Board 
Loader which used two brakes i n  a dua l  load pa th  arrangement. 
des ign  of t h e  brake  as de l ive red  w a s  as shown i n  F igure  1. 

The f i n a l  

ANALYSIS OF ON-BOARD LOADER BRAKE 

Weight of p la t form and payload - 34,000 l b .  
Torque a t  c a b l e  drum - 102,000 in-lb.  
Torque a t  brake  - 1,090 in-lb.  

Brake Design Parameters:  

rD = 2.47 i n .  
r M  = 2.47 i n .  
r g  = 2.50 i n .  
nD = 4 
nM = 6 

FE = 60 l b .  
FR = 30 l b .  
FM = 552 l b .  
lu = .12-.10 oper.  
IJ = .06 Min. 
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CHECK CAN SLOPE ANGLE 

S u b s t i t u t i n g  va lues  f o r  a l l  known t e r m s  and t h e  minimum c o e f f i c i e n t  of 
f r i c t i o n ,  t h e  above equat ion  r e s o l v e s  i n t o  t h e  fol lowing quadra t i c :  

172.975 t a n  f12 + 20.5079 0 - 14.5885 = 0 

So lu t ion  of t h e  q u a d r a t i c  g ives  t h e  maximum c a m  s l o p e  ang le  which w i l l  
a l low t h e  brake  t o  support  t h e  load without  s l i pp ing .  

Solu t ion :  13 = 13.34O 

To allow f o r  . t o l e r a n c e s  w e  w i l l  use  0 =: 12.50' 

DRIVING AN OPPOSING LOAD (See F igure  6) 

Input  Torque: 

T 1 = FEprDnD + To 

= 60 (.11) 2.47 (4) + 1090 

T1 = 1155 in-lb 

STOPPED WITH LOAD APPLIED (See Figure 7)  

Axial Force: 

To + F P r M %  
p =  

A prMnM + tanOrg 

- 1090 + 30 (.11) 2.47 (6) - 
. l l  (2.47) 6 + tan 12.50° (2.5) 

FA = 521.4 l b  

For brake t o  b e  i r r e v e r s i b l e :  

TD' TB 

TD = F p r  n A D D  

= 521.4 (.11) 2.47 (4) 

TD = 566.7 in- lb  
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TB = FtrB 

= FA tanOrB 

= 521.4 t a n  12.50° (2.5) 

TB = 288.9 in-lb 

TD' TB 

566.7> 288.9 .*,Brake i s  i r r e v e r s i b l e  

BRAKE HOLDING MARGIN 

TM = FMpr'M% 

= (521.4 - 30) -11 (2.47) 6 

TM = 801.1 in-lb 

Margin: 

566.7 + 801.1 

1090 
-t 'M = 

To 

Margin = 1.25 

DRIVING AN A I D I N G  LOAD (See Figure 8) 

Input Torque: 

= 521.4 c.11 (2.47) 4 - t a n  12.50' (2.511 

= 566.7 - 288.9 

T1 = 277.8 in-lb 
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A ZERO "G" FLUID DROP INJECTOR FOR THE DROP DYNAMICS 
MODULE SPACELAB EXPERIMENT 

by George M. Hotz 
* 

ABSTRACT 

A fluid drop injector has been developed to form and release fluid drops 
into free drift within an experimental apparatus known as the Drop Dynamics 
Module which is to be flown on an earth orbiting Spacelab. To verify the 
design concept, a breadboard injector was flown on the NASA KC-135 zero "g" 
airplane after which more extensive laboratory 1 g tests were performed to 
improve the injector design and enable it to meet the module's functional 
requirements. The breadboard fluid drop injector will be modified and 
upgraded to flight hardware. 

INTRODUCTION 

A fluid drop injector has been designed, breadboarded, and tested for 

use in a science experiment facility known as the Drop Dynamics Module (DDM). 

The experiment is expected to be flown initially on Spacelab 111. This zero 

"g" experiment facility will be used for various fluid drop experiments, the 

first of which is to study the dynamics of free fluid drops to verify 

existing theory, with potential application to droplet behavior in chemical 

processing, containerless processing of molten material and meteorology. 

The DDM will be installed in a double rack in a pressurized payload module, 

thus operating in a "shirtsleeve" environment. 

The experimental apparatus comprises a chamber into which fluid drops 

are formed and released, an acoustical drop positioning and manipulating 

system, and a data collection system consisting of a movie camera which views 

the drops from three directions, see figure 1. The acoustical positioning 

and manipulation system produces drop centering forces through pressure 
gradients produced by standing waves generated by three acoustical drivers. 

The acoustics can also rotate or oscillate the drop through variation of the 

phase and amplitude of the acoustic waves. The DDM is being implemented as an 

* Jet Propulsion Laboratory, Pasadena, CA 91103 
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automated experiment to minimize attention by the Payload Specialist, who 

will be required only to perform such tasks as replacing consumables, viz, 
changing fluid containers, film magazines and data tape cassettes, and 

chamber cleanup in experiments where fluid drops fragment and strike the 

chamber walls. 

The fluid drop injector is required to produce drops of various fluids 
such as water and silicone oils of widely varying viscosities, surface ten- 

sions and densities, and of various sizes from about 0.6-2.5 cm (%-1") in 
diameter. It must then release the drops in the center of a nearly cubical 

transparent chaniber of about 15 cm cube (6") with essentially zero drift 

velocity and with minimal rotation, oscillation or production of secondary 

droplets and then must retract from the chamber. 

FLUID INJECTOR RF;QUIREKENTS 

Drop Volume, 0.25-10 cc (accurate to - +O.O3cc) 

Fluid Viscosity Range 1-1000 centistoke(cs) 
Fluid Pumping Rate 0.1-1.0 cc/sec 

Maximum Drop Velocity (after release) 

Maximum Secondary Droplet Volume 

No- contamination of drop' with previous liquid used. 

Form drops in 

Release drop .with minimum oscillation and rotation. 

0.1 cm/sec 
0.10% of drop volume 

g field with no acoustical force field. 

INITIAL FLUID INJECTOR DESIGN 

1. To prevent cross contamination of fluids, all parts which contacted 

the fluid, such as pumps and injectors, would handle only a single 

f hid. 

2. To provide accurate metering and minimize the net momentum of the drop, 

dual positive displacement pumps would be employed, operated by a 

single stepper motor. 

facing injectors, thus providing equal flow rates with total volume pro- 

portional to the number of commanded motor steps. 

Each pump would discharge fluid through opposite 
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3. 

4 .  

5. 

t h e  

S ince  t h e  optimum pos i t i on ing  of i n j e c t o r s  dur ing  drop growth and t h e  

optimum p o s i t i o n i n g  and v e l o c i t y  of i n j e c t o r s  dur ing  release of t h e  

drop w e r e  unknown, i t  w a s  decided t h a t  programmable i n j e c t o r  p o s i t i o n  

and v e l o c i t y  se rvos  would be employed f o r  maximum des ign  f l e x i b i l i t y .  

S ince  i n j e c t o r  t i p  des ign  w a s  unknown, t i p s  would be  made r ep laceab le .  

If p o s s i b l e ,  i n j e c t o r  t i p s  would u t i l i z e  s u r f a c e  t ens ion  f o r c e s  t o  

s t a b i l i z e  t h e  drops dur ing  drop  growth. 

Major unknowns i n  t h e  des ign  w e r e  parameters which c o n t r o l l e d  t h e  

product ion  of secondary d r o p l e t s .  

BREADBOARD FLUID PUMP, INJECTORS & INJECTOR DRIVERS 

Breadboard f l u i d  drop producing devices  w e r e  b u i l t  i n  accordance wi th  

i n i t i a l  design noted above. The pump, shown i n  f i g u r e  2,  u ses  a computer 

c o n t r o l l e d  200 s t e p f r e v o l u t i o n  s t eppe r  motor t o  r o t a t e  a l ead  screw - a 5 c m  

(2") travel micrometer head - through s u i t a b l e  gear ing  t o  provide  about  

4.8 c m  (1.9") of travel t o  a pump d r i v e r  which pushes t h e  p lungers  of two 

50 cc g a s t i g h t  f l u i d  f i l l e d  syr inges .  

The d r i v e r  i s  guided by t h r e e  min ia tu re  b a l l  bushings running on two 

guide rods.  The gear ing  w a s  s e l e c t e d  t o  produce a f l u i d  f low of very  n e a r l y  

0.002 cc/motor s t e p ;  thus ,  a 10  cc drop r e q u i r e s  5000 motor pu l se s  which can 

be s tepped i n  from 10 t o  100 seconds.  The motor i s  opera ted  i n  t h e  open 

loop mode. 

F l u i d  discharged from t h e  sy r inges  f lows through f luorocarbon e l a s t o -  

meric tub ing  t o  two oppos i t e ly  f ac ing  i n j e c t o r  t ubes  i n s t a l l e d  a long  a l i n e  

pass ing  through t h e  c e n t e r  of t he  chamber. The i n j e c t o r s  are, i n  t u r n ,  

moved i n  and ou t  of t h e  chamber as d e s i r e d  by motor opera ted  i n j e c t o r  

d r i v e r s ,  see f i g u r e  3,  which are p o s i t i o n  and v e l o c i t y  servo  c o n t r o l l e d  by 

computer opera ted  c o n t r o l l e r s .  
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Each i n j e c t o r  i s  i n s t a l l e d  i n  t h e  hollow i n j e c t o r  d r i v e r  which i s  

pos i t i oned  a x i a l l y  by a r ack  machinedinto t h e  d r i v e r .  The d r i v e r  i s  

guided by t h r e e  sets of r o l l e r s ,  one of which i s  s p r i n g  loaded,  and i s  

d r iven  by an  a i r c r a f t  q u a l i t y  dc motor through two s t a g e s  of an t i -backlash  

r educ t ion  gea r s .  The d r i v e  gear  f o r  t h e  r ack  a l s o  d i r e c t l y  r o t a t e s  both 

t h e  i n j e c t o r  p o s i t i o n  ( s i n g l e  tu rn )  po ten t iometer  and, through s u i t a b l e  

gear ing ,  a s m a l l  i r o n l e s s  armature dc  motor which gene ra t e s  t h e  v o l t a g e  

employed by t h e  i n j e c t o r  v e l o c i t y  servo .  

t h e  r o l l e r s  w i th  s u f f i c i e n t  accuracy t o  a l i g n  t h e i r  c e n t e r l i n e s  w i t h i n  a 

few thousandths  of an inch  when they  m e e t  a t  t h e  chamber c e n t e r .  

t h e  f u n c t i o n a l  requirements  o r i g i n a l l y  c a l l e d  f o r  a minimum r e t r a c t i o n  v e l o c i t y  

v e l o c i t y  of  100 cm/second i n  a d i s t a n c e  of 0.5 cm - and t h e  v e l o c i t y  of 

t h e  breadboard i n j e c t o r s  and d r i v e r s  approached t h a t  v e l o c i t y - i n v e s t i g a -  

t i o n s  t o  be  descr ibed  later showed t h a t  t h e  optimum r e t r a c t i o n  v e l o c i t y  

w a s  less than  h a l f  t h a t  f i g u r e .  The lower v e l o c i t y  w a s  achieved by 

ope ra t ing  t h e  motors a t  reduced vo l t age .  

The i n j e c t o r s  are guided by 

Although 

Replaceable i n j e c t o r  t i p s  are i n s t a l l e d  a t  t h e  o u t l e t  end of each 

i n j e c t o r  t o  s u i t  t h e  f l u i d  c h a r a c t e r i s t i c s  and d ischarge  rate. Replacement 

of sy r inges ,  i n j e c t o r s  and f l e x i b l e  tub ing  i s  f a c i l i t a t e d  through t h e  use  

of s p l i t ,  hinged clamps which secu re  t h e  sy r inge  b a r r e l s  and p lungers .  

Bubble f r e e  f i l l i n g  of f l u i d  c o n t a i n e r s  i s  e s s e n t i a l  and is  expected t o  

be a ground based ope ra t ion .  

FLUID DROP STABILITY ON A SINGLE INJECTOR TIP 

I n v e s t i g a t i o n s  i n d i c a t e d  t h a t  t h e r e  i s  a b a s i c  d i f f e r e n c e  i n  t h e  

equi l ibr ium pos i t i on ing  of f l u i d  drops suspended on an i n j e c t o r  t i p  i n  zero  

"g" i f  t h e  con tac t  ang le  between t h e  drop and t h e  t i p  i s  g r e a t e r  than  90' 

i n  t h e  one case and less than  90 i n  t h e  o t h e r .  F igure  4 i l l u s t r a t e s  t h i s  

po in t .  I f  t h e  f l u i d / t i p  con tac t  ang le  i s  g r e a t e r  than  90°, as is  t h e  case 

f o r  a water drop on a wax coated metal t i p ,  t h e  drop w i l l  n o t  a l low i t s e l f  

t o  be impaled on t h e  i n j e c t o r  t i p  bu t  w i l l  move tangent  t o  t h e  end of t h e  

t i p  t o  maximize i t s  s u r f a c e  energy. 

0 

Figure  4 a l s o  shows t h a t  f o r  l i q u i d / t i p  
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0 * 
c o n t a c t  ang le s  of less than 90 , e.g. ,  a s i l i c o n e  o i l  drop on a PFOMA 

coated m e t a l  t i p ,  t h e  drop cannot b e  made t o  s t a y  tangent  t o  t h e  end of 

t h e  t i p  (without t h e  a p p l i c a t i o n  of an  e x t e r n a l  f o r c e )  b u t  w i l l  move back 

u n t i l  t h e  f r o n t  of t h e  drop i s  tangent  t o  t h e  end of t h e  t i p  ( i .e. ,  t h e  

drop i s  impaled on t h e  t i p ) .  

Th i s  d i f f e r e n c e  i n  drop behavior  ( o i l  vs. water )  can be  e l imina ted  by 

making bo th  o i l  and w a t e r  have a con tac t  ang le  of 0' which would make both 

behave l i k e  o i l ,  w i t h  drops impaled on t h e  t i p .  This  i d e a  w a s  d i scarded  

as w a s  t h e  use  of a s i n g l e  i n j e c t o r  t i p  f o r  t h r e e  reasons:  

( a )  Deep immersion of t h e  drop i n  t h e  i n j e c t o r  w a s  suspected as 

being a c o n t r i b u t o r  t o  t h e  product ion of secondary d r o p l e t s .  

(b) Release of t h e  drop wi th  near  zero n e t  momentum i n  t h e  absence 

of an  a c o u s t i c a l  c e n t e r i n g  f o r c e  f i e l d  appeared d i f f i c u l t .  
0 ( c )  Achieving a 0 con tac t  a n g l e  r equ i r ed  c a r e f u l  c l ean ing  of t h e  

s u r f a c e s  be ing  contac ted  and h igh  p u r i t y  of t h e  f l u i d s .  Main- 

tenance of r equ i r ed  t i p  c l e a n l i n e s s  f o r  m u l t i p l e  i n j e c t i o n s  under 

f l i g h t  experiment cond i t ions  would be  d i f f i c u l t .  

Accordingly t h e  use  of two PFOMA coated  i n j e c t o r s  w a s  s e l e c t e d .  

FLUID DROP STABILITY ON TWO INJECTOR TIPS 

Figure  5 i l l u s t r a t e s  t h r e e  p o s s i b l e  i n j e c t o r  t i p  shapes and i n d i c a t e s  t h e  

n e t  s t a b i l i t y  of a drop i n  t h e  axial  and r a d i a l  d i r e c t i o n s  r e s u l t i n g  from t h e  

s u r f a c e  t e n s i o n  f o r c e s  f o r  f l u i d  and t i p  coa t ings  having con tac t  ang le s  

1 )  g r e a t e r  than 90 ; e. g. , w a t e r / p a r a f f i n ,  g l y c e r i n e / t e f l o n ,  mercury/ i ron,  

e tc .  , and 

g l a s s ,  e tc .  

p a r a f f i n ,  drop s t a b i l i t y  can be achieved a t  t h e  chamber c e n t e r  through t h e  u s e  of 

t runca ted  cone shaped t i p s  w i th  s m a l l  ends f ac ing ,  whereas f o r  s i l i c o n e  o i l  

on a "non-wetting" coa t ing  such as PFOMA, s t a b i l i t y  can be achieved wi th  

t runca ted  cones wi th  bases  f ac ing  each o t h e r .  Therefore ,  o t h e r  cond i t ions  

0 

2) less than 90°; e.g.  , petroleum o r  s i l i c o n e  oil/PFOMA, kerosene/  

It shows t h a t  f o r  water on a %on-wetting" coa t ing  such as 

* poly (1,l-dihydropentadecaflourooctylmethacrylate) 
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permitting,the two cone shaped injector tips noted would be used. 

IS PROGRAMMED INJECTOR MOTION NECESSARY? 

The difference in direction of the axial force vectors for oil and * 
water drops in contact with PFOMA coated injector tips, figure 5, implies 

that oil drops and water dropsrequire different injector positions during 

drop growth if programming of the motion is to be avoided. 

the tips should be moved apart to a separation equal to or somewhat greater 

than the final drop diameter, and kept fixed during drop growth, whereas 

with oil the tips must be moved to a separation equal to the tip inside 

diameter or less and then held there until the drop is fully grown. Alter- 

natively for both fluids, the tips can be moved together until they almost 

touch, then the fluid pumped until the two streams coalesce into a single 

drop, after which the injectors must be withdrawn at a varying rate so as 
to keep the drop periphery tangent to the two tips. 

With water drops, 

Determination of which motion technique was better awaited test results. 

KC-135 ZERO ''G" TEST 

The breadboard pumps, injectors, and injector drivers, shown in figures 

2 and 3 were tested qualitatively in three flights of the NASA KC-135 air- 

plane at Clearwater, Texas in mid-1978, and demonstrated that water and 
silicone oil drops could be formed in zero "g" with and without the acoustical 

field, see figure 6 .  However, the flights did not demonstrate that the 

functional requirements could be met since the severe time limitations of zero ** 
g and generally poor "g" conditions preceding and following "free 

float" necessitated injector tip geometries and fluid pumping rates not con- 

ducive to meeting these requirements, e.g., large diameter tips and high fluid 
pumping rates. 

did not provide adequate resolution to make accurate assessments of satellite 

(secondary) droplet sizes, but it was apparent that secondary drop volumes 

The high speed motion pictures taken on the KC-135 flights 

* 

** Zero "g" float durations were usually 5-10 seconds. 

There is no known coating capable of increasing the contact angle of 
silicone oil to >goo. 
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were much g r e a t e r  (20-30 t i m e s  g r e a t e r )  than  t h e  0.1% permi t ted  by t h e  

f u n c t i o n a l  requirements .  Residual  drop v e l o c i t y  w a s  a l s o  d i f f i c u l t  t o  

determine and i t  w a s  seldom p o s s i b l e  t o  assess whether t h e  a i r p l a n e  and/or  

experiment o p e r a t o r s  con t r ibu ted  t o  t h e  drop v e l o c i t y  r a t h e r  than  t h e  f l u i d  

i n j e c t o r s .  

The KC-135 tests showed t h a t  t h e  sources  of drop d i s tu rbance  and 

secondary d r o p l e t s  produced i n  drop release w e r e  t h e  columns of f l u i d  exten- 

ding from e i t h e r  s i d e  of t h e  drop i n  t h e  wake of r a p i d l y  r e t r a c t i n g  i n j e c t o r  

t i p s .  It w a s  no t  known whether t h e  sources  of t h e s e  columns w e r e  f l u i d  

pu l l ed  from t h e  drop o r  f l u i d  t r a i l e d  f r o m t h e  r a p i d l y  a c c e l e r a t i n g  i n j e c t o r s .  

I n  any case, a f t e r  t h e  columns a t t a i n e d  some maximum l e n g t h ,  t hey  broke up 

i n t o  d r o p l e t s  whose diameter  was approximately t h e  column diameter .  

I n  t h e  formation of s i l i c o n e  o i l  drops on t h e  KC-135, due t o  a program- 

ming e r r o r ,  t h e  i n j e c t o r  t i p s  w e r e  moved a p a r t  be fo re  s u f f i c i e n t  o i l  had 

been pumped and r e s u l t e d  i n  t h e  formation of two drops i n s t e a d  o f  one. Af t e r  

several such runs ,  t h e  c o n t r o l l e r  w a s  switched t o  manual ope ra t ion  and t h e  

i n j e c t o r  t i p s  w e r e  he ld  c l o s e  toge the r  dur ing  t h e  e n t i r e  f l u i d  pumping per iod  

which r e s u l t e d  i n  t h e  formation of s i n g l e  o i l  drops.  

LABORATORY INJECTOR PARAMETRIC TESTS 

Next l a b o r a t o r y  tests w e r e  conducted t o  opt imize i n j e c t o r  parameters  t o  

(a)  reduce t h e  product ion  of s a t e l l i t e  d r o p l e t s  t o  less  than  0.1% of t h e  

drop volume as c a l l e d  f o r  i n  t h e  f u n c t i o n a l  requirements ,  and (b)  minimize t h e  

d i s tu rbance  t o  t h e  drop caused by i n j e c t o r  withdrawal.  I n  a d d i t i o n ,  s i n c e  

only  w a t e r  and 100 cs s i l i c o n e  o i l  w e r e  i n j e c t e d  on t h e  KC-135 f l i g h t s ,  o i l  

of o t h e r  v i s c o s i t i e s ,  viz.,lOOO cs and 10 cs w e r e  a l s o  t e s t e d .  I n j e c t o r  t i p s  

and ope ra t ing  parameters  were included which were i d e n t i c a l  t o  t h o s e  used on 

t h e  KC-135 f l i g h t s  f o r  comparison. Parameters i n v e s t i g a t e d  inc luded  t i p  d ia -  

meter, cone ang le  ( f o r  w a t e r  t i p s ) ,  immersion depth i n t o  drop, and i n j e c t o r  

r e t r a c t i o n  v e l o c i t y .  
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Since t h e  KC-135 tests wi th  100 cs s i l i c o n e  o i l  had i n d i c a t e d  t h a t  t h e  

t o t a l  volume of  secondary d r o p l e t s  w a s  e s s e n t i a l l y  independent of drop s i z e ,  

i t  w a s  decided t h a t  t h e  s imples t  test procedure would be  t o  use  a cup f i l l e d  

wi th  o i l  (o r  w a t e r ) ,  s imu la t ing  a drop of i n f i n i t e  r a d i u s  and mount a s i n g l e  

i n j e c t o r  w i th  i t s  d r i v e  mechanism over  t h e  cup, immerse the  i n j e c t o r  t i p  t o  

t h e  des i r ed  depth  i n  t h e  f l u i d  and withdraw t h e  t i p  v e r t i c a l l y  upward a t  t h e  

d e s i r e d  speed whi le  t ak ing  h igh  speed motion p i c t u r e s  of  t h e  t i p ,  s u r f a c e  

d i s tu rbance  and column o r  d r o p l e t s  of f l u i d .  

Pre l iminary  runs  wi th  va r ious  f l u i d s  noted i n d i c a t e d  t h a t  t h e  test 

procedure descr ibed  above w a s  adequate  f o r  de te rmina t ion  of re la t ive drop 

d i s tu rbance  of  a l l  f l u i d s .  It w a s  a l s o  adequate  f o r  t e s t i n g  re la t ive secondary 

d r o p l e t  volumes f o r  water and 10  cs s i l i c o n e  o i l ,  b u t  i t  w a s  marginal  t o  poor 

f o r  100 cs s i l i c o n e  o i l  and t o t a l l y  u n s a t i s f a c t o r y  f o r  1000 cs s i l i c o n e  o i l .  

This  w a s  due t o  t h e  h ighe r  v i s c o s i t y  f l u i d s  s t r i n g i n g  out  t o  a l e n g t h  cor res -  

ponding t o  f u l l  travel of t h e  i n j e c t o r ,  then  s t reaming down from t h e  motion- 

less  i n j e c t o r  under t h e  in f luence  of g r a v i t y  u n t i l  they  had necked down t o  a 

smaller diameter  column which f i n a l l y  broke up i n t o  sa te l l i t e  d r o p l e t s ,  b u t  

n o t  of t h e  c o r r e c t  s i z e  nor  volume. 

A s  a consequence, i t  w a s  decided t o  employ another  technique f o r  

sa te l l i t e  d r o p l e t  volume de termina t ion .  

of t h e  i n j e c t o r  i n  a h o r i z o n t a l  o r  near  h o r i z o n t a l  a t t i t u d e  i n s t e a d  of  vertical. 

Two arrangements were t r i e d ,  t h e  f irst  having the  t i p  pass  through a c l ea rance  

ho le  i n  t h e  s i d e  of a cup. The h o l e  w a s  l o c a t e d  c l o s e  t o  t h e  f l u i d  top  sur -  

f a c e  and s i z e d  so  t h a t  f l u i d  s u r f a c e  t e n s i o n  prevented leakage of f l u i d  from 

t h e  cup when t h e  t i p  w a s  i n s e r t e d  through t h e  hole .  

used a cup f i l l e d  t o  t h e  top ,  i n t o  the  s u r f a c e  of which t h e  t i p  w a s  i n s e r t e d  

a t  an  angle  of about  15' above h o r i z o n t a l .  

s a t i s f a c t o r y .  

This  technique involved t h e  ope ra t ion  

The second arrangement 

Both of t h e s e  techniques w e r e  

Another pre l iminary  test w a s  made t o  determine t h e  source  of t h e  f l u i d  

which formed t h e  column of f l u i d  and, i n  t u r n ,  produced t h e  secondary d r o p l e t s .  

I n j e c t o r  t i p s  were connected t o  a hypodermic sy r inge  f i l l e d  wi th  t h e  a p p r o p r i a t e  

f l u i d  and f l u i d  w a s  forced  from t h e  t i p  i n t o  t h e  s imulated drop ( i .e . ,  t h e  
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cup) j u s t  be fo re  t i p  r e t r a c t i o n .  

and secondary d r o p l e t s  photographed (see f i g u r e  7 ) .  S imi l a r  tests were 

performed us ing  t i p s  w i t h  no o r i f i c e s  ( rods  were used i n s t e a d  of t ubes ) .  

A s  r e s u l t s  i n d i c a t e d  only  a minor d i f f e r e n c e  i n  drop d i s tu rbances  o r  product ion 

of sa te l l i t e  d r o p l e t s  wi th  t h e  two techniques ,  rods  w e r e  used f o r  subsequent 

tests and t h e  conclusion reached w a s  t h a t  t h e  f l u i d  forming t h e  columns came 

from t h e  drop. 

The t i p  w a s  then  r e t r a c t e d  and t h e  column 

LABORATORY TEST RESULT TRENDS 

T e s t  r e s u l t s  gene ra l ly  confirmed expected t r e n d s ,  i .e . :  

1) Smaller diameter  i n j e c t o r  t i p s  produced s m a l l e r  drop d i s tu rbances  

and smaller volumes of secondary d r o p l e t s .  

Smaller t i p  immersions produced s m a l l e r  drop d i s tu rbances  .and 

decreased secondary d r o p l e t  volumes. 

' 2 )  

Unexpected t r ends  included the  fol lowing:  

3 )  Decreased h j e c t o r  withdrawal v e l o c i t i e s  (wi th in  t h e  range t e s t e d )  

produced s m a l l e r  secondary d r o p l e t  volumes. 

LABORATORY TEST RESULT - DISCUSSION 

R e s u l t s  shown i n  f i g u r e  8 i n d i c a t e d  t h a t  t h e  secondary d r o p l e t  volumes 

s p e c i f i e d  by t h e  f u n c t i o n a l  requirements  could only  be m e t  through t h e  use  of 

very  s m a l l  s i z e  t i p s  and/or  minimal immersion of t h e  t i p s  i n t o  t h e  drops.  

Minimal immersion of i n j e c t o r s  meant t h a t  accu ra t e  programming of  i n j e c t o r  

motion dur ing  t h e  growth of o i l  drops w a s  e s s e n t i a l .  The f e a s i b i l i t y  of 

t hese  parameters  depended upon o t h e r  f a c t o r s  such as: 

1) Could t h e  small t i p  diameter  produce s u f f i c i e n t  s t a b i l i z i n g  
-3  s u r f a c e  t ens ion  f o r c e s  t o  r e t a i n  t h e  drop i n  a 10  g f o r c e  f i e l d ?  

2 )  Was the  i n j e c t o r  d r i v e r  s e rvo  r e s o l u t i o n  s u f f i c i e n t  t o  permit  s m a l l  

i n j e c t o r  t i p  immersions? 
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3) Did t h e  s m a l l  t i p  a l low accep tab le  f l u i d  pumping rates w i t h  

h i g h  v i s c o s i t y  f l u i d s ?  

A c a l c u l a t i o n  of t h e  diameter  of i n j e c t o r  t i p  r equ i r ed  t o  r e t a i n  a 

g f i e l d  i n d i c a t e d  t h a t  a minimum diameter  of -3 10 cc  w a t e r  drop i n  a 10  

0.04 c m  (.016") is  r equ i r ed .  

minimum O.D.  of t h e  sharp  cone t e s t e d  and found t o  m e e t  t h e  secondary drop- 

l e t  maximum volume allowed f o r  a 0.25 cc drop a t  an  immersion of 0.16 c m  (1/16") 

Thus, a s i n g l e  t i p  s i z e  w i l l  be s a t i s f a c t o r y  f o r  w a t e r  drops of a l l  s i z e s  

s i n c e  c o n t r o l l i n g  t h e  p o s i t i o n  of each i n j e c t o r ,  hence t h e  t i p  immersion t o  

0.04 c m  (.015") i s  achievable .  

0.04 cm (.016") diameter  i n j e c t o r  a t  t h e  maximum requ i r ed  pumping rate of 

1 cc/second. 

This i s  c o n s i s t e n t  w i t h  t h e  0.05 c m  (.020") 

F i n a l l y ,  water can be  pumped through a n  

A s i m i l a r  c a l c u l a t i o n  f o r  s i l i c o n e  o i l  drops i n d i c a t e d  t h a t  a minimum 

t i p  o u t s i d e  diameter  of 0.18 c m  ( .070" )  i s  requ i r ed  t o  support  a 10  cc  drop 
-3 

I on them i n  a 1 0  g f i e l d ;  a 0.24 ern O.D. ( .093")  by 0.20 c m  I . D .  (-078") 

t i p  w a s  s e l e c t e d .  T e s t  r e s u l t s  (see f i g u r e  8) i n d i c a t e d  t h a t  t h e  minimum 

satel l i te  volume can be m e t  a t  a reasonable  immersion only  f o r  drops l a r g e r  

than about 1 cc. Consequently, t h e  use  of a second, smaller i n j e c t o r  t i p  

s i z e  0 .11 c m  O.D. ( .042" )  x 0.07 c m  I . D .  ( . 0 3 " ) ,  is  requ i r ed  f o r  o i l  drops 

from 0.25-1.0 cc volume. 

c ing  of o i l  i n t o  one drop i s  .07 c m  ( . 03 " )  which i s  about  t h e  r e s o l u t i o n  l i m i t  

of t h e  p o s i t i o n  servo ,  t h e  i n j e c t o r  t i p s  w i l l  be  pos i t i oned  t o  touch ( i .e.  zero 

gap).  
t i p  a t  rates much above t h e  minimum, i . e . ,  0 . 1  cc / sec  because of t h e  ve ry  

high p r e s s u r e  drop which s w e l l s  t h e  e l a s tomer i c  tub ing  excess ive ly  and stalls  

t h e  pump motor; however, a pumping t i m e  of 10 seconds f o r  a 1 cc drop i s  

q u i t e  acceptab le .  

w i th  1000 cs  o i l .  

Since t h e  maximum t i p  s e p a r a t i o n  t o  i n s u r e  coa les -  

It i s  n o t  p o s s i b l e  t o  pump t h e  h ighe r  v i s c o s i t y  o i l s  through t h e  small 

The l a r g e r  s i z e  o i l  t i p  permi ts  a pumping rate of 1 cc/sec 

The use  of t h e  i n v e r t e d  cone shape f o r  s i l i c o n e  o i l  i n j e c t o r  t i p s  t o  

achieve  axial  drop s t a b i l i t y  w a s  d i scarded  s i n c e  t h i s  shape r e s u l t s  i n  

increased  s a t e l l i t e  d r o p l e t  volume and/or  decreased f l u i d  pumping rates 

because of smaller i n j e c t o r  t i p  i n s i d e  diameters .  
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Cyl indr ica l  ( tubular )  shaped t i p s  were se l ec t ed  f o r  the  o i l  i n j e c t o r  

t i p s  s ince  these  r e s u l t  i n  a minimum t i p  o u t l e t  diameter, produce p o s i t i v e  

drop s t a b i l i t y  i n  the  r a d i a l  d i r e c t i o n  and n e u t r a l  drop s t a b i l i t y  i n  t h e  

axial d i r e c t i o n .  

CONCLUSION 

A p r a c t i c a l  f l u i d  drop i n j e c t i o n  system has been developed f o r  t h e  

Drop Dynamics Module, capable of forming drops of a range of commandable 

s i z e s  from l i q u i d s  having a wide range of physical  c h a r a c t e r i s t i c s .  

system employs: 

This 

0 

0 

0 

0 

0 

0 

0 

0 

A volume and rate commandable s tepper  motor operated dual  o u t l e t  

p o s i t i v e  displacement pump. 

Two oppos i te ly  discharging programmable servoed i n j e c t o r s  which 

move from ou t s ide  the  test chamber t o  its cen te r  as programmed. 

Surface tens ion  fo rces  t o  provide drop s t a b i l i t y  during drop 

growth and release. 

An i n i t i a l  t i p  separa t ion  of less than t h e  t i p  rad ius .  

An i n j e c t o r  r e t r a c t i o n  motion which keeps the  growing drop 

per iphery tangent  t o  t h e  i n j e c t o r  t i p  o u t l e t s .  

One s i z e  i n j e c t o r  t i p  f o r  water drops of a l l  s i z e s  (% - 10 cc ) .  

Two s i z e s  of i n j e c t o r  t i p s  f o r  o i l  drops: one f o r  drops from 

k - 1 cc and t h e  second f o r  drops from 1% - 10 cc volume. 

Programmed i n j e c t o r  t i p  motions together  with t i p  s i z e s  which 

minimize the  production of sa te l l i t e  d rop le t s  and d is turbance  t o  

t h e  drop during i ts  release i n t o  f r e e  d r i f t .  

The research  described i n  t h i s  paper w a s  c a r r i e d  out  a t  t h e  Jet Propulsion 
Laboratory, Ca l i fo rn ia  I n s t i t u t e  of Technology, under NASA Contract NAS7-100. 
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UPPER FRAME 7 - 

Fig. 1. Drop Dynamics Module Mechanical 
Module 

Fig.  3. DDM F lu id  I n j e c t o r  and Driver 

Fig.  2 .  DDM Flu id  Pump 
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Fig .  6 .  K C 1 3 5  F l i g h t  - Water Drop Forming i n  Zero "G" 
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ON THE DESIGN OF AN ADJUSTABLE HIGH 
PRECISION LATCHING HINGE 

John W .  R i b b l e  & W i l l i a m  D. Wade 

Cockheed M i s s i l e s  and Space Company 

A b s t r a c t  

The des ign and t e s t  d e t a i l s  o f  a h i g h  p r e c i s i o n  h inge and l o c k i n g  mech- 
anism c r e a t e d  p r i n c i p a l l y  i n  suppor t  o f  t h e  Lockheed space dep loyab le  F lex-  
r i b  P a r a b o l i c  Antenna concept a r e  presented. 
t h e  d e t a i l  des ign o f  u l t r a - p r e c i s e  r i b  h inge and contour  ad justment  mechanisms 
w i l l  a l l o w  r a d i o  f requency antenna r e f l e c t o r s  t o  expand i n t o  t h e  15-50 meter 
d iameter  s i z e  c l a s s  and t o  suppor t  t h e  .013 mm. deployment r e p e a t a b i l i t y  
t o l e r a n c e  r e q u i r e d  t o  suppor t  t h e  1 2 t  GHz f requency range. 

These developed improvements i n  

I n t r o d u c t i o n  

I n  t h e  s p r i n g  o f  1974 a 9.1 meter d iameter  P a r a b o l i c  Antenna designed 
f o r  use a t  f requenc ies  up t o  8 GHz was s u c c e s s f u l l y  p laced i n  o r b i t .  T h i s  
r e f l e c t o r ,  shown i n  F igure  1 i n  i t s  f i n a l  deployed s t a t e ,  has opera ted  s a t i s -  
f a c t o r i a l l y  ever  s ince .  The des ign i s  o f  t h e  f l e x i n g  wrap r i b  type ,  which 
c o n s i s t s  o f  a number ( v a r i a b l e )  o f  r a d i a l  r i b s  o r  beams which a r e  c a n t i l e -  
vered f rom a c e n t r a l  hub s t r u c t u r e .  Each o f  t h e  r i b s  i s  a t t a c h e d  t o  t h i s  hub 
through a hinge. T h i s  r a d i a l  spoke system prov ides  t h e  mount ing f o r  t h e  an- 
tenna s u r f a c e  s t r u c t u r e .  Arrays a r e  formed by mount ing a membrane w i t h  e l e -  
ments on t h e  f r o n t  edge o f  t h e  r i b s  and, i f  r e q u i r e d ,  a ground p lane on t h e  
r e a r  edge. For p a r a b o l i c  o r  o t h e r  curved r e f l e c t o r s ,  t h e  r i b s  a r e  formed i n  
t h e  r e q u i r e d  shape, and r e f l e c t i v e  pie-shaped gores a r e  a t t a c h e d  between t h e  
r i b s .  An overv iew o f  such a deployed system i s  presented i n  F i g u r e  2.  

The r i b  c ross  s e c t i o n  and m a t e r i a l  a r e  chosen t o  p e r m i t  e l a s t i c  b u c k l i n g  
Th is  i s  t o  a l l o w  t h e  r i b s  t o  be wrapped around t h e  hub s t r u c -  o f  t h e  r i b s .  

t u r e  i n  t h e  ascent  o r  stowed package c o n f i g u r a t i o n .  

I n  t h e  s towing process, t h e  r i b s  and a t tached s u r f a c e  a r e  r o t a t e d  about  
t h e  r i b  h inges u n t i l  t h e  r i b s  a r e  tangent  t o  t h e  hub. A f t e r  t h i s  r o t a t i o n ,  
t h e  r i b s  a r e  f l a t t e n e d  and wrapped c i r c u m f e r e n t i a l l y  around t h e  hub. 
e l a s t i c  b u c k l i n g  o f  each r i b  accommodates t h i s  a c t i o n .  
i s  a l l o w e d  t o  form a package between t h e  r i b s .  
t h e  wrapped r i b s  i s  s u f f i c i e n t  t o  accompl ish deployment o f  t h e  r e f l e c t o r .  
The stowed package i s  conta ined by a s e r i e s  o f  h inged doors which a r e  h e l d  
i n  p l a c e  by a r e s t r a i n i n g  cable.  

The 
The s u r f a c e  m a t e r i a l  

The e l a s t i c  energy s t o r e d  i n  

Deployment occurs when t h e  c a b l e  i s  severed. 

It was i n  t h e  d e t a i l  des ign o f  t h e  r i b  h inge and l a t c h i n g  mechanisms 
t h a t  need f o r  des ign improvement was no ted  f o r  l a r g e r ,  h i g h e r  f requency 
designs. 
j u s t i n g  t h e  r i b  t i p s  t o  t h e  r e q u i r e d  contour  p o s i t i o n  t o l e r a n c e  o f  - t.965 mm. 

Dur ing t h e  r e f l e c t o r  assembly, excess ive t i m e  was consumed i n  ad- 
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In addi t ion,  d u r i n g  testing larger-than-expected deviations from the  "as 
adjusted" contour were experienced. While these items caused no s ign i f i can t  
performance degredations on t ha t  r e f l e c t o r ,  i t  was recognized t h a t  unless 
improvements were made, additional capabi l i ty  i n  e i t h e r  operational frequency 
o r  ref1 ector  diameter would be 1 imi ted by these mechanism er rors .  

These concerns led t o  the i n i t i a t i o n  of  a development study aimed a t  
producing a mechanical r e f l ec to r  design showing improved se tab i l  i t y  and re-  
peatabi l i ty .  

Symbols 

r l =  

D =  
A =  
f =  

G =  
6 =  

l r =  

c =  

e f f i c i ency 
p i  = 3.141592654 
d i  ameter 
wavelength of the electromagnetic wave 
focal l e n g t h  of the antenna 
local speed of  l i g h t  
gain 
RMS d i s t o r t i o n  

Ref1 ec tor  Performance 

The need for  improved antenna surface tolerance control can be under- 
s t o o d  by a brief discussion of antenna performance. 
may be d i r ec t ly  re la ted  t o  the physical properties o f  the antenna surface.  
Consider the case of  a round aperture having a diameter D.  In this instance,  
the antenna gain i s  d i r ec t ly  re la ted  t o  the  diameter by the simple expression 

The gain of  an antenna 

G =  (+) 
The above formula indicates  t ha t  the  gain of an antenna i s  d i r e c t l y  propor- 
t ional t o  the square of  the diameter and the  square of increasing frequency. 
The eff ic iency fac tor  (qE)  accounts for  the normally encountered degrading 
factors  i n  any antenna system, including, among many other e f f e c t s ,  r e s i s t i v e  
losses ,  r e f l ec t ion  losses ,  aperture d is t r ibu t ion  lo s ses ,  and blockage losses .  
Highly e f f i c i e n t  systems have an eff ic iency of nearly 70 percent. 
w i d t h  systems have an eff ic iency o f  approximately 30 percent t o  40 percent; 
moderate bandwid th  systems o f  conventional performance generally have e f f i  - 
ciencies i n  t he  50 t o  55 percent region. By spec i f ic  exclusion, this e f f i -  
ciency fac tor  does n o t  include the impact of d i s to r t ions .  

Broad band- 

For estimation purposes d i s t o r t i o n s  o f  large s t ruc tures  can be consid- 
ered as  random er rors  i n  the  surface.  Exact treatment o f  t he  performance 
degradation caused by the actual d i s tor t ions  i s  a very complex i ssue ,  re la ted 
t o  the type of  antenna used, the d i s t r i b u t i o n  o f  e r r o r s ,  and many other fac- 
tors. However, a reasonably well accepted and accurate re la t ionship between 
gain i n  the  ideal case and t h a t  achieved i n  the  presence of small s t ruc tura l  
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d i s t o r t i o n s  i s  represented  by t h e  r e l a t i o n s h i p  

where h i s  t h e  wavelength and 6 i s  t h e  RMS s u r f a c e  e r r o r .  
w r i t t e n  i n  terms o f  r e f l e c t o r  e f f i c i e n c y  as 

T h i s  can be r e -  

- (v)2 ; mechanical e f f e c i e n c y  (3 )  Gd = 776 G where U6 = e 

I f  we a r e  d e a l i n g  w i t h  s t a t i s t i c a l l y  independent e r r o r  sources, then 6 i s  
t h e  RSS o f  t h e  i n d i v i d u a l  e r r o r  sources. The o v e r a l l  e f f i c i e n c y  equat ion  
can now be w r i t t e n  as 

where 6, i s  t h e  sur face  e r r o r  caused by manufactur ing e r r o r  and deployment 
n o n - r e p e a t a b i l i t y ,  hA i s  t h e  s u r f a c e  approx imat ion e r r o r ,  and 6~ i s  t h e  t h e r -  
ma l  d i s t o r t i o n  e r r o r .  

The r e p e a t a b i l i t y  e r r o r  te rm may now be i n v e s t i g a t e d  p a r a m e t r i c a l l y  by 
p l o t t i n g  i t s  e f f i c i e n c y  a g a i n s t  RMS d i s t o r t i o n  e r r o r  d i v i d e d  by wavelength i n  
o rder  t o  normal ize  t h e  r e s u l t s  w i t h  r e s p e c t  t o  f requency.  
shown i n  F i g u r e  3. Based on p r e v i o u s  exper ience i n  e r r o r  a l l o c a t i o n  budgets 
f o r  antenna systems, a reasonable e f f i c i e n c y  c o n t r i b u t i o n  f o r  r e p e a t a b i l i t y  
i s  95%. Thus i t  can be seen t h a t  i n  o r d e r  t o  o b t a i n  a h i g h  o v e r a l l  r e f l e c t o r  
e f f i c i e n c y ,  t h e  r e f l e c t o r  mechanisms d i s t o r t i o n s  must be kept  smal l  ( i  ..e. 2 1/ 
50) compared t o  t h e  wavelength o f  t h e  r a d i a t e d  energy.  

Th is  r e s u l t  i s  

Mechanical Development 

I n  response t o  t h e  recognized need f o r  reduced s u r f a c e  d i s t o r t i o n s  and 
improved s u r f a c e  r e p e a t a b i l i t y  f o r  e v o l v i n g  antenna needs, a development p ro-  
gram was i n i t i a t e d  i n  1975 t o  i s o l a t e  t h e  sources o f  t h e  e r r o r s  encountered 
w i t h  t h e  9.1 meter d iameter  r e f l e c t o r  and t o  reduce them w i t h  d e t a i l  des ign 
improvements. As p r e v i o u s l y  discussed, one e r r o r  i n  t h e  des ign was t r a c e d  t o  
t h e  r i b  l a t c h  mechanism, shown p i c t o r i a l l y  i n  F i g u r e  4 .  

The l a t c h  c o n s i s t e d  o f  a taper-ended p lunger  s i t u a t e d  p a r a l l e l  t o  t h e  
r i b  h inge 1 i n e  and pre loaded by a 22 newton s p r i n g .  
a quadrant l o c a t e d  on t h e  r i b .  
t i o n ,  t h e  p lunger  would t r a v e l  beyond t h e  end o f  t h e  quadrant and snap i n t o  
t h e  l a t c h e d  p o s i t i o n .  A l o a d i n g  diagram o f  t h e  h inge p o r t i o n  o f  t h i s  l a t c h  
mechanism i s  shown i n  F i g u r e  5 .  This  l a t c h  o r i e n t a t i o n  induced t o r q u e  mo- 
ments T about  t h e  l o n g  a x i s  o f  t h e  r i b  which caused i t  t o  d e f l e c t  f rom t h e  
d e s i r e d  c o n t o u r  p o s i t i o n .  

The p lunger  rode a g a i n s t  
When t h e  r i b  reached t h e  f u l l y - d e p l o y e d  p o s i -  

I n  a d d i t i o n ,  t h i s  t o r q u e  v a r i e d  accord ing  t o  t h e  
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exact f ina l  position of the plunger each time the  r ib  was deployed, g i v i n g  
r i s e  t o  var ia t ions i n  the  r i b  position each time i t  was operated. 

A second area o f  concern i n  t he  r e f l ec to r  was the method used t o  ad jus t  
the r i b  posit ions t o  es tab l i sh  the required contour. 
ments were required t o  be nade simultaneously. 
ca l ly  a t  the h u b ,  rotated w i t h  respect t o  the hinge ax is  i n  order t o  provide 
ver t ical  adjustment a t  the  t i p ,  and the  f u l l y  deployed position was adjusted 
t o  insure t h a t  the r i b  extended i n  an exact ly  radial  d i rec t ion .  
position s t o p  was a screw adjustable  s top,  which operated qui te  s a t i s f ac to r -  
i a l l y .  The other  adjustments, however, i n  pract ice  required the expenditure 
o f  large amounts o f  time t o  achieve the  required accuracy. 
the r i b  was adjusted ve r t i ca l ly  by exchanging matched pairs  of graduated 
shims. While the  shims functioned well , changing and checking these matched 
pairs  was extremely time consuming. The angular adjustment a t  the hinge re-  
quired t o  achieve ver t ica l  adjustment a t  the r i b  t i p  was accomplished by tap- 
p i n g  a s l id ing  block hous ing  for the  hinge bearing w i t h  a su i tab le  hammer. 
T h i s  proved t o  be a t rying process. Therefore, design e f f o r t s  i n  the  develop- 
ment program were directed a t  eliminating these causes for concern. 

Three rib hinge adjust-  
The r ib  was adjusted ve r t i -  

The radial  

The hub end o f  

Design requirements for  a new re f l ec to r  were based on typical known 
large r e f l ec to r  needs. 
these requirements, recognizing future  needs t o  extend both  the  s i ze  and 
operating frequency of parabolic antennas. 
ments for the study. 
In t h a t  design the plunger was relocated t o  the r i b  and positioned t o  move i n  
a direct ion perpendicular t o  the hinge 1 ine ha1 fway between the hinge bearings. 
Thus ,  no torque i s  transmitted t o  the  r i b  from var ia t ions i n  l a tch  loads,  e l i -  
minating one source of contour non-repeatabil i ty.  

An attempt was made where economics allowed, t o  be t te r  

Table I l i s t s  the assumed require- 
The hinge design which evolved i s  shown i n  Figure 6 .  

The elimination of induced torque due t o  la tching loads also allowed the  
la tch  mechanism t o  be u t i l i zed  t o  eliminate bearing freeplay. 
rib hinge always creates  hinge bearing clearance problems which manifest them- 
selves as  contour inaccuracies. In the  case of the new design the bearing 
freeplay magnification r a t i o  ( i  .e.  , length of rib/bearing separation) i s  50:l. 
Therefore i n  order t o  produce a r e f l ec to r  contour which i s  repeatable,  the  
bearing freeplay was eliminated a t  the completion of  deployment by u t i l i z i n g  
a very h i g h  force s p r i n g  t o  drive the la tching plunger. A fur ther  complica- 
t i o n  i s  the one-9 environment under which the contour must be s e t  and measur- 
ed. 
able  posit ion whether the r e f l ec to r  i s  deployed w i t h  the  concave s ide  up or  
down, thus eliminating the  one-g deadband i n  the bearings. 

The use o f  a 

The l a t ch  s p r i n g  was a l so  designed t o  drive the r i b  bearings t o  a repeat- 

The other major change incorporated i n t o  the new design i s  the method 
of achieving ver t ica l  adjustments a t  the r i b  root and t i p .  
vernier r i b  adjustment mechanism which was developed i s  shown in Figure 7 .  
The design goals which led t o  this  adjustment device were: 

(1) 

The resu l t ing  

Adjustment Fineness - The a b i l i t y  o f  the mechanic t o  "feel"  - +.25 mm 
t i p  motion. 
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( 2 )  R e p e a t a b i l i t y  - Once the  adjustment was made, i t  cou ld  be expected t o  
remain i n  t h a t  p o s i t i o n .  

(3)  R e a d j u s t a b i l i t y  - I f  f o r  some reason i t  was found necessary t o  change t h e  
s e t t i n g ,  d i  sassembly woul d no t  be requ i red .  

The bottom (s ide  away from contoured s ide  o f  r i b )  h inge bear ing i s  he ld  by a 
housing which i s  ad jus ted  r a d i a l l y  by a d i f f e r e n t i a l  screw device.  
the  a d j u s t i n g  c o l l a r  18O r e s u l t s  i n  a .25RN v e r t i c a l  r i b  mot ion a t  t he  r i b  
r o o t  v e r t i c a l  adjustments can be made by changing one shim, thus  e l i m i n a t i n g  
the  need f o r  matched shim p a i r s .  

Turn ing 

Design V e r i f i c a t i o n  

The hinge model shown i n  F igure  6 was subjected t o  r e p e a t a b i l i t y  t e s t s  
du r ing  t h e  s p r i n g  o f  1978. Resul ts  o f  those t e s t s  a re  summarized i n  Table 11. 
I n i t i a l  t e s t s  showed excessive d e f l e c t i o n s  i n  the  h inge.  The d i f f i c u l t y  was 
t raced t o  d e f l e c t i o n  i n  t h e  lower  hinge p i n  (see F igure  8 ) .  The d e f l e c t i o n  
i n  t h i s  p i n  caused by t h e  l a t c h i n g  loads from t h e  p lunger  s p r i n g  were i n  the  
order  o f  0.2 mm, which cou ld  r e s u l t  i n  a mechanical e f f i c i e n c y  c o n t r i b u t i o n  
i n  t h e  p r o j e c t e d  design o f  36%. The p i n  was t h e r e f o r e  redesigned and s t i f -  
fened as shown i n  F igure  8. 
Table I1 obta ined,  r e s u l t i n g  i n  a p ro jec ted  mechanical e f f i c i e n c y  c o n t r i b u -  
t i o n  o f  98% fo r  t h e  design which was w e l l  above t h e  95% goal .  

The new p i n  was i n s t a l l e d  and the  r e s u l t s  o f  

The r e s u l t s  o f  these t e s t s  enabled a go-ahead t o  manufacture and assemble 
Th is  model a 4 - r i b ,  3-gore sec t i on  o f  a complete 15  meter diameter r e f l e c t o r .  

(F igure  9)  has been completed and i s  c u r r e n t l y  scheduled t o  undergo engineer-  
i n g  development t e s t i n g  t o  v e r i f y  deployment dynamics and contour  repeat -  
a b i l i t y .  

Concl usions 

The des ign o f  a l a t c h i n g  hinge capable o f  suppor t ing  antenna r e f l e c t o r s  

This  h inge design achieves deployment r e p e a t a b i l i t y  o f  w i t h i n  +.010 mm 
i n  the  15-50 meter diameter range and 12+ GHz frequency range has been achiev-  
ed. 
across t h e  bear ings and a l lows p o s i t i v e  v e r t i c a l  r i b  adjustments of-.05 mm 
a t  t h e  r o o t  and .25 mm a t  the  t i p .  
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TABLE I 

Re q u i rem en t 

Diameter Depl oyed 
Diameter Stowed 
Ref1 e c t o r  Weight 
Operati  ng Frequency 
Surface Approx Loss 
Thermal Dist. Loss 
Torque Transmit ted t o  S/C 
Launch Environment 

f/D Rat io  
Mfa. & Reoeatab i l i tv /Loss  

Val ue 

15 M 
<200  M 

< 138 Kg 
9 GHz 

c . 5  dB 
.1 dB 

< 46.6 Newton-M 
- + 20 G I s *  

.44 
c .07  dB 

Comol i a nce 

15.24 M 

1.90 M 

122 Kg 
8.5 GHz 
.5 dB 
.045 dB 
34 Newton-M 
.08 M.S. 

.44 

.02 dB 

* Applied i n  3 orthogonal d i r e c t i o n s  s imul taneous ly  - equivalent s t a t i c  
i n e r t i a l  l oad  

TABLE I1 

Load Condition 

Ver t ica l  Shear 
Horizontal  Shear 
(Toward Deployment S top)  
Horizontal  Shear 
(Away from Deployment Stop)  

. Deflec t ion  After I Load Removal 
Def lec t ion  a t  

l q  load  

.015 

.012 

.011 

.OlO 
,008 

.0075 
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SOLAR ARRAYS 
8. ANTENNAS 
DEPLOYED - OPERATIONAL 

SEPARATION 

FIGURE 2 MISSION PROFILE-SATELLITE DELIVERY (OPTIONAL DELTA LAUNCH) 

1 .o 

.a 
rl 

EFFICIENO 

.4 

.4 

.2 

0 1 1 I 1 
.a? .w .06 .08 

RIB TIP DEFLECllON 6 1  - 
WAVELENGTH 

FIGURE 3 REFLECTOR EFFICIENCY EFFECT OF SURFACE DISTORTION 
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FIGURE 4 
RIB HINGE & LATCH ASSEMBLY FOR 9.1 METER DIAMETER REFLECTOR 

FIGURE 5 HINGE LOADING DIAGRAM 

FIGURE 6 
REDESIGNED RIB HINGE & LATCH ASSEMBLY FOR 15 METER DIAMETER REFLECTOR 
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ADJUSTING 

JAM 

LOWER HINGE 
EARING PIN 

ADJUSTING SHIM 

L32 PITCH THREAD 

FIGURE 7 

I I 

ORIGINAL DESIGN STIFFENED DESIGN I 
FIGURE 8 

FIGURE 9 
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RELIABILITY BREAKTHROUGH: 

POSITIONING MECHANISM WITH 
AN ANTENNA DEPLOYMENT/ 

ELECTRICAL AND MECHANICAL REDUNDANCY 

By M. C. Olson, L. W. Briggs and J. B. Pentecost 
Hughes A i r c r a f t  Company 

ABSTRACT 

An Antenna Pos i t ioner  Mechanism (APM) has been developed f o r  deployment 
of an antenna r e f l e c t o r  and f o r  f i n e  g ranu la r i ty  closed loop t racking  of the  
antenna i n  response t o  RF beacon e r r o r  s igna l s .  By u t i l i z i n g  permanent mag- 
n e t  s t e p p e r  motors, spur gearheads, i r r e v e r s i b l e  s i n g l e  thread worm/wheel 
assemblies and a m i t e r  gear d i f f e r e n t i a l ,  f u l l  e l e c t r i c a l  and mechanical 
redundancy has been r ea l i zed .  
one is a weight-optimized design with a c lu t ch  f o r  overload pro tec t ion  and one 
i s  a more rugged u n i t  without a c lu tch .  

Two vers ions  of t h i s  design have been generated: 

INTRODUCTION 

The SRS ( S a t e l l i t e  Business Systems) and the Anik C (Canadian Communica- 
t i ons  S a t e l l i t e )  spacecraf t  employ 1.8 meters (6 f e e t )  diameter antennae which 
are r e s t r a i n e d  during launch by pyrotechnic devices and a f t e r  o r b i t  i n j e c t i o n  
are deployed approximately 70° t o  t h e i r  operating posit ion.  
This deployment as w e l l  as the f i n e  g ra in  on-orbit  s t e e r i n g  are performed by 
the  Antenna Pos i t ioner  Mechanism shown i n  Figure 11. Except where noted, a l l  
desc r ip t ions ,  t es t  programs, e t c .  presented i n  t h i s  p a p e r  apply t o  the i n i t i a l  
weight-optimized design. This u n i t  because of the  l i g h t  weight f ea tu re s  
required a s l i p  c lu t ch  t o  p ro tec t  t he  gears from on-orbit  backdriving loads 
from the  antenna and from the  f u l l  s ta l l  torque c a p a b i l i t y  of t he  s t e p p e r  
motor. Af te r  completion of t h e  development e f f o r t  on t h i s  weight-optimized 
uni.t, a more d e t a i l e d  computer model revealed a t o r s i o n a l  s t i f f n e s s  requi re -  
ment an order of magnitude g r e a t e r  than t h a t  measured. 
f i x  so lu t ions  were abandoned i n  favor of a complete redesign t o  s a t i s f y  the  
new s t i f f n e s s  requirements. The ruggedized vers ion  t h a t  evolved from t h i s  
redesign e f f o r t  i s  described b r i e f l y  a t  the end of t h i s  paper. With the  
exception of the c lu t ch ,  which because of the  l a rge r  gears became unnecessary 
f o r  load pro tec t ion ,  t he  bas ic  designs of t he  two vers ions  are i d e n t i c a l .  
Both conta in  the  f u l l  e l e c t r i c a l  and mechanical redundancy f ea tu res .  

(See Figure I.) 

Several  quick- 

DESIGN REQUIREMENTS/CHARACTERISTICS 

The key design requirements and c h a r a c t e r i s t i c s  of the APM are summarized 
i n  Table I. 
4 5 O  motor s t e p  determined the o v e r a l l  gear r a t i o  of 18000:l. For one of the 
f a i l u r e  modes, described later i n  t h i s  p a p e r ,  the  output s tep increment 
becomes 0.005 degrees which i s  s t i l l  acceptable. During deployment the  s t e p  
rate i s  25 steps pe r  second while t y p i c a l  operation f o r  antenna pointing i s  
about 1 s t e p  every 18 minutes. 

The output s h a f t  motion g ranu la r i ty  of 0.0025 degrees f o r  each 
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The t o r s i o n a l  s t i f f n e s s  about t he  APM output s h a f t  was i n i t i a l l y  unde- 
f ined  when t h e  weight optimized u n i t  was  conceived, designed and developed, 
When t h i s  parameter was  e s t ab l i shed ,  it was an order of magnitude higher than 
the  value measured on the  q u a l i f i c a t i o n  u n i t  and, of course, necess i t a t ed  
a redesign. 

The an t ibacklash  torque is  the  torque required a t  the  output s h a f t  t o  
prevent pointing e r r o r s  due t o  backlash i n  the  gears. Normal i n - o r b i t  loads 
due t o  spacec ra f t  wobble and nu ta t ion  d i c t a t e  t h i s  requirement. 

DESIGN DESCRIPTION 

The APM gear train layout i s  shown in  Figure I11 and is i l l u s t r a t e d  in 
schematic form i n  Figure I V .  
d r i v e  through reducing gearheads i n t o  worm/wheel sets and a miter gear 
d i f f e r e n t i a l .  The revolving trunnion s h a f t  of the  d i f f e r e n t i a l  c a r r i e s  a 
se r r a t ed  too th ,  spr ing  loaded c lu t ch  as shown i n  Figure V. The d i f f e r e n t i a l  
gear system p e r m i t s  e i t h e r  motor t o  d r ive  the  output s h a f t .  Rotation of t he  
non-powered h a l f  of the  system i s  prevented by t h e  i r r e v e r s i b l e  f e a t u r e  of 
the  s ing le  thread worm/wheel gears supplemented by the  permanent magnet 
de t en t  of t he  motor ac t ing  through the  gearhead and worm/wheel r a t i o s .  

Redundant permanent magnet s t e p p e r  motors 

Any f a i l u r e  i-il t he  motor, gearhead o r  worm/wheel components i s  overcome 
by switching t o  the standby system. 
the  d i f f e r e n t i a l ,  both notors  are energized simultaneously. 
mode causes the  en t i re  d i f f e r e n t i a l  t o  r o t a t e  as a common member and a c t u a l l y  
reduces the  gear  r a t i o  by 1 /2  t o  9OOO:l. 
t o  0.005 degrees,but s ince  both motors are d r iv ing ,  t h e  output torque is  the  
same as f o r  normal operation. 

In the  case of a jammed bevel gear i n  
This opera t ing  

Step s i z e  a t  the output i s  increased 

The c lu tch , loca ted  between t h e  output s h a f t  and t h e  fixed bevel. gear of 
t he  d i f f e r e n t i a l ,  is  spr ing  loaded t o  s l i p  a t  approximately 8.16 Newton-meters 
(6 f t - l b s )  of torque. This value prevents damage t o  the  mechanism i n  the  ' 
event of high backdriving torques from the  antenna due t o  spacecraf t  maneuvers, 
etc, 
t he  gearbox and thus p e r m i t s  use of smaller and l i g h t e r  components. 
s t o p  e x t e r n a l  t o  the  APM prevents antenna ove r t r ave l  t o  about 1 degree beyond 
t h e  operating range when the  c lu t ch  is  ac t iva t ed .  

It a l s o  i s  s i zed  t o  l i m i t  t h e  amount of amplified motor torque seen by 
A f ixed  

A conductive p l a s t i c ,  i n f i n i t e  r e s o l u t i o n  potentiometer i s  mounted on the  
Since it is  no t  necessary APM output s h a f t  t o  provide telemetry information. 

f o r  mission success,  i t  is  n o t  redundant. 
d a t a  i s  necessary f o r  closed loop pointing, a redundant u n i t  could e a s i l y  be 
provided. This custom-made frameless potentiometer has an e l e c t r i c a l  angle 
of 75O. I n  order t o  obta in  high r e s o l u t i o n  i n  the  opera t ing  region, an of f -  
center t a p  i s  provided. With 5 v o l t s  applied a t  t h e  potentiometer ends and 0 
v o l t s  at  t h e  t a p ,  t he  s e n s i t i v i t y  over t h e  f i r s t  65' f r o o  the  stowed pcs i t i on  
is  about 77 mi l l i vo l t s /deg ree  while i n  the  remaining loo, which includes the  
normal opera t ing  region, it i s  about 500 mi l l ivo l t s /degree .  

For appl ica t ions  where pos i t i on  

Spring b ias ing  of the  output s h a f t  i s  used t o  e l imina te  backlash o r  
dead zone in  t h e  gear system, This spr ing  starts a t  e s s e n t i a l l y  zero  torque 
i n  the  stowed pos i t i on  and winds up over t he  70' deployment angle t o  provide 
about 12 in- lbs  i n  the  operating region. 

138 



A l l  bearings supporting the worm/wheel gears and d i f f e r e n t i a l  am pleaded 
angular contact type. 
preload forces.  Except fo r  the main output s h a f t  bearings, f a i l u r e  of any 
bearing i n  the system i s  overcome by switching t o  the standby motor/geartrain 
or  t o  simultaneous stepping by both motors. 
i s  achieved by applying th in  sputtered MoS2 f i lm  t o  the close tolerance s l i p  
f i t s  of bearing t o  sha f t  and bearing t o  housing. I n  e f f e c t  t h i s  creates  
journal bearings a t  these in te r faces  t h a t  allow operation i f  the output 
bearings f a i l .  

Ground shims are provided t o  set the proper wavy spring 

The main output bearing redundancy 

APM LIFE & LUBRICATION DESCRIPTION 

The APM design l i f e  cons is t s  of the following combination of t es t  and 
f l i g h t  operating cycles:  

1. Unit T e s t  162,000 motor s t e p s  
2. Spacecraft System T e s t  284,000 'I 

3.  In-Orbit Deployment 28,000 
4. In-Orbit Pointing 292,000 ' I  

11 

I 1  

11 

Total tes t  & mission steps 766,000 

The in-orb i t  posit ioning requirement was determined from the following 
assumptions : 

0 An average da i ly  correct ion of ,+ 0.05 degrees, corres- 
ponding t o  80 s t e p s  p e r  day. 

0 A correct ion frequency of 1 s t e p  every 18 minutes, 
representing a correct ion of .0025 degree 

0 An in-orbi t  l i f e  of 10 years. 
(10 years X 365 days X 80 = 292,000) 

The extremely large numbers of o sc i l l a to ry  cycles due t o  spacecraf t  
nutation or  wobble are not  a fac tor  s ince the magnitude of the torque 
loads is less than 1/10 tha t  necessary t o  overcome the antibacklash spring 
on the APM output shaf t .  The in-orb i t  operational l i f e  can be expressed as 
3650 cycles (365 days X 10 years) a t  a very low rate (1 s t e p  every 18 minutes) 
with an average amplitude as  follows: 

a t  motor 

a t  output of gearhead 
& the worm gear 

a t  worm wheel and 
input t o  bevel gears 

- + 900' (+ - 20 s teps)  

f 1 2 O  

- + 0.l0 

a t  output sha f t  - + 0.05' 
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The gear and bearing lubricat ion and processing are tabulated i n  Table 11. 
A s ign i f i can t  fea ture  of the lubricat ion system is  the extensive use of 
sputtered MoS2 and ion plated lead fo r  bearings and gears, 
was  chosen f o r  the gearheads t o  be compatible with the small clearances and 
t i g h t  tolerances required fo r  r e l i a b l e  operation. 
berpcSng races and b a l l s  provides an extremely tenacious, uniform f i lm  f o r  i n i t i a l  
lubricat ion while the Duroid 5813 (primarily te f lon  & MoS2) provides a space- 
proven replenishment system for  long l i f e .  A bonded MoS2 was  employed f o r  
the  d i f f i c u l t  worm/wheel lubricat ion task because of the  extensive previous 
experience i n  s i m i l a r  space appl icat ions and superior performance i n  tests 
where s l i d ing  f r i c t i o n  occurs. 

The 2000°A leadfi lm 

The sputtered MoS2 on the 

QUALIFICATION/LIFE TESTS 

After completing a series of in-process func t iona l /e lec t r ica l  tests, 
the  weight-optimized u n i t  was subjected t o  a design qua l i f ica t ion  tes t  
program. 
the  following : 

The key performance parameters evaluated during the  tests included 

a Total  excursion versus motor s t e p s  as measured by the cont ro l  
logic input pulse r e g i s t e r  and a mirror/autocollimator setup 
(performed fo r  each of the  redundant motor/gear systems). 

o S m a l l  angle (+ 1 degree and _+ 0.1 degree) s t e p  accuracy 
using the aut&ollimator system f o r  each motorlgear system. 

o Clutch release torque and antibacklash spring values. 

e Torsional and cross-axis s t i f f n e s s  cha rac t e r i s t i c s .  

The u n i t  environmental tests consisted of the following exposures: 

e Qualif icat ion l eve l  random vibra t ion  of 21 g ' s  rms overa l l  
along each of 3 axes. 

e Qualif icat ion leve l  thermal tests with a representat ive 
i n e r t i a  load attached t o  the  output shaf t .  

The u n i t  performed f lawlessly during a l l  phases of the test program. 
I n  addition, an inspection a f t e r  completion of u n i t  and qua l i f ica t ion  space- 
c r a f t  tests showed the gears and bearings des igd lubr i ca t ion  t o  be compatible 
with the l i f e  requirement. 

Since the  l i f e  travel dis tance requirement was most severe f o r  the gear- 
heads, an addi t iona l  spec ia l  l i f e  test was  conducted on a motor/gearhead 
combination dr iving a representat ive i n e r t i a  load. 
was programmed (at a rate of 25 pps) f o r  continuous cyc l ic  operation (7000 
pulses CW and CCW each folluwed by a 4 second pause) f o r  a t o t a l  of one 
mil l ion pulses, After completion of the cyc l ic  l i f e  test the gearhead was  
d i s a s s e d l e d  and v i sua l ly  inspected f o r  lube w e a r  and gear tooth damage. 
The r e s u l t s  of t h i s  inspection revealed no gear tooth damage with the ion- 
plated lead f i l m  intact and i n  exce l len t  condition. 

For t h i s  test, the  motor 
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ALTERNATE DESIGN DESCRIPTION 

The cross-section of the alternate design developed to provide additional 
torsional stiffness is shown in Figure VI. Because of the larger shaft and 
gears needed to satisfy the requirement for an order of magnitude increase in 
stiffness, a clutch was not required for overload protection. This feature 
along with some minor design improvements has simplified the assembly proce- 
dures and reduced the overall complexity. The qualification model of this 
design, after completion of functional and environmental testing, will be 
subjected to a life test program. 

CONCLUDING REMARKS 

The APM for the SBS/Anik C programs was developed with the goal of 
achieving high reliability through full mechanical and electrical redundancy. 
The final configuration required a redesign effort in order to satisfy all 
the system requirements as well as the reliability goal. Although the initial 
weight-optimized unit proved the basic design concepts and will, of course, 
be valuable for future applications, an earlier definition of stiffness require- 
ments could have eliminated this extra design iteration. 
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Figure 11. Antenna Positioner Mechanism-Weight-Optimized Version 
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Figure V, APM Differential/Clutch System-Weight-Optimized Version 
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DEVELOPMENT OF DRIVE MECHANISMS 
FOR COMMUNICATION SATELLITES 

by Arnold C .  Schneider a n d  Thomas D .  ClcLay 

General Electric Space Division 
Val 1 ey Forge, Pennsyl vani a 

ABSTRACT 

A distinguished pedigree i s  an important  asse t  in the development of Aero- 
Four drives recently developed for  communication s a t e l l i t e s  space mechanisms. 

a re  outgrowths of a previously-proven drive configuration. 

Pedigree by i t s e l f ,  however i s  n o t  enough t o  generate success. Inevitably, 
design changes which are thought t o  be minor, are  generally introduced to f ine  
tune the pedigreed hardware t o  meet particular requirements of a specif ic  new 
application. 
tested i n  the early development stages of the program. This paper describes two 
areas of design change on the solar array drive applied t o  the Japanese Broadcast 
Sa te l l i t e  (BSE) which led t o  subsequent problems during the development phase of 
the program. 
problems are described a s  well as the tes t ing approach adapted t o  prevent similar 
occurrences on the current Communication S a t e l l i t e  Program, The Defense System 
Communications Sa te l l i t e  I11 (DSCS 111). 

Such design changes are often viewed too casuallv and are n o t  thoroughly 

The methods applied to  establish the cause and the solution of these 

INTRODUCTION 

Today the solar  array drive for  the Japanese Broadcast S a t e l l i t e  (BSE) i s  
performing perfectly in o r b i t .  Likewise, the so la r  array drive and the gimbal 
antenna drives for  the Defense Systems Communi cations Sate1 1 i t e  I I I (DSCS I I I ) 
have successful ly  passed the i r  qual i f icat ion t e s t s .  
f o r  the success of these drive mechanisms has been the i r  common pedigree. 

This design concc2t was a fu l ly  redundant drive system u t i l i z ing  two drive modules, 
each one consisting of a D . C .  stepper motor, a harmonic drive speed reducer, 
spur gear speed reducer, and  a wrap spring clutch.  
Mechanisms Conference i n  October, 1973). 

One of the primary reasons 

Dur ing  1971 , GE developed a drive concept u s i n g  company discretionary funds. 

(Reported a t  the 8 t h  Aerospace 

The BSE solar array drive i s  a f l i gh t  version of t h i s  original design concept 
w i t h  some minor changes in order t o  reduce weight. 
i s  a modified version of the BSE drive providing a more compact assembl, and  a 
fur ther  reduction i n  weight. 

The DSCS I11 so la r  array drive 

The DSCS I11 gimbal dish antenna actuators use the basic parts from 
system developed in 1971,including some simplifications t h a t  are  possib 
t h e i r  re1 iabi l  i ty  requirement can be met without redundancy. 

the drive 
e because 
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DESIGN DESCRIPTION 

BSE Solar  Array Drive 

The BSE s o l a r  array drive consis ts  o f  two completely redundant unidirect ional  
dr ive  modules t h a t  a r e  interconnected by two, passive, wrap spring clutches ( s e e  
Figure 1 ) .  
output torque of 18 Nm (160 ?b.In.)  o r  both t o  be energized w i t h  a torque of 36 N m  
(320 i b . I n . ) .  Each dr ive contains a 1.8 degree s t e p  angle ,  s tepper  motor, a 1OO:l 
harmonic dr ive speed reducer, and a 6.05:l spur gear s e t .  
from the ro ta t ing  s o l a r  array panels t o  the  vehicle  s t r u c t u r e  by means of a s l i p  
r i n g  assembly consis t ing of 20 signal rings and four power rings. The s l i p  r i n g  
assembly i s  mounted around the  one-piece output s h a f t  t h a t  connects the two re- 
dundant dr ives .  

These clutches permit e i t h e r  dr ive  t o  be energized w i t h  a r e s u l t a n t  

Power i s  t r a n s f e r r e d  

DSCS 111 Solar  Array Drive 

The DSCS I11 s o l a r  array dr ive i s  a modified version of the  BSE drive (see  
Figure 2 ) .  
of t h e  dr ive modules i s  a common bull gear ra ther  t h a n  the  output s h a f t .  The 
assembly includes two s l i p  r i n g  modules which a r e  in tegra ted  i n t o  the support '  
housings t o  reduce weight and t o  eliminate extra  bearings.  A separa te  torque 
tube.connects the d r i v i n g  half  of the assembly t o  t h e  non-driving ha l f .  

The concept o f  redundant drive modules i s  maintained, b u t  the  output 

DSCS I11 Antenna Actuators 

The DSCS I11 antenna actuators  [see Figures 3 and 4 )  a r e  exact r e p l i c a s  of the 
BSE dr ives  from stepper motor t o  pinion gear. The spur gear has been changed t o  a 
segment, and the gear r a t i o  has been reduced t o  minimize weight. A conductive fi lm 
potentiometer and s tops have been added (see  Figure 5 )  t o  meet design requirements, 
and the  wrap s p r i n g  c lutch has been deleted s ince t h e  need f o r  redundancy has been 
el  imi nated. 

BSE Rekd Switches 

t o  the  Att i tude Control Subsystem f o r  r o l l  and yaw axis  cont ro l .  Two switches a r e  
mounted s i d e  by s i d e  i n  eachoof four posi t ion ind ica tor  switch assemblies. 
assemblies aremounted a t  90 spacing around the  s o l a r  a r ray  dr ive  s h a f t  t o  i n d i c a t e  
quadrant posit ion.  
assegbly,  normally keeps the contacts of the two reed switches closed. 
a 90 gap i s  attached t o  the s o l a r  a r ray  dr ive  shaftoand passes between t h e  magnet 
and the  switches ( see  Figures 6 and 7 ) .  sectoroof the d i s c  passes an 
assembly, the switches remain closed; b u t  when the s o l i d  270 s e c t o r  passes an assembly, 
t h e  magnetic f i e l d  i s  interrupted and  the  switches open. Since the  s h a f t  normally 
r o t a t e s  a t  an average speed of one revolution per day, each p a i r  o f  switches i s  normally 
open for  s i x  hours per day and closed f o r  18 hours per day. 

Reed switches a r e  used i n  the BSE solar. a r ray  dr ive  t o  generate posi t ion i n p u t s  

These 

A bar magnet, which i s  i n s t a l l e d  i n t o  the posi t ion ind ica tor  switch 
A d i s c  w i t h  

When the  90 
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BSE Reed Switch Problem 

The Reed Switches were purchased from a contractor t o  a detailed Switch speci- 
f icat ion.  
Reed Switches i n  accordance with MIL-S-55433. 
acceptance tes t ing,  b u t  d u r i n g  qualification testing of the en t i re  solar  array 
drive assembly, the following facts  and theories became apparent. 

This detailed Switch specification was prepared using t e s t  methods for  
These switches worked well during 

Facts 

1 .  Switches that  operated successfully t h r o u g h  extens 
cycling sometimes remained closed a f t e r  vibration. 

ve amb ent and thermal 

2 .  These switches eventually opened a f t e r :  

a )  disturbance of magnetic f i e ld  
b )  physical disturbance 

Theories 

1 .  Despite the presence of the disc ,  the magnetic f i e l d  a t  the swi 
s ignif icant ly  high. 

2.  Vibration causes switch blades, which closed, to s t ick .  ( I t  i s  
known f a c t  tha t  switches do s t ick a f t e r  subjection t o  vibration 
closed. This phenomenon is  l i s t ed  a s  a theory since a l l  our  sw 
were tested for  st icking per MIL-S-55433). 

ch i s  

a we1 
while 
tches 

'To  prove the validity of these theories,  we had to  assume tha t  switch design 
problems could ex is t  that  would n o t  show up until sub-system ins ta l la t ion .  
example, a l l  the switches had been tested for  sticking per MIL-S-55433. 
Theory No. 2 could only be valid i f  the subsystem instal la t ion environmental con- 
dit ions caused greater s t r e s s  t h a n  imposed by the specified piece par t  t e s t ;  

For 
Therefore, 

In order t o  investigate Theory 1 above, a t e s t  was devised t o  plot  magnetic 
f i e ld  a t  the switch locations versus disc position (see Figures 8 and 9 ) .  
of differing known pull-in and d rop-ou t  values instal led i n  the t e s t  f ix ture ,  the 
disc  was moved in and o u t  u n t i l  b o t h  inner and outer switches actuated. A number of 
conclusions were evident from this testing: 

With switches 

1 .  With the disc i n  the switch open position, the magnetic f i e ld  a t  the 
switches i s  considerable (16 ampere turns vs. 20 ampere turns d r o p - o u t ) .  

2 .  The f i e l d  strength a t  the outer switch i s  always higher t h a n  a t  the inner 
switch (due to  magnetic leakage around the d i s c ) .  

In order t o  investigate Theory 2 ,  a t e s t  f ix ture  was fabricated to  allow vibra- 
Dur- tion testing of the switches and disc disassembled from the complete assembly. 

ing th i s  tes t ing ,  one of the switches remained closed despite: 
the disc w i t h  a demagnetized disc ,  2 )  reduction of the disc gap t o  zero (reduced 
magnetic f i e l d ) ,  and 3) replacement o f  the magnet with a weaker magnet. I t  opened 
when i t  was l i gh t ly  tapped. The switch was revibrated and stuck a g a i n .  This time 
the switch was l e f t  alone and opened by i t s e l f  a f t e r  approximate1.y s ix  hours. The 
vibration was then separated into bands by frequency with the following resu l t s :  

1 )  replacement of 
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Frequency 

80 - 160 HZ 

160 - 230 HZ 

230 - 1100 HZ 

1100 - 1400 HZ 

1400 - 2000 HZ 

g level 

24 

36 

26 

60 

13 

Results 

No Sticking 

No Sticking 

Stuck 

Stuck 

No St icking 

An accelerometer mounted t o  the switch assembly indicated a resonance a t  around 
900 Hz w i t h  an amplification of  about 4.5X. 
natural frequency which would remove the  resonance m i g h t  prevent s t ick ing .  
t o  t e s t  this theory,  an .090" aluminum s t i f f e n e r  was bonded t o  the switch assembly. 
The switch d i d  n o t  s t i c k  a f t e r  vibration. 
switch stuck a f t e r  vibration. The conclusion reached was t h a t  t h e  switch s t i c k s  when 
the  g level exceeds about 36 9's.  

f e l t  t h a t  the switch being used was "too small" fo r  a c r i t i c a l  appl icat ion and t h a t  
t he  next la rger  switch would perform be t t e r  f o r  t he  following reasons: 

I t  was f e l t  t h a t  an increase i n  t he  
In order 

The s t i f f e n e r  was removed and again the  

Discussions were held with the  switch vendor regarding our  f a i l u r e s .  The vendor 

1 .  
2.. More snap act ion 
3.  

The la rger  switches were purchased and fabricated in to  s i x  (6 )  assemblies using 

A heavier coating o f  rhodium 

Made on automatic equipment ( i . e . ,  be t t e r  qua l i t y  cont ro l )  

ident ical  procedures and mater ia ls .  
l eve ls  w i t h  gap settings equivalent t o  only two ampere turns margin w i t h o u t  f a i l u r e .  

These switches were vibrated a t  the  highest  

The following changes were implemented t o  eliminate the problem: 

1.  Changed switches t o  l a rge r  type. 

2. Changed switch spec i f ica t ion  t o  t igh ten  pul l - in  and drop-out ranges and 
t o  r e j e c t  switches t h a t  s t i c k  by 1 ampere t u r n  o r  more. 

3.  Redesigned bracket f o r  higher stiffness. 

4. Added a f i e ld  s t rength requirement t o  the  magnet drawing t o  control a l l  
magnets. 

5. Tested a l l  switch assemblies as  follows:. 

a )  must pul l - in  w i t h  .40 oersted magnet 
b )  must d r o p - o u t  with .92 oersted magnet 
c )  
d )  vibrat ion t e s t  

d i sc  posit ion @ drop-out must exceed vehicle set t ing by 1.5mm 
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BSE Wrap S p r i n g  Problem 

Wrap springs are used in the BSE solar array drive t? transmit torque from the 

Accurate control of th i s  gap i s  necessary t o  prevent the spring from 

two redundant drive modules to  the common o u t p u t  shaf t  (see Figure 10).  In  trans- 
mitting th i s  torque, each spring must bridge a gap between the driving h u b  and the 
driven shaft .  
wedging i t s e l f  i n t o  the gap. 

Two s ignif icant  changes were made between the original testing of the wrap 
springs and the f l i g h t  configuration. 
the o u t p u t  shaf t ;  whereas, i n  the f l i g h t  configuration, two widely separated springs 
(56 cm between springs) were ut i l ized.  
reduced cross section in order t o  minimize weight. 
the spring exhibited a tendence t o  wed e i t s e l f  i n t o  the gap  under extreme loading 
(20 t o  30 times the anticipated torque 3 . Analysis of the anomaly revealed the following 
fac ts  : 

In the original tes t ing,  a single swing d r o \ -  

As a resu l t  of these two changes, 
In  addition, the f l i g h t  springs had dras t ica l ly  

1 .  Bearing axial play, shimming, thermal e f fec ts ,  and gap set t ing tolerances 
were producing a 0.84 mm gap. 

2 .  Under extreme loading, the s p r i n g  forces a t  the gap def lect  the s t ructure  
thereby causing the gap to  open a s  much as 0.46 mm on one side. 

The corner radi i  (or  chamfers) on the spring cross section cause a wedging 
action on the shaf t  that  permits the gap to  increase as much as 0.38 mm 
due to  structural  f l ex ib i l i t y .  

3. 

Previous analysis of Item 1 had shown ample margin (.84 mm gap vs. a 1 .47  mm 
cross sectional w i d t h  of the l igh ter  s p r i n g ) .  
complete assembly that  Items 2 and 3 in combination w i t h  Item 1 resulted i n  a gap  
that  would exceed the s p r i n g  widgh (.84 + .46 + .38 = 1.68 mm which i s  greater than 
1.47 mm). 
The dynamic e f fec ts  may only be measured by performing t e s t s  on the component. 

I t  was determined d u r i n g  t e s t s  of the 

T h u s ,  the gap w i d t h  should be sized by dynamic a s  well as s t a t i c  analysis. 

By accurately controlling the shimming of the bearings and the set t ing of the 
gaps, we are  able to  reduce the contribution of Item 1 to  0.45 mm. 
changes, the s p r i n g  ceased to  wedge into the gap .  
ing and worst tolerances, the gap i s  0.18 mm less  than the s p r i n g  cross sectional 
w i d t h .  

W i t h  these 
Under even the most severe load- 

DSCS I11 Amroach to  Testina 

The approach to  tes t ing on the DSCS I11 program has been t o  perform as much 

A l i s t  of the s ignif icant  t e s t s  performed on the DSCS I11 solar  array 
in-process tes t ing as possible in order t o  uncover potential problems as early as 
possible. 
drive and antenna drives i s  as follows: 

1 .  Complete functional and environmental, testing of an engineering model. 

2 .  100% r u n - i n  of bearings and gears for  prime usage. 

3. Precise monitoring of wrap s p r i n g  gap. 

4. Measurement of motor and harmonic drive f r ic t ion  torque a t  temperature 
extremes. 
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An engineering model of  the  so l a r  array dr ive was fabricated including a l l  of  
the c r i t i c a l  piece par ts  (see Figure 11 ) .  The assembly was subjected t o  the  fu l l  
DSCS I11 qual i f ica t ion  t e s t  l eve ls  fo r  vibrat ion and temperature. 
of these environmental t e s t s ,  the  assembly was completed disassembled and inspected 
fo r  damage and/or wear. 

A t  t he  conclusion 

The inspection d i d  not reveal any out  of tolerance conditions.  

A11 bearings and gears,  including the  harmonic dr ive ,  were r u n - i n ,  inspected, 
T h i s  r u n - i n  and thoroughly cleaned before being in s t a l l ed  in to  prime assemblies. 

assures a smooth r u n n i n g  assembly w i t h  no poss ib i l i t y  fo r  h i g h  f r i c t i o n  due t o  burrs ,  
chips , o r  surface imperfections. 

In the  modified s o l a r  array drive configuration of DSCS 111, the  c r i t i c a l  wrap 

As a r e s u l t  of these con t ro l s ,  

spring gap i s  n o t  capable o f  d i r ec t  measurement. In order t o  prevent a repeat of 
the BSE wrap s p r i n g  problem, the  piece par t  tolerances were held extremely t i g h t  and 
the mating pieces were measured prior t o  assembly. 
the gap was held t o  0.25 2 0.10 mm which eliminated the  poss ib i l i t y  of  a problem. 

The most important pre-assembly tes t  on DSCS 111 was a measurement of s tepper  
motor and harmonic drive f r i c t i o n  torque i n  a prime configuration a t  temperature 
extremes, This measurement y ie lds  a d i r ec t  indicat ion o f  t he  excess s tepper  motor 
torque, over and above internal  f r i c t i o n ,  t h a t  i s  ava i lab le  t o  overcome external 
loads and i n e r t i a .  
w i t h  the  harmonic dr ive and a h i g h  temperature problem associated w i t h  t he  s tepper  
motor. Both o f  these problems were readi ly  iden t i f i ed  a n d  corrected.  However, i f  
t h i s  t e s t ing  had n o t  been performed, we would have experienced these problems fo r  
the  f i r s t  time a t  the  assembly level .  
low temperature, i t  would have been extremely d i f f i c u l t  t o  ident i fy  t h e  two separate  
sources,  motor and harmonic dr ive,  a t  this level of  assembly. 

This in-process t e s t  revealed a low temperature problem associated 

Since the problems occurred a t  b o t h  h i g h  and 

CONCLUSIONS 

A proven pedigree p l u s  ear ly  testing of a l l  modifications insure a successful 
design. 
These pr inciples  have been successful ly  applied i n  the development'of four drive 
mechanisms f o r  the BSE and DSCS I11 communication s a t e l l i t e s .  

A successful des ign  plus ample in-process testing produces qua l i ty  hardware. 
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Figure 3. DSCS I11 Gimballed Antenna 
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Figure 9. Effect of Disc Position on Magnetic Field 

164 



rc 
0 
S 
0 
c, 
L 
0 

C L  

.I- 

P a 
5- 
3: 

0 
F- 

a, 
L 
3 



m 
S 
w 

F 
0 m 
H 
H 
H 

m 
0 
m 
n 

F 
F 

a, 
5- 
3 
EJ, 

L L  
.I- 

166 



TESTS OF A PROTECTIVE SHELL PASSIVE RELEASE MECHANISM 
FOR HYPERSONIC WIND-TUNNEL MODELS 

Richard L. Puster* and James E. Dunn** 

ABSTRACT 

A protect ive s h e l l  mechanism f o r  wind tunnel models w a s  developed 
and tes ted .  The mechanism i s  passive i n  operation, r e l i a b l e ,  and imposes 
no new s t r u c t u r a l  design changes f o r  wind tunnel models. Methods of predict ing 
the  re lease  time and t h e  measured loads associated with t h e  release of t h e  
s h e l l  a r e  given. The mechanism w a s  t e s t ed  i n  a s e r i e s  of wind tunnel t e s t s  t o  
va l ida te  t h e  removal process and measure t h e  pressure loads on t h e  model. The 
protect ive s h e l l  can be used f o r  wind tunnel models t h a t  require  a s t ep  input 
of heating and loading such as a t h i n  skin heat t r ans fe r  model. The mechanism 
may have other  po ten t ia l  appl icat ions.  

INTRODUCTION 

Hypersonic wind tunnel models sometimes require  protect ion from pressure 
loads associated with t h e  s t a r t  or uns tar t  of t h e  wind tunnel,  t h e  loads cacsed 
by inser t ion  in to  t h e  t es t  stream, and thermal and aerodynamic loads of t h e  
t e s t  medium u n t i l  exposure of t h e  model i s  desired. A passive system bas been 
developed which sh ie lds  a wind tunnel model from a hot hypersonic t es t  medium 
and then exposes t h e  model t o  a s t e p  input of aerodynamic heating and loading - 
a useful  technique f o r  experimental heat t r ans fe r  studies. 
system i s  novel i n  t h a t  no ac t ive  e l e c t r i c a l ,  mechanical, o r  explosive devices 

The protect ion 

.are required f o r  t h e  removal of t h e  protect ive she l l .  

This paper w i l l  describe t h e  design and performance of a pro tec t ive  s h e l l  
mechanism t h a t  w a s  t e s t e d  i n  a wind tunnel t o  ver i fy  t h e  operation of t h e  
mechanism and t o  measure t h e  t rans ien t  loads associated with t h e  re lease  of 
t h e  pro tec t ive  s h e l l .  

SYMBOLS 

2 h heat  t r ans fe r  coef f ic ien t  (W/m -K) 

I impulse (N/s) 

K heat input parameter (equation 1) 

L model length (cm) 

M Mach number 

Unit Reynolds 

P pressure (kPa 

NR 

- 
P mean pressure 

number per m 

or ma) 
(kPa or MPa) 

"NASA Langley Research 
**Prototype Development 

Center, Hampton, VA 
Associates, Santa Ana, CA 
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r radius (cm) 

R 

S 

t time ( s )  

T temperature ( K )  

T mean temperature (K) 

X 

(3 standard deviation 

Subscript: 

J 
mol-K gas constant 

surface distance ( see  f igure  5 )  

- 

axial distance along model (em) 

b 

c 

CI 

oc 

P 

0' 

W 

zr 

I 

2 

3 

00 

base 

cone 

center of impulse 

plenum conditions i n  combustor 

t e s t  section pod 

t o t a l  or stagnation point or f i r s t  exposure of forward s p l i t  
nut t o  aerodynamic heating 

w a l l  

temperature a t  re ta ining r ing  f a i l u r e  

t i m e  t o  re ta ining r ing  f a i l u r e  

p i t o t  or time f o r  cavity between model and s h e l l  t o  f i l l  and a f t  
re ta ining r ing  t o  break 

t o t a l  time required f o r  a l l  of protect ive s h e l l  components t o  be 
downstream of model 

f r ees  tream 

TEST MODEL ASSESIBLY AND OPERATION 

Protective Shel i  Assembly 
Figure 1 i l l u s t r a t e s  t h e  components of the protect ive s h e l l  and the  wind 

tunnel model. The she l l  w a s  made of two longitudinally s p l i t  f iberglass  petals  
formed with support pads as shown i n  the  figure.  The pe ta l s  a re  held i n  place 
by a forward res t ra in t / re lease  nut and an a f t  r e s t r a i n t  band. 
re lease nut, shown i n  d e t a i l  i n  f igure 2, w a s  fabricated of low brass (80% Cu; 

The forward s p l i t  



20% Zn) 
brass nut halves were l a p  f inished at t h e  pa r t  plane t o  produce e s sen t i a l ly  zero 
clearance when assembled. A zinc re ta in ing  r i n g  w a s  f i t t e d  in to  a c i r cu la r  
groove a t  t h e  r ea r  of t h e  nut ,  compressed t o  twice the  y i e ld  s t rength of t he  
zinc, and t h e  excess zinc w a s  then machlned f lush with t h e  brass.  A hole w a s  
then d r i l l e d  and tapped i n t o  t h e  af t  face of t h e  assembled nut.  A brass  b o l t  
with a conical head w a s  made t o  nest  ins ide  a matching in t e rna l  conical cavi ty  
i n  the  s p l i t  halves of t h e  pe ta l .  By screwing t h e  s p l i t  nut onto the  b o l t ,  
t he  pro tec t ive  p e t a l  halves were held and compressed together a t  t h e  forward 
end. A t  t h e  a f t  end of t h e  model an adaptor r ing  w a s  i n s t a l l e d  on the  base of 
t he  cone and t h e  pe t a l  halves were held i n  place by an external ,  f rangible  
f iberg lass  band. 

i n  two pieces which were held together by a zinc re ta in ing  r ing.  The 

Model 

cone with a 3.6 em nose radius ,  a length of 61 em, and a base diameter of 38 em. 
The model had a gas driven impulse turb ine  permitt ing it t o  be ro ta ted  between 
1 t o  5 revolutions per  second. A photograph of t h e  assembled model i n  t h e  
t e s t  sect ion of t h e  wind tunnel i s  shown i n  f igure  3. A device w a s  i n s t a l l e d  
a t  t he  base of t h e  model t o  catch t h e  adapter r ing  f o r  reuse and t o  prevent 
damage t o  t h e  adapter r i n g  or t h e  model support s t ing .  

The wind tunnel model w a s  a spherical ly  blunted, 1 5  degree half-angle 

The purpose of t he  ro ta t ion  w a s  t o  make t h e  invest igat ion general i n  
scope so t h a t  t h e  r e s u l t s  could be applied t o  f r ee ly  spinning f l i g h t  bodies. 
Most wind tunnel models do not r o t a t e  and are inser ted in to  t h e  t es t  medium 
at  a zero degree angle of a t tack;  therefore  t h e  re lease  dynamics were invest i -  
gated at  t h i s  condition as well. 

Operational Mechanism 
The protect ive s h e l l  removal mechanism i s  r e l a t i v e l y  simple. When t h e  

model i s  inser ted  in to  t h e  flow, aerodynamic heating t o  the  s p l i t  nut 
t r ans fe r s  heat inward r a i s ing  t h e  temperature of t h e  re ta in ing  r ing.  
t h e  re ta in ing  r ing i s  hot enough t o  l o s e  i t s  s t rength t h e  two halves of t he  
s p l i t  nut separate,  exposing t h e  annulus between t h e  model and i t s  protect ive 
s h e l l  t o  high aerodynamic pressure. A s  t h e  petal-model annulus f i l l s ,  t h e  
pe ta l s  open fur ther  and break t h e  aft  res t ra in ing  band. A s  a result of 
aerodynamic forces ,  t h e  b o l t  and pe ta l s  move away and outward from t h e  model. 
Freestream turbulence, gravi ty ,  and flow misalignment cause t h e  b o l t  t o  be 
removed from the  nose. The pe ta l s  f rac ture ,  and t h e  fragments, t h e  b o l t ,  
s p l i t  nut halves,  and t h e  pa r t s  of t h e  af t  r e s t r a i n t  band are a l l  accelerated 
downstream. 

When 

Instrument a t  ion 
The model had twenty semiconductor pressure transducers (see ref. 1 and 2 

for  a descr ipt ion of t h i s  type of t ransducer) .  The temperatura of t h e  re ta in ing  
r ing  of t h e  forward s p l i t  nut w a s  measured using two spring loaded chrome1 
alumel thermocouples mounted thrdugh t h e  bo l t .  The spin r a t e  of t h e  model 
was measured using a f ixed Hall e f f ec t  proximity sensor and permanent magnets 
ro ta t ing  with t h e  model. 
s p l i t  nut w a s  made and instrumented with four Gardon-type heat f l ux  gages and 
w a s  used i n  separate tests t o  measure heat f l u x  and i t s  d i s t r ibu t ion  on the  
f l a t  faced portion of t h e  nose. I n  another s e r i e s  of tests a sharp cone 
w a s  f i t t e d  t o  the  model and used with t h e  surface pressure transducers t o  
ca l ib ra t e  t h e  tes t  flowfield.  
was used t o  record t h e  protect ive sh ie ld  removal process. 

A blunt nose with t h e  same geometry as the  forward 

Motion p ic ture  coverage a t  400 and 1000 fps  
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FACILITY AND T3ST CONDITIONS 

The tests were performed i n  t h e  Langley 8-Foot High-Temperature S t ruc tures  
Tunnel, a hypersonic blow down wind tunnel.  
cons i s t s  of t h e  products of  combustion obtained from a mixture of methane 
and a i r  burned under pressure  i n  a plenum chamber. 
an misymmetric, contoured nozzle t o  approximately Mach 7 i n t o  an open-jet 
tes t  sec t ion .  The flow is  decelerated i n  a supersonic d i f fuse r .  Additional 
information about t h e  f a c i l i t y  and tes t  procedures may be found i n  re ferences  
3 ,  4,  and 5 .  
composition, t h e  thermodynamic, t r anspor t  and flow p rope r t i e s ,  used f o r  
ca l cu la t ing  hea t  f l u x  and flow parameters, were ca lcu la ted  from a thermochemical 
computer code (ACE) described i n  re ference  6. There w a s  no p a r t i c u l a r  f l i g h t  
condition simulated although t h e  equivalent e a r t h  a l t i t u d e  i s  l i s t e d  i n  Table I 
f o r  reference.  
including hea t  f l ux ,  sp in  rate, angle of a t t a c k ,  model pressure,  and f r ees t r ean  
pressure.  

The high-energy tes t  stream 

The flow i s  expanded through 

The nominal tes t  conditions a r e  given i n  Table I. The stream gas 

The matrix of  t e s t  conditions provided a range of va r i ab le s  

DATA ACQUISITION AND SPECIAL COMPUTATIONAL TECHNIQUES 

Data Acquisit ion 
The information from model t es t  sensors cons i s t s  of low frequency da ta  

such as t h e  temperature r i se  of t h e  r e t a i n i n g  r i n g ,  and very high frequency 
da ta ,  such as t h e  t r a n s i e n t  sur face  pressures  during t h e  p e t a l  removal process. 
The output of t h e  gages w a s  recorded a t  20 samples per  second on a low 
frequency system f i l t e r e d  a t  2 Hz, and concurrently on two FM tape  recorders.  
The s igna l  from t h e  gages w a s  input  t o  each system wi th  an i s o l a t i o n  ampl i f ie r  
with a gain of  1. The FM recorded s igna l  w a s  f l a t  t o  wi th in  1 db up t o  20 kHz. 
The FM data w e r e  sampled at 50 x l o 3  samples per second t o  prevent a l i a s i n g  
( s e e  ref 7 )  and f i l t e r e d  at 12.5 kHz using a sharp r o l l o f f  constant amplitude 
f i l t e r  (48 db/octave). 
1 0  kHz. 
low magnitude t h a t  t h e  t r a n s i e n t  data were unaffected and because of t h e  2 
Hz f i l t e r  t h e  low frequency da ta  were not a f f ec t ed  a t  a l l .  

Consequently t h e  da t a  should be accura te  t o  a t  l e a s t  
Ground loop e l e c t r i c a l  no ise  a t  60 Hz w a s  present bu t  w a s  of such a 

Flowfield Cal ibra t ion  
The f lowf ie ld  and t h e  conditions a t  t h e  sur face  of t h e  cone i n  p a r t i c u l a r  

were ca lcu la ted  with t h e  use of t h e  gas p rope r t i e s  ca lcu la ted  from reference  6 
and used as input  t o  t h e  program of  re ference  8. Figure 4 presents t h e  r e s u l t s  
of some of those  ca lcu la t ions .  The r a t i o  of cone sur face  pressure  t o  f ree-  
stream s t a t i c  pressure i s  given as a func t ion  of freestream Mach number f o r  air 
and various t o t a l  temperatures of t h e  combustion products. The information 
from reference  9 w a s  used t o  v e r i f y  t h e  computational method of re ference  8 f o r  
air. It i s  evident from f i g u r e  4 t h a t  as t h e  t o t a l  temperature increases  t h e r e  
i s  a s i g n i f i c a n t  d i f f e rence  between t h e  values of t h e  cone t o  freestream 
pressure  r a t i o  f o r  a i r  and f o r  combustion products over t h e  Mach number range 
shown. 

The tunnel  conditions were assumed t o  b.e constant f o r  t h e  capture diameter 
( 3 8  cm.) of t h e  cone. 
diameter i s  244 cm and previous c a l i b r a t i o n s ,  re fe rence  1 0 ,  have ind ica ted  t h a t  
t h e  f lowf ie ld  is  f a i r l y  uniform over a 102 cm diameter of t h e  center  of t h e  
wind tunnel.  Using t h e  sharp nose cone wi th  t h e  bare  wind tunnel model and by 
varying t h e  pos i t i on  of t h e  support s t r u t ,  t h e  flow Mach number and i t s  r a d i a l  
d i s t r i b u t i o n  w e r e  determined with t h e  use of  t h e  curves of f igu re  4. The flow 

This i s  a reasonable assumption s ince  t h e  f lowf ie ld  
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f o r  t h e  t e s t  conditions of Table I has a mean Mach number of 6.75 with a stan- 
dard devia t ion  about t h e  mean of  0.077 ( 0 )  f o r  t h e  c e n t r a l  2 m core of t h e  
flow. 

PREDICTION TECHNIQUES 

I n  order  t o  p red ic t  when t h e  r e l ease  of t h e  forward s p l i t  nut would 
occur, it w a s  necessary t o  u t i l i z e  a good hea t  t r a n s f e r  pred ic t ion ;  measure 
t h e  a c t u a l  heat f l ux ;  develop a release t i m e  p red ic t ion ;  and c o r r e l a t e  t h e  
parameters. The following sec t ions  w i l l  e labora te  on each top ic .  

Heat Transfer Predic t ion  and Measurement 
The hea t  t r a n s f e r  c o e f f i c i e n t  d i s t r i b u t i o n  about t h e  f ace  and after body 

of t h e  forward s p l i t  nut w a s  ca lcu la ted  using t h e  methods of references 11 
and 1 2  and t h e  gas p rope r t i e s  ca l cu la t ed  by re ference  6. 
t h e  b lun t  nose with t h e  Gardon type heat f l u x  gages and y ie lded  t h e  heat 
t r a n s f e r  c o e f f i c i e n t  d i s t r i b u t i o n  shown i n  f i g u r e  5 t o  an 
The r e s u l t s  shown are f o r  an angle of a t t a c k  of zero; a l l  o ther  conditions of 
angle of a t t a c k ,  sp in  rate, t o t a l  pressure and temperature were measured but  
a r e  not repor ted  here.  The heat t r a n s f e r  coe f f i c i en t  d i s t r i b u t i o n  w a s  
ca lcu la ted  and measured i n  reference 11 f o r  air  a t  a Mach number of 8.0. The 
agreement between t h e  c o e f f i c i e n t  d i s t r i b u t i o n  f o r  a i r  and t h a t  of  t h e  present 
t e s t  as shown i n  f i g u r e  5,  using combustion products w a s  very good. The 
continuous increase  i n  hea t  t r a n s f e r  c o e f f i c i e n t  can be subs tan t ia ted  by 
similar d i s t r i b u t i o n s  found i n  references 13 and 1 4 .  I n  a l l  t hese  references 
and i n t h e  present t e s t s ,  t h e  u n i t  Reynolds number of t h e  flow w a s  high (a t  
least 3 mi l l i on  per  m) and t h e  flow hypersonic. Since t h e  f l a t  f ace  geometry 
of both w a s  i d e n t i c a l  (up t o  s / r b  = 0.81) and t h e  Mach number and Reynolds 
number were s i m i l a r ,  t h e  c o e f f i c i e n t  d i s t r i b u t i o n  up t o  an 
from reference  11 w a s  p l o t t e d  and used i n  f i g u r e  5. The d i s t r i b u t i o n  about 
t h e  r e s t  of t h e  forward s p l i t  nut w a s  ca lcu la ted  using t h e  methods of 
re ference  1 2  and a modified Newtonian pressure  d i s t r i b u t i o n .  
pred ic t ing  heat t r a n s f e r  a r e  reviewed i n  re ference  1 5 ;  i n  general  t h e  methods 
y i e l d  values t h a t  can vary up t o  1 0  percent from each o ther .  The agreement 
between t h e  measured values and t h e  curve from reference  11 gives good 
confidence f o r  t h e  technique used. 

Tests were made using 

of 0.65. S/rb 

. 

s/rb of 0.81 

Other methods of 

S p l i t  Nut Release Trime Predic t ion  
* Using t h e  computer code SINDA of  re ference  16 and t h e  combined 

measured and ca lcu la ted  heat input d i s t r i b u t i o n ,  t h e  temperature of t h e  
surface and inner  temperatures of  t h e  brass s p l i t  nut and zinc r e t a i n i n g  
r i n g  were ca lcu la ted  as functions of time and pos i t i on .  A t y p i c a l  resu l t  
of t hese  ca l cu la t ions  i s  shown i n  f i g u r e  6.  Figure 6 shows t h e  ca l cu la t ed  
i n t e r n a l  temperature d i s t r i b u t i o n  of t h e  forward s p l i t  nut and zinc r e t a in ing  
r i n g  a t  t h e  zinc r e t a i n i n g  r i n g  f a i l u r e  t i m e .  Based on t h e  resu l t s  of t h e  
c a l c u l a t i o n s , t h e z i n c  should m e l t  i n  about 20 seconds f o r  t h e  conditions shown 
and t h e  s p l i t  nut should then come apa r t .  

Release Time-Heat Load Corre la t ion  
A s impl i f i ed  method of p red ic t ing  s tagnat ion  hea t  f l u x  w a s  developed 

i n  re ference  17.  Ecker t ' s  re fe rence  temperature w a s  used and a L e w i s  number 
of one (no d i s soc ia t ion )  w a s  assumed. The derived expression w a s  compared 
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with t h a t  of Fay and Riddell  (reference 18) and found t o  agree within about one 
percent. 
measured stagnation heat  t r ans fe r  coef f ic ien t  from t h a t  calculated w a s  about s ix  
percent. 

By using t h e  methods of reference 17, t h e  m a x i m u m  var ia t ion  of t h e  

A heat input parameter f o r  use i n  release t i m e  cor re la t ion  m a y  be 
derived from t h e  expressions of reference 17 f o r  stagnation point heat  
t ransfer  coef f ic ien t .  Any var iables  found t o  have l e s s  than a 2 percent 
e f f ec t  on t h e  heat t r ans fe r  coef f ic ien t  were dropped t o  simplify t h e  
expression derived. The heat input w a s  normalized sucn t h a t  the  r e su l t i ng  
parameter w a s  less than 1 . 0  f o r  t h i s  experiment. 
i s  given by: 

The resu l t ing  parameter, K, 

dGTo0*18 (To-Tw) - 
K =  

50,000 

where 

The heat input parameter, K, w i l l  be used t o  cor re la te  t h e  re lease  t i m e  of 
t h e  s p l i t  nut as a function of time. 

RESULTS 

S p l i t  Nut Release Time 
In figure 7, t h e  observed and calculated s p l i t  nut re lease  t i m e s ,  

are p lo t ted  as a function of t h e  parameter K. The calculated re lease  
time as shown i n  the  f igu re  agrees reasonably w e l l  with the  experimental 
data  with t h e  agreement between theory and experiment being b e t t e r  f o r  t h e  
longer duration t e s t s  (lower heat f lux) .  
zinc a l loy  (645K for AG40A) used, t h e  var ia t ions  i n  s t rength and fabr ica t ion  
t r a n s l a t e  i n t o  var ia t ions  i n  t h e  release time of t h e  s p l i t  nut. The observed 
s p l i t  nut r e l ease  times and the  f a i l u r e  temperature, TZr, of t he  zinc re ta in ing  
r i n g  are tabulated i n  Table 11. 
r i n g  at f a i l u r e  varied from 617 t o  625K with a mean value of 6 2 2 ~ .  
t h e  mean s t rength  of t h e  zinc w a s  used as t h e  most probable f a i l u r e  s t r e s s ,  
then the  re ta in ing  r ing  would f a i l  a t  625K which w a s  t h e  measured maximum 
f a i l u r e  temperature. 
and reasonably accurate. 

Near t h e  solidus point of t h e  

The observed temperature of t h e  re ta in ing  
If 

Thus, t he  prediction techniques used appear t o  be va l id  

Protect ive Shel l  Removal 
The removal process can best  be studied by observing t h e  sequence of 

A s  seen i n  t h e  f igure ,  a f t e r  about 16 t o  18 m s ,  photographs of f igure  8. 
t h e  pe ta l s  have opened enough so t h a t  t h e  load on the  a f t  r e s t r a i n t  band 
causes it t o  f a i l .  The pe ta l s  move outward from the  model and f rac ture ,  the  
s p l i t  nut halves,  t h e  b o l t ,  t h e  f rac tured  pe ta l s ,  and t h e  broken a f t  r e s t r a i n t  band 
are a l l  accelerated downstream. 
s ince it was held there  by t h e  thermocouple assembly, which was  mounted through 
t h e  bo l t  and used t o  measure t h e  zinc re ta in ing  r ing  temperature. When t h e  

In  f igure  8, t h e  b o l t  remains on t h e  nose 
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thermocouple assembly w a s  not used t h e  bolt. l e f t  t h e  nose as expected. 
a l l  of t h e  observed t e s t s  (using eight (8)  1000 fps  and four ( 4 )  400 fps  
cameras on each t e s t )  t h e  removal process w a s  e s sen t i a l ly  t h e  same,requiring 
about 3 5 t o  60 milliseconds ( see  Table 11). 
nents of t h e  protect ive mechanism w e r e  observed even at the  highest  angle 
of a t tack  (a = 9 O )  and lowest ro t a t iona l  speed. The af t  res t ra in ing  band 
always broke before t h e  pe t a l s  f ractured.  
a t tack  ( a  = 9' )  an addi t ional  1/4 spin revolution w a s  required before t h e  
windward p e t a l  f l e w  outward from t h e  model. 
not res t ra ined  by the  thermocouples, l e f t  t h e  nose and t raveled downstream. 
Thus t h e  removal process appears t o  be r e l i ab le ;  however, downstream tunnel 
components must be rugged t o  withstand t h e  bo l t  and nut impacts. 

In  

N o  model impacts by t h e  compo- 

However, a t  t h e  highest  angle of 

In  addition, t he  b o l t ,  when 

The mechanism i s  most su i t ab le  f o r  open c i r c u i t  (usual ly  blow down type) 
wind tunnels but could be employed i n  closed c i r c u i t  wind tunnels which 
use capture nets  t o  screen debris  before re turn  t o  the  compressors. If t h e  
model does not spin,  t h e  mechanism can only be used when the  angle of 
a t tack  i s  zero o r  near zero. 

Transient Loads 
Figure 9 presents a typ ica l  low frequency model surface pressure h is tory  

and f igure  10  a typ ica l  t r ans i en t  pressure h is tory  of t h e  cone surface.  
can be seen from f igure  9 t h e  seams between the  pe t a l s  a r e  not perfect  and 
allow the  pressure between t h e  s h e l l  and model t o  increase above t h e  tes t  
sect ion s t a t i c  pressure but subs tan t ia l ly  lower than t h e  surface pressure on 
the  outer  surface of t h e  she l l .  However, t he re  w a s  no detectable  heating of 
t he  model surface.  A s  t h e  s p l i t  nut opens, t he  i n t e r i o r  pressure increases 
a t  a faster rate; then t h e  protect ive s h e l l  is  removed and t h e  pressure on 
t h e  model quickly reaches t h e  cone surface pressure.  The t r ans i en t  pressure 
h is tory  i s  shown i n  d e t a i l  on f igure  10.  The f igure  shows t h e  background l i n e  
60 Hz noise;  the  frequency w a s  determined by auto-correlating t h e  s igna l  before 
and a f t e r  t h e  s h e l l  removal. The smaller osc i l l a t ions  are caused by broadband 
turbulent boundarylayernoise.  The process of t h e  pressurizat ion of t h e  
cavity between t h e  s h e l l  pe t a l s  and t h e  model requires  about 14 t o  18 m s ,  
being faster f o r  t h e  higher stagnation pressure.  
increases t o  1 . 5  t o  3 times t h e  cone surface pressure with the  pressure rise 
being grea te r  toward t h e  a f t  end of t h e  cavity.  
completed, t h e  load on t h e  aft  res t ra in ing  band causes it t o  break. Immediately 
the rea f t e r ,  t he  pe t a l s  move outward with a consequent sharp drop i n  cone 
surface pressure.  
shock wave, indicated by t h e  sharp spike i n  pressure,  or  there  may be two 
o r  more pressure spikes ( f i g .  l ob ) .  These t rans ien t  pressures may occasionally 
reach 70 t o  80 percent o f t h e p i t o t  pressure, but t h e  most probable value 
observed i s  50 percent or  l e s s  of t h e  p i t o t  pressure with t h e  amplitude of t he  
shock wave decreasing towards t h e  forward end of t h e  cone. 

As 

The i n t e r i o r  pressure 

When t h i s  process has been 

There may be one r e l a t ive ly  slow, major amplitude, oblique 

The pressure h is tory  from each of t h e  20 pressure gages w a s  integrated 
with respect  t o  time, then area,  and t h e  impulse imposed on the  model w a s  
calculated from 
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where An are equal surface area segments. 

The e f f ec t ive  locat ion of t h e  impulse r e l a t i v e  t o  t h e  body w a s  a l so  cal- 

The impulse imparted t o  t h i s  model during t h e  pe t a l  removal w a s  
culated.  These values plus t h e  cavi ty  f i l l  and removal times a re  tabulated 
i n  Table 11. 
usual ly  l e s s  than 1 3  N / s  a t  low angles of a t tack  ( 0  t o  3 degrees); however, a t  
l a rge r  angles of a t tack  (6  t o  9 degrees) , t h e  lateral  impulse varied from 
36 t o  53 N / s .  
problem t o  any wind t - i n e l  model or most f l i g h t  vehicles.  

These loads are s t i l l  extremely low and should present no 

Potent ia l  Applications 
In  addi t ion t o  wind tunnel use, t h e  mechanism could be used fo r  t he  

protect ion of axisymmetric high ve loc i ty  research vehicles from p a r t i c l e  
or water impact damage o r  fo r  heat t r ans fe r  research. 
could be a pro tec t ive  s h e l l  f o r  a planetary research probe. 
i s  r e l i ab le ,  passive, and should be functional indef in i te ly .  

Other appl icat ions 
The mechanism 

CONCLUDING RESIARKS 

A protect ive s h e l l  mechanism has been developed t h a t  w i l l  sh ie ld  a 
wind tunnel model and then expose t h e  model to t h e  hypersonic flow f i e l d .  
The mechanism i s  completely passive i n  t h a t  aerodynamic heating of a brass  
forward s p l i t  nut ,  held together by a zinc re ta in ing  r ing ,  caused t h e  r ing  
t o  f a i l  and thus exposed t h e  pe t a l s  of t h e  protect ive s e h l l  t o  aerodynamic 
loading. A s  t h e  cavi ty  pressure between t h e  model and s h e l l  pe t a l s  increases,  
the lo&ding on an aft  r e s t r a i n t  band causes it t o  break. Then, a l l  of t h e  
components of t h e  protect ive s h e l l  mechanism a r e  accelerated downstream and 
out  t he  wind tunnel d i f fuser .  
by a series of wind tunnel tests t h a t  included varying t h e  heat input,  t he  
model angle of a t tack,  and spin rate. The t i m e  required f o r  t h e  re lease  
process t o  begin could be calculated with reasonable accuracy and t h e  
removal process occurred i n  60 m s  or l e s s .  The mechanism worked r e l i a b l y  
with no model s t r i k e s  from s h e l l  components, although at  t h e  highest angle 
of a t tack an addi t ional  1/4 revolution w a s  required t o  separate  t h e  windward 
pe ta l .  
delivered t o  t h e  model w a s  usual ly  less than 1 5  N/s f o r  angles of a t t ack  below 
3 degrees; however at l a rge r  angles of a t tack  ( 6  t o  9 degrees) t h e  impulse 
varied from 36 t o  53 N / s .  
wind tunnel models and has po ten t i a l  appl icat ion t o  high veloci ty  research 
vehicles.  

The expected removal process was  val idated 

Transient surface pressures w e r e  measured and t h e  net  l a t e r a l  impulse 

The pro tec t ive  s h e l l  mechanism can be used f o r  

174 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Kurtz, A. D.; and Gravel, C. L.: Semiconductor Transducers Using 
Tranverse and Shear Piezoeresistance. 22nd ISA Conference, Chicago, 
September, 1967. 

Kurtz, A. D.; and Kicks, J. S.: Development and Applications of High 
Temperature Ultra-Miniature Pressure Transducers. ISA Silver Jubilee 
Conference, October 1970, Philadelphia. 

Schaefer, William T., Jr.: Characteristics of Major Active Wind Tunnels 
at the Langley Research Center. NASA TMX-1130, 1965. 

Howell, R. R.; and Hunt, L. R.: Methane - Air Combustion Gases as an 
Aerodynamic Test Medium. Journal of Spacecraft and Rockets, Vol. 9 
No. 1 January 1972. 

Hunt, L. Roane: Aerodynamic Heating and Loading Within Large Open 
Cavities in Cone and Cone-Cylinder-Flare Models at Mach 6.7. NASA TN D-7403. 

Kendall, Robert M.: An Analysis of the Coupled Chemically Reacting 
Boundary Layer and Charring Ablator. 
Thermochemical Solution of Mixed Equilibrium - Nonequilibrium, Homogeneous 
or Heterogeneous Systems. 

Part V - A General Approach to the 
NASA CR-1064, 1968. 

Bendat, Julius, S.; Piersol, Allan G.: Measurement and Analysis 
of Bandom Data. John Wiley, New York, 1966. 

Prozan, R. J.: Solution of Non-Isoenergetic Supersonic Flows by Method 
of Characteristics. Volume 111. NASA CR-132274, July 1971, 

Sims, Joseph L.: Tables for Supersonic Flow Around Right Circular Cones 
at Zero Angle of Attack. NASA SP-3004, 1964. 

Deveikis, William D.; and Hunt , ,  L. Roane: Loading and Heating of a Large 
'Flat Plate at Mach 7 in the Langley 8-~oot High-Temperature Structures 
Tunnel, NASA TN D-7275, 1973. 

Jones, Robert A.: Heat Transfer and Pressure Distributions on a Flat-Face 
Rounded-Corner Body of Revolution With and Without a Flap at a Mach Number 
of 8. NASA TMX-703, September, 1962. 

Beckwith, Ivan E.; and Cohen, Nathaniel: Application of Similar Solutions 
to Calculations of Laminar Heat Transfer on Bodies with Yaw and Large 
Pressure Gradient in High-speed Flow. NASA TN D-625, 1961. 

Cooper, Morton; and Mayo, Edward E.: Measurements of Local Heat Transfer 
and Pressure on Six 2-Inch Diameter Blunt Bodies at A Mach Number of 4.95 
and At Reynolds Numbers Per Foot Up to 81 x lo6. 
March, 1959. 

NACA Memo 1-3-59L, 

Stalmach, C. J., Jr.; and Goodrich, W. D.: Aeroheating Model Advancements 
Featuring Electroless Metallic Plating. 
Conference. Arlington, Texas, June 7-9, 1976. 

AIAA 9th Aerodynamic Testing 

175 



15. Hoshizaki, H.; Chou, Y. S.; Kulgein, N. G.; and Meyer, J. W.: Critical 
AFFDL-TR-75-85, July, Review of Stagnation Point Heat Transfer Theory. 

1975. 

ROTATIONAL 
SPEED 

OF MODEL 

rev per s 

1.4t 
3.6 
2.0 
2.5 
4.4 
4.2 
3.3 
2.6 

16. Gaslri, J. D.; Fink, L. C.; and Ishimoto, T.: Systems Improved Numerical 
Differencing Analyzer. NASA Contract 9-8289 and 9-10435 Sept. 1970 
and April 1971, TRW Systems Inc., Redondo Beach, California. 

EQUIVALENT 
EARTH 

ALTITUDE 

km 

24.3 
25.1 
25.1 
25.1 
28.5 
28.6 
28.5 
28.5 

17. Buckley, Frank T.: Constant-Mach-Number Simulation of Critical Flight 
Loads on High-Velocity Projectile Fuses. 
August 1969. 

Harry Diamond Lab TR-1466, 

18. Fay, J. A. and Riddell, F. R.: "Theory of Stagnation Point Heat 
Transfer in Dissociated Air9': JAS, V.25, 73 (1959). 

TEST 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE I. TEST CONDITIONS 

Y t O  
S 

19.55 

20.80 

20.05 

20.69 

33.18 

27.67 

27.41 

28.62 

~ 7 

t2-t1 

FREE-STREAA 
DYNAMIC 

PRESSURE 

t3-t1 1 Tzr I I I xcl lL 

0.030 72.0 

12.9 

11.6 

14.2 

51.2 

9.8 

11.1 

42.7 

35.6 

0.030 74.2 
0.025 73.6 
0.033 73.4 
0.030 38.0 
0.036 43.3 
0.037 42.0 
0.030 41.4 

0.30 

0.99 

0.47 

0.68 

0.94 

0.75 

0.15 

0.74 

kPa 

2.83 
2.52 
2.50 
2.50 
1.49 
1.47 
1.50 
1.49 

- 

ANGLE OF 
ATTACK 

deg 
0 
0 
3 
6 
0 
0 
6 
9 

NR 
6 per m x 10 

4.62 
5.00 
4.93 
4.80 
3.02 
2.67 
2.81 
2.88 

* - o / P ~  WAS USUALLY 0.0025 OR LESS 

t - REPEATED AT ZERO ROTATIONAL SPEED 

TABLE 11. SUMMARY OF TEST RESULTS 

ins I ins I K I NIS I 

23 45 

25 65 

617 

622 

622 

622 

625 
. x  

622 
x 

0 - RETAINING RING THERMOCOUPLES NOT USED SO BOLT BEHAVIOR 

? - TIME OF SECOND PETAL REMOVAL 
COULD BE EVALUATED 
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f l  AFT RESTRAINT B A N D 7  

Figure 1.- Protective shell mechanism components. 

Figure 2.- Details of split release nut. 

__ __ 

Figure 3.- Assembled model in test section of wind tunnel. 
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Figure 4.- Variation of cone to freestream pressure ratio with 
freestream Mach number 

0 

--- 
- 

TEST GAS ho, Wlm 2 - K M, NR x lo6 To, K Po.  MPa 

509 6.75 4.92 1808 18.2 COMBUSTION PRODUCTS 
210 8.0 3.05 728 6.31 A I R  (REF. 11) 
CALCULATED FOR THIS TEST FOR slr, > 0.81 

h - 
hO 

rb = 1.905 cm *501---1 .25 END OF NUT 

0 . 5  1.0 1.5 2.0 2.5 3.0slrb 

Figure 5.- Variation of heat transfer coefficient over surface 
forward split release nut. 
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3.0- 

2.5 

2.0' 

1.5' 

1.0 

.5 

n 

r .  cm 

TIME = 20s 
To = 1860 K, Po = 18.3 MPa 

- 
1 

- 

- 

- Z I N C  RETAIN ING 

- 

- 

" - Z 

ISOTHERM 
NUMBER T, K 

1 567 
2 589 
3 61 1 
4 633 
"5 656 
6 61 8 
7 700 
8 1 22 
9 744 
10 7 45 

INC MELT TEMPERATURE 

.41 I I I I I I 1 I 
18 20 22 24 26 28 30 32 34 

t - t , s  1 0  

Figure 7.- Comparison of  t h e  calculated and experimental s p l i t  
nut re lease  t i m e s .  
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Figure 8.- Removal sequence of protective shel l .  
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20 

15 

pc ' 
kPa 

10 

5 

II 

0 

- 

PETAL REMOVAL 
SPLIT NUT OPENS 

MODEL IN CENTER OF STREAM 

BLEED IN FROPI PETAL SEAMS 

- TEST NO. 2 

70 

60 

50 

40 
P. 

kPa 30 

20 

10 

0 

r S H O C K  WAVE PASSAGE 

TEST NO. 6 
(AFT END OF MODEL) 

-AFT BAND BREAK (PETALS 
MOVE OUTWARD) 

-PRESSURE RELEASE 
AND EXPANS ION 

-CAVITY FILL 

ELECTRICAL NOISE (60 Hz) 
PLUS BOUNDARY LAYER 

NOISE 

(AFT END OF MODEL) 

' 0 20 40 60 80100120 
-10 

0 20 40 60 80 100120 
t ,  ms t. ms 

(a) ONE MAJOR AMPLITUDE SHOCK 
WAVE PRESSURE PULSE 

(b) TWO (OR MORE) MAJOR AMPLITUDE 
SHOCK WAVE PRESSURE PULSES 
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MAGNETIC SPRING IN OSCILLATING MIPtROR LINEAR SCANNER 

FOR SATELLITE CAMERA 

by G .  THOMIN 

of the Centre National d'Etudes Spatiales (CNES) 

and C. FOUCHE 

of the SociGtG EuropGenne de Propulsion (SEP) 

SUMMARY 

One of the main difficulties encountered in the development of a multi- 
spectral scanner is the realisation of an oscillating mechanical device. 
This paper presents a magnetic device which is characterized by the absence of 
friction. The main developments concern the analysis of magnetic forces. 
A preliminary project of a device which could be used in a satellite is pre- 
sented. 

INTRODUCTION 

The multispectral pictures of the earth taken by satellite are of great 
interest for the understanding of natural phenomena. The device presented here 
has the potential qualities which enable us to envisage in the near future an 
increase in the performance of scanners. 

A mirror placed in the lens's space of a telescope is animated by a linear 
oscillation, thus means that the diagram of angular movement has a triangular 
shape. 

The characteristics used as a basis for elaboration of the project are 
the following : 

+ - useful angular amplitude = - 4 . 4 .  degrees 

- oscillation frequency 

- pupil/beam diameter 
= 8 Hertz 

= 280 mm 

The following performances are required : 

- Linearity better than - 0.5 2 

- Scanning efficiency on away movement 0.35 

- reproductibility of the movement less than 410 radian 

- pivoting precession less than radian 

+ 

-6 
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This paper i s  based on work c a r r i e d  out  i n  c o l l a b o r a t i o n  between the  CNES 
and the  SEP, t h e  magnetic device presented i s  s u b j e c t  of pa t en t  pending. 

PRINCIPLES OF THE MAGNETIC SPRING 

The l i n e a r  o s c i l l a t i o n  of t he  mir ror  i s  obta ined  by a magnetic t h r u s t i n g  
e f f e c t  on both ends of t h e  use fu l  angular  movement. The magnetic t h r u s t s  are 
a s soc ia t ed  wi th  a p i v o t  wi thout  s p r i n g  torque e f f e c t  us ing  an a c t i v e  e l e c t r o -  
magnetic bear ing .  Consequently, t h e  r o t o r  i s  guided i n  i t s  osci l la t ior ,  on ly  
by the  magnetic fo rces .  The drawing of the  p r i n c i p l e  of a magnetic t h r u s t  i s  
presented i n  f i g u r e  1. A h i g h l y  induced s a t u r a t i o n  ferro-magnetic s t r i p  moves 
between two armatures  so  t h a t  t h e  magnetic c i r c u i t  gaps a r e  s m a l l  and cons t an t .  
The gaps do no t  vary  when t h e  s t r i p  i s  moved along t h e  whole length  of the  ar- 
mature. Bu t , a t  t he  end of t he  run,  t he  magnetic r e s i s t a n c e  of the  gaps inc reases  
ab rup t ly .  A s  a r e s u l t  t h e r e  appears  a t  both ends a r e a c t i o n  fo rce ,  FR, which 
i s  p ropor t iona l  t o  the  d e r i v a t i v e  of t h e  magnetic r e s i s t a n c e .  

= magnetic f l u x  of t h e  gaps 
R = magnetic r e s i s t a n c e  of the  gaps 
8 = r o t a t i o n  ang le  of t h e  mir ror  

F igure  2 r e p r e s e n t s  t h e  out look diagram of Torque and diagram of t h e  
angular  movement i n  r e l a t i o n  t o  t i m e .  

The d i s t r i b u t i o n  of t h e  magnetic f i e l d  l i n e s  goesfrom a symetr ic  d i s t r i -  
bu t ion  a t  t he  c e n t e r  t o  asymmetric d i s t r i b u t i o n s  a t  bo th  ends of t he  course  
( see  f i g u r e  1 ) .  The r e s u l t  i s  a assymmetry i n  the  p re s su re  of fo rces  generated 
by t h e  magnetic f i e l d  on bo th  l a t e ra l  f aces  of t h e  s t r i p  and t h e  appearance 
of a re turn- force  towards t h e  cen te r .  The p res su re  on t h e  contours  Of 

t h e  s t r i p  i s  c a l c u l a t e d  by t h e  formula : 
,2 

dS D df = - 
2 l JO 

where B = magnetic i nduc t ion  
dS = elementary s e c t i o n  
p o  = 4 7~ 10-7 

However, as i n  a l l  magnetic a t t r a c t l o n  systems, t h e  s t i f f n e s s  of t h e  re- 
center ingdescr ibed  above has  f.or r e s u l t ,  a s t rong  uns t ab le  s t i f f n e s s  i n  t h e  
d i r e c t i o n  of t h e  magnetic f l u x  c i r c u l a t i o n .  

I n  t h e  central p o s i t i o n ,  t h e  s t r i p  has  an  unstable  balance which means 
t h a t  a s h i f t  i n  i t s  p o s i t i o n  c r e a t e s  a fo rce  which tends t o  inc rease  t h i s  s h i f t .  
This  i n s t a b i l i t y  i s  produced by an  inc rease  i n  magnetic f i e l d  d e n s i t y  l i n e s  a t  
t h e  end of t h e  s t r i p  c l o s e s t  t o  t h e  armature and i n v e r s e l y  a t  t h e  o t h e r  end. 
The presence of a n  uns t ab le  s t i f f n e s s  i s  the  major d i f f i c u l t y  i n  the  
set t ing-up of t h e  magneeic t h r u s t ,  t h i s  d i f f i c u l t y  being overcome by us ing  SEP 
e lec t romagnet ic  bear ing  which has a l a r g e  p o s i t i o n  s t i f fness .  
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Moreover, a ferror-magnet ic  m a t e r i a l  used f o r  t h e  armature having a weaker 
s a t u r a t i o n  induc t ion  than  t h a t  of t h e  s t r i p  c o n t r i b u t e s  t o  a no tab le  i n s t a b i l i t y  
reduct ion .  

The magnetic t h r u s t  i n t r i n s i c  i n s t a b i l i t y  has  been t h e  o b j e c t  of a theo- 
r e t i c a l  survey using a numerical f i n i t e  elements method t o  c a l c u l a t e  magnetic 
f i e l d  d i s t r i b u t i o n .  

A s  an  example, t h e  v i s u a l i s a t i o n  of t he  magnetic f i e l d  l i n e s  near  t he  gap 
i s  r ep resen ted  i n  f i g u r e s  3 and 4 .  On f i g u r e  3, t h e  materials ( f e r ro -coba l t s )  
a r e  i d e n t i c a l  f o r  t he  s t r i p  and the  armature.  On f i g u r e  4 ,  t h e  s t r i p  i s  o f f e r r o  - 
c o b a l t  ( B s  = 2,4 Tesla) and t h e  armature i s  f e r ro -n icke l  ( B s  = 1,3  Tesla) .  
It would appear t h a t  t he  u s e  of m a t e r i a l  wi th  a low induc t ion  s a t u r a t i o n  has  the  
e f f e c t  of reducing t h e  d e n s i t y  of f i e l d  l i n e s  on the  end of  t h e  s t r i p ,  and t h a t  
of c r e a t i n g  a s a t u r a t e d  zone i n  t h e  armature near  t he  gap. Depending on the  
proximity of  t h i s  s t r i p ,  t h i s  s a t u r a b l e  zone i n c r e a s e s .  I n  comparison wi th  the  
f i g u r e  3, t h e  case  p l o t t e d  on f i g u r e  4 having f o r  e f f e c t  t h e  i n s t a b i l i t y  reduc- 
t i o n  wi th  a r a t i o  of 120%. This  phenomenom has been confirmed by l abora to ry  
experiments.  

PRELIMINARY SURVEY MODEL 

To v a l i d a t e  the  p r i n c i p l e  of t he  magnetic t h r u s t ,  an experimental  oscilla- 
t i n g  assembly w a s  cons t ruc ted .  The o v e r a l l  view of t h i s  i s  represented  i n  
p i c t u r e  5 .  The experimental  assembly w a s  cons t ruc ted  around a p r e c i s i o n  p ivo t  
by con ica l  a i r  bea r ing  and has  two devices  f o r  magnetic t h r u s t s  s i t u a t e d  a t  
both ends of an o s c i l l a t i n g  arm. The magnetic c i r c u i t  of t he  t h r u s t s  i s  repre-  
sented i n  f i g u r e  9 ,  t h e  armature a ] ,  a2 i n  c y l i n d r i c a l  form, are  connected 
t o  t h e  r o t o r  represented  i n  p i c t u r e  6,  t he  s t r i p s  b l ,  b2,  b3,  b4 a r e  mounted 
on two mechanical gap alignment systems (photo 7 ) ,  t h e  whole of t he  p i eces  
making up a magnetic t h r u s t  i s  represented  by p i c t u r e  8. The main parameters  
of t h e  experimental  mount are  as fol lows : 

r o t o r  i n e r t i a  : 0,15 m2 kg 

+ Useful  angular  
amp 1 i tude - 5 degrees  

Frequency : 2 . 2 .  Hz 

Maximum Torque 
Thrus t  capac i ty  : 2 N m  

I n  a dynamic s i t u a t i o n  of t h e  t h r u s t s  r eac t ion , to rque  i s  r ep resen ted  
i n  f i g u r e  10 (measured by  acce lerometer ) .  F igure  1 1  r e p r e s e n t s  t he  angular  ro- 
t a t i o n  i n  r e l a t i o n  t o  t i m e ,  t h e e f f e c t  of l i n e a r i s a t i o n  i s  obta ined  wi th  a 
scanning e f f i c i e n c y  nea re r  32% f o r  a l i n e a r i t y  b e t t e r  than  1 % .  To s impl i fy  
t h i s  experiment,  t he  armature have been produced i n  a s o l i d  magnetic material 
and the r e s u l t  i s  l a r g e  eddy c u r r e n t  l o s s e s  pe r  cyc le  i n  the  o r d e r  of 20% 
compensated f o r  each cyc le  by a p r e c i s e  torque impulsion c o n t r o l l e d  i n  a servo- 
loop. 
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A scanning r e p r o d u c t i b i l i t y  measure w a s  produced by a laser device  and 

of o s c i l l a t i o n  angular  v a r i a t i o n s  of t h e  mi r ro r  i s  shown i n  
photodiodes,  t h e  whole measuring appara tus  i s  shown i n  f i g u r e s  12 and 13. 
The his togram 
f i g u r e  14. The reproduct ion  e r r o r  i s  a t  most 3.10-%adian and 78% of t h e s e  
e r r o r s  are less than  10-6 r ad ian .  

These r e s u l t s  have enabled more important work t o  be s t a r t e d  l ead ing  t o  
a pre l iminary  p r o j e c t  f o r  a complete scanner  model. 

REACTION FORCESOF THE MAGNETIC THRUSTS 

Two t e s t s  assemblies  f o r  t he  magnetic t h r u s t s  have been produced t o  ana- 
l y s e , a s  p r e c i s e l y  as poss ib l e ,  t h e  r e a c t i o n  f o r c e s  of t h e  magnetic t h r u s t s .  
P i c t u r e  15 shows the  test  appara tus  f o r  measuring r e a c t i o n  torque and p i c t u r e  
16 shows the  t e s t i n g  appara tus  f o r  t h e  uns tab le  fo rces .  These tes ts  have f a c i l i -  
t a t ed  t h e  v e r i f i c a t i o n  f o  the  in f luence  of t he  main dimensional paramaters  
of magnetic c i r c u i t  : 

The i n c r e a s e  i n  t h e  b read th  of t he  s t r i p  has  f o r  e f f e c t  no t  on ly  a n  in- 
crease of t h e  torque capac i ty  but  a l s o  inc rease  i n  t h e  uns t ab le  fo rce .  

The r educ t ion  of t h e  gap d iminishes the  f o o t  curvatum r e a c t i o n  torque  
diagram and i n c r e a s e s  the  i n s t a b i l i t y .  

The use of s a t u r a b l e  materials on the  armature reduces i n s t a b i l i t y .  

The method of f l u x  genera t ion  c l e a r l y  in f luences  t h e  r e a c t i o n  torque  
capac i ty  ; i n  t h e  event  of powering, t h e  armature w i t h  cons t an t  magnetic po- 
t e n t i a l ,  t he  f l u x  decreases  quick ly  when the  s t r i p  l eaves  the  armature,  which 
reduces the  torque  capac i ty .  On t h e  o t h e r  hand, a cons t an t  f l u x  genera t ion  
r e a l i z e d  by p l ac ing  a d d i t i o n a l s  gaps i n  s e r i e s  i n  t h e  magnetic c i r c u i t  a l lows 
t o  4ncrease no tab ly  t h e  capac i ty  of torque without  i nc reas ing  the  i n s t a b i l i t y  
ve ry  much. 

P a r t s  of experimental  r e s u l t s  are p l o t t e d  on t h e  f i g u r e s  17,18,19,20. 

PRELIMINARY SCANNER PROJECT 

Figure 21 shows a des ign  of a pre l iminary  p r o j e c t  of a mir ror  o s c i l l a t i n g  
from 280 mm x 320 mm, t he  magnetic t h r u s t s  are formed by two s t r i p s  of f e r ro -  
c o b a l t  60 mn long,  40 m n  wide and 3.5 mn t h i c k ,  f i x e d  a t  t he  end of t h e  long 
a x i s  of t h e  mi r ro r ,  t h e  fe r ro-n icke l  armatures  have been laminated t o  reduce 
eddy cu r ren t  l o s s e s .  The p rov i s ion  o f f l u x  i s  provided f o r  by magnets of sama- 
rium-cobalt and i s  c losed  t o  the  s t a t o r  by a p i ece  of s o f t  i r o n .  

The magnetic bear ings  are placed a t  t h e  ends of t h e  s m a l l  a x i s  of t h e  
mi r ro r ,  they a re  formed by : 

- a s e t  of e lectromagnets  a c t i n g  over the  f i v e  degrees  of freedom 

- a d e t e c t i o n  s e t  of t h e  p o s i t i o n  of t h e  r o t o r  on t h e  f i v e  degrees  of 
keedom . They are  induc t ive  d e t e c t o r s  suppl ied  a t  100 KHz w i t h  demodulator. 
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The degree of precision of this detection set is considerable : the value of 
rotation noise is less than R hundredt-h of a micron. 

- an electronic set for five degrees servo-loop. 

The active electomagnetic bearings d e r  the advantage of having a long experience 
at the SEP,both for space applications (Spacelab) as well as industrial appli- 
cations. The choice of these instruments,to assure the rotation of the mirror, 
is justified by the following requirements. 

- guiding precision of the rotation axis. This axis must be maintained 
in a conical semi-angle less than 4 .  radian. 

- great stiffness of 5 degrees of freedom in pivoting. 
This quality is of prime necessity : the precision of rotation is to be pre- 
served under the influence of unstable forces of thrusts, these forces acting by 
axial translation and transverse rotation in the mirror. 

- elimination of all frictions 

- absence of spring rotating torque and low drag torque 

An arch of light alloy allows to connect rigidly the bearing and the 
magnetic thrusts, especially following the strong instability directions of 
the thrusts. 

The reduction in the mirrors inertia around its rotation axis is essen- 
tial for reducing the torque capacity of the thrusts and their transversal 
ins tabili ty . 

Considering a linear torque-angle characteristic for the thrusts, for- 
mulas for the torque capacity and for the reaction stiffness torque can be 
established 

Teta (27r F)' 
27r * Te(0,5-Te) Cmax = Ir x - 

Ir 

L Teta 

F 
Te 

Rm 

Cmax 

= rotor inertia 

= useful angular scanning 

= Oscillation frequency 

= Scanning efficiency on away movement 

= Magnetic stiffness of the thrusts assumed like constants 

= Capacity of the torque thrusts 
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I n  the  pre l iminary  p r o j e c t  conf igu ra t ion  i n  f i g u r e  21, t h e  o s c i l -  
l a t i o n  c h a r a c t e r i s t i c s  have been ex t r apo la t ed  from t h e  r e s u l t s  of t he  experimen- 
t a l  survey of t h e  t h r u s t s .  These r e s u l t s  are  shown i n  f i g u r e  22 . The r o t o r  
i n e r t i a  i s  0.04 m2 Ke,and scanning e f f i c i e n c y  i s  0.36 wi th  2 0 .5% of l i n e a r i t y .  

The m i r r o r , i n  i t s  beryl ium l igh tened  s t r u c t u r e ,  has  been t h e  s u b j e c t  of 
a numerical  a n a l y s i s  of f i n i t e  elements of v i b r a t i o n  methods and t h e  deforma- 
t i o n s  undergone under t h e  in f luence  of t h e  r e a c t i o n  torque  of t h r u s t s .  

The f i r s t  v i b r a t i o n  mode of t h e  m i r r o r i s  a t  6280 Hz and i t  appears  t h a t  
i n  r e l a t i o n  t o  t h e  torque  ang le  c h a r a c t e r i s t i c s  of t he  t h r u s t s  the  mi r ro r  has  
no resonance. It simply undergoes deformations a t  t h e  end of t he  run  which then  
cance l  one ano the r  ou t  on t h e  use fu l  p a r t  of t h e  scanning. 

The maximumvalues of t h e  deformations a t  t h e  end of the  run  can be  seen  
i n  f i g u r e  21,  f o r  p a r t i c u l a r  p o i n t s  p l o t t e d  on a qua te s  mi r ro r  ( u n i t  : micron).  

A l l  t h e  magnetics l o s s e s  i n  r o t a t i o n  ( h y s t e r e s i s  and eddy c u r r e n t  i n  t h e  
t h r u s t s  and t h e  p ivo t )  have been c a l c u l a t e d  and correspond t o  less than  one 
pe rcen t  of t h e  maximum r o t o r  k i n e t i c  energy. 

The compensation of t hese  l o s s e s ,  most of which are reproducib le  i s . s a f e -  
guarded by a torque  impulsion t h a t  i s  generated a t  each cyc le  by a motor i n  rela- 
t i o n  t o  t h e  gap between t h e  o s c i l l a t i o n  per iod  and the  pe r iod  of r e fe rence .  

I n  t h i s  pre l iminary  p r o j e c t ,  t h e  most s e r i o u s  d i f f i c u l t y  i s  t h e  compensa- 
t i o n  by the  magnetic bea r ing  of t h e  t h r u s t s '  i n s t a b i l i t i e s  which have been cal- 
c u l a t e d  by e x t r a p o l a t i n g  t h e  r e s u l t s  of measures taken i n d i v i d u a l l y  on t h e  test  
appara tus  of f i g u r e  16. 

6 Value of  a x i a l  i n s t a b i l i t y  : K2 = 1,5 x 10 N/m 

Value of t h e  r o t a t i o n  i n s t a b i l i t y  
i n  t h e  mi r ro r  : 6.104 Nm/Rd 

Depending on t h e s e  two degrees  of freedom a g r e a t  mechanical r i g i d i t y  must 
b e  guaranteed by t h e  s t a t o r  and t h e  r o t o r  t o  o b t a i n  a good margin of s t a b i l i t y  
f o r  t h e  c o n t r o l s  loops of  t h e  magnetic bear ing .  

Evalua t ions  f o r  a c c e l e r a t i o n  , v e l o c i t y  and angular  r o t a t i o n  are p l o t t e d  
a g a i n s t  t h e  t i m e  i n f i g u r e  22. 

CONCLUSION 

The main o s c i l l a t i n g  scanning q u a l i t y  by magnetic t h r u s t s  i s  t h e  reproduc- 
t i b i l i t y  of t h e  o s c i l l a t i o n .  Values much lower than  r ad ian  can b e  envisaged. 
Th i s  quality has  been confirmed by t h e  pre l iminary  tests c a r r i e d  ou t .  

For t h e  f u t u r e  e x t r a p o l a t i o n s  f o r  l a r g e r  m i r r o r s  where h igher  f r e -  

These pe r spec t ives  can  be taken i n t o  account i n  t h e  drawing up of a new 

quencies  are p o s s i b l e ,  

range of f u t u r  obse rva t ion  ins t ruments  s a t e l l i t e .  
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THE IMPACT OF RARE EARTH COBALT 
PERMANENT MAGNETS ON ELECTROMECHANICAL 

DEVICE DESIGN 

R.L. Fisher,  Inland Motor Specialty Products Division 
P.A. Studer, Goddard Space Fl ight  Center 

ABSTRACT 

The discovery of rare ear th  cobal t  magnets has introduced a new class of 
permanent magnets with energy products several  times grea te r  than heretofore 
available.  The prospects fo r  performance improvements and the miniaturization 
of electromagnetic devices a r e  grea t .  

This paper discusses spec i f ic  motor designs which employ t h i s  revolutionary 
material  with special  emphasis on i t s  unique propert ies  and magnetic f i e l d  
geometry. Magnetic f i e l d  geometry i s  an important design consideration s ince 
the mater ia l  derives i t s  high energy product from extremely high coercive force 
whereas f lux  density is the  parameter which a f f e c t s  khe motor torque equation 
d i r ec t ly .  New magnetic c i r c u i t  designs a re  therefore  needed t o  cap i t a l i ze  on 
the  poten t ia l  benefi ts  of t h i s  material i n  conventional torque motors.. The 
advantages of t h i s  mater ia l  i n  the  design of i ron less  armature motors and 
l i nea r  actuators  are more obvious. I n  addition t o  performance improvements 
and power savings, higher r e l i a b i l i t y  devices a re  a t ta inable .  

Both the  mechanism and systems engineer should be aware of the  new per- 
formance leve ls  which a re  current ly  becoming avai lable  a s  a r e s u l t  of the r a r e  
ear th  cobal t  magnets. 

INTRODUCTION 

The rapid advance of e lectronics  has s to len  most of t he  headlines i n  recent 
years with regard to  miniaturization. 
exponential improvement i n  permanent magnet mater ia ls  has a l so  been underway. 
Most large systems a r e  composed of both control  e lectronics  and a var ie ty  of 
electromechanical devices. I n  s p i t e  of a l l  the advances i n  microcircuitry,  
i n  the end the desired function generally involves some physical motion o r  
work t o  be done. 

It is less w e l l  recognized t h a t  an 

Of the  large var ie ty  of electromechanical devices which a re  u t i l i z e d  i n  
spacecraft  and instruments, many employ permanent magnets. The design and 
u t i l i z a t i o n  of these devices a re  a f e r t i l e  f i e l d  f o r  s ign i f icant  performance 
improvements a s  w e l l  as weight and power savings i f  ear ly  a t ten t ion  i s  paid 
t o  the design and specif icat ion of mechanisms making f u l l  use of these new 
materials.  

The designer of electromagnetic devices has seen the continued improvements 
i n  the energy products of permanent magnet mater ia ls  avai lable .  During the  
50's new alnico a l loys  appeared regular ly  year a f t e r  year  with an even more 
rapid rise with the  development of d i rec t iona l  cooling techniques i n  the  
presence of a magnetic f i e l d .  For a few years t h i s  rapid progress seemed t o  
have leveled off u n t i l  the  dramatic discovery of rare ear th  cobalt  a l loys  and 
the commercial introduction of SmCo5 and more recent ly  Sm2Co17 (Fig. 1). 
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This exponential increase i n  permanent magnet cha rac t e r i s t i c s  has continued t o  
broaden the  range of appl icat ions to which electromagnetic devices can be 
e f fec t ive ly  employed. 
modern r a r e  ear th  magnets compared t o  an electromagnet. 

Figure 2 shows the dramatic s i z e  and weight savings of 

Rare ear th  magnets a r e  having a profound impact on the  performance of 
electromechanical devices. Despite the  obvious advantage of t h e i r  higher 
energy product ( 6  H max) usually expressed i n  mil l ions of gauss oers teds  a con- 
s iderable  amount of engineering is  required t o  make ef fec t ive  use of t h e i r  
po ten t ia l .  The fundamental reason f o r  t h i s  i s  t h a t  t he  improvement is  i n  t h e  
coercive force  ra ther  than f lux  density.  

Figure 3 shows the magnetic propert ies  of the most commonly used alnico 
magnet mater ia ls  and some of the rare ear th  mater ia ls .  A s  can be seen, there  
is  qui te  a difference i n  the  magnetic charac te r i s t ics .  I t  is not possible to  
obtain improved motor performance by merely subst i tut ing r a r e  ear th  magnets i n  
place of a ln ico  magnets. The motor must be designed t o  exploi t  the  character- 
i s t ics  of the  par t icu lar  magnet material .  I f  you consider the  basic equation 
f o r  the  force  or  torque developed by a motor it i s  only the  a i r  gap f lux  
densi ty  r a the r  than the coercive force which has a d i r e c t  e f f e c t  on the  per- 
formance. The challenge t o  the device designer then is  t o  u t i l i z e  t h i s  high 
coercive force  most e f fec t ive ly  to  produce a more e f fec t ive ,  higher performance, 
l i gh te r  weight, and/or more cos t  e f fec t ive  mechanism. 

Alnico 5-7 - 
Alnico 5 - 

Coercive Force - H - Kilo Oersteds 
Figure 3 - Typical Magnetic Froperties 
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DEVICES U S I N G  WRE EARTH MAGNETS 

DC Torque Motors 

A DC torque motor is an electromagnetic actuator which can be attached 
Most torque motors a r e  provided a s  frameless u n i t s  con- d i r e c t l y  t o  the  load. 

s i s t i n g  of a wound ro to r  assembly, a permanent magnet s t a t o r  assembly, and a 
brush r ing assembly. They are usual ly  t h i n  i n  axial length compared w i t h  
diameter, and have a r e l a t ive ly  large bore through the  ro tor  f o r  d i r ec tmoun t iq  
on the  load shaf t .  A DC torque motor i s  designed to  provide the  highest torque 
p rac t i ca l  f o r  t he  s i ze ,  weight and power avai lable  while providing smooth 
control  i n  a high response system. 

The key t o  improved DC torque motor performance is  improved permanent 
magnet mater ia ls .  Figures 4 and 5 depic t  t he  construction of motors with 
a ln ico  magnets and with rare ear th  magnets. 
to-area r a t i o  because of the  low coercive force.  
slope f o r  an alnico 5-7 magnet w e r e  t o  f a l l  below 18 cgsu, the  magnetic f lux  
would be reduced due t o  permanent demagnetization of the magnet. Therefore, 
much care  must  be taken i n  keepering the s t a t o r  assembly during handling and 
assembly, and to  insure t h a t  current  spikes a re  controlled so as not to cause 
demagnetization. 

Alnico magnets need a large length- 
For example, i f  the operating 

The a ln ico  torquers a r e  constructed with two magnets feeding one pole 
piece i n  order t o  keep a large length-to-area r a t i o .  Anywhere from one-third 
t o  one-half t h e  t o t a l  magnetic f lux  i s  l o s t  as leakage f lux.  
assembly must be mounted i n  a non-magnetic housing t o  prevent the housing from 
shunting the magnetic f lux.  

The s t a t o r  

Figure 4 

Alnico Magnet Construction 

Figure 5 

Rare Earth Magnet Construction 
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The rare earth magnets have less induction but a much larger coercive 

With this 
force than the Alnico magnets. Therefore, a much smaller length-to-area 
ratio is possible, allowing the construction shown in Figure 5. 
configuration, the housing can be either magnetic or non-magnetic without 
affecting performance. Only about 10% of the magnetic flux is lost as leak- 
age flux. Since the permeability of the rare earth materials is very close 
to that of air, the inductance of the motor is reduced, resulting in lower 
electrical time constant. Because of the large coercive force a rare earth 
magnet torquer cannot be demagnetized as the result of overcurrent condi- 
tions. Keepering is not required for handling. 

The advantages of DC torque motors having rare earth magnets are: 

1. Greater peak torque capability. 
2. In most cases less power required €or a given torque. 
3 .  No keepering required. 
4. Overcurrent will not demagnetize. 
5. Less electrical time constant. 
6. Fewer stray magnetic fields. 
7. Larger air gaps are possible, making rotor-to-stator concentricity 

less critical. 

Inland torquer QT-1207 with SmCo5 magnets was designed to be a direct 
replacement for a similar size unit which has Alnico 5-7 magnets. 
characteristics of the two motors are compared in Table I. Pulse currents 
were applied to the new design to avoid overheating at the large values of 
current, and the output torque measured with a torque transducer. At 
0.282 Nm (40 oz.in) peak torque (double the peak torque rating), the torque 
sensitivity was reduced by only 11%. 
high current pulses. 

The 

No demagnetization resulted from the 

TABLE I 

CHARACTER1 ST ICs T- 12 18A QT-1207A UNITS 

Magnet material Alnico V-7 SmCog 

Peak torque rating 106 141 
(18 MGOe) 

Power input at 106 mNm 63 46 watts 

Motor constant 13.4 15.6 m N m / & z G  

Static friction 3.5 4.9 m m  

Motor weight 65 65 g 

Torque sensitivity 84.7 98.9 mNm/A 

DC resistance 40.0 40.0 ohms 

Inductance 12 7.9 mH 
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Table I1 compares t h e  performance of three Inland torque motors; one with 
a l n i c o  8 magnets, one wi th  SmCo5 magnets (18 MGO,), and one with ( S P P ~ E O ~  rnagnets 
(26 MGO,). The SmCo5 u n i t  develops 29% more torque than t h e  a l n i c o  u n i t  and t h e  
(SmPr) Cog u n i t  48% more. 

TABLE I1 

CHARACTERISTICS 

Magnet material 

Peak torque r a t i n g  
m 

Power input ,  s t a l l e d  
w a t t s  

Motor cons tan t  
NnlI4izEF 

S t a t i c  f r i c t i o n  
m 

Torque s e n s i t i v i t y  
m/A 

DC r e s i s t a n c e  
O h S  

Inductance 
, mH 

T-2405A QT-24 02A 

Alnico 8 SmCog 

3.39 4.38 
(18 MGO,) 

285 261 

0.20 0.27 

0.07 0.11 

0,339 0.438 

2.85 2.61 

5.0 2.7 

.._ QT-2403A 

( S m r )  Cog 
(26 MGO,) 

5.01 

261 

0.31 

0.11 

0.501 

2.61 

2.7 

Ironless Armature Torque Motors 

One type of motor of p a r t i c u l a r  i n t e r e s t  t o  t h e  aerospace mechanism and 
instrument designer is t h e  i r o n l e s s  armature motor. The advantage of t h i s  type 
of motor i s  t h e  complete e l imina t ion  of breakway f r i c t i o n  caused by h y s t e r e s i s  
and cogging due t o  t h e  i n t e r a c t i o n  of d i s c r e t e  po le s  and slots i n  t h e  usua l  
motor lamination, For c e r t a i n  app l i ca t ions  such as p o s i t i o n  con t ro l  se rvo  loops,  
t hese  non-linear e f f e c t s  can r e s u l t  i n  a fundamental l i m i t a t i o n  on achievable 
prec is ion .  I r o n l e s s  armature motor cons t ruc t ion  e l imina tes  a l l  h y s t e r e s i s ,  
cogging, and s ta t ic  fo rces  between r o t o r  and s t a t o r .  This i s  accomplished 
by combining a l l  of t h e  "iron" s t r u c t u r e  with the  permanent magnet assembly 
and i n s e r t i n g  t h e  armature conductors i n t o  t h e  a i r  gap. These motors a l s o  
have an order of magnitude lower armature inductance s i n c e  t h e  motor windings 
are e s s e n t i a l l y  an air-core wi th in  t h e  a i r  gap. Of necess i ty ,  l a rge  coercive 
f o r c e  is requi red  t o  produce high f l u x  d e n s i t i e s  i n  an a i r  gap l a r g e  enough 
t o  accommodate many conductors of adequate cu r ren t  car ry ing  c a p a b i l i t y .  
t o  t h e  advent of rare e a r t h  magnets, t h e  use of t h i s  type of motor w a s  genera l ly  
r e s t r i c t e d  t o  high performance servos with s t a t iona ry  magnet assemblies where 
the  weight of t h e  magnet assembly w a s  not c r i t i c a l  (Fig. 6 ) .  

P r i o r  
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MAGNET ASSEMBLIES FOR AIR CORE ARMATURES 

ALNICO 
Gap volume 5 cm3 
Weight 1 . 2 5  Kg 

3 Gap Volume 1 2 . 3  cm 
Weight 0.25 Kg 

S W c O s  

Samarium cobaltmagnets however have made it feas ib l e  t o  d ra s t i ca l ly  reduce 
the  weight of t h e  magnet assembly and to r o t a t e  the  magnet assembly with only 
the  windings s ta t ionary.  
armature motor is  only 20% of the  total  motor weight. 

The non-rotating m a s s  of a typi’cal i ron less  

The m o s t  e f fec t ive  use of rare ear th  magnets i n  t h i s  case is  t o  bring t h e  
face  of t he  magnet d i r e c t l y  t o  the a i r  gap with the  magnet i t s e l f  forming 
the  pole. 
magnet volume) while supplying f lux  across an a i r  gap nearly equal t o  t h e i r  
length i n  the  d i rec t ion  of magnetization. 
adequately sized conductors t o  be inser ted i n  the  gap achieving good power 
rat ings.  

These magnets can operate a t  t he i r  peak energy product (minimizing 

This allows a large number of 
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I n  a react ion wheel the  magnet assembly can be b u i l t  i n t o  the  wheel near 
the  rim w h e r e  i t s  mass contr lbutes  t o  the necessary i n e r t i a  leading to a very 
substant ia l  weight reduction. I n  other applications the elimination of motor 
induced disturbances is even more important. 
with the advent of extremely narrow beam widths f o r  communication l inks, the 
elimination of hysteresis  and preferred posi t ion is v i t a l .  
been applied successfully t o  f rac t iona l  arc second pointing systems and are 
being applied t o  the  Space Sextant. 
an opt ica l  encoder t o  develop a microprocessor based programmable stepper* 
with an order of magnitude grea te r  resolut ion than rea l izable  with mechanically 
defined steps. This machine r e t a ins  the  advantages of fas t  s l e w  rates and 
servo damped behavior of a t rue  torque motor. 
a system which behaves exactly as h i s  l inear  analysis  has predicted it should, 
even around nul l .  A multi-axis and a l l - d i g i t a l  controller** has more recently 
been developed which is  being integrated with i ron less  armature motors for the  
Spacebore Geodetic Ranging System. This w i l l  snap a laser beam from t a rge t  
t o  t a rge t  on each orbital  pass to de tec t  ear th  f a u l t  motions. The i ronless  
armature motor f o r  t h i s  system is shown i n  Figure 7. 

W3th advances i n  sensors, especial ly  

These motors have 

They have been used i n  conjunction with 

The servo designer a t  l as t  has 

Figure 7 - I ronless  Armature Motor 

*Programmable Step Scan, NAS5-24048 
**All Dig i ta l  Controller,  NAS5-24199 
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Linear DC Force Motor 

A l i n e a r  DC fo rce  motor developed r ecen t ly  a t  Inland is  another  example 
of t h e  use of rare e a r t h  magnets. The magnet assembly is  the  moving m e m b e r  
or s l i d e r .  Therefore t h e  s ize  and weight of t h e  magnets are important.  
Inland model FM-1901 develops a fo rce  of 245 newtons (55 l b s )  with a s l i d e r  
weight of only 2.45 Kg (5.4 l b s )  . 

The l i n e a r  f o r c e  motor c o n s i s t s  of a s t a t i o n a r y  winding assembly and a 
s l i d e r .  The windings are commutated through brushes which are a t tached  t o  
the  s l i d e r .  

The s l i d e r  conta ins  four  SmCog magnets, t w o  on e i t h e r  s i d e  of t he  stator 
assembly. The t w o  sets of magnets are mechanically connected toge ther .  The 
s l i d e r  also has brushes for commutation and brushes t o  b r ing  t h e  inpu t  power 
f r o m  t h e  stator t o  t h e  s l i d e r .  

The s t a t o r  conta ins  a lamination core ,  windings, commutator, and t w o  
power rails. The windings are arranged so t h a t  only t h e  windings under t h e  
magnet assembly are energized. 

This p a r t i c u l a r  model w a s  designed f o r  a t o t a l  t r a v e l  of 429mm (16.9 in) .  
The t r ave l  can be modified by changing t h e  length of t h e  stator assembly 
without a f f e c t i n g  t h e  motor performance. The performance parameters are 
shown i n  T a b l e  111. 

TABLE I11 
LINEAR FORCE MOTOR (FM-1901) 

PERFORMANCE CHARACTERISTICS 
Peak Force (Fp) 245 N (55 IbS)  
Power Input  a t  Peak Force @ 25OC 570 w a t t s  
N o  Load Speed @ V p  226 c m / s  (89 in / s )  
Electrical  T i m e  Constant 4.6 m s  
S t a t i c  F r i c t i o n  5.6 N (1.25 lb) 

Theore t i ca l  Max. Accelerat ion 
Ripple Force (average t o  peak) 4.5% 

9936 c m / s 2  (326 f t / s 2 )  

WINDING PARAMETERS 
Voltage @ Fp 
Force S e n s i t i v i t y  
DC Resis tance @ 25O 

29.3 v o l t s  (Vp)  
12.6 N/A (2.82 I b / A )  
1.5 - + 0.2 ohms 

DIMENSIONS STATOR (Winding Assembly) SLIDER (Magnet Assembly) 
Height 48.3 mm (1.90 i n )  94.0 mm (3.70 i n )  
Width 98.3 mm (3.87 i n )  118 mm (4.65 i n )  
Length 604 mm (23.8 i n )  175 mm (6.90 i n )  
Trave 1 429 mm (16.9 i n )  
Weight 14.4 Kg (31.7 l b s )  2.45 Kg (5.40 lbs) 
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DC Tachometer 

Rare ea r th  magnets have a l so  been u t i l i zed  t o  good advantage i n  DC 

The tach is  normally connected to a high 
tachometers, 
l a rge  demagnetizing currents ,  
impedance load. 
and to have a l o w  r ipp le  voltage. 

Unlike the  DC motor, a tachometer does not have t o  withstand 

The main object ives  a r e  to  provide a high voltage s e n s i t i v i t y  

Since r a r e  ear th  magnets have very low magnetic leakage, it is  possible  t o  
reduce the f lux  i n  the  commutation zone, 
a l s o  helps reduce f lux  changes due t o  reluctance changes with rotat ion.  
r e s u l t s  i n  reduced r ipp le  voltage. 

The high coercive force  of the  magnets 
This 

Recently a tachometer with alnico magnets w a s  redesigned with SmCo5 magnets. 
A s  a r e s u l t ,  w e  obtained a 25 percent increase i n  voltage sens i t i v i ty ,  r i pp le  
voltage w a s  reduced by one th i rd .  Additionally it does not  require  keepers f o r  
assembly. 

MAGNETIC BEARINGS 

A s  ear ly  as 1970 GSFC introduced permanent magnets i n t o  magnetic bearings 
i n  order t o  minimize power consumption. This ear ly  attempt u t i l i zed  a pair of 
cy l indr ica l  alnico magnets, each 4 c m  i n  diameter and 2 cm i n  length. The 
advent of rare ea r th  cobal t  magnets has made magnetic bearings vas t ly  more 
f eas ib l e  f o r  space applications on both a power and weight basis .  For example, 
a recent  magnetic bearing* used a s ing le  3 cm diameter by .65 cm SmCo5 magnet 
f o r  3 axis  support. The use of permanent magnets i n  magnetic bearings permits 
the  establishment of high f lux  dens i t i e s  i n  the  a i r  gap which i n  turn allows 
the  ampere-turn requirement of the  control  windings t o  be grea t ly  reduced. The 
curve i n  Fig. 8 shows the force  per unit, area produced p lo t ted  versus f lux 
densi ty .  Since the  force is  a function of the  square of t he  f lux  densi ty ,  
s izeable  forces  would require  subs tan t ia l  ampere-turns from a pure electro-  
magnet. The tradeoff between rmmber of turns  and high currents  both lead t o  
undesireable e f f ec t s .  A high number of turns  leads t o  poor speed of response 
and compromises dynamic response while high currents  r e s u l t  i n  power diss ipa-  
t i o n  and thermal problems. Permanent magnets can be u t i l i z e d  t o  e s t ab l i sh  a 
high f lux  densi ty  which allows a smaller control  s ignal  to  modulate the  ne t  
force.  A desireable  by-product i s  that the force becomes a l inear  function of 
the  control  current.  

A pa r t i cu la r ly  e f fec t ive  way of using samarium cobal t  is  i l l u s t r a t e d  by 
the  control lable  permanent magnet biased electromagnet i n  Fig. 9. A se t  of 
these magnets a t  3 points  supported a 1 .5  meter diameter momentum wheel j o in t ly  
developed f o r  t he  Goddard Space F l ight  Center and Langley Research Center i n  
1974. The volume of magnet mater ia l  w a s  only 2.6 cm3 i n  each of these 
permanent magnet biased electromagnet modules. The angular posit ioning of 
the  magnets afforded f lux  focusing and a low reluctance t o  control  f lux .  With 
the magnet a t  a 30 degree angle, the f lux density i n  the  i ron  is  t w i c e  t h a t  of 
t he  permanent magnet and i ts  reluctance t o  control f l ux  i s  only half of what it 
would otherwise have been. 
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Magnetic bearings o f f e r  the  spacecarft  mechanism and instrument designer 
several  new freedoms. 
without l i fe - l imi t ing  r e s t r i c t i o n s  of lubr ica t ion  i n  vacuum and without some 
of the  speed l imit ing f ac to r s  which restrict the power densi ty  of ro ta t ing  
devices. The suspension dynamics, including damping, can be e lec t ronica l ly  
control led,  Only one magnetically suspended systm i s  knownto be operating 
i n  space. 
magnetically suspended wheels i n t o  communications s a t e l l i t e s  and NASA is 
developing a vernier  pointing platform f o r  Shut t le  based instruments. 

Active electromechanical systems can be designed 

However, t he  European Space Agency is  planning to  introduce 

CONCLUSION 

The order of magnitude improvement i n  permanent magnet energy products has 
spawned a whole new generation of electromechanical devices. These span the  
whole f i e l d  from torque motors which a r e  used rout inely f o r  countless applica- 
t ions  t o  special  purpose devices and even t o t a l l y  new mechanisms. The 
improvements are dramatic i n  terms of power and weight savings but even more 
s ign i f i can t  i n  performance. 

Aerospace instrument and systems engineers are l i ke ly  t o  p r o f i t  most from 
these new developments. Y e t  the  automobile industry,  a l s o  currently interested 
i n  shaving pounds, w a s  w e l l  represented a t  the  las t  R.E.-Cobalt magnet workshop. 
General Motors engineers showed t h a t  t o t a l  costs could be reduced with the  use 
of advanced and r e l a t ive ly  expensive high energy magnets when t h e  t o t a l  system 
cost including power supply, s t ruc ture ,  e t c .  was considered. 

I t  is  hoped t h a t  t h i s  paper w i l l  assist the  mechanism designer to see some 
of t he  p o s s i b i l i t i e s  and challenges of designing with t h i s  new material by 
affording some ins ight  i n t o  key aspects of some successful designs. A s  these 
developments become mature products a wider knowledge of t h e i r  ava i l ab i l i t y  
and charac te r i s t ics  is  needed by instrument and spacecraft  systems designers. 
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UNFOLDING THE AIR VANES ON A SUPERSONIC AIR-LAUNCHED MISSILE 

Martin Wohltmann* and Michael De O'Leary** 

ABSTRACT 

ASALM (Advanced Strategic Air-Launched Missile) is a supersonic air 
vehicle designed to be air-launched from a carrier aircraft. The four aft 
aerodynamic control vanes are folded to maximize the number of missiles car- 
ried on-board. The unfolding (erection) system must be small, energetic, 
fast, and strong. This paper describes the materials selected and problems 
that arose during development of the unfolding system. An artist's concept 
of the ASALM in flight is shown in Figure 1, 

Figure 1. The Advanced Strategic Air-Launched Missile (ASALM) 

INTRODUCTION 

To maximize internal carry packaging efficiency on one of several car- 
rier aircraft, the four aft aerodynamic control vanes on the ASALM must be 
folded to fit within a pie-shaped sector around the launcher spindle. 
ysis of the launch sequence has shown that 350 ms can be allocated for vane 

Anal- 

* Senior Group Engineer, Martin Marietta Aerospace, Orlando Division, 
Orlando, Florida 32855 

Florida 32855 
** Senior Engineer, Martin Marietta Aerospace, Orlando Division, Orlando, 
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deployment. However, 250 m s  of t h i s  a l l o c a t i o n  are required f o r  the missile 
t o  separate from the  launcher and clear the  weapons bay door, leaving 100 m s  
f o r  vane opening. Figure 2 shows the  ASALM/weapons bay in te r face .  

Erected Lower 
A i r  Vane 

k 0 . 3 9  mA 
0.26 m +-d 

Figure 2. ASALM/Weapons 
Bav Nominal Clearances 

0.47 m 

Loads ana lys i s  which considered separa t ion  ve loc i ty ,  a i r c r a f t  flow 
f i e l d ,  missile a t t i t u d e ,  and var ious launch a i r c r a f t  c ru i se  condi t ions re- 
su l t ed  i n  two cases of predicted load. 
shows t h a t  t he  unfolding a i r ' v a n e  is  opposed by an increasing moment which 
reaches a maximum of 339 N e m  (3000 in-lb) as the  a i r  vane approaches its 
f u l l y  erect posi t ion.  
243 N e m  (2150 in- lb)  a t  approximately one-half the  fo ld  angle. 
quirements necess i t a t e  an extremely compact, high-energy air vane e rec t ion  
system (AVES) which must act within the  a l loca t ed  100 ms.  

The f i r s t  case, a supersonic launch, 

The second case is an a id ing  a i r  load which peaks a t  
These re- 

DESIGN CONCEPT 

The concept se lec ted  f o r  t h i s  mechanism (a  type of "yankee" screw- 
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d r ive r )  uses a small gas generator  ( t h r u s t e r )  t o  pressur ize  a p is ton  i n  the  



f ixed  roo t  of t he  a i r  vane. Two h e l i c a l  t angs  loca ted  d i a m e t r i c a l l y  oppos i te  
on the  p i s t o n  r i d e  i n  h e l i c a l  grooves machined i n  t h e  p i s t o n  bore,  These 
grooves impart  r o t a r y  motion t o  the  pis ton.  The forward end of t h e  p i s t o n  
rod is sp l ined  and engages female s p l i n e s  i n  a sleeve which is r i g i d l y  con- 
nected t o  t h e  fo ld ing  p a r t  of t h e  air  vane, thus  e r e c t i n g  the  vane as the  
p i s t o n  is  forced forward. 
gas pressur ized  end f o r c e s  hydrau l i c  f l u i d  through a sharp-edged o r i f i c e ,  
producing damping f o r c e s  propor t iona l  t o  the  square of the  p i s t o n  t r ans l a -  
t i o n a l  v e l o c i t y .  Damping is  e s s e n t i a l  t o  reduce t h e  v a r i a t i o n  i n  a i r  vane 
angular  v e l o c i t y  between the  two aerodynamic load cases- Both up- and down- 
lock provis ions  have been incorpora ted ,  along with manual e r e c t i o n  and fold-  
ing  c a p a b i l i t y .  A i r  vane dimensions are approximately 63.5 cm (25 i n )  r o o t  
chord, 22.9 cm (9 i n )  span,  and 3.8 cm (1.5 i n )  maximum th ickness .  
3 p r e s e n t s  an exploded view of t h e  AVES. 

The end of t he  p i s ton / sp l ined  rod oppos i te  of the 

F igure  

Folding 

\\ 

Spl i ne S1 eeve 

DamDi na Pis ton 

v \  Non-Foidi ng . 
Part  o f  Vane He1 i x  Internal 

Grooves ( Ins ide)  

F igure  3. Piston-Helix AVES Concept 

MATERIAL SELECTION 

Due t o  high a i r  loads  on t h e  vane and t h e  small s i z e  requirements f o r  
the  AVES, stress a n a l y s i s  d i c t a t e d  t h e  use of high s t r e n g t h  materials. Can- 
d i d a t e  steels which could meet the  h igh  s t r e n g t h  requirements inc lude  AISI 
4340, 250 and 300 grade maraging, Custom 455, 13-8-PHY 17-4-PHY and 440C 
CRES. AISI 4340 and 250 grade maraging steels were s e l e c t e d  because of 
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t h e i r  ready a v a i l a b i l i t y .  The fo ld ing  component w a s  fabr ica ted  fron? t i t a n -  
ium 6-2-4-2. 

To a l l e v i a t e  or minimize g a l l i n g  e f f e c t s ,  the  p is ton/sp l ine  cumponent 
w a s  made of 250 grade maraging steel, The h e l i x  groove component and female 
s p l i n e  s leeve  were constructed from 4340 steel heat- t reated t o  a s t r eng th  of 
1799 MPa (260,000 p s i ) ,  
4340 a t  such a high s t r eng th  leve l .  Opinion w a s  t h a t  d u c t i l i t y  w a s  very 
poor and t h a t  problems could be expected during the app l i ca t ion  of dynamic 
loads during a i r  vane unfolding. A s  discussed la ter ,  however, no problems 
with the  4340 material were encountered throughout the  e n t i r e  test program. 
Damping f l u i d  s e a l s  were made of ethylene propylene, which i s  compatible wi th  
the  Dow Corning 510 s i l i c o n e  o i l  damping f lu id .  These s e a l s  were e f f e c t i v e  
aga ins t  high pressure warm gases, 

Some concern w a s  i n i t i a l l y  expressed i n  the  use of 

GALLING FRICTION TEST 

A test was devfsed t o  determine the  g a l l i n g / f r i c t i o n  c h a r a c t e r i s t i c s  of 
maraging steel s l i d i n g  aga ins t  4340 s t e e l .  Torque loads,  up t o  and includ- 
ing ul t imate ,  were appl ied t o  a d r ive  p is ton/sp l ine  while a hydraulic r a m  
t r ans l a t ed  the  d r ive  p is ton/sp l ine  i n  mating pa r t s .  The test pieces w e r e  
geometrically similar t o  AVES p a r t s ,  however, a l l  motion was l inea r .  Both 
male and female p a r t s  were coated with Everlube 811 d r y  f i lm molybdenum di- 
s u l f i d e  lub r i can t .  The test set-up is shown i n  Figure 4 ,  and Table I pre- 
s en t s  the  measured r e s u l t s .  Inspect ion of the  parts revealed no ga l l i ng  or 
-other detr imental  wear, thus ind ica t ing  s a t i s f a c t o r y  choice of materials and 
lubr icant .  

Drive Spline/Piston 4340 Steel 
Maraging Steel 1790 MPa 

4340 Steel 1720 MPa Force 

Base Plate 

Figure 4. AVES Gal l ing /Fr ic t ion  Test Set-up 
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TABLE I. FRICTION TEST SUMMARY 

Axial Load (N) F r i c t i o n  C o e f f i c i e n t  Applied 
Run Torque 

Number 

~ 

(Ne-m) I Breakaway I Min I Max I Breakaway I Min 

51  
111 
226 
330* 
336* 
503"" 
620*** 

-3 , 114 
3,220 
3,810 
5,600 
6,800 
8,900 

1 0  140 

1,010 - 
2,440 2,990 
3,420 4,480 
5,340 6,940 
5,200 6,610 
7,540 9,270 
9,210 10,880 

- 
0.19 
0.11 
0.11 
0.13 
0.11 
0.11 

0.23 
0.14 
0.10 
0.10 
0.10 
0.10 

10.10 

* Design l i m i t  load  ( r epea t  runs)  
** Design u l t imate  load  

*** Proof load  (2X l i m i t  load)  

~~ 

Max 

- 
0.17 
0.13 
0.14 
0.13 
0.12 
0.10 

Teloci ty  
(m/ s 1 

0.831 
0.820 
0.679 
0.396 
0.287 
0.267 
0.231 

J 

ACTUATOR SIMULATOR 

The gas  gene ra to r  which provides  the energy f o r  e r e c t i o n  of t he  AVES 
was being developed concurren t ly  wi th  AVES f a b r i c a t i o n .  Since t h i s  hardware 
w a s  not a v a i l a b l e  f o r  gas  gene ra to r  development and v e r i f i c a t i o n  t e s t i n g ,  an 
a c t u a t o r  s imula to r  w a s  designed and f a b r i c a t e d  (Figure 5).  This  device s i m -  
u l a t e d  t h e  r e a c t i o n  f o r c e s  of t h e  damping f l u i d ,  mechanical f r i c t i o n ,  etc., 
and dup l i ca t ed  the  t i m e  rate of change of t he  gas  chamber volume. Its con- 
s t r u c t i o n  provided f o r  gas  and f l u i d  p re s su re  ins t rumenta t ion  as w e l l  as 
p i s t o n  p o s i t i o n  versus  t i m e .  P r i o r  t o  using the  s imula tor  f o r  gas  genera tor  
t e s t i n g ,  t r i a l  runs were made us ing  34.5 MPa (5000 p s i )  of gaseous n i t rogen ,  
These experiments demonstrated r e l i a b l e  opera t ion  of t he  s imula tor  and pro- 
vided a check on damper o r i f i c e  s iz ing .  

P o s i  t i  on Transducer Pi ck-off 

Pressure Port 
Gas Chamber Gas Generator 

ki17 Por t  F igu re  5. AVES Actuator  Simulator  

J 

I n  October 1977, a l l  materials were a v a i l a b l e  t o  begin  t e s t i n g .  The 
AVES was requ i r ed  eo opera t e  a g a i n s t  a i d i n g  and opposing loads a t  the min- 
imum and maximum expected temperatures  (Table 11). 
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TABLE 11. AVES TEST SEQUENCE 

T e s t  
No. 

C G 1  
CG2 
C G 3  
CG4 
CG5 
WG1 
CG6 
CG7 
WG2 
CG8 
WG3 
WG4 
WG5 

Gas Source 

Manual Checkout 
Bot t led  GN2 
Bo t t l ed  GN2 
Bo t t l ed  GN2 
Bo t t l ed  GN2 
Warm Gas 
Bo t t l ed  GN2 
Bot t led  GN2 
Warm Gas 
Bo t t l ed  GN2 
Warm G a s  
Warm Gas 
Warm G a s  

P re s su re  
(Mw 
- 

3.45 
13.8 
34*5 
34.5 

34.5 
34.5 

34.5 

- 

- 
- 
- 
- 

Load 
Condit ion 

- 
None 
None 
None 
None 
None 
Opposing 
Opposing 
Opposing 
Aiding 
Aiding 
Opposing 
Opposing 

Temp era t u r  e 

Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
344°K 
219OK 
344°K 

A l l  of t h e  cold gas  (CG) runs were completed without  i nc iden t ;  however, 
warm gas t es t  (WG1) f a i l e d  due t o  gas leakage and e ros ion  of t he  WE (Tef- 
l on )  seal i n  t h e  "square" corner .  

A seal material and conf igu ra t ion  test p lan  w a s  developed i n  an a.ttempt 
t o  c u r t a i l  gas  leakage. 
e f f e c t i v e  a t  219% (-65OF) and 344OK (+160"F), and were t o  provide i n i t i a l  
edge preload when i n s t a l l e d ,  They were a l s o  requi red  t o  be r e s i l i e n t  so  
that t h e  gas chamber pressure  tending t o  compress the  seal would a l s o  create 
a d d i t i o n a l  edge loads.  

The candida te  seal materials were requi red  t o  be 

Five seal candida tes  were se l ec t ed :  l ead  seals 0.32 mm (0.125 i n )  t h k k  
and .0.64 mm (0.25 i n )  t h i c k ;  RTV rubber  seals 0.32 mm (0.125 i n )  t h i c k ;  and 
copper shim seals composed of s t a c k s  of shims 0.008 mm (0.003 i n )  t h i c k  i n  
one concept and 0.013 mm (0.005 i n )  t h i c k  i n  another ,  Seventeen l a y e r s  of 
shim s tock  went i n t o  the  making of one copper seal. Each of the  ind iv idua l  
shim s tocks  were made s l i g h t l y  ove r s i ze  such t h a t  t he  package of shims had 
t o  be forced i n t o  t h e  test device. With t h i s  a r r a y  of seals, t e s t i n g  began 
using a modified a c t u a t o r  s imulator .  P a r a l l e l  grooves s imulat ing the  h e l i -  
cal grooves i n  the  AVES were e l ec t r i c -d i scha rge  machined i n  the  gas s i d e  of 
the  cy l inder .  The gas  p i s t o n  w a s  modified t o  inc lude  two d iame t r i ca l ly  op- 
p o s i t e  tangs.  In  t h i s  manner, the square corner  s e a l i n g  problem would be 
dupl ica ted .  Warm gas w a s  suppl ied  by a handloaded c a r t r i d g e  which used a 
BKNO3 boosted i n i t i a t o r  and IMR 4198 smokeless r i f l e  powder (shotgun 
s h e l l ) ,  
no t  leak  were then t e s t e d  a t  219°K (-65°F) soak temperature,  
t he  summary (Table 1111, t h e  RTV rubber seal '  d id  not l eak  a t  e i t h e r  
temperature,  

Each seal candida te  w a s  t e s t e d  a t  room temperature;  those which d i d  
A s  shown i n  

The 0.32 mm (0.125 i n )  RTV seal w a s  then  molded t o  f i t  t he  h e l i c a l  
grooves i n  t h e  AVES. A warm gas test was conducted using the  AVES hardware 
and a shotgun s h e l l .  Immediate leakage w a s  de tec ted  by both thermocouple 
and pressure  ins t rumenta t ion .  The phys ica l  c h a r a c t e r i s t i c s  of t he  a c t u a t o r  
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s imula tor  and the  AVES were c a r e f u l l y  checked and compared t o  determine what 
e f f e c t s  (o the r  than  t h e  h e l i c a l  t w i s t  of t he  AVES grooves) might have con- 
t r i b u t e d  t o  the  seal f a i l u r e ,  The dimensional check revealed t h a t  t he  hel- 
ical  groove i n  the  AVES w a s  rougher than t h a t  i n  the  sf-mulator (4,75 pm 1190 
p in]  ve r sus  3.25 pm [130 pin] ) ,  and t h a t  t h e  c learance  between the tang and 
the  groove w a s  much g r e a t e r  (0.36 mm L0.014 i n ]  ve r sus  0,05 mm [0.002 i n ] )  
on a s ide .  Based on t h i s  information,  t h e  h e l i c a l  t angs  on the  AVES gas 
p i s t o n  were bui l t -up with flame-spray techniques and remachined t o  reduce 
t h e  clearance.  The AVES w a s  then  assembled with the  newly machined p i s t o n  
and RTV seal i n s t a l l e d .  A warm gas t es t  using t h e  same prope l l an t  charge as 
i n  the  s imula tor  tests was run. Again the seal f a i l e d ,  A t  t h i s  po in t ,  it 
w a s  be l ieved  t h a t  s e a l i n g  square corners  would involve a high-r isk develop- 
ment program. Therefore ,  an a l t e r n a t e  concept was configured wherein the  
tanged p i s t o n  w a s  sandwiched between two c y l i n d r i c a l  p i s tons ,  both of which 
could r e a d i l y  be sea led  aga ins t  high pressure  f l u i d s  and gases  wi th  the  use 
of O-rings. To v e r i f y  t h i s  concept,  the AVES test hardware w a s  modified t o  
accept  a c y l i n d r i c a l  p i s t o n  ex tens ion  and O-rings. 

No leak 
Leak 
No l e a k  
Leak 
Leak I 

TABLE 111. SEAL TEST SUMMARY 

Ambient 
Seal Configurat ion I Temperature 

0.32 mm RTV 
0.32 mm l e a d  
0.64 mm l e a d  
0.008 mm copper shim 
0.013 mm copper s h i m  

219°K 
Temper a t  u r  e 

No leak 

Leak 
N/A 

N/A 
N/A 

F igure  6 i l l u s t r a t e s  t he  redesigned conf igura t ion .  Minimal changes 
were required.  The new p a r t  (A) is an ex tens ion  of the  o r i g i n a l  p i s t o n  
( p a r t  C). The p i s t o n  head of p a r t  A is c i r c u l a r  and al lows the  i n s t a l l a t i o n  
of a s tandard  O-ring seal. P a r t  B, t he  cy l inde r  conta in ing  p i s t o n  A, re- 
placed the  t i t an ium extens ion  i n  the  o r i g i n a l  conf igura t ion .  Fastening b o l t  
diameters  were the  same but t he  lengths  were shortened. 
were made of AIS1 4340 steel hea t - t rea ted  t o  a hardness of 1790 MPa (260,000 
p s i ) .  

Both p a r t s  A and B 

O r i g i n a l  p a r t s  C and D requi red  some machining. 

Cylindrical Extension 

Figure  6. AVES Redesigned T e s t  Hardware 
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Pr io r  t o  checking the  performance of the  redesigned AVES with warm gas  
generators ,  two cold gas and th ree  shotgun s h e l l  e r ec t ion  tests were con- 
ducted. The a i r  vane e rec ted  i n  a l l  cases except t he  f i r s t  shotgun s h e l l  
test. In  t h a t  test ,  the  burs t  diaphram ruptured i n  the  f i r s t  s eve ra l  m i l l i -  
seconds. R.eduction of the  shotgun s h e l l  propel lant  charge by one-half al- 
lowed successfu l  e r ec t ion  of the  a i r  vane i n  the  subsequent tests discussed 
below: 

T e s t  WG1 w a s  conducted a t  ambient temperatures with no ex te rna l  loads 
appl ied t o  the  AVES, The a i r  vane opening t i m e  w a s  78 ms. Maximum 
warm gas and f l u i d  damping pressures  were 40 MPa (5800 p s i )  and 103 MPa 
(15,000 p s i )  a respect ively.  Post- tes t  examination of the AVES revealed 
no mechanical damage - a l l  seals worked e f f e c t i v e l y  and the locking pin 
f u l l y  engaged. 

T e s t  WG2 w a s  conducted a t  ambient temperatures with an opposing s i m -  
u la ted  ex te rna l  aerodynamic torque of 339 N a m  (3000 in-lb) appl ied t o  
the  AVES, The air  vane e rec ted  t o  wi th in  0.05 rad  (3 degrees) of f u l l  
opening i n  96 ms.  P a r t i a l  engagement of the  locking pin v e r i f i e d  the  
vane e rec t ion  angle. Examination of the  dr iv ing  p is ton  following AVES 
post- tes t  disassembly and inspec t ion  revealed g a l l i n g  of the  p i s ton  
surface.  This g a l l i n g  ac t ion  w a s  the r e s u l t  of a skewed alignment be- 
tween the  axes of the  cy l inder  and the  dr iving p i s ton  ( loca l ized  t i t a n -  
ium yie ld ing  w a s  involved). Fa i lu re  of the  vane t o  f u l l y  erect w a s  be- 
l i eved  due t o  the  r e s t r a i n t  forces  introduced by ga l l ing .  This e f f e c t  
was el iminated from succeeding tests by machining the  d r ive  p is ton  t o  
an approximate sphe r i ca l  shape, 

T e s t  WG3 w a s  conducted at  344°K (160°F) with  an a id ing  simulated aero- 
dynamic torque of 243 N * m  (2150 in-lb) appl ied t o  the  AVES. The vane 
e rec ted  with f u l l  locking pin engagement within 66 m s o  
ve loc i ty  a t  f u l l  e r ec t ion  w a s  25.2 rad/s ,  Peak warm gas and damping, 

. pressures  of 54.5 PlPa (7900 p s i )  and 142 MPa (20,600 p s i ) ,  respective- 
l y ,  were recorded. Post- tes t  examination revealed no mechanical dam- 
age, o the r  than p a r t i a l  ex t rus ion  of the  hydraul ic  damping f l u i d  Teflon 
sea l ing  backup rings.  

The angular 

T e s t  WG4 was conducted a t  219% (-65°F) with a simulated opposing load 
appl ied t o  the  AVES, The vane erected f u l l y  wi th in  114.5 m s  and then 
backed off about 0.05 rad (3 degrees) due t o  the  opposing load, 
locking pin d id  not move - ind ica t ing  a frozen condi t ion,  
up, however, the  locking pin engaged. 
m s  w a s  p a r t i a l l y  a t t r i b u t e d  t o  opposing torques generated i n  the  test 
f i x t u r e  equipment ( i o e r n s  bearings).  Measurement of t h i s  torque ranged 
from- 8.5 t o  17 Nem (75 t o  150 in-lb). 
the  AVES is  increased about 6 percent due t o  t h i s  e f f e c t .  

The 
Af ter  warm- 

An opening t i m e  i n  excess of 100 

The work involved i n  e rec t ing  

T e s t  WG5, conducted a t  344°K (160°F) with an opposing load appl ied t o  
the  AVES, was expected t o  develop the highest  pressures  of any of the 
tests. 
t y  burs t  diaphragm ( ra ted  77.6 t o  81,O MPa [11,250 t o  11,750 p s i ] )  rup- 
tured,  The e rec t ion  process terminated i n  30 m s ,  a t  which point  the  
a i r  vane had erec ted  1.05 rad  (60 degrees).  

The gas pressure rose t o  75.8 MPa (11,000 p s i ) ,  when t h e  safe- 

No physical  damage w a s  
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sus t a ined  by the AVES o t h e r  than Teflon backup r i n g  ex t rus ion  on the  
damping f l u i d  seals (pressure  % 169.6 MPa [24,600 p s i ] ) .  

For subsequent t e s t i n g ,  t h e  damping o r i f i c e  area w a s  increased  by a 
f a c t o r  of 2,O t o  reduce the  e r e c t i o n  t i m e  f o r  the  opposing load,  219°K 
(-65°F) condi t ion .  
ana lyses  which showed t h a t  a i r  vane opening t i m e  w a s  reduced 9 m s  by in- 
c reas ing  the  damping o r i f i c e  area t o  1.5 times the  nominal value.  An addi- 
t i o n a l  3 m s  w a s  gained by doubling the  area. Only 1 a d d i t i o n a l  m s  would be 
gained i f  t he  area were t o  be increased  2.5 times. 

This s e l e c t e d  va lue  w a s  based on r e s u l t s  of dynamic 

FINAL AVES TESTING 

In A p r i l  1978, a d d i t i o n a l  gas  genera tors  were purchased t o  repea t  AVES 
tests WG2, WG4, and WG5. A b r i e f  d e s c r i p t i o n  of each of these  tests 
follows: 

o T e s t  WG2R w a s  conducted a t  ambient temperatures  wi th  an opposing s i m -  
u l a t e d  e x t e r n a l  aerodynamic torque of 339 Nom (3000 in-lb) appl ied  t o  
t h e  AVES. The a i r  vane e rec t ed  wi th  f u l l  locking p in  engagement i n  99 
m s .  Expected opening t i m e  w a s  approximately 75 m s .  P r i o r  t o  the  test, 
t h e  wir ing  on one of t he  two i n i t i a t o r s  w a s  a c c i d e n t a l l y  broken. Each 
of t h e  i n i t i a t o r s  conta ined  115 mg of propel lan t .  With only one-half 
t h e  p rope l l an t  a v a i l a b l e ,  t h e  i n i t i a l  chamber pressure  w a s  cons iderably  
reduced f o r  t h i s  test. Despi te  t h i s  def ic iency ,  a l l  tes t  requirements 
were m e t .  

e Test WG5R was  conducted a t  344°K (160°F) wi th  an opposing load appl ied  
t o  t h e  AVES. The a i r  vane opened with f u l l  locking p in  engagement 
( v i s u a l  observat ion)  i n  51 m s .  

o Tests WG4R and WG4R2 were conducted a t  219°K (-65°F) wi th  s imulated op- 
. posing loads  app l i ed  t o  the  AVES. 

i n  e i t h e r  test due t o  f a i l u r e  of t he  O-rings t o  seal the  w a r m  gas pres- 
s u r e s ;  however, f u l l  e r e c t i o n  w a s  achieved i n  tes t  WG4, and no gas  
leakage pas t  the  O-ring seal occurred i n  t h a t  test. Pos t - tes t  examina- 
t i o n  of the  O-ring i n  both tests ind ica t ed  e ros ion  of the O-ring over a 
s e c t o r  width of about 1.05 rad  (60 degrees).  P o s i t i o n  of t h i s  s e c t o r  
w a s  symmetrical about t he  p i s t o n  topside.  F a i l u r e  of the O-rings t o  
seal w a s  a t t r i b u t e d  t o  excess ive  y i e ld ing  of t he  t i t an ium fo ld ing  a i r  
vane i n  the  v i c i n i t y  of t he  gas genera tor .  This y i e ld ing  caused m i s -  
al ignment between the  axes of the gas cy l inde r  and O-ring sea led  gas 
p is ton .  A s  a r e s u l t ,  a g r e a t e r  amount of O-ring on t h e  p i s t o n  tops ide  
was exposed t o  the  hot  gases  than on the  p i s t o n  s i d e s  and bottom. 
Yielding of t he  t i t an ium w a s  f i r s t  no t iced  on test WG2. Apparently,  
t h e  amount of y i e ld ing  w a s  not enough t o  cause leakage on test WG4; 
however, continued t e s t i n g  increased  tlie y ie ld ing ,  I n  an AVES rede- 
s igned f o r  tactical  use,  t h i s  type of s t r u c t u r a l  behavior would not 
occur. Typical  dynamic response c h a r a c t e r i s t i c s  of t hese  tests are 
shown i n  Figure 7. 

The a i r  vane f a i l e d  t o  f u l l y  erect 
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Figure 7. AVES Dynamic Response f o r  T e s t  WG2R (Typical) 

Figure 8 summarizes AVES performance with respec t  t o  opening t i m e  and 
angular pos i t i on  requirements. For a l l  load and temperature condi t ions,  t h e  
AVES erec ted  f u l l y  on tests WG1, WG2R, WG3, WG4, and WG5R within 100 m s ,  and 
had f u l l  engagement of the  locking pin except on test WG4. The e rec t ion  
time performance of WG4 (cold temperature opposing load) w i l l  meet 100 m s ,  
requirement by doubling t h e  damping o r i f i c e  area. An a l t e r n a t e  locking p in  
design has been implemented which w i l l  prevent freeze-up a t  cold tempera- 
tures .  

CONCLUSIONS - LESSONS LEARNED 
The AVES development program has shown t h a t  the  piston-helix concept, 

i n i t i a l l y  shown f e a s i b l e  through analyses  and later demonstrated experimen- 
t a l l y ,  is  a sound concept. This design withstood 11 warm gas, 5 shotgun 
s h e l l  gas ,  and 8 cold gas e rec t ion  tests with no degradation i n  performance 
u n t i l  the  l as t  2 tests. Future development e f f o r t  w i l l  concentrate  on 
weight reduct ion,  ease of manufacture, good main ta inabi l i ty ,  and incorpora- 
t i o n  of lessons  learned from the  i n i t i a l  development e f f o r t  ( i-e. ,  gas seal- 
ing  and locking pin mechanism). 

Lessons learned from the  AVES development test program include: 

1 Gaps between the  h e l i x  d r i v e  tang and h e l i x  i n t e r n a l  grooves 
could not be e f f e c t i v e l y  sealed aga ins t  high gas pressures.  
O-rings proved t o  be e f f e c t i v e  sea ls .  
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The O-ring sea l ed ,  spring-loaded locking  p in  w a s  i nope ra t ive  a t  
219OK (-65'F). 
of gas  p re s su re  as the locking  f o r c e  is requi red  f o r  a rede- 
s igned tac t ica l  AVES. 

A concept change t o  remove O-rings o r  t he  use 

Damping bellows should be designed such t h a t  r epea tab le  rup tu re  
p a t t e r n s  occur  dur ing  vane e rec t ion .  

A gas  gene ra to r  wi th  a smaller temperature  s e n s i t i v i t y  coe f f i -  
c i e n t  is recommended t o  reduce v a r i a t i o n s  i n  AVES performance 
due t o  temperature  environments . 
Ethylene propylene O-rings w i l l  s a t i s f a c t o r i l y  seal dynamic 
damping f l u i d  p re s su res  as h igh  as 165 MPa (24,000 p s i )  and gas 
pressures  as h igh  as 75.8 MPa (11,000 ps i ) .  

~ ~- 

Figure  8. AVES T e s t  Performance 
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SUMMARY OF THE ORBITER MECHANICAL SYSTEMS 

By John Kiker* and Kirby Hinson* 

ABSTRACT 

Major mechanical systems of the Orbiter space vehicle are summarized 
with respect to general design details, manner of operation, expected 
performance, and, where applicable, unique features. A synopsis of data 
obtained during the five atmospheric flight tests of spacecraft OV-101 and 
status of the systems for the first orbital spacecraft STS-1 are presented. 

INTRODUCTION 

The NASA Orbiter manned spacecraft is the next generation of space 
vehicles being designed for reuse and to reduce the cost and increase 
the effectiveness of using space for commercial, scientific, and defense 
needs. The primary design and operations goal for the Orbiter is to pro- 
vide routine access to space. The general configuration and details of 
the Orbiter are shown in figure 1. The successful operation and accom- 
plishment of the NASA mission objectives, using this new generation of 
spacecraft, is dependent on the proper functioning of numerous mechanical 
systems. 

This paper is devoted to a review of Shuttle mechanical systems, 
including separation systems, the crew escape system, aerothermal seals, 
pressure seals and thermal barriers, payload bay door mechanisms, and 
the landing deceleration system. These systems have in common certain 
mechanical design aspects but obviously involve many other engineering 
disciplines, both within the system and in interfaces between the mechan- 
ical system and other Shuttle systems. Vehicle dynamics and aerodynamics 
are particularly important to the design of the separation, crew escape, 
and landing deceleration systems. Each of these systems also includes 
pyrotechnic components. The aerothermal seals, the pressure seals, and 
the thermal barriers derive requirements from aerodynamic heating and 
static pressure environments. The aerothermal seals are unique in that 
seals must be maintained between moving surfaces during the high aero- 
dynamic heating pulse of atmospheric entry. 

Design of all mechanical systems for the Shuttle is based on maximum 
use of existing aircraft and spacecraft technology. This approach mini- 
mizes direct development costs and schedule risk and reduces the need 
for extensive systems-level tests to establish reliability. For example, 
the ejection seat used in the crew escape system is one previously qual- 
ified for use in another aircraft, and most of the components of the 
landing deceleration system are of conventional design and materials. 

*NASA Lyndon B. Johnson Space Center, Houston, Texas. 
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New technology is applied only where it results in significant weight 
savings, as in the use of the carbonlberyllium brake, or where no solid 
technology base exists, as in the aerothermal seals. 

Another unusual factor governing the design and development of 
Shuttle mechanical systems is the limited life requirement. Each Orbiter 
vehicle has a planned design life of 100 missions, with appropriate margins. 
However, for components which are easily changed out between flights, the 
cost of replacement as frequently as every- fifth mission is traded against 
the cost of developing 2 component with full 100-mission capability. For 
example, the Orbiter tires and brakes are designed for 5 to 10 missions, 
and their routine replacement is scheduled in the normal turnaround pro- 
cedure. Lifetimes as short as five design missions result in lightweight 
components but reduce the margin between the design five-use and emergency 
one-use capability. This reduction dictates a realistic assessment of 
the design and emergency system requirements; such an assessment is the 
basis for extensive systems analysis and careful attention to the condi- 
tions imposed in limited test programs. 

The mechanical systems are described independently. For each system, 
key design requirements and the impact on systems design of changing re- 
quirements are discussed. Early trade-offs and system design options. 
are reviewed with consideration of critical design issues and primary 
design drivers. Interesting design and development problems are treated 
primarily to indicate the technical evolution of current Shuttle systems 
designs. 
during the presentation of each mechanical system. 

The application of new technology is discussed as appropriate 

AEROTHERMAL SEALS AND REMOTELY OPERATED 
DOOR THERMAL BARRIERS 

The Orbiter is the first manned spacecraft to use aerodynamic control 
surfaces that are movable during the high heating pulse of entry. Aero- 
thermal seals are required to restrict gas flow into the control surface 
hinge-cavity areas so as to maintain structural temperatures within ac- 
ceptable limits. Such seals are used on the elevon, rudder/speed-brake, 
and body flap control surfaces. Each of the three control surface seals 
is unique in design and materials because of varying thermal requirements 
and varying hinge-cavity geometry. The elevon lower cove is closed out 
with a polyimide seal rubbing against aluminum and Inconel tubes and 
plates. The elevon upper surface is sealed with formed Inconel springs 
rubbing against Inconel panels. The body flap seal is composed of In- 
cone1 hinged panels. The rudder/speed-brake seal is made of graphite 
seal blocks rubbing on conic Inconel panels. 
materials concept has been mentioned. 
quite complex in design detail as each includes several unique solutions 
to specific geometric and thermal problems. For example, the elevons 
are composed of two independently movable surfaces per side; thus, there 
are four ends of the elevon hinge cove per side which must be closed out. 
The hinge locations constitute another sealing challenge. The entire 

Only the basic design/ 
Each of the aerothermal seals is 
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seal system must accommodate the surface distortion associated with high 
aerodynamic and thermal loads. It was even more difficult to achieve a 
design that could be assembled and verified by inspection after assembly. 

Thermal barriers are provided to close out doors, hatches, and other 
penetrations through the vehicle thermal protection system. Because these 
hatches and doors are generally not cycled during the entry heating pulse, 
relatively simple, passive thermal barriers can provide aequate thermal 
sealing. 
gaps. In the nose gear door, a pad-type barrier is used to fill the gap 
out to the outer mold line and thereby to ensure a very smooth surface 
in this very high heating region. A fiber brush barrier is used to ac- 
commodate relative deflections at the edges of the extremely large payload 
bay doors. Most other doors and openings incorporate unique variations 
of metal springs filled with insulating material and wrapped with ceramic 
cloth. Figure 2 shows representative aerothermal seal and static thermal 
barriers. Figure 3 shows the body flap aerothermal seal. 

Three basic types of thermal barriers are used in door edge 

The Orbiter aerothermal seals and thermal barriers will be flown 
for the first time in the upcoming Orbital Flight Test program. The 
approach and landing flight tests of 1977 did not include the extreme 
thermal environment; therefore, the sealing requirements were much less 
severe. Certification of the Orbiter aerothermal seals is to be accom- 
plished through a program which combines the results of tests and analysis 
activities to ensure that the subsystem provides adequate protection to 
the structure when exposed to the mission environment. 

Basic materials testing was performed to ensure thermostructural 
properties of all materials used. Samples of critical seals combined 
with adjacent reusable surface insulation ( R S I )  to make a test article 
of approximately 0.46 meter ( 1 . 5  feet) square were tested in arc-jet 
facilities at three NASA centers. These tests simulated approximate 
thermal entry environments. One full-size outboard elevon and portion I 

of the trailing edge wing will be tested under entry thermal and struc- 
tural loads. Various large panels and portions of the aerodynamic sur- 
faces will be acoustic life tested with seals installed. 

CREW ESCAPE SYSTEM 

The general concept of the Orbiter is to provide a transport- or 
airliner-type vehicle to routinely shuttle multiple passengers and cargo 
to and from orbit. Provisions for handling emergency situations are 
therefore based on maintaining the integrity of the Orbiter to provide 
safe return of crew and passengers. This "intact abort" concept is the 
same as that used by commercial airliners. However, for the first few 
missions, the Orbiter is very much an experimental aircraft. During 
these missions, the crew will be limited to two; and, early in the pro- 
gram, it was recognized that a reasonable option existed to provide indi- 
vidual emergency escape capability for the critical launch and landing 
phases. Individual ejection seats have been incorporated for the pilot 
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and the copilot, These crew escape provisions will be removed following 
the Orbital Flight Test series, which will provide added confidence in 
the reliability of Shuttle systems and procedures. 

The general philosophy of using developed, tested, and qualified 
systems resulted in selection of the U.S. Air Force SR-71/F-12 ejection 
seat. A careful evaluation of the performance of all available qualified 
seats showed the SR-71 seat to have the greatest range of high- and low- 
altitude capability. 
bility of the SR-71 seat system, as well as a typical Shuttle trajectory. 
The seat provides reasonable escape capability from sea level to an alti- 
tude of 21 336 meters (70 000 feet) during launch and provides complete 
coverage during final descent to landing and for the complete Approach 
and Landing Test (UT) envelope, 

Figure 4 shows the design altitude/velocitp capa- 

A major effort was made to use the seat as designed; however, the 
unique Orbiter crew cabin and structure arrangement, plus the vertical 
launch attitude, indicated the necessity for seat modifications. One 
change r5sulted when early reach and vision studies showed the crew 
would have problems reaching and seeing the necessary controls to fly 
the Orbiter during ascent. 
test. As a result, a two-position back angle was incorporated into the 
seat. 
matically reposition the crew aft before exit. Following launch, the 
crewmember manually repositions the seat back for entry and landing. 

~ Pyrotechnic devices already used in the seat are used also for operat- 
ing this device. See figure 5 for details of the seat-back modification 
and the salient features of the system. 

These findings were verified in a centrifuge 

Should ejection be required during ascent, the back would auto- 

The sled test program disclosed two other problems. First, the side- 
by-side arrangement of the seats in the Orbiter led to very high rotation 
rates (in yaw direction) as the seats entered the airstream. This problem 
was alleviated by a slight change in timing of drogue parachute deployment 
so that the stabilizing forces of the drogue would be effective earlier. 
Second, during the second dynamic sled test, one of the seats recontacted 
and damaged the inflated personnel parachute. Another slight timing change, 
this time to increase the interval between separation of the crewman from 
the seat and deployment of the personnel parachute, significantly reduced 
the possibility of recontact. Both of these sequence timing changes were 
verified in subsequent sled testing. 

The Orbiter inner and outer crew cabin and structural hatch required 
a unique mechanical system design to enable jettisoning of the two hatches 
before the seats are ejected. The method of accomplishing this is shown 
in figure 6 .  This requirement differs from normal aircraft design, in 
which only a single structural surface must be,cut or jettisoned. The 
U.S. Air Force standard SR-71 ejection seat, with the modifications de- 
scribed previously, was flown on all ALT flights. The same system is 
being installed on the first orbital flight spacecraft. 
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LANDING DECELERATION SYSTEM 

The Orbiter landing deceleration system consists of a conventional 
tricycle landing gear including struts, wheels, tires, brakes, brake skid 
control, and nosewheel steering (fig. 7). The general design philosophy 
is to use conventional components and materials, yet to provide the light- 
est system capable of meeting predicted requirements. 
is unconventional in three major areas, all based on achieving a light- 
weight system: ( 1 )  the landing gear is deployed by gravity rather than 
using hydraulic actuators - possible because there is no in-flight gear 
retraction requirement; (2) the brakes are composed of beryllium heat 
sinks with carbon linings - a combination with very high energy capacity; 
and (3) brakes and tires are designed for 5 uses rather than the usual 
100 or more uses. This limited use requirement narrows the gap between 
the planned operating condition and the emergency ultimate operating capa- 
bility of the hardware. A s  a result, a much more detailed and accurate 
analysis of Orbiter landing performance than that typically given commer- 
cial and military aircraft systems was required. This analysis is based 
on a limited number of very carefully planned tests. 

The Orbiter system 

Except for the brakes, the Orbiter landing deceleration system is 
designed of materials similar to those on other aircraft. The struts 
are machined from 300M alloy forgings - the same material used on 727, 
737, 747, DC-10, etc., aircraft (fig. 8 ) .  The tires are manufactured 
of nylon cord and natural rubber - the same as commercial and military 
aircraft. The wheels are conventional aluminum forgings. The brake/ 
skid-control system is the same brand used on nearly all large commercial 
and military transport aircraft, and the steering package is the same 
brand used on the B-1 bomber. 

The brakes are of a multidisk design similar to that of other current 
large .aircraft. One brake is included in each of the four main wheels.' 
The brakes are commanded electrically through foot-pedal-operated trans- 
ducers, which control hydraulic actuators. The unique feature of the 
brakes is the use of carbon linings attached to beryllium heat sinks. 
Other aircraft use brakes with beryllium heat sinks - the C-5A and the 
F-14, for example - and several use all-carbon brakes. The unique Or- 
biter carbon/beryllium combination was developed from that technology. 
The Orbiter brakes weigh about half as much as conventional sintered- 
iron-lined brakes for the same energy absorption capacity. (See fig. 9.) 

The Orbiter size and landing weight are comparable to a medium size 
commercial airliner, but the landing speed is almost twice that of the 
typical airliner or military aircraft. 
(200 knots) will be routine. Emergency landings with the full 29 484- 
kilogram (65 000 pound) payload can result in speeds as high as 115.7 
m/sec (225 knots). Fortunately, for this case, all landings will occur 
at the launch site, where a 4572-meter (15 000 foot) runway is available. 
The brakes are capable of bringing the Orbiter to a safe stop under these 
conditions but are expended in the process. The four brakes must absorb 
as much as 301 megajoules (222 million foot-pounds) of energy at a peak 

Landings at a speed of 102.9 m/sec 

223 



rate of nearly 22 371 kilowatts (30 000 horsepower). 
reach temperatures of 1255 K (1800O F). Several tests of the brake at 
these conditions have been executed on a dynamometer. 
combinaticn has proved to be an excellent emergency brake. Of course, the 
normal operating conditions are much less severe; and, whereas the design 
requirement is for five uses, many uses per brake are expected to be ob- 
tained with routine landings. 

Some brake elements 

The carbonlberyllium 

An interesting characteristic of the Orbiter brake is that it does 
not "fade" as it heats during a hard stop. Rather, it produces more and 
more torque for a given hydraulic pressure as the Orbiter velocity de- 
creases, with low-speed torque about 50 percent higher than that available 
at braking initiation. This characteristic contributes significantly to 
the brakes' good emergency performance, but it requires that the pilot 
"ease off" the brakes at low speed during a normal stop to reduce the pss- 
sibility of brake damage. 

SEPARATION SYSTEM 

The major components for separation of the Orbiter from the Shuttie 
external tank (ET) are illustrated in figure 10. At the forward attach- 
ment, release is accomplished by a pyrotechnic-actuated shear-type separa- 
tion bolt. This type device is used at the forward attachment to satisfy 

and to withstand high structural loading before separation. The purpose 
of the smoothness criteria shown in figure 10 is to control the aerothermal 
heating on the spacecraft in order to prevent excessive structural tempera- 
tures during entry. The unique feature of this device is the internal frac- 
ture surface. After a piston shears the fracture plane, it closes out the 
bolt cavity to provide the required smooth surface. 

I a stringent requirement for a smooth outer mold line after separation 

At the two aft structural attachments, a 6.35-centimeter (2.5 inch) 
frangible nut is used as the release device. These frangible nuts are 
also fractured by pyrotechnic charges. They have recently been increased 
in diameter from 5.08 centimeters (2  inches) to 6.35 centimeters (2.5 
inches) to provide additional structural margin at these attachments. 
Once the Orbiter is separated from the external tank, doors close out 
the cavities at the aft structural and umbilical attachments to protect 
the Orbiter structure during entry. 

These structural attachments were used to release the Orbiter from 
a Boeing 747 aircraft during a series of Orbiter atmospheric test flights 
completed in 1977. The release devices for these tests were pyrotechnic- 
actuated separation bolts which fractured in tension, rather than shear 
as in the present bolt configuration. The shear bolts and frangible nuts 
are qualified to the flight environments as components, then the forward 
and aft structural assemblies are flight certified in a series of func- 
tional separation and structural loads tests. These tests are scheduled 
for completion by late August 1979. 
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ORBITER/ET UMBILICAL SEPARATION SYSTEM 

The Orbiter/ET umbilical separation system provides the separation 
interface between the Orbiter vehicle and the external tank for fluid 
lines and electrical connections. There are two separate umbilical dis- 
connect clusters between the Orbiter and the ET; both are located in the 
bottom aft fuselage of the Orbiter. The left-hand umbilical contains 
an electrical disconnect assembly and the liquid hydrogen (LH2) system 
fluid disconnects, which include a 43.18-centimeter (17 inch) diameter 
propellant feed line, a 5.08-centimeter (2 inch) diameter tank repres- 
surization line, and a 10.16-centimeter (4 inch) diameter prestart and 
tank replenishing line. The right-hand umbilical is similar, with an 
electrical disconnect assembly and two liquid oxygen (LO21 fluid discon- 
nects: one 43.18-centimeter (17 inch) diameter propellant feed line and 
a 5,08-centimeter (2 inch) diameter tank pressurization line. The umbil- 
ical separation system is designed to provide complete separation of the 
fluid and electrical interfaces between the Orbiter and the ET before ini- 
tiation of structural separation. Figure 11 contains details of the system. 

Two seconds after main engine cutoff (MECO), the LH2 and LO2 43.18- 
centimeter (17 inch) disconnect valves are closed pneumatically. Two ' 
seconds later, the LH2 and LO2 umbilical carrier plate separation command 
is issued, detonating the pyrotechnics which fracture three frangible nuts 
in each umbilical plate. A simultaneous command is issued to activate 

. three hydraulic retractors attached to each of the umbilical plates. Both 
umbilicals then retract 6.35 centimeters (2.5 inches) into the Orbiter 
in approximately 4.5 seconds, The ET structural separation is commanded 
approximately 11 seconds after MECO. 

Verification and qualification testing is being conducted on flight 

All LH2 separation tests are conducted with' 
configuration LH2 and LO2 umbilical assemblies mounted in specially 
designed support fixtures. 
liquid hydrogen in the system. 
gen is substituted for LO2 for safety considerations. During this series 
of tests, each hydraulic retractor will be individually disabled to simu- 
late failed retractors to demonstrate a design requirement that any two 
of the three retractors shall provide adequate separation of the umbilical 
assemblies. Backup propellant valve closure modes are also being tested 
whereby valve closure is actuated mechanically during separation of the 
umbilical plates. 

During LO2 separation tests, liquid nitro- 

The umbilical separation system will be flown for the first time on 
spacecraft STS-1 since it was not required during the ALT program. 

PAYLOAD BAY DOORS 

The purpose of the Shuttle spacecraft, as the name implies, is to 
deliver a cargo to and/or return a cargo from Earth orbit. 
deliverable item can be as large as 4.57 meters (15 feet) in diameter and 

Since the 
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18.29 meters (60 feet) long, the Shuttle Orbiter is a unique spacecraft that 
requires two payload bay doors that are more than 18.29 meters (60 feet) in 
length - the largest to ever be operated in space. The graphite epoxy doors, 
which serve as the base for radiator retention and deployment, must react 
vehicle loads and protect the payloads during boost and entry and, yet, open 
and close as required once in orbit. The specific details of the payload bay 
doors are as presented in reference 1. The general configuration of the pay- 
load bay door and radiator system is shown in figure 12. 

PAYLOAD RETENTION SYSTEM 

The payload retention concept was selected shortly after the Space 
Shuttle Program was initiated, primarily because the selected approach would 
have a significant effect on the design of the Orbiter structure and, hence, 
on vehicle weight. The basic approach is a statically determinate load re- 
action system as shown in figure 13.  This approach would use two retention 
fittings on the longeron to react X- and Z-axis loads, one additional lon- 
geron to react Z-axis loads, and a single reel fitting for Y-axis loads. 
Each fitting is designed to slide with minimum friction in those axes not 
designated as primary load carrying. Based on data available, the coeffi- 
cient of friction achievable was selected as a maximum of 0.1 for the ex- 
pected temperature range. To date, this value has not been achievable for 
temperatures to 200 K (-looo F), apparently because sliding surfaces are 

. also geometrically sensitive. 

To further complicate the problem, many of the payload suppliers desire 
to use a nondeterminate, four-point, longeron attach scheme. This design 
requires that the retention latch reach and "latching" pulldown force be 
sufficient to accommodate the out-of-plane condition that will exist during 
payload retrieval. 
be added to the retention fitting to aid in the installation of payloads'in 
orbit. 

Retrieval also required that some sort of integral guides 

In summary, what appeared at the outset to be a simple actuator design 
has evolved into a complex system when considering present Orbiter/payload 
restrictions. 
being evaluated in various ground test efforts involving a mockup of the 
payload bay, dummy payloads, and the remote manipulator system. 

The design and function of the payload retention system is 

CONCLUDING REMARKS 

In this paper, only a brief introduction t o  some of the more important 
Orbiter mechanical systems has been presented. Each of these systems in- 
volves interesting design features and unique performance requirements. 
Several papers could be written on special testing efforts, such as tire 
and wheel-bearing tests to actual load, yaw angle, and velocity histories, 
and arc-jet testing of aerothermal seal components and sections. Obviously, 
in a general paper of reasonable length, only the highlights of each system 

226 



can be presented .  Those having s p e c i a l  i n t e r e s t  i n  a p a r t i c u l a r  system o r  
technology f i e l d  covered h e r e i n  are encouraged t o  con tac t  t h e  au tho r s  f o r  
more d e t a i l e d  d i scuss ion  o r  information exchange. 
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Figure 1.- Orbiter mechanical systems. 

-LEADING EDGE SPRINGSEAL 

GLASS CERAMICSUPPORT 
PRESSURE SEAL 

SURFACE INSULATlON 

OUTER MOLO LINE 

VARYING GAP 

INCONEL SPRINGWIRE 
TUBE. CERAMIC FIBER 

SLEEVE, CERAMIC FIBER CLOTH 
ROCMTEMPERATURE VULCANIZING ( R N I  BONO AT IML 

SECONDARY SEAL 

SYMM ABOUT <*[ 0 (0 78 3 TO TO6 2.4 1 IN M I 

EXPANSION JOINT %\ (VARIES. 4 PLACES) 

INNER - 4 

THERMAL BARRIER 
i"Y GLASS FIBROUS 

I C I  IYL ,c*L- 

1 MOLO LINE 

ENVIRoNN *.... I 

Figure 2.- Composite aerothermal seals and static thermal barriers. 
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Figure  3. -  Body f l a p  aerothermal  seal. 
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Figure 5.-  Crew escape system instal lat ion.  
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Figure 6.-  Crew escape hatches. 
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Figure 7 . -  Landing deceleration system. 
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8.- Main landing gear. 

231 



STATOR PRESSURE PLATE 7 7 STATOR BACKPLATE 

ALUMINUM WHEEL 

TITANIUM TORQUE TUBE 
-- 

BEARINGS 
BRAKE HYDRAUL 

ACTUATOR (8) 

CARBON-LINED 
BERYLLIUM ROTORS (4) - CARBON-LI N ED 

BERY LLlUM STATORS (5) 

Figure 9.- Wheel brake assembly. 
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Figure 10.- Orbiter/external tank structural separation system. 
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Figure 11.- Orbiter/external tank umbilical separation system. 
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PAYLOAD INSTALLATION AND DEPLOYMENT AID 
FOR SPACE SHUTTLE ORBITER SPACECRAFT REMOTE MANIPULATOR SYSTEM 

Thomas 0. Ross 

Lyndon B .  Johnson Space Center 
Houston, Texas 

ABS TRACT 

Early developmental t es t ing  of  the Remote Manipulator System (RMS) revealed 
t h a t  on-orbit  handl i n g  o f  various payloads on the  Space Shut t le  Orbiter Space- 
c r a f t  may prove to  be beyond the capabi l i ty  of the system without the ass i s tance  
of a handling a id .  

An aid concept known a s  the PIDA (Payload Ins t a l l a t ion  and Deployment Aid)  
i s  presented a s  a way t o  a s s i s t  the  RMS by relaxing the  accuracy required d u r i n g  
payload handling i n  the  payload bay. The aid concept was designed and developed 
t o  move payloads through a prescribed path between the  confined quarters of the 
payload bay and a posit ion outs ide the c r i t i c a l  maneuvering area o f  the  Orbi ter .  

An  androgynous docking mechanism is  used a t  the  payload/PIDA interfaces  
for normal docking functions t h a t  a lso serves a s  t he  s t ruc tura l  connection 
between the  payload and the Orbiter,  t ha t  i s  capable of being loosened t o  pre- 
vent t ransfer  of loads between a stowed payload and the  PIDA s t ruc ture .  A 
gearmotor driven drum/cable system i s  used i n  the  docking mechanism i n  a unique 
manner t o  center the  at tenuator  assembly, a l ign  the r i n g  and guide assembly 
(docking in te r face)  i n  r o l l ,  p i t c h ,  and yaw, and r ig id i ze  the mechanism a t  a 
nominal posit ion.  A descr ipt ion of the design requirements and the  modes of 
operation of  the various functions of the deployment and the  docking mechanisms 
a r e  covered. 

INTRODUCTION 

The conceptual d e s i g n  study and operational simulations of the Remote 
Manipulator System (RMS) i n  the JSC Manipulator Development Fac i l i t y  (MDF) 
ident i f ied a need for  an aid i n  the  handling o f  l a rge  payloads in to  and out  of 
the cargo bay by the  manipulator. 

In response t o  t h i s  need, a payload handling aid concept was designed and 
developed f o r  use w i t h  the RMS. 

The i n i t i a l  design concept was turned i n t o  prototype hardware for  t e s t  and 
evaluation and this developed i n t o  a second set  o f  prototype hardware t h a t  helped 
t o  define the  concept a s  i t  i s  presently known and described i n  t he  following 
sect ions.  

The i n i t i a l  concept of the deployment mechanism contained one ro ta t ing  arm 
assembly t o  be used i n  conjunction w i t h  the  RMS/operator fo r  payload handl i n g .  
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After building and testing prototype hardware o f  the  Aid w i t h  a prototype o f  
the  manipulator, i t  was discovered t h a t  the  RMS operator was unable t o  follow 
the  arc  path required t o  keep the payload aligned. I t  was concluded tha t  the 
handling a id  shou ld  be capable o f  moving the  payload between the stowed and 
deployed pos i t i ons  automatically w i t h o u t  the  assis tance o f  the  RMS i n  the 
control loop b u t  t h a t  the R14S would be i n  complete control of the payload d u r i n g  
docking o r  undocking w i t h  the payload/orbiter in te r faces  on the  handling a id  
mec ha n i  sm . 

The resu l t ing  aid concept, depicted i n  Figure 1 ,  known as  the PIDA (Payload 
Ins t a l l a t ion  and Deployment A i d )  i s  presently be ing  fabr icated a s  f l i g h t - l i k e  
hardware for  engineering development t e s t  and evaluation i n  the JSC Manipulator 
Development Fac i l i t y ,  T h i s  e f f o r t  i s  intended to  develop the a id  concept t o  a 
s t a t e  of readiness for a m i n i m u m  lead time for  f l i g h t  hardware and a t  the same 
time developing the electromechanical actuator  and the docking mechanism fo r  
potential  use i n  other appl icat ions.  

REQUIREMENTS 

The basic requirements t h a t  were imposed on the  Payload Ins t a l l a t ion  and 
Deployment Aid concept a re :  

0 

0 

0 

. O  

0 

0 

0 

Provide 1 ine of s i g h t  docking points outs ide o f  c r i t i c a l  maneuvering 
a rea .  

Util ize  s ingle  point capture steps a s  opposed t o  mu1 t i -po in ts  requiring 
simultaneous capture.  

Use mechanism t o  move the payload from deployed t o  stowed posit ion 
without exceeding a 75mm (3.0 inch) payload clearance envelope. 

Accommodate payloads ranging u p  t o  4.57 meters (15 f t )  dia  by 18.3 meters 
(60 f t )  long and 289 kN (65,000 l b s )  weight .  

Accommodate payload contact ve loc i t ies  u p  t o  30mm/sec ( . l o  f t /sec) and 
.011 rad/sec w i t h  a l a t e ra l  mismatch of 150mm (6.0 inches) maximum and 
angular mismatches of 915' i n  p i tch and yaw and flOO i n  r o l l .  

Design t o  stow i n  a confined space under the  closed doors w i t h  a la rge  
payload i n  the cargo bay. 

Util i ze  exis t ing longeron b r idge  f i t t i n g  attachments for s t ruc tura l  
connection. 

PIDA ASSY DESCRIPTION 

The PIDA assembly shown i n  Figure 6 i s  made u p  of a deploy/stow mechanism, 
an in te r face  mechanismg an electromechanical ro ta ry  actuator  w i t h  i t s  respective 
electronic  controls ,  and a base, w i t h  a j e t t i s o n  in te r face ,  t h a t  connects the 
assembly t o  the Orbiter longeron bridge f i t t i n g  on in s t a l l a t ion .  
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The operation o f  the  assembly between the  stowed and deployed posit ions,  
shown i n  Figure 7 ,  i s  done remotely from the RMS opera tor ' s  s t a t ion .  The 
operator can se l ec t  the  degree of deployment desired and monitor i t s  p o s i t i o n  
from a display o f  the opt ical  encoder data tha t  i s  used t o  control the drive 
motors and keep them synchronized t o  w i t h i n  one-tenth of a degree. 
for a spec i f ic  payload provides the  control of the master drive t o  accelerate  and 
then decelerate  the  payload to s t o p  a t  the desired point w i t h o u t  overrun o r  
excessive s t ruc tura l  loads on the  PIDA s t ruc ture  o r  the  Orbiter longeron a t tach  
p o i n t s .  The accuracy provided by the control system o f fe r s  precise pointing of 
payloads and opens the poss ib i l i t y  of l imited tracking u s i n g  the PIDA dr ive  
sys tem w i  t h  added t r a c  k i  ng sensors. 

Preprogramming 

DE PLOY / S TOW M ECHAN I SM 

The basic purpose o f  the  deploy/stow mechanism i s  t o  control the movement 
o f  the payload posi t ively and accurately between t h e  stowed and deployed 
pos i t i ons  and t o  loca te  the  payload in a deploy posit ion t h a t  i s  away from the 
Orbiter,  outs ide o f  the c r i t i c a l  maneuvering area b u t  w i t h  the  docking in t e r -  
faces i n  the l i n e  o f  s i g h t  of the RMS operator.  
t h a t  the movement between the stowed and deployed pos i t i ons  be provided. without 
exceeding a 75mm (3.0 inches) payload clearance envelope and tha t  the  deployed 
posit ion be located f o r  a m i n i m u m  clearance of 50cm (19.5 inches) between the 
payload and the Orbiter.  The configuration had t o  permit the  mechanism t o  be 
stowed inaconf ined  space under the  closed door  and rad ia tor  w i t h  a la rge  

,payload 4.57 meters (15 f e e t )  diameter by 18.3 meters (60 f e e t )  l o n g  i n  t he  
pay1 oad bay. 

Design guidelines required 

The or iginal  version of the present deployment mechanism employed a two- 
s tage actuat ion a s  shown in  Figure 3.  The f i r s t  s tage used a pivot point c lose 
t o  the tangency of the  payload on one s ide  fo r  an upward z-z ax i s  path of w i t h -  
drawal and the  second s tage u t i l i zed  a p i v o t  p o i n t  a t  the  docking mechanism 
in te r face  t o  swing  the  payload outboard t o  a noncrit ical  maneuvering area' for  
payload/PIDA docking. The two stages were driven from a s ingle  actuator  on 
each arm assembly t h a t  required a clutching operation fo r  the change over from 
one stage t o  the o ther .  

Due t o  the complexity of the two-stage actuat ion,  a s ing le  actuator  dr ive 
mechanism, shown i n  Figure 4 ,  w i t h  a continuous integrated motion was conceived 
to  replace i t  while a t  the same time closely approximating the motion desired.  
A t r i a l  and er ror  graphical approach was used t o  define the  mechanism necessary 
t o  provide the desired motion. A t  the  onset,  t he  graphical layout was intended 
t o  ident i fy  the  cons t ra in ts  for an analyt ical  approach b u t  i t  was concluded tha t  
the graphical approach would be quicker t o  complete the  geometry de f in i t i on .  

The four bar mechanism shown i n  Figure 5 has a tubular dr ive arm member 
t h a t  i s  connected a t  one end t o  the  base and the other end t o  the crank arm on 
the in te r face  mechanism. A drag l i n k  t h a t  serves as  a tension/compression t i e  
between the base and the  end of the  crank arm provides the  linkage t o  turn the 
crank arm a s  the main arm is  driven from one p o s i t i o n  t o  another by an Electro- 
mechanical Rotary Actuator. 
the crank arm ro ta tes  the in te r face  mechanism 102'37' for  an angular displace- 
ment r a t i o  o f  1 . 8 3 ~ 1 .  
Orbiter ax i s  i s  the sum of these two angles o r  158'37'. 

As the main arm ro ta t e s  through an angle of 56O, 

The to ta l  ro ta t ion  of  the payload ax i s  r e l a t i v e  t o  the 
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Mote i n  Figure 4 how the i n i t i a l  par t  of the C . G .  path approximates an 
upward (z-z a x i s )  1 inear withdrawal by a low amplitude s.inusoida1 movement. 
The movement of the  longeron trunnion next t o  the  mechanism, shown i n  de t a i l  
IIZ", provided an upward and outboard movement t h a t  although unplanned was found 
t o  be acceptable i n  the mating envelope of the retent ion f i t t i n g  halves. 

INTERFACE MECHANISM 

The payload/PIDA in te r face  mechanism, shown i n  Figures 8 and 9,  includes 
a docking mechanism fo r  the RMS operator t o  connect or  disconnect the payload 
from the deploy/stow mechanism and a s t ruc tura l  connection t o  posi t ively hold 
the payload d u r i n g  deploy or stow actuation t o  a id  accurate positioning of the 
payload i n  t he  payload bay. 
stowed posi t ion,  the  s t ruc tura l  connection through the PIDA is  loosened t o  
provide compliance i n  order to  force the retent ion f i t t ings  t o  be the primary 
load paths. 
a s ,  compliance, capture, energy absorption, alignment and r ig id iza t ion  i n  
addition to  the stowed posit ion compliance. 

After the  payload has been placed i n  t he  f u l l y  

The mechanism provides the basic functional modes of docking, such 

Docking Compl iance 

The purpose of  docking compliance i s  t o  allow the two mating sides of the  
in te r face  t o  a l ign  i n  order t h a t  the capture la tches  can operate. 
o n  the  ac t ive  s ide  o f  the  docking in te r face  moves a s  required for alignment 
except for  l a t e r a l  compl iance. 

The mechanism 

The l a t e r a l  compliance and at tenuat ion i s  not an ac t ive  par t  o f  the mechanism, 
b u t  i s  accommodated by the dynamics o f  the Orbiter and payload in te r reac t ions .  

, The axial  compl iance and at tenuat ion,  b o t h  compression and extension, .is 
furnished by a hydraulic-type at tenuator  t h a t  has internal  s p r i n g  act ion t o  
return i t  to  a nominal posit ion t h a t  i s  preloaded i n  both directions. 

The ro l l  alignment movement i s  permitted by the outer  par t  o f  the r i n g  and 
guide assembly being f r e e  t o  r o t a t e  r e l a t i v e  t o  the  center  par t  of the assembly. 
The two par ts  a r e  connected through two ball bearings and a r e  s p r i n g  loaded to  
a nominal posit ion by the  s p r i n g  preload. 

The pitch and yaw compliance i s  provided by a "U" j o i n t  located between 
the center o f  the  in te r face  r i n g  and the at tenuator  assembly. 

Doc k i  ng Capture 

The guides  on the in te r face  r i n g  a r e  sized for  152mm (6.0 inches) l a t e r a l  
misalignment (which includes the  mismatch due t o  915' pi tch o r  yaw) i n  combina- 
t i o n  w i t h  a r o l l  misalignment of  &loo. 
forces t o  a c t  on the  Orbiter and payload fo r  dynamic l a t e r a l  compliance t o  
permit the capture la tches  t o  engage. 
t h a t ,  i f  insuf f ic ien t  la tches  a re  engaged t o  r eac t  capture loads,  none will 
remain engaged. 

The gu ide  configuration provides l a t e ra l  

The capture la tches  a r e  designed such 

Any two la tches  a r e  ab le  t o  reac t  the  capture loads. I f  only 
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one la tch  i s  engaged, the force vectors a c t  i n  a direction upon  the  l a t ch  d u r i n g  
a separation motion such t h a t  the toggle linkage of the  l a t ch  will col lapse t o  
allow the two docking surfaces t o  separate f r e e l y ,  
a dual r o l e  i n  a s  much a s  they a r e  a lso used a s  the s t ruc tura l  la tches  t o  secure 
the payload t o  the Orbiter a f t e r  the docking phase i s  complete. 

The capture la tches  serve 

Energy Absorption 

A payload w i t h  kinetic energy r e l a t i v e  t o  the Orbiter, contacts the  docking 
interface causing the  at tenuator  assembly t o  be compressed. D u r i n g  th is  com- 
pression s t roke ,  hydraulic f l u i d  i s  metered from the head end t o  the  rod end 
o f  the a t tenuator .  Part o f  the kinet ic  energy is  diss ipated by the f l u i d  meter- 
i n g  and the  remainder i s  stored i n  the a t tenuator  s p r i n g  a s  potential  energy. 
A t  the end o f  the compression s t roke,  the s p r i n g  forces the  at tenuator  t o  extend 
toward the nominal p o s i t i o n  t ransferr ing the potential energy back i n t o  the  
payload a s  kinet ic  energy. 
from the rod end t o  the  head end of the a t tenuator ,  fur ther  d i ss ipa t ing  energy. 
As the  at tenuator  reaches i t s  nominal position the at tenuator  s p r i n g  reverses 
i t s  force d i rec t ion  t o  once again s to re  the  undissipated energy a s  potential 
energy. The residual energy is  dissipated by the subsequent extension and 
compression strokes w i t h  rapidly decaying amp1 itude so t h a t  ult imately .all  
motion i s  arrested and the in te r face  returned t o  the  nominal posit ion.  

During this  extension s t roke,  the  f l u i d  i s  metered 

A1 ignment and Rigidization 

Ro l l ,  p i tch and yaw alignment across the in te r face  i s  provided by the r i n g  
and guide assembly on each s ide mating w i t h  the  one on the other s ide  o f  the 
in te r face .  T h i s  allows a payload to  be positioned accurately even i n  i n s t a l l a -  
t i o n s  employing only one PIDA assembly. 

,Realignment of the r i n g  and guide assembly on the  ac t ive  half of t h e  docking 
in te r face ,  w i t h  i t s  mechanism i s  accomplished by the use o f  three pusher rods 
and a cable dr ive  systern. The act ion of taking u p  cable slack i n  three cable 
assemblies forces  the  three pusher rods t o  extend t o  a nominal p o s i t i o n  and 
r e t r a c t s  the ac t ive  r i n g  and guide assembly i n  contact w i t h  t he  ends of these 
pusher rods for alignment and r ig id iza t ion .  The ends of these rods a r e  hemi- 
spherical and contact a conical s e a t  on the surface o f  the other par t  of the 
in te r face  r i n g  t o  provide the  camming action necessary t o  real ign the  r i n g  i n  
r o l l ,  p i tch,  and yaw. Actuation i s  provided by an electromechanical actuator 
d r i v i n g  a cable  drum through a gear t r a i n .  The e l e c t r i c  motor has a brake tha t  
i s  energized t o  hold the mechanism r i g i d  a f t e r  the dr ive motor has s t a l l ed  o u t ,  
t o  preload the cable assemblies, and i s  then turned o f f .  

The holding requirement of the mechanism i s  based on an in te r face  moment 
o f  678 M-m (500 l b - f t )  a s  determined from dynamic analysis  of the payload/Orbiter 
system u s i n g  math modeling a 

The ins ide  of the  cable drum has two cam surfaces located symmetrically 

In the upper 

opposite each other to  actuate  two cam followers,  one on each side of the 
at tenuator ,  t o  force i t  t o  a centered position o r  f r e e  i t  t o  allow the  a t t en -  
uator to  pivot d u r i n g  the  stowed p o s i t i o n  compliance movement. 
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h a l f  o f  F igure  9 the a t tenua to r  i s  he ld  centered and the  lower  h a l f  o f  t he  
v iew shows t h e  cam surface away from the  cam f o l l o w e r  t o  a l l o w  the  a t tenua to r  
t o  p i v o t .  

STOWED POSITION COMPLIANCE 

The payload r e t e n t i o n  system requ i res  t h a t  t h e  payload be permi t ted  t o  
have a th ree  a x i s  movement t o  accommodate thermal d e f l e c t i o n s .  This  necess i ta ted  
t h a t  t he  P IDA have the  same freedom i f  i t  i s  n o t  t o  a c t  as a pr imary s t r u c t u r a l  
connect ion f o r  a stowed payload. The x-x  a x i s  freedom i s  provided by f l o a t i n g  
one o f  t h e  pass ive docking i n t e r f a c e s  on t h e  payload w i t h  i t  being sp r ing  loaded 
t o  a center  o r  nominal con tac t  p o s i t i o n .  The y-y a x i s  and z-z a x i s  movement i s  
prov ided by r e t r a c t i n g  t h e  th ree  pusher rods t o  a l l o w  the  a t tenua to r  t o  s t roke  
and backing o f f  t he  two cam f o l l o w e r s  t o  permi t  t he  a t tenua to r  t o  p i v o t  i n  t h e  
y-z plane. 

ELECTROMECHANICAL ROTARY ACTUATOR 

The electromechanical  r o t a r y  ac tua to r  designed and f a b r i c a t e d  t o  d r i v e  
t h e  deploy ls tow mechanism was s ized  t o  p rov ide  a maximum torque o f  1356 N-m 
(1000 l b - f t )  a t  a r a t e  of  one degree per  second. This  is accomplished through 
t h e  use o f  a gear box w i t h  two h igh  r a t i o  p lane ta ry  d r i ves ,  a 24/1 i n p u t  stage 
and'a 32/1 ou tpu t  stage, r e s u l t i n g  i n  an o v e r a l l  r a t i o  o f  768/1 f o r  t he  ac tua to r  
i n  con junc t ion  w i t h  a 5.4 N-m (4.0 l b - f t )  28 v o l t  d i r e c t  c u r r e n t  e l e c t r i c  motor .  

CONCLUSIONS 

,The O r b i t e r  base l ine  c o n f i g u r a t i o n  does n o t  i nc lude  t h e  P IDA hand l ing  a i d  
concept. Fur ther  t e s t  and eva lua t i on  both on-ear th  and on -o rb i t  w i l l  be requ i red  
t o  reso lve  t h e  need f o r  a handl ing a i d  t o  a s s i s t  t he  Remote Manipulator  System 
(RMS) on t h e  O r b i t e r .  

Tests r e s u l t s  on pro to type hardware i n d i c a t e  t h a t  t h e  P IDA payload handl ing 
a i d  concept can be o f  s i g n i f i c a n t  he lp  t o  t h e  RMS opera tor  by r e l a x i n g  t h e  
c o n t r o l  requirements and promises t o  enhance payload bay packaging d e n s i t y  and 
payload maintenance access. 

I n i t i a t i o n  o f  t he  development o f  t h e  P IDA concept has been e f f e c t i v e  i n  
reducing t h e  long- lead t ime requ i red  f o r  f l i g h t  hardware. A c o n t i n u a t i o n  o f  
t h i s  development w i l l  p rov ide  hardware t h a t  w i t h  minimal changes cou ld  be f l own  
as an o n - o r b i t  experiment w i t h  a RMS and a t e s t  payload t o  evaluate t h e  o v e r a l l  
payload handl ing c a p a b i l i t y  o f  t he  O r b i t e r .  
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SPACE SHUTTLE ORBITER AFT HEAT SHIELD SEAL 

L.J. Walkover* 

ABSTRACT 

An intriguing assignment in the design of the orbiter has been the development of the aft heat 
shield seal (AHSS). It is a structure and mechanism at the three main propulsion system (MPS) 
engine interfaces to the aft compartment structure. Access to each MPS engine requires disassembly 
and removal of the AHSS. Each AHSS accommodates the engine movement, is exposed to an 
extremely high temperature environment, and is part of the venting control for the aft 
compartment. This paper discusses the baseline design, various improvements for engine access, and 
technical problem solutions. 

INTRODUCTION 

The Space Shuttle system orbiter vehicle is being developed as a “space truck” to deliver large 
and heavy payloads to space. This paper discusses the evolution af the orbiter AHSS design, which 
involved advancing mechanical seal technology in a severe thermal environment. 

The orbiter structure is divided into separate compartments. The three MPS engines are located 
at the orbiter aft end; they are installed partly in and form part of the aft compartment enclosure. 
The three AHSS’s are a major factor in the structural integrity of the aft compartment. 
Compartmentation is used to minimize compartment pressures and loads generated during ascent 
venting and descent repressurization. Excessive seal leakage or failure could cause ,increased 
pressures and possible failure of other aft fuselage structures, i.e., the Xo 1307 bulkhead. 

Each AHSS is both a structure and mechanism at the three MPS engines interfaces to the aft 
compartment structure (Figure 1). Each AHSS consists of a stationary conical dome heat shield 
fastened to the base structure, a hemispherical engine heat shield mounted on and moving with the 
engine, and a seal mounted to the dome heat shield. The seal bears against the engine heat shield 
and accommodates the relative movement between the two heat shields (Figure 2). The seal 
mechanism, whose mean diameter is 2 10 centimeters (7 feet), is basically two assemblies-the 
sliding and flexible seals. The sliding seal accommodates the engine gimbaling, and the flexible seal 
accommodates the forward motion between the engine and compartment structure. For the 
baseline design, access to an MPS engine for maintenance or line replaceable unit (LRU) removal 
requires the disassembly and removal of the seal components, removal of the dome heat shield 
halves, and removal of the engine heat shield halves. The remaining base structure opening, 265 
centimeters (1 06 inches) in diameter, is adequate for engine installation clearance. 

As the AHSS baseline design was developed, the MPS maintainability requests matured and 
became more definitive. In addition, the thermal environments and the dynamic loads were 

*L J. Walkover is Manager of Structure Design for the Space Shuttle Program at the Rockwell International Space Systems Group 
in Downey, California. 
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increased. Concern was expressed with respect to engine turnaround time. The thermal, structural, 
and turnaround time concerns became the basis for AHSS improvement studies, which were to 
include baseline redesigns as well as new design concepts. This paper discusses the baseline design, 
the various improvement studies, and the technical problems that were overcome. 

BASELINE REQUIREMENTS 

The AHSS was designed according to the requirements listed below. Orbiter control requires the 
large engine gimbal angles. The thrust structure reacts the engine thrust and compresses under 
loading. The engine, therefore, moves forward relative to the base structure. Structure fabrication 
tolerances, structure deflection, engine and dome heat shields installation tolerances-all require 
additional seal design compensation. The reversible pressures limit design solutions. The seal venting 
area must be controlled to the limits shown. The upper and lower temperature limits decree the use 
of high-temperature materials for the engine heat shield and the seal. The engine access is to be as 
readily accessible as possible. A multiuse request of 100 flights is the goal. 

* MPS engine gimbal angles 

@ Movement, deflection, and tolerances 
Engine forward movement = 5.5 cm (2.2 in.) 
Structural deflection 
Installation tolerances 

+7.75 kg/cm2 (+2.65 psi) burst 
-3.86 kg/cm2 (-1.32 psi) cnkh ‘ . 

As defined I 
Delta pressure 

Allowable venting area 

3 58.5 cm 2 (9 in.2) er engine 
175.5 cm2 (27 in. ) total (per orbiter) 

0 Temperature 
87 1 OC (1 600°F) design-external 
177OC (35O0F) design-internal 

@ Acoustics 
164 dB 

@ MPS engine access 
As readily as possible 

Multiuse 
100 flights (goal) 

Minimum weight/cost 

BASELINE DESIGN 

The AHSS baseline design (Figure 3) was developed in accordance with the baseline 
requirements. The seal design was limited by the space that could be made available between the 
dome and engine heat shields as defined by the engine movements. The baseline design was utilized 
only on the main propulsion test article (MPTA) vehicle. 

As noted, the seal is the mechanism between the two heat shields. It consists of the sliding and 
flexible seals. The sliding seal is a series of graphite blocks held in a retainer ring with 48 spring cans 
that are uniformly spaced about the periphery and exert pressure on the graphite blocks to slide and 
seal against the engine heat shield spherical surface. The dome heat shield provides support and 
reaction to the spring cans. The sliding seal/retainer ring is held in posittion by three articulated 
links anchored to the dome heat shield. The links allow the sliding seal to follow the engine heat 
shield’s forward translation as the engine thrust builds up. The ring stiffness is tailored so that it can 
distort momentarily to a noncircular, nonplanar shape as the links pass over center at the midpoint 
of the forward motion. 
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The flexible seal materials must be capable of operating in a high-temperature environment. The 
materials, especially the silica fabric, cannot tolerate excessive wrinkles. The silica fabric encloses 
the thermal insulation, the glass fabric pressure seal/structure, the polyimide film for the pressure 
seal backup, and Inconel mesh for lightning protection. The entire assembly is sewn together by 
quartz thread (Figure 4). 

The flexible seal has a unique design to cope with the reversible pressures (Figure 5). Under 
positive or burst pressure, the flexible seal cross-section is radial to provide hoop tension forces 
between the load reaction pivot attachments at the dome and engine heat shields. Under negative or 
crush pressure, flexible seal circumferential elements are circular and provide complete hoop tension 
forces. The design has a controlled shape, is properly supported at the edges, and requires only 
slight flexures-which results in minimum wrinkling and no shape reversals. 

Seal disassembly requires a lacing disengagement at the flexible seal vertical meridian splices, 
structural disconnection of the retainer ring, and a folding back of the flexible seal to unbolt it from 
the dome heat shield’s circumferential joint. The individual spring cans are then removed as 
opposite pairs to balance out the spring forces. After all the spring cans are removed, and the 
stabilizing links are disengaged, the flexible seal and the retainer ring/graphite blocks are removed as 
two individual assemblies. 

The dome heat shield is bonded aluminum honeycomb with reusable surface insulation (RSI) 
tiles on the outside and thermal insulation blankets on the inside. It consists of two half-cones 
structurally joined by bolts at  the vertical meridian splices. A row of outer peripheral bolts attaches 
the dome heat shield to the base structure. Additional bolts are used to attach the RSI tiles at both 
the meridian and peripheral joints. 

The engine heat shield is a spot-welded, Rene 41 honeycomb assembly protected by a thermal 
coating (Pyromark) on the outside and thermal insulation blankets on the inside. It consists of two 
spherical segments that are structurally joined by dual rows of bolts at the vertical meridian and by 
a row of bolts at the heat-shield-to-engine-nozzle inner peripheral joint. 

IMPROVEMENT STUDIES 

Various studies were undertaken to  improve both the structural and maintenance aspects of the 
AHSS design. The studies included new concepts as well as revisions of the baseline design. 

Design 

A “roman tunic” design with overlapping steel plates or sheaves was attached to a dome heat 
shield and slid on the hemispherical engine heat shield, but the large positive and negative 
differential pressures and the engine’s forward movement during firing made the design impossible. 
Utilizing a “quarter segments” design instead of half segments to remove specific LRU’s did not 
improve maintenance and added weight. 

The “flexible curtain” concept consisted of a high-temperature flexible material (similar to the 
baseline flexible seal) attached to both the base structure and the engine nozzle. Its conical length 
allowed engine gimbal action, and the design was extremely appealing because it was visualized as 
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two half panels fastened together at the meridian splices and at the base structure and engine nozzle 
peripheral joints. However, it was dropped because the shape could not be controlled and the excess 
material required in the conical length created wrinkles and folds that the material could not 
tolerate. 

The “conical bellows” was another appealing design that did not work. It was a steel, 
conashaped bellows attached to both the base structure and the engine nozzle. The design was 
visualized as either a two-part or a single assembly. It did not work because the cone configuration 
was too short for the bellows’ angular motion. Also, there was no known way to design a meridian 
split in the bellows to allow installation on the engine. Preassembling the bellows on the engine 
nozzle before the nozzle was attached to the engine was impractical. 

Several designs of “cylindrical bellows” were investigated but the size required-inner diameter 
of 265 centimeters (106 inches)-to slip over the engine nozzle and the length required to allow 
angular motion made them too hea,vy. ’ 

The “external engine-mounted heat shield” reversed the baseline engine heat shield and dome 
heat shield locations. The engine heat shield was aft of the dome heat shield for easier 
removal-especially advantageous for specific LRU removal. But it would not work because there 
was not enough room for the engine heat shield gimbal action relative to the back end .of the 
orbiter. 

A ground support equipment (GSE) “restraint device” for locking each baseline spring can to 
the dome heat shield was designed but not used. The advantage was that the spring cans did not 
have to be dismantled from the seal. The disadvantage was that the flexible seal still had to be 
folded over and disconnected from the dome heat shield to allow insertion of the restraint device on 
the spring can. 

The “lock-out device” is a design improvement that was incorporated (Figure 6). The lock-out 
device is a GSE tool that is inserted through the RSI tile and the spring can to lock the spring can to 
the dome heat shield. Its advantage is that the seal does not have to be dismantled. ‘The 
disadvantages were minor. The revised access procedure is to lock the seal to the dome heat shield, 
disengage the lacing and disconnect the retainer ring at the seal meridian splices, disconnect and 
remove the dome heat shield (plus seal) in two major assemblies, and disconnect and remove the 
engine heat shield in two halves. 

Engine Accessibility 

Access requirements for each engine were incrementally defined by Rocketdyne and Kennedy 
Spacecraft Center (KSC) throughout the later portion of the design phase. The engine power head is 
to be inspected and the turbopumps are to be internally inspected and torqued after each MPTA 
firing and after each research and development (R&D) flight. The dequence thereafter occurs after 
every 12th operational flight. There are planned replacements for the major engine components 
(fuel and oxidizer pumps, nozzle, and total engine replacement) during the MPTA firings, but none 
is planned through R&D and operational flights. An exception is the replacement of the total engine 
after every 55th operational flight. 

Further maintenance studies disclosed that the engine power head could be inspected from 
within the aft compartment without removing the AHSS. However, the KSC maintenance studies 
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for pump access indicated advantages for a local hole with a removable cover (access port) in the 
engine heat shield for pump internal inspection and torquing. KSC could also accept the planned 
(every 12th operational flight per engine) pump torquing and inspection by removal of the AHSS, 
since it would not impact the turnaround time line. Unplanned contingency pump torquing and 
inspection could be a time line problem. 

The access port design improvement was not initially utilized because there was no strong KSC 
requirement. Also, the access ports could not be designed into the baseline engine heat shield, which 
was made of Rene 41 material. The access port design required an edge member whose heat sink 
problem, when combined with the other engine heat shield thermal problems, could not be solved 
for the thermal gradients in and across the structure. 

Joint Attachments 

Joint attachment improvement studies were done on joints whose disassembly was required for 
removal of the AHSS. The improvements were to decrease the number of bolts, combine structural 
and thermal protection system (TPS) bolts, and utilize quick-action Milson fasteners. These 
fasteners were dropped in favor of power-driven tools for bolts. There were 14 studies in all whose 
joint improvements, if utilized, would decrease maintenance time (Figure 7). 

The use of lock-outs halted the single improvement study for the flexible seal attachment to the 
dome heat shield. Two dome-heat-shield-to-base-structure studies were stopped when the base 
structure was installed on Orbiter 102 because changes to the base structure or RSI tiles on the base 
structure would severely impact tooling, manufacturing, and the tile subcontractor. Four dome heat 
shield meridian splices were studied. One concept was incorporated into the dome heat shield being 
redesigned for the improved spring-can angular offset problem. Three engine-heat-shield-to-engine 
peripheral joints were studied. No improvement could be made because of a thermal problem in this 
area. Four engine heat shield meridian joints were studied. The design improvement was a fallout of 
the solution to  a thermal problem. These three problems and others are discussed below. ~ 

PROBLEMS AND SOLUTIONS 

The engine heat shield, the seal designs, and the maintenance improvement studies were 
repeatedly interrupted by the need to  solve various design problems (Figure 7). 

Seal Loading 

Thermal distortions, structural deflections, and manufacturing tolerances (outer shell, thrust 
structure, dome heat shield, engine heat shield, and engine installation) were greater than originally 
anticipated and resulted in inadequate seal loading. The angular offset of the seal cans (Figure 3) 
could not provide adequate sealing forces, nor could the major assembly tooling control the 
problem. 

Figure 8 is the spring geometry and force diagram for the spring can installation. It indicates the 
problem that arises if the engine heat shield is located too far aft relative to the dome heat shield. 
Dimension (B) must always be reasonably positive to guarantee that the spring cans impose a 
positive sealing force (C) by never being on or near center. 
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Table I summarizes all tolerances and deflections for the baseline design and the design fix. The 
nominal spring offset (A) (Figure 8 and Table I) was increased from 2.1 1 to 4.000 centimeters 
(0.833 to 1.600 inches). All manufacturing tolerances for the aft fuselage assembly and dome heat 
shield were literally tooled out at the seal detail installation. Nothing could be done about the 
engine heat shield and engine installation tolerances and the various deflections. The result was that 
dimension (B) minimum (Figure 8 and Table I) was increased from +0..273 to +2.998 centimeters 
(+0.109 to +1.199 inches). 

The increased spring-can angular offset required revision of the dome heat shield aft end to 
allow the spring can's outer pivot point to be relocated further aft without being moved inboard 
(Figure 6). The redesign of the dome heat shield and spring cans was combined with two 
improvements previously described: lock-out device and dome heat shield meridian splice. The 
manufacturing tolerances were minimized by a special tool that duplicated the engine centerline at 
null position. It also defined the location of the dome heat shield structure trim lines and seal 
components-all in the correct position relative to the engine. In effect, the seal installation was 
customized for each actual engine location. This tool is used by both manufacturing and field 
operations to define the null position of the engine centerline for rigging purposes, and by 
manufacturing for seal component assembly. 

Thermal Considerations 

MPS engine plume heating is the largest heating source of the adverse thermal environment. The 
latest thermal data update indicated increased heating rates (Figure 9) with the maximum heat load 
at 420 seconds. The temperatures are as high as 882OC (1 620'F) in local areas between the engines. 
The problem is now the high temperature, the temperature gradients both in plane, through the 
thickness gradient, and in the circumferential gradient. In addition, engine dynamic loads on the 
engine heat shield became a problem at the engine-heat-shield-to-engine peripheral joint. 

Design fixes were required for the engine heat shield meridian joints to increase joint capability 
for thermal stresses. A joint improvement fall-out was the reducti0.n in the number of bolts. A 
design fix of the engine-heat-shield-to-engine peripheral joint was required by the increased thermal 
stresses and dynamic loads. This problem nullified any joint attachment improvement. 

The incompatibility (high temperature, gradients too severe across the seal area) of the graphite 
sliding seal with the Rene 41 honeycomb engine heat shield was solved by changing the engine heat 
shield material and the sliding seal design to decrease the graphite seal thermal mass (Figure 10). 

The engine heat shield was redesigned to be made of Inco 625, which does not exhibit the brittle 
failure characteristics of Rene 41. Instead, it yields at relatively low stress levels with good 
elongation, so that the thermal stresses that are above yield and in the plastic range are self-relieving. 
Since there is no known thermoplastic analysis method for spherical shapes like the engine heat 
shield, certification must be accomplished by test. Inco 625 at the 882OC (1620'F) maximum 
operating temperature yields and retains some permanent strain. Repeated exposures result in 
accumulated strain, which appears as intracell wrinkling of the heat shield face sheets during each 
flight and a gradually increasing wrinkle amplitude. as the flights are repeated. To obtain the 
maximum wrinkle/life capability, the gauge of the face sheets was increased from 0.043 to 0.063 
centimeter (0.017- to 0.025-inch) skins. The final face-sheet thickness will be determined by 
thermal data obtained from the fEst orbital flights. The final thickness is estimated to be 0.040 
centimeter (0.01 6 inch) for acceptable wrinkle/life capability. The use of Inco 625 also allowed the 
porthole improvement when the requirement for turbopump torque/inspection was changed to 
after every operational flight. 
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The sliding seal was redesigned (Figure 6) to reduce seal thermal mass by using a wiper and 
slider blocks. The thermal mass reduction also reduced the gradient to approach the desired value 
shown in Figure 10, which in turn decreased the wrinkling tendency in the Inco 625 engine heat 
shield. The wiper is Teflon-coated silicone rubber. The slider blocks are individual electrodeposited 
nickel units. The wiper and slider block seal are also more compatible with the engine heat shield 
wrinkled face sheet for pressure sealing. The wiper will deteriorate under high-temperature repeated 
usage. Thermal coatings were added to the inside of the sliding seal. The three articulated links were 
increased to four. The engine heat shield surface coating was changed to Linde L103 to increase its 
life. The flexible seal outer material was changed from Irish Refrasil silica fabric to AB3 12 for 
improved handling characteristics. 

Nominal Spring Offret 

Mfg Tolerance 

Small, spherical, gore-component thermal cyclic tests were conducted to provide data and 
confidence that the full-up A H S S  design and the forthcoming certification test will be successful. 
The tests are designed to produce representative flight thermal strains to check the behavior of the 
honeycomb face sheets and the seal wiper. The Inco 625 engine heat shield and the seal wiper 
should have a repeated usage of at least 20 flights. The maximum usage will be determined by later 
test data. All efforts will be made to improve the engine heat shield and wiper life to reduce orbiter 
maintenance operation. Replacement of the wiper requires removal of the dome heat shield and 
seal. Replacement of the engine heat shield requires removal of the total AHSS. 

0.833 J 1.600 .J 

J J 

SUMMARY 

Structural defl 

Thermal distortions 

Vibration lacourtic) 

In summary, the structural deflections, the assembly and installation tolerances, and 
high-temperature, high-gradient requirements were the drivers that led to the present design. The 
lock-out device and portholes were the major maintenance improvements. The dome and heat shield 
meridian joints were structural and maintenance improvements. 

t1.487 t1.487 
-0.170 

Rms 
0.020 

3.100 Values Xl.100 Values 

TABLE I - TOLERANCE/DEFLECTION 
SUMMATION (INCHES) 

Item I Baseline Dosiin I Desian Fix 

Domeand seal details 
Engine mount/dome I :::::I I Tooled 3.030 

SSME I ::::!I 3.250 I 3.250 
SSME heat shield 

Deflections 

I I I I 

Subtotal 

Tolerances and deflections 
t2.482 1 t1.752 I 
-1.028 4.724 

t2.024 t1.429 
0.570 0.401 

I I 4 , 
NET OFFSET 

AFT C O M P A R T M E N T  

E A S E  S T R U C T U R E  

AI 

J, ~ G I N E  HEAT SHIELD/ 

3 A S S E M B L I E S  P E R  O R B I T E R  

Figure 1 - Aft Heat Shield Seal 
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Figure 3 - Seal Installation Baseline Design 
Figure 2 - Operation and Access 
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Figure 4 - Flexible Seal Baseline Design Figure 5 - Flexible Seal Pressure Capability 
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Figure 6 - Seal Installation With Lock-out Device Figure 7 - Problems and Improvements 
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Figure 8 - Spring Geometry/Force Diagram 
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Figure 9 - Aft  Heat Shield Seal Heating Rates 
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SPACE SHUTTLE ORBITER PAYLOAD BAY DOOR MECHANISMS 

Bill M. McAnally” 

ABSTRACT 

The opening, closing, and latching of the first large clamshell door to operate in space presents 
some unusual challenges for the mechanism designer of the Space Shuttle Program. This paper 
describes the requirements, hardware configuration, design trade-offs, and qualification testing in 
process to meet the challenge and to make the system operational for the Shuttle orbiter’s 
approaching first orbital flight. This work was conducted under NASA Contract NAS9-14000. 

INTRODUCTION 

The unique, reusable, cargo-carrying “space airplane,” called the Space Shuttle orbiter, can also 
be described as a contemporary delta-wing aircraft launched into orbit as a spacecraft, then returned 
from orbit to a conventional landing. The orbiter’s cavernous cargo or payload bay will enable it to 
transport various sizes, shapes, and weights of payloads to and from earth orbit. 

The payload bay doors are designed around the payload requirements that call for an envelope 
4.6 meters (1 5 feet) in diameter and 18.3 meters (60 feet) long. The doors provide the aerodynamic 
fairing required for the mid fuselage and the complete environmental envelope for the payload bay. 
They react fuselage torsional loads in addition to supporting their own flight and purge pressure 
loadings. They also provide structural support for the fixed and deployable environmental control 
system radiators that are attached to the inner surface of the doors. The payload bay doors are 
hinged along the side and split at the top centerline-i.e., one door per side 18.3 meters (60 feet) 
long. Each side consists of four 4.6-meter (1 5-foot) segments that are interconnected through 
expansion joints that allow the door to act as one 18.3-meter (60-foot) door. The doors have the 
structural integrity and capability of being opened and closed in zero gravity; but in 1 g, they 
require ground support equipment assistance in both the vertical (launch) position and the 
horizontal position. 

The payload bay door mechanisms include the elements associated with remote operation and 
latching of the payload bay doors and deployable radiators. The functions of these mechanisms 
include (1) closing and opening the doors and retaining the doors in an open position; 
(2) unlatching and structurally securing (latching) the closed doors to the orbiter structure; 
(3) stowing, deploying, and retaining the radiators in the deployed position; (4) unlatching and 
structurally securing (latching) the deployable radiators .to the payload bay doors; and (5) providing 
controls and measurements to indicate door, radiator, and latch mechanism status. Table I 
summarizes the number of components to perform these functions. 

~ ~~ 

*B. M. McAnally is Engineering Manager of Mechanical/Actuation Systems for the Space Shuttle Program at the Rockwell 
International Space Systems Group at Downey, California. 
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DESIGN REQUIREMENTS 

The mechanisms have been designed to satisfy a wide variety of structural, mechanical, and 
mission-unique requirements. Among these are the following: 

Last for 100 orbital missions and 10 years. 
Operate in 1-g and 0-g conditions. 
Maintain orbiter structural integrity. 
Provide load paths for torsional door capability. 
Maintain orbiter door outer mold-line smoothness. 
Accommodate thermal/structural deflections and maintain pressure/thermal sealing. 
Latch to overcome deformation, deflections, misalignment, friction, pressure seals, and 
thermal barriers. 
Maintain payload clearance. 
Withstand nonoperating temperature range of -1 10.6OC (-1 67’F) to +171.1 OC (+340°F). 
Operate within temperature range of -73.3OC (-100’F) to +121.loC (+250°F). 
Tolerate a single electrical power, motor, or switch failure. 

CONFIGURATION DESCRIPTION 

Door Mechanisms Overview 

The doors are opened soon after orbit insertion and remain open until just prior to reentry. as 
shown in Figure 1. The two 18.3-meter (60-foot) doors require structural latching of approximately 
33.5 lineal meters (1 10 lineal feet) of door edge-18.3 meters (60 feet) at the upper centerline and 
7.6 meters (25 feet) each at both the forward and aft end-as depicted in Figure 2. The doors are 
opened/closed and latched sequentially, either manually from the on-board control panel or 
automatically from the on-board computer, by electromechanical actuators. Figure 3 depicts the 
door opening/closing and latching sequence, revealing the use of ganged latches (four latches in each 
gang). The door mechanisms are broken into four basic subelements: door drive actuation, forward 
bulkhead latches, aft bulkhead latches, and centerline latches. 

Door Drive Actuation 

The actuation system drives the door to the required positions, as illustrated in Figure 4. There 
are two actuation systems, one on each side of the orbiter, driving an 18.3-meter (60-foot) “half 
door” at six points along the hinge line. The six gear boxes are connected by torque tubes to each 
other and to an electromechanical power drive unit. The output of the six gear boxes is transmitted 
through the drive linkage to the door, as noted in Section A-A of Figure 4. The door actuation 
system is sized for operating the doors in 1-g conditions with ground support equipment assist when 
the orbiter is either horizontal or vertical. 

Forward Bulkhead Latches 

The forward bulkhead latches connect the doors to the forward structural bulkhead, as depicted 
in Figure 5 .  The forward latches consist of a right-hand gang (four latches) and a left-hand gang 
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(four latches), each latch operating in a sequential manner controlled by the kinematics of the 
ganged mechanism. The latch mechanism is mountcd on the door, and the mating hook rollers are 
mounted on the bulkhead. The latches also help to maintain door sealing to the fuselage structure, 
as shown in Figure 6. Note that the sliding seal, which requires the engaged latch hooks to slide fore 
and aft on the rollers, allows for relative movement between the door and forward bulkhead. Each 
ganged mechanism is driven by a single electromechanical rotary actuator (two motors). 

Aft Bulkhead Latches 

The aft bulkhead latches connect the doors to the aft structural bulkhead in much the same 
manner as the forward bulkhead latches (Figure 7), the only difference being the added fore/aft 
shear tie at each latch on the aft bulkhead (identified as a “passive roller” in Figure 7). The tie is 
required to effect an adequate door-to-structure seal with the given aft bulkhead seal configuration 
of Figure 6. 

Upper Centerline Latches 

The upper centerline latches connect the right-hand and left-hand doors along. the upper 
centerline, as shown in Figure 8. There are four gangs of latches (four latches each), the active 
latches on the right-hand door and the mating rollers on the left-hand door. Within each gang, the 
four latches are connected by torque tubes to each other and to a single electromechanical rotary 

. actuator. Each latch gang also contains one passive shear fitting to carry fore and aft shear loads. 
Again, the latches also help to maintain door-to-door sealing, as shown in Figure 6. Alignment 
rollers are used at each latch to ensure proper engagement of the opposite door under any warpage 
condition (Figure 9). 

Radiator Mechanisms Overview 

The environmental control deployable radiators are hinge-mounted to the forward 9.1-meter 
(30-foot) sections of the payload bay door, as shown in Figure 10. Each 9.1-meter (30-foot) 
radiator consists of two 4.6-meter (15-foot) panels interconnected to operate as one. After the 
payload bay doors are opened, the radiators are deployed to a predetermined position to  provide 
dual-sided radiative surfaces to dissipate heat accumulated from orbiter systems. The radiators are 
opened/closed and latched manually from the on-board control panel by electromechanical 
actuators. The radiator mechanisms are broken into two basic subelements: radiator drive actuation 
and radiator latches. 

Radiator Drive Actuation 

The actuation system drives the radiator to a position 0.62 radians (35.5 degrees) away from the 
payload bay door, as shown in Figure 10. The drive system is very similar to the payload bay door 
drive system, one on each door driving a 9.1-meter (30-foot) deployable radiator at four points along 
the hinge line. The four gear boxes are connected by torque tubes to each other and to the 
electromechanical power drive unit. The output of the four gear boxes is transmitted through the 
drive linkage to  the radiator. 
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Radiator Latches 

The radiator latches provide the mechanisms to attach the deployable radiators structurally to 
the doors during boost to orbit and reentry. Each 9.1-meter @-foot) radiator has 12 latches, in 
two groups of six each, each group being driven by one electromechanical power drive unit and 
three rotary gear boxes, as depicted in Figure 10. 

DESIGN DETAILS 

The structural integrity required to ensure a safe deorbit of the orbiter vehicle reflects the 
criticality of the payload bay door mechanisms. Remotely unlatching, opening, then closing and 
latching 18.3 meters (60 feet) of the orbiter mid body on orbit and prior to reentry are the pTimary 
challenges. In addition, the deployable radiators must first be remotely opened, closed, and latched 
in order to close the payload bay doors for reentry. The on-orbit conditions, along with the boost 
and reentry to earth landing conditions, are presented in a design load matrix in Table 11. 

Latched conditions during boost to orbit and reentry to landing are generally basic 
requirements. However, the latching conditions on orbit present the challenge, primarily because of 
the size of the doors and the thermal distortions resulting from long-duration orientations of the 
orbiter to the sun and deep space. Figure 11 presents fore and aft design deflections at the door 
centerhe. Only the door mechanisms are discussed here, since the radiator mechanisms are so 
similar in design and operation. 

The electrical commands to open and close the doors are initiated as a function of mission 
elapsed time, mission event, or manual switch operation. Only the door closing sequence is 
discussed here, since the opening sequence is basically the reverse of closing. Before the payload 
bay door can be closed, the right- and left-hand deployable radiators must be stowed and latched 
strictly by manual switch operations. 

Receipt of the door CLOSE command initiates the following steps: 

1. Initiate CLOSE command for left door. 
a. When door reaches READY TO LATCH position, a signal is generated to initiate the next 

step. 
b. If after 126 seconds READY TO LATCH signals are not received, a malfunction signal is 

generated in the cockpit CRT display, requiring the crew to take corrective action. 
2. Initiate CLOSE command for forward and aft left bulkhead four-latch gangs. 

a. When latches are closed, a signal is generated to initiate the next step and turn off applicable 
drive motors. 

b. If after 60 seconds latches are not closed, a malfunction signal is generated in the cockpit 
CRT display, requiring the crew to take corrective action. 

3. Initiate CLOSE command for right-hand door. 
a. Same as Step la  
b. Same as Step l b  

4. Initiate CLOSE command for forward and aft right bulkhead four-latch gangs. 
a. Same as Step 2a 
b. Same as Step 2b 

' 
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5. Initiate CLOSE command for forward and aft centerline four-latch gangs. 
a. When latches are closed, a signal is generated to initiate the next step. 
b. If after 40 seconds latches are not closed, a malfunction signal is generated in the cockpit 

CRT display, requiring the crew to take corrective action. 
6. Initiate CLOSE command for the mid centerline four-latch gangs. 

a. Same as Step 5a 
b. Same as Step 5b 

7. Generate signals for crew display: PAYLOAD BAY DOORS CLOSED. 

The above sequence can be stopped and/or reversed at any point. 

’ 

As noted earlier, the door mechanisms consist of 32 latches: 8 at the forward door edge, 8 at 
the aft door edge, and 16 along the door centerline. The latches are all approximately 0.9 1 meters 
(3 feet) apart. Once the doors are unlatched on orbit and each door is opened 3.1 1 radians 
(1 78 degrees), the huge doors and the “opened” fuselage structure are exposed to varying thermal 
conditions: the open payload bay (and inner surface of the doors) may be exposed to deep space, 
while the lower side of the orbiter (and outer surface of the doors) may be exposed to the sun; or 
sun may be on one side of the orbiter with deep space exposure on the other. These are just two 
examples of many orientations that create a wide excursion of thermal deformations to be 
overcome during closing and latching of the doors. In addition, the door structure is graphite-epoxy 
construction while the fuselage structure is aluminum. Again, the on-orbit thermal deflections are 
more significant in the design because of the large size of the doors. 

Because of these deflections, the actuation system required to drive the door to the fully closed 
position and to ensure that the forward and aft edge of the door is in total contact with the 
bulkhead structure for “simple latching” would be prohibitive from a power, space, and weight 
standpoint. Therefore, of all the means considered, the mechanically sequenced ganged latching 
concept was chosen. 

To close the door, the actuation system drives the left-hand door to an approximate 0.03-radian 
(1.7 5-degree) open position, overcoming a 1 .8-kilogram-per-running-centimeter ( 1 O-p,ound-per- 
running-inch) seal and thermal barrier load along the hinge line and bulkheads near the hinge line. 
The door drive must also overcome sliding friction (p  = 0.3) on the bulkhead seals and thermal 
barriers, hinge line warpage, “oil canning” of the doors, mechanical linkage friction (p  = 0.3), and 
various fluid and electrical lines crossing over the hinge line from the fusela e to the door and 
radiator. Therefore, the power drive unit has an output of 7.32 x loi dyne-centimeters 
(648 inch-pounds) of torque transmitted through the aluminum torque shafts to the six geared 
rotary actuators, each with an output of approximately 90.38 x 1 O8 dyne-centimeters (8000 inch- 
pounds) of torque. The output of the six actuators is transmitted to the door structure through the 
interconnecting door drive linkage, placing the door, not fully closed, within the reach of the first 
bulkhead latch. Then the latches must pull the door completely closed. 

As the door moves through the 0.07-radian (&degree) open position, READY TO LATCH 
switches on the forward and aft bulkheads are “picked up,” initiating the bulkhead latch actuators. 
The door is then within the 5.1-centimeter (2-inch) reach capability of the No. 1 bulkhead latch 
closest to the door hinge line (Figure 12). Continued door movement to the 0.03-radian 
(1.75-degree) open position “picks up” the forward and aft bulkhead DOOR CLOSED switch, 
shutting off power to the door drive system. 

The forward and aft bulkhead latch rotary actuators, with output torques of 16.04 x lo8 
dyne-centimeters (1 4,200 inch-pounds) each, transmit power to each of the four latches in the gang 
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through the mechanical linkage. The kinematics of the ganged linkage is such that the No. 1 latch 
first engages the door, pulling it to a position within reach of the No. 2 latch. As the No. 2 latch 
continues to pull the door further closed, the door comes within reach of the No. 3 latch, and so on 
until the No. 4 latch finally pulls the door into total contact with the bulkhead structure. 

The ganged latches, mechanically sequenced, thus provide a unique “zippering effect” to close 
the door. The bulkhead latch actuator must overcome a 1.8-kilogram-per-running-centimeter 
(1 0-pound-per-running-inch) seal and thermal barrier load along the bulkhead, sliding friction 
(p = 0.3) on the seals and barriers, mechanism friction (p = 0.18), door stiffness, and the previously 
discussed thermal distortions. The latch mechanisms are structurally designed to take full actuator 
stall output (jamming) to within 0.1 7 radian (10 degrees) of the mechanism on-center position. As 
the bulkhead latch actuators drive the four-latch gang to the on-center or door-closed position, a 
switch within the actuator shuts off the actuator and triggers the right-hand door closing sequence. 

Some on-orbit thermal distortion conditions result in the tendency of the doors to overlap at 
the upper centerline-as much as 5.1 centimeters (2 inches) under the worst conditions. Thus, 
alignment rollers are used along the centerline to force the doors into position (Figure 9) and 
provide a safe centerline latch engagement envelope. 

The right door is closed and latched in the same manner and to the same design requirements as 
the left-hand door, leaving the upper 18.3-meter (60-foot) centerline of the two door halves to be 
latched. The full travel of the forward and aft bulkhead latch actuators latching the right-hand door 
trips a switch inside the actuator, thus initiating the upper centerline door-to-door latches. But the 
18.3 meters (60 feet) of centerline latches consist of 16 latches in 4 groups, each group ganging four 
latches together (as noted in Figure 8). This design results from the varying distorted relationship 
between the two door halves at the centerline. Only the most forward and most aft four-latch gangs 
are actuated first. The doors are relatively close together at these points because the door ends are 
latched to the forward and aft bulkheads. Once the most forward and most aft centerline four-latch 
gangs are latched, they pull the central 9.1 meters (30 feet) of the centerline door halves closer 
together, thus making it easier and more positive for the remaining two latch gangs to complete the 
centerline latching. 

Each four-latch gang is identical-a rotary actuator transmitting 45.19 x 10 8 dyne-centimeters 
(4000 inch-pounds) of output torque through connecting aluminum torque tubes to the four-latch 
hooks. The actuator is designed to overcome seal and thermal barrier loads and friction, mechanical 
friction, door stiffness, and thermal distortions of similar values found in the bulkhead and door 
drive actuation systems. In addition, each four-latch gang has a passive shear fitting engagement 
requirement, as shown in Figure 8. The fore and aft shear load capability of 7491 kilograms 
(1 6,500 pounds) per fitting provides the load path for the torsional door requirement. 

Somewhat different from the bulkhead latch gang, the centerline four-latch hooks within a gang 
move together to latch simultaneously. However, a similar “zippering” effect occurs in that the full 
travel of the latch actuators in the forward and aft four-latch gangs trips a switch in each actuator, 
shutting off its own power and causing power to be applied to the two centermost four-latch gangs. 
Full travel of these centermost two actuators, and thus completion of the payload bay door closure, 
trips a switch in each actuator to stop the actuator and provide a DOOR CLOSED display in the 
cockpit. Thus, the orbiter structure returns to the appropriate, smooth, aerodynamic contour 
required for a safe reentry into the earth’s atmosphere; and structural continuity enables the orbiter 
vehicle to maneuver to a safe landing at the designated landing site. ’ 
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TEST PROGRAM 
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la tch  
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At this writing, a significant amount of testing and analysis remains to be done before the 
payload bay door mechanisms are certified for the first manned orbital flight of the orbiter vehicle, 
now scheduled for 1979. The two basic segments of the test program are component testing and 
major payload bay door test article (PBDTA) tests. Components will be qualified by the individual 
component suppliers through analysis and testing. These tests are presently in process. 

Radiator 
Drive 

X 

X 

X 

The PBDTA will integrate the payload bay door subsystems and must functionally verify, under 
simulated on-orbit environmental conditions (zero gravity and thermal deformation), the latching 
and door drive actuation systems. Other significant tests will involve 1-g operation in both the 
horizontal and vertical positions. 

The test article will consist of a partial set of door assemblies, a simulated mid fuselage, 
environmental seals and thermal barriers, radiator panels, and latching/actuation mechanisms. The 
test article is presently being fabricated, the test start date scheduled in early 1979. 

CONCLUDING REMARKS 

While the payload bay door mechanisms generally reflect conventional aircraft design, the 
unusual Shuttle applications and critical functions require remote “zipper latching” of a large 
clamshell door on a “space airplane” that operates in both 1-g and 0-g conditions. The challenge is 
to ensure that all critical conditions are thoroughly considered in design, development, testing, and 
implementation. 

’ 

TABLE I - ELECTROMECHANICAL 
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TABLE II - DESIGN LOADS 

~ -~ 

Component 

Power drive units 

Rotary actuators 
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Push-pull rods 
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10 

12 

32 

26 

40 

52 
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68 

36 
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6 

20 

24 

12 

4 
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92 
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DOOR MECHANISMS 
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ACTIVE LATCH MECHANISM 
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IUS THRUST VECTOR CONTROL (TVC) SERVO SYSTEM 

G. E. Conner 
Chemical Systems Division, United Technologies 

ABSTRACT 

The IUS TVC SERVO SYSTEM, currently in full-scale development, consists 
of four electrically redundant electromechanical actuators, four potentiometer 
assemblies, and two controllers to provide movable nozzle control on both IUS 
solid rocket motors. The system contains two unique design areas: the use 
of "mirror-image" potentiometers opposite the actuators on the nozzle to 
increase system accuracy under varying conditions and the use of a pair of 
solenoid-operated gears normally meshed with the rotor gear to provide a 
redundant position lock. Test data obtained to dare show excellent perform- 
ance of both items. 

INTRODUCTION 

This paper presents an overview of the more severe IUS TVC servo system 
design requirements, the system and component designs, and test data acquired 
on a preliminary development unit. 
methods of sensing movable nozzle position and providing for redundant 
position locks. 

Attention will be focused on the unique 

DESIGN CRITERIA 

The design criteria for the system are shown in Table I. Of particular 
interest is the requirement to meet all performance parameters under the two 
significantly different sets of mounting geometries and loads of both stages 
of IUS solid rocket motors. In addition, the system was to be configured in 
a standby redundant manner such that a maximum number of failures in the 
primary contoller or actuator could be detected and corrected by switching to 
the backup controller/actuator. 
requirements of SAMSO-LVGS-77-005 and SAMSO-STD-73-2C. 

The entire system is built to the reliability 

DESIGN DESCRIPTION 

System Description 

The servo system was configured as shown in Figure 1. The controllers 
are located in the forward compartment of the second stage of the two-stage 
vehicle; two actuators and two potentiometer assemblies are mounted between 
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TABLE I 

Parameter Reauirement 

Input Power 
Stroke 
Stall Force 
Accuracy 
Frequency Response 
Weight, Actuator 
Reliability 

Operating Temp era tur e 

I SIGNAL 
CONDITIONER I UNIT 

I CHANNELA 
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DISTRIBUTION .....-'. 

I ----- I I 
I 
I 

31 amps/axis max at 24-32 Vdc 
10.2 cm (4.014 in.) 
2.8 kN (630 lbf) 
t-1.6 mm (5.063 in.) 
a6 Hz at 100" phase lag 
5.58 kg (12.3 Lbm) 
>0.99988 redundant drive trail 
>0.999972 single thread element 
-34°C to +71"C 
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Figure 1. IUS TVC Servo System 
Block Diagram 
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the structure and movable nozzle of each rocket motor. Each controller 
contains drive and control circuitry for the four actuators. Each actuator 
contains redundant drive motors, redundant potentiometer feedback elements, 
and the redundant position lock mechanism. 

A s  shown in Figure 2, the mounting of the actuators and potentiometers 
is unusual in that the bracket and actuator are configured to form a ball-and- 
socket connection at the output shaft end, as opposed to a rod end bearing at 
the rear. This arrangement greatly reduces the bracket weight but tends to 
increase nozzle cross-coupling errors. Due to these errors and those induced 
by nozzle axial motion and thermal growth, the potentiometer assemblies were 
added to the nozzle opposed from the actuators. These potentiometers are 
identical to those in the actuators and contain two electrically independent 
feedback elements. 

The output of the primary element is electronically summed within the 
controller with the primary output from the actuator as a measlrre of nozzle 
deflection angle. As shown in Figure 3 ,  this arrangement yields very low 
(0.5%) kinematic errors, and when combined with all other errors results in 
a maximum error of 1.7%. For comparison, an actuator mounted normally to the 
nozzle centerline, and without the "mirror-image" potentiometer would have 
kinematic errors of approximately 5% alone. In addition, environmental temper- 
ature changes, nozzle thermal growth, and cross-axis coupling would all introduce 
errors which are essentially nonexistent with the "mirror-image" approach. 

Actuator Description 

The actuator shown in Figure 4 contains two rare-earth dc torque motors 
mounted directly on a ball nut. Both ends of the screw are supported by guide 
bushings; the nut is supported by a spherical roller bearing. The spherical 
roller bearing is used, as opposed to ball or roller types, to provide for 
any possible misalignments between the ball screw and ball nut. The dual- 
element potentiometer is radially supported on its shaft end by a bushing 
that slides on the bore of the ball screw and on its aft end by the rear 
housing of the actuator. 
for the rear guide of the ball screw and the mounting surface for the position 
lock. 
radial slots for thermal growth considerations. The ball screw, bearing, 
locking gears and solenoid poppets are lubricated with Lubeco M390. 
assemblies are vented via stainless-steel mesh cloth to satisfy the program's 
qualification test requirements. 

The rear housing also provides a bearing surface 

All bushings are machined from Delrin AF 113, several of which contain 

All 

Position Lock 

The position lock shown in Figure 5 consists of two solenoid-retracted 
gears in mesh with each other and a gear integral with the ball nut. 
the solenoids unactivated, return springs inside the solenoids hold the gears 
in mesh with the ball nut gear. Upon energization of the system avionics power, 
the primary and backup controllers apply full voltage to both the primary and 

With 
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Figure 2. Actuator and Potentiometer Mounting 
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Figure 3 .  System Kinematic E r r o r s  

Figure 4 .  Actuator Assembly 

275 



/ 

BALL NUT 
GEAR 

DEENERGIZED 
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backup solenoids for approximately 25 ms, and then switch back to a holding 
voltage level of 4.0 Vdc to reduce solenoid internal heating. 
25-ms full-power time period, the solenoids retract the gears against the sum 
of reflected nozzle loads and the return springs. 
ed by bushings in the rear housing. 

During the 

Both lock gears are support- 

Since both gears are independently activated and independently spring- 
loaded, this inethod is redundant in terms of unlocking and inadvertent 
relocking. During energization, the failure of one gear to retract has no 
effect on the other, resulting in the failed gear remaining in mesh with the 
ball nut pear, and the operative gear being retracted out of mesh. Since 
the gears are free to rotate, the unretracted gear is merely rotated as the 
actuator operates. Protection against inadvertent relocking is provided by 
the independent solenoids. A failure of either solenoid to maintain holding 
force allows the return spring to remesh the gear, resulting in one meshed 
and one unmeshed gear. 

DEVELOPMENT DATA 

Figure 6 shows the assembled and exploded views of the preliminary 
development ufiit. 
that simulated the kinenatics and all load constituents of the stage 2 movable 
nozzle 

This unit was performance-tested on a load test fixture 

. .  
b 

Figure 6.  Preliminary Development Unit 
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Dynamic Performance Data 

Figures 7 and 8 present the small- and large-amplitude frequency response 
data obtained at nominal input voltage and at the maximum expected nozzle loads. 
Data obtained at miminum input voltage result in a slightly higher break point 
on the small amplitude command and no significant change for the large ampli- 
tude. 

Figure 9 presents step response data taken at -23OC with minimal nozzle 
load. 
within the controller, which was set to 26.4 cm/s for this testing. 
the system overshoot is minimal. 

The linear velocity profile is governed by a slew rate limiting circuit 
As shown, 

STEADY-STATE PERFORMANCE DATA 

Table 11 presents a comparison between the requirements and test results 
for several steady-state parameters. The stiffness and backlash data were 
obtained with the locking gears in their normal deenergized position. The 
stiffness data was taken over the load range of 0 to 2.22 kN (500/Lbf), 
although the locking gears are structurally sized for loads of up to 6.2 kN 
(1400) Lbf). Also shown in Table I1 are the worst observed results taken for 
the lost motion prior to actuator relocking and actuator unlocking time. The 
lost motion prior to relocking is very small, equal to the allowable back- 
lash of the system. The unlocking time is also very small, well below the 
25 ms full power application time of the controller. 

Accuracy Data 

Both command-to position and position monitor-to-position data were 
obtained under full nozzle loads for actuator temperatures of -23OC, +2loC, 
and +48.8"C. 
were 11%. 
at 48.8OC and nearly out at 21OC. 
performance was traced to an open loop gain which was lower than modeled. 
Subsequent modeling has shown that the command-to-position data would be 
within specification had the proper gain been used. 

As shown in Table 11, the error requirements for both parameters 
The command-to-position data obtained were out of specification 

The cause for this out-of-specification 

The monitor-to-position data was within specification except at low 
temperature. The cause for this was not pursued. 

All of the accuracy testing included the effects of loads, kinematics, 
frictions, etc., and were obtained from dial indicator readings taken on the 
nozzle simulator. This data was then used to calculate the actuator position. 
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Figure 7. Small Amplitude Frequency Response ( t 2 . 4 %  Stroke) 
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Figure 9. -23'C Step Response Data 

TABLE I1 

Requirement 

Stiffness 4377 kN/m (25,000 Lb/in.) 
minimum 

Backlash (0.254 mm) (0.010 in.) 
maximum 

Relock lost motion - 
Unlock time - 
Command- t o- 
Position Error k 1% 

Monitor-to-Error 
Position Error +1% 

Test Results 

7581 kN/m (43,300 Lb/in.) 

0.208 mm (0.0082 in.) 

0.251 mm (0.0099 in.) 
0.006 s 

1.0% 21% 
1.5% 48.8OC 
0.05% -23.3OC 

0.1% 21% 
0.25% 48.8% 
1.2% -23.3OC 
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CONCLUSIONS 

In conclusion, both the use of "mirror-image" potentiometers to increase 
system accuracy and the use of duplex gears to affect a position lock have 
been successfully developed and demonstrated. 
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AUTOMATIC IN-ORBIT ASSEMBLY OF LARGE SPACE STRUCTURES 

BY 

GEORGES G. JACQUEMIN 

LOCKHEED MISSILES & SPACE COMPANY 

INTRODUCTION 

Large space platforms employing nested tapered graphite-epoxy columns ref- 
erence 1 have been proposed for a number of applications such as communication 
satellites, multi-kilowatt power modules, large modularized antennas and geo- 
stationary platforms. Erection of these platforms which may be up to several 
square kilometers in size will require several Space Shuttle flights (about 10 
'per square kilometer) and will necessarily take place at space shuttle orbital 
altitude. Installation of platform payloads will a l s o  take place at this 
altitude and the completed unit will then be transferred to its final station 
by towing or under its own power. 

The structural concept of these platforms is based on the triangulated 
tetrahedral space frame described in reference 2. Although this concept is 
relatively simple, its assembly presents a number of unusual problems because 
of the large size (20 III columns) and the great number of components which must 
be connected in a vac;furn, zero gravity environment. This operation could be 
performed manually by astronauts in the course of an extra vehicular activity 
(EVA). However, the very large number of columns to be assembled (a full 
Space Shuttle load consists of about 3000 columns and 670 node joints) would 
require many hours of strenuous astronaut work in the restricted mobility of 
space suits. Therefore, it appears logical to consider mechanizing this pro- 
cess in order to lighten the astronauts work load. The automatic features of 
the assembly procedure should be such that only monitoring functions are 
required from the astronauts, with EVA'S being required only in case of dif- 
ficulties and to assist in loading and unloading supply cannisters. 

More complete details of the concepts discussed herein are presented in 
reference 3. 
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SPACEFRAME C O W  IGURAT I O N  

General Geometry 

The space platform under considerat ion i s  based on the  t e t r a h e d r a l  prin- 
c i p l e  which makes use  of tr i-dimensional t r i a n g u l a t i o n  t o  achieve r i g i d i t y .  
The s t r u c t u r e  cons i s t ing  of graphi te  epoxy columns connected by node j o i n t s  i s  
shown on F ig ,  1. Each node has connections f o r  6 columns i n  one plane and 3 
i n t e rp l ane  columns a The planview conf igura t ion  presents  the appearance of two 
sets of hexagons o f f s e t  with respec t  t o  each o ther  (Fig.  1). Each column i s  
20 m ( 6 6  f t )  long and a f u l l  Space S h u t t l e  load corresponds t o  the  assembly of 
a piatform having approximate dimensions 1-000 x 100 m (1/10 square k i lometer ) .  
Since each node j o i n t  connects 9 columns and each column i s  connected t o  two 
node j o i n t s ,  the  number of columns equals  4.5 t i m e s  t he  number of node 

whereg  i s  the  column length.  Therefore one square kilometer r equ i r e s  Nj For a given area, A, the  required number of node j o i n t s  is:  

de j o i n t s  and 25981 columns, i.e. approximately 9 Space S h u t t l e  loads,  

Fig.  I 

The design of t he  columns i s  
conditioned by the  Space S h u t t l e  
Stowage requirements. I n  order  
t o  a t t a i n  the  des i red  loading den- 
s i t y ,  column stacking i s  a neces- 
s i t y ;  t he re fo re ,  each column i s  
made of two narrow conica l  .ha lves  
with a connector i n  the  middle. 
The cones are t h i n  g raph i t e  epoxy 
s h e l l s ,  which allows nes t ing ,  o r  
s tacking i n  t h e  fashion of p l a s t i c  

Columns 
T_YPJ_CAL HALF CDEtME 

hlATERlAL GRAPHITE EPOXY WITH ALUMINUM ALLOY END FITTINGS 

1 Qm * 
_. TYPICAL ASSEh!ELED COLU%- 

I_ 
1% 
t s 

2 Om 1 
NODE TO NODE 

"DIXIE CUP" STACKING _-  . 
--.--.-.- 

c -----.- 
CANNISTER USEFUL LENGTH 

4 
- - 

Fig. 2 
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cups. The number of h a l f  columns which may be nested i n  one s t ack  wi th in  the  
length of t he  Space Shu t t l e  cargo bay is of the  order  of 50. Figure 2 pre- 
s en t s  some d e t a i l s  of the  columns and the  s tacking  mode. An a l t e r n a t e  concept 
makes use of f u l l  columns hinged a t  the  cen te r  thus allowing column e r e c t i o n  
by simple deployment about the  spr ing loaded hinge l i n e  without a l t e r i n g  the  
s tacking c a p a b i l i t i e s  of the  system. This type of column i s  equipped with a 
locking mechanism which i s  a p a r t  of its deployment system. 

The node j o i n t s  must 
provide adequate r i g i d i t y  t o  
the  assembly as  wel l  a s  ease 
of column inse r t ion .  One 
such design which meets these  
requirements i s  shown on 
Fig. 3 .  This node connector 
i s  self- locking and provides 
good r i g i d i t y  about a l l  axes.  
It can be disconnected man- 
u a l l y  without e f f o r t ,  even 
by an as t ronauts  wearing 
gloves,  a f ea tu re  which a l -  
lows easy r e p a i r s  and modi- 
f i c a t i o n s  t o  the  space s t ruc -  
t u r e  i n  EVA. 

ASSEMBLERS 

General Cri ter ia  

Fig. 3 

In view of the complexity and r e p e t i t i v e  na ture  of the  task  involved i n  
the assembly of these  l a rge  space s t r u c t u r e s ,  i t  i s  des i r ab le  t o  mechanize the  
process as much as poss ib le  and cont ro l  i t  through a computer by means of 
appropr ia te  software.  The major c r i t e r i a  which must be s a t i s f i e d  by these  
machines are as follows: 

Provide adequate j i gg ing  of the  node j o i n t s  f o r  accurate  column i n s e r t i o n  

Column i n s e r t i o n  performed by spec ia l i zed  robo t i c  devices us ing  approp- 
r i a t e  end e f f e c t o r s .  

Automatic capture  of node, j o i n t s  from supply cann i s t e r s ,  automatic r e l e a s e  
a f t e r  i n s t a l l a t i o n .  

Automatic capture  of columns from supply cann i s t e r s ,  con t ro l l ed  r e l e a s e  
a f t e r  i n s e r t i o n  i s  secured. 

Capabi l i ty  t o  operate  during "day" and "night" per iods e 

EVA backup mode f o r  emergency operat ion.  
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o Compact stowage of the machine in the Space Shuttle Cargo Bay and simple 
on-orbit assembly without need for special tooling. 

mechanisms are presented on Fig. 5. w 

Column insertion is performed by means 4 
of special mechanisms or robotic ma- 

Based on these criteria, two assembler designs have been conceptually devel- 
oped. They are presented below. 

K K  

CH 4 NO 
RE i.1 TR 

m a  w 

Assembler No. 1 

The general configuration of Assembler No. 1 is shown on Fig 4 .  It con- 
sists of a main frame which supports a crew and computer compartment on one 
side and six movable arms on the other side. These arms carry cannisters con- 
taining the supply of node joints and columns. Typical concepts of supply 

-1 _ _ _ _  - _  z 3  

LARGESPACESTRUCTURE 
ASSEMBLER NO 1 w= NODE RETAINERS E SUPPLY CANNISTERS 

SIDE VIEW A-A Fig. rC LOADING TO _NODE SUPPLY CANNISTER 

TYPICAL COLUMN DISTRIBUTION 
-CAPACITY SYSTEM 
= 50 COLUMNS COLUMN DISTRIBUTORS 

-7501 { OPERATION ~ 

- -- 
CHAIN DRIVE 

COLUMN PICK UP POSITION 

I_ RMS OPERATION 
I PLAN VIEW 

These devices will be designed for ~ R l V E U N l T  & . DURING I R-ILR- 

NODE RETAINER CLAW PLAN VIEW each column insertion point and will - 1  I 
perform simple tasks in a rapid repe- 
tive manner. 

ALTERNATE CONFIGURATI 
AT HINGE MEMBERS PIVOTS 

Traverse Motion 
Fig. 5 

SWING OVER TYPE COLUMN INSERTION MECHANISM c L $ q  

In operation, this assembler pro- 
gresses along the edge of the space 
platform, building it as it goes. Its 
sideways motion (traverse) is somewhat 

- -  

I 

similar to that of a crab as 
swinging arms are rotated to walk 
node to node on the platform. 
nodes are captured from the 

the 
from 
New 
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cannisters, set in place and interconnected with columns, The design can be 
operated to traverse either to the right or to the left. Also it can be 
controlled to perform a change of row at the end of a traverse or to go around 
the corner of a triangle. All these maneuvers can be made computer software 
dependent, needing only astronaut supervision either by direct observation 
through the windows of the crew compartment or via spotlights and TV cameras 
during the night periods. 

Specialized Remote Manipulator System (RMS) - Column Insertion 
On this assembler, the column cannisters are mounted on the sides of the 

machine structural members, in close proximity to the final position of the 
columns. Column insertion is performed over generally short distances and 
along simple paths. Multi-degree of freedom robotic devices (similar to the 
Space Shuttle Payload RMS) have been considered to perform this operation 
because the same system can be used at all column insertion points, thereby 
simplifying the maintenance and spare parts problem. Such an approach is not 
very efficient from an operational standpoint since some degrees of freedom 
will be redundant at some locations. As an alternate, simplified assembly 
devices have been considered. In this case, the appropriate mechanism differs 
for each insertion since it must be adapted to meet local requirements. One 
such typical device is shown on Fig. 7. It consists only of the forearm and 
wrist with each hinge having only 
one degree of freedom. This 
mechanism follows a simple tra- 
jectory from the column cannister 
to the node joint and the wrist 
motion could be controlled by 
-purely mechanical means (e,g. a 
cam system). The end effector, 
however would still have to be 
powered and controlled separately. 

SWING-OVER TYPE COLUMN INSERTION MECHAhISLI, 
KINEMATICS OF INSERTION-COLUMNS @@@#.@ 

E- 
COLUMN 
PICK UP 
PO5 I T  ION 

LEFT HAND INSERTION RIGHT HAND INSERTION 

Fig. 7 

Column Cannisters 

In this application, it is assumed that the half columns would be assembled 
by a separate machine parked in the vicinity. This machine would receive the 
Space Shuttle load of cannisters, connect the half-columns together and insert 
them into the assembly machine cannisters. The astronauts, would then trans- 
port these cannisters to install them on the platform assembly machine. The 
design concept of these cannisters has not been detailed at this time but it 
is thought of as a mechanically driven system consisting of electrically or 
mechanically operated holding devices to move the columns and release them one 
by one upon demand. Each cannister must be approximately 21 m long (70 ft) 
and requires drive mechanisms at each end. Figure 5 presents the general con- 
figuration of these cannisters. 
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Node J o i n t  Cannis ters  

The genera l  p r i n c i p l e  of  a node j o i n t  cann i s t e r  i s  
shown on Fig.  8. The node j o i n t s  a r e  held i n  pos i t i on  
i n  appropr ia te  compartments and moved forward by a NODECAPTU 

mechanism somewhat s i m i l a r  t o  t h a t  of the  column 
cann i s t e r s ,  Upon reaching the  f r o n t  w a l l ,  t he  node j o i n t s  NODE 

a r e  caught by another mechanical t r anspor t  mechanism TRAP 

which d i r e c t s  them one by one t o  the  capture  chamber 
where the assembly machine node j o i n t  r e t a i n e r  can grasp 

CHAMBER 

RELEASE 

RETAINER RETRAC 
DURING TRAVERSE __ and swing them i n t o  place f o r  column i n s e r t i o n .  

Fig. 8 
ASSEMBLER NO. 2 

General P r inc ip l e  and Configurat ion 

An a l t e r n a t e  concept f o r  assembly of t e t r a h e d r a l  s t r u c t u r e s  is  presented 
on Fig. 9. In  t h i s  system, the  frame work i s  r i g i d  and serves  as t he  j i gg ing  
reference.  A set of four  t r acks  simultaneously provides the  t r a v e r s e  
t r a n s l a t i o n a l  f a c i l i t i e s  and the  node j o i n t  supply mechanism. The column can- 
n i s t e r s  are i n s t a l l e d  a t  on- 
l y  two loca t ions  on the  main 
frame and the t ranspor t  and 
i n s e r t i o n  of the  columns i s  
performed by four i d e n t i c a l  
robot ic  arms s imi la r  i n  con- 
cep t  t o  the  Space S h u t t l e  
-WS2 but  sca led  down and de- 
signed t o  m e e t  these spec ia l -  
ized requirements, Here 
again,  i t  i s  an t i c ipa t ed  
t h a t  the  h a l f  column assem- 
b ly  would be  performed sepa- 
r a t e l y .  However, i n  t h e  
case where folded self-de- 
ploying columns would be  
used, i t  i s  poss ib le  t o  per- 
form t h i s  operat ion on the  
machine i ts  e l f  thereby g rea t  - 
l y  s implifying the  whole 
assembly procedure. 

POWER SUPPLY 
RETRACTABLE SOLAR ARRAY 

Fig. 9 

Traverse Mechanism - Row Change 

The t r ave r se  mechanism i s  based on a t r ack  system which c a r r i e s  a set of 
ca r r i ages  dr iven by an endless  cha in fF ig .  10. The node j o i n t  r e t a i n e r s  are 
r e t r a c t a b l e  and may be given p rec i s ion  pos i t i on ing  c a p a b i l i t i e s .  The ca r r i ages  
can be loca ted  with p rec i s ion  by a t r ack  notch locking system capable of pro- 
v id ing  repea tab le  pos i t i ons  wi th in  spec i f i ed  to le rances .  
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The traverse motion is ob- 
tained similarly to that of a 
tracked vehicle with the node 
joint retainers getting hold of 
the node joint heads in a hand- 
over-hand fashion, under com- 
puter control. 

LARGE SPACE STRUClURE - NODE DRIVE MECHANISM 
/ IN SIDE COLIPARTYENT 

In order to change row, the 
machine must disconnect it se 1 f 
from the platform under con- 
struction and reposition it with 
respect to the track system. 
This is accomplished by using 
the four robotic arms to per- 
form the required manipulations. 

Fig. 10 

Specialized Robotic Assembly Devices - Column Insertion 

In this system, the columns must be picked up from the cannisters and 
maneuvered past a number of obstructions to be inserted into the node joints. 
This manipulation can be performed by robotic arms designed for this.purpose. 
The robotic manipulations required for this application can be designed to 
move small masses (a few kilograms) but must have the capability to operate at 
relatively high speeds. The procedure by which this can be achieved consists 
of defining the coordinates of the trajectories of each end of the columns. A 
-computer program directs the manipulator to follow these trajectories at spec- 
ified velocities varying with position. Thus accelerations can be controlled 
throughout the motion and allowances can be made for minimizing the effect of 
structural flexibility. 

Since for this assembler there are only four identical robotic manipula- 
tors located in very accessible positions, the problems of interchangeability 
and replacement are minimized. 

Column Cannisters 

Except for larger capacity, the design and mechanisms of the column 
cannisters would follow the principles outlined for those of Assembler No 1 .  
The larger capacity is desirable to reduce the number of loadings and unload- 
ings and to minimize the number of assembly interruptions. The location of 
these cannisters was selected for its ease of access and the freedom it affords 
in setting the maximum practical capacity. It is shown on Fig. 1 1 .  

Node Joint Cannisters 

The storage method and mode of transit of the node joints in their can- 
nisters is similar to that described for Assembler No 1 .  The size and shape 
of the cannisters is somewhat different to accommodate the particular condi- 
tions at the end of the tracks. Eight cannisters are required in each Space 
Shuttle load to carry the complement of node joint corresponding to the number 
of columns. 
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CHAIN DRIVES 
MECHANISM 

U R G E  SPACESTRUCTURE 

DRIVE MECHANISM 
ASSEMBLER NO. 1 

SLECTRIC VIA STEPPER MOTOR 

Fig. 11 COLUMN STORAGE C DISTRIBUTOR 
COLUMN WSITIONING CONTROLLED 
DV TRIP SWITCHES 

(COLUMN ASSEM5LY SEPARATE) 

STRUCTURAL DETAILS OF ASSEMBLERS FRAMES 

The structural concept considered for the basic frame of either assemblers 
is the Warren Truss made from graphite epoxy or aluminum members. These 
structures are of collapsible type which is self-erectable under the power of 
spring loaded four-bar linkages. "hus, structural components can be built up 
on the the ground, deployed in orbit and connected together to form the basic 
frame. The collapsed elements can be stowed under minimum volume into the 
cargo bay of the Space Shuttle. Erection of the assembler is therefore con- 
sidered as an EVA operation. 

CONCLUSION 

, In view of the very large number of components required for the on-orbit 
erection of large tetrahedral space platforms, their automated assembly is a 
necessity if the work is to be carried out in a reasonably short time and 
without undue strain for the astronauts. 

The assembly machine is a huge jig in which a multitude of mechanisms must 
operate continuously in the thermo vacuum environment of space and under the 
control of computers programmed to command every step of each motion. 

The concepts presented in this paper must be refined to determine the most 
reliable solution. Continuous operation of mechanisms in space presents many 
unresolved problems, particularly with regard to lubrication of unprotected 
devices, such as chain drives, which must maintain reasonable positioning 
tolerances. 
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DEVELOPMENT O F  A BEAM BUILDER FOR AUTQMATIC 

FABRICATION O F  LARGE COMPOSITE SPACE STRUCTURES 

JohnG. Bodle 

General Dynamics- Convair Division 

ABSTRACT 

This paper describes the composite material beam builder concept currently being 
designed and developed for NASA Lyndon B. Johnson Space Center, * The machine 
will produce triangular beams from pre-consolidated graphite/glass/thermoplastic 
composite material through automated mechanical processes for forming; side member 
storage, feed and positioning; ultrasonic welding; and beam cutoff. Each process 
lends itself to modular subsystem development. Initial development has been con- 
centrated on the key processes for roll forming and ultrasonic welding composite- 
thermoplastic materials. The construction and test of an experimental roll forming 
machine and ultrasonic welding process control techniques are described. 

IBTTRO DUCT ION 

In the ensuing years with the advent of the Shuttle Transportation System, the use of 
robots will play an indispensible role in the on-orbit construction of large space 
systems. It will be neither practical nor feasible to use men to perform highly 
repetitive precision assembly operations that can be accomplished quickly and 
efficiently by automated machines. Advances in microelectronics coupled with the 
technology developed for spacecraft mechanisms has paved the way for a new and 
challenginig field of space fabrication and assembly equipment. 

Current studies of advanced space systems generally indicate that a basic piece of 
equipment required for on-orbit fabrication of large space structures is an automated 
beam fabrication machine. This beam builder must produce numerous structural 
beams from materials stored in small volumes within the machine. The beams are 
then joined together by automatic assemblers into large structures. 

*This work was performed on Contract NAS9-15310 and in-house structures and 
Materials Technology R&D. 
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The beam builder concept deccribed herein fabricates beams from graphite/glass/ 
thermoplastic composite material. This machine has two key processes which have 
been evaluated experimentally to prove viability of the concept. The first is the 
forming process for beam cap members. Some of the problems encountered during 
prototype cap forming machine development are discussed. The second key process 
is ultrasonic welding. The advantages of ultrasonic welding are discussed alow with 
its unique process control capabilities. 

BEAM BUILDER CONCEPT 

The design of a beam builder is primarily determined by the configuration of the beam 
it must build. The beam design must also be adaptable to automatic manufacturing 
processes. The beam builder concept of Figure 1 resulted from numerous trade 
studies of beams and beam fabrication and assembly processes as described in 
Reference 1. The size and arrangement of this beam builder were established to 
permit fabrication bf a 200m x l l m  planar ladder platform in a seven day mission 
using the Space Shuttle Orbiter as a construction base. The overall machine concept 
was selected to permit scale-up to a wide variety of beam sizes. This machine has 
an estimated weight of 3600 kg, including 1000 kg of material, and has a 2 kw average 
power requirement. 

The beam is manufactured from three basic elements, i o  e~ Caps9 Cords and c~ossmembers* 
Open section caps are formed in continuous lengths from long coiled fl2t strips of 
pre-consolidated single-ply graphite/glass fabric in polysulfone resin with a special 
outer coating for radiation protection. Pre-fabricated crossmembers of the same 
material are stored in clips. Six diagonal fiberglass cords impregnated with poly- 
sulfone resin a re  stored on spools. The beam is manufactured in a cyclic feed 
operation whereby the cap is driven for 40 seconds to advance the beam one bay 
length, then stopped for 40 seconds during assembly as illustrated in Figure 2. To 
build beams continuously would greatly increase the size and complexity of the 
machine because all assembly operations would have to be placed on a reciprocating 
carriage to move with the caps. Another advantage of cyclic feed is that faults 
detected during the assembly period can be corrected without elaborate backout 
sequences. 

The beam builder system is designed with modular subsystems for cap forming, 
joining, cord positioning and tensioning, crossmember feed and positioning, beam 
cutoff, and control. A welded aluminum structure provides a chassis on which 
to mount these modular elements. This approach allows each subsystem to be 
independently developed, manufactured and checked out before being integrated into 
the beam builder system. It also simplifies the task of twaling the machine up to 
produce larger beams. 
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CAP FORMING MACHINE CONCEPT 

The preliminary design concept of the cap forming machine is shown in Figure 3. This 
machine is sized to manufacture a 1.434m bay length of cqp per cycle with a storage 
capacity for up to lOOOm of continuous cap length. Greater length and storage capacity 
are possible where required. Peak power required to operate this machine is cal- 
culated to be 474 watts. 

The cap drive unit provides the pull force to move the material from the storage roll 
through the heating, forming and cooling sections. It also acts to advance the beam through 
the assembly sections and deploy it from the beam builder. Material is heated to the 
plastic state (218°C) along the bend zones as the material passes through the heating 
section. The material goes through a transition from flat to formed in the forming 
section. Strip heaters are provided in the forming section for start-up and for main- 
taining material forming temperature when the machine is operated in air. In vacuum 
where convective cooling is not present, these heaters are turned off during forming 
operations. Temperature is monitored for control through non-contacting infrared 
sensors. The cooling section contains retractable fluid cooled platens which are 
engaged during the 40 second pause cycle and retracted during the 40 second run cycle. 
TPle rational for the selected design approach for each of the cap forming machine 
functions is summarized in Table I. 

PROTOTYPE CAP FORMING MACHINE DEVELOPMENT 

Initial Design 

Although roll forming graphite/thermoplastic composite m terial had been demonstrated 
by earlier experiments, it was clear that a fully automated prototype would be required 
to evaluate and refine the cap forming machine design. The prototype machine shown 
in Figure 4 was designed as an experimental breadboard with individual assemblies 
for heating, forming, cooling, drive and control. This provided total flexibility in 
alteration and adjustment of the configuration. 

Cost considerations dictated that heating and cooling sections be scaled down to 
produce 60 cm of cap per cycle. The heating section shown in Figure 5 used ordinary 
tubular electric heaters. Temperature control was accomplished with surface con- 
tacting thermocouple sensors and commercial temperature controllers. Quartz lamp 
heaters were used throughout the forming section to maintain material forming 
temperature during operation in air. 

One of the objectives was to minimize the length of the forming section and the number 
of forming stages required. The initial forming section design shown in Figure 6 
used two forming stages. The pre-forming stage would partially form the bend radii 
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and the final stage would complete the section. Smooth transition from flat to formed 
section is essential to prevent buckling and wrinkling in the heated bend zones. 

The initial material to be evaluated was a laminate a s  shown in Figure 4. This combi- 
nation provided the desired structural characteristics and low coefficient of thermal 
expansion. The glass fabric acted to impede transverse heat transfer while the longi- 
tudinal strands of graphite fibers promote heat transfer in the warp direction. These 
thermal characteristics minimize heating energy and maintain material forming temp- 
erature in the bend zones throughout the forming process. 

Design Problems and Solutions 

The first series of forming tests revealed two major problems in  the design which 
produced very unsatisfactory results. The initial material configuration was not well 
suited for the process and the forming section configuration was incorrect. The outer 
glass laminae were compressed and delaminated by the bending along the inside radii 
of the cap. This caused high drag loads to be created as  the material passed through 
the forming rollers which distorted the formed section. The fine weave glass layers 
also acted to impede heating making it difficult to control heat rates without scorching 
the surface of the material. 

The pre-forming rollers cauld not react the twisting moment induced by the unheated 
strip of material along the side of the cap. This caused the material to eventually be 
lifted out of the side rollers. A s  seen on the left in Figure 7, the side radii did not 
form and the material became bunched-up at the apex. 

The breadboard design proved its worth by allowing the roller styles and arrangements 
to be altered conveniently. Each variation produced a better understanding of how to  
control the behavior of the material in the forming section. Through trial and error  
a smooth and stable transition from flat to formed was produced as seen in Figure 8 
and a satisfactory cap member could now be formed. 

The prototype cap forming machine is a useful tool for revealing very subtle problems 
associated with various weaves and laminates. One example is that of a single ply 
weave which had good heating and forming characteris tics but poor cooling character- 
istics. The finished cap showed the result of what could be termed "spring-inl? when 
cooled. The apex angle of the cap formed from this interim material would cool to a 
shape such that the apex angle was less than 60' as  shown on the right of Figure 7. 
Efforts to refine and evaluate detail material characteristics are continuing. 

ULTRASONIC WELDING 

Ultrasonic welding of thermoplastic materials has been used in the manufacture of com- 
mercial products for years. It is ideally suited for the assembly of composite/thermo- 
plastic space structures because it produces solid joints, uses little energy, produces 
no debris or outgassing, and has fully automated process control for high reliability. 
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The beam builder concept employs six ultrasonic welders for joining the beam members 
together. Welder process controls are  shown in the Figure 9 schematic. The weld 
head consists of a transducer which converts a 20 KHz power signal into ultrasonic 
vibrations which are  transmitted to a metal horn at the half wave resonant frequency of 
the horn. The horn vibrates axially at both ends at an amplitude fixed by the amplitude 
output from the transducer. The crossmember and cap are firmly clamped between 
the horn and a backup anvil by a force applied by the welder drive mechanism. In this 
case the horn is equipped with three weld tips which impart vibration in the spots to be 
joined. The vibration quickly heats the thermoplastic resin in the mating surfaces of 
the parts to be joined to the plastic state. The power to the transducer is turned off 
and the parts are held clamped together until the thermoplastic solidifies creating a 
fused bond in the weld zones. A typical weld requires approximately 1 second of ex- 
citation and 0.5 second for cooling. 

Manufacturers of ultrasonic welders indicate that the process can be controlled by three 
feedback signals, A load cell measures applied force. The resonant frequency of the 
horn is monitored directly for slight changes which occur due to temperature change. 
The amplifier will vary the frequency input to the transducer to maintain resonance of 
the horn. Finally, the power output of the horn is measured and compared with the 
amplifier power output. Weld time is automatically varied to allow the proper amount 
of energy to  be input to the weld. Verification and control of these three critical para- 
meters ensures the quality of the finished weld is within acceptable limits. Experiments 
with candidate hybrid composite/thermoplastic materials have produced excellent re- 
sults with samples welded in both air and vacuum. 

1. 

2. 

3. 

CONCLUSIONS 

One of the most critical design factors to  consider for space construction equip- 
ment such as  the beam builder will be to provide the software and sensors neces- 
sary to ensure positive process control, fault analysis and fail safe operation. 

The viability of the composite material beam builder concept is firmly supported 
by the demonstrations performed with its two key processes, the cap forming 
machine and the ultrasonic welding process. 

Roll forming of composite/thermoplastic material requires careful selection and 
verification of material characteristics in order to be compatible with the machine 
processes. Similarly the machine processes must be tailored for the material 
to achieve satisfactory operating results. 
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Table I. CAP FORMING MACHINE CONCEPT SELECTION 

FUNCTION 

STORAGE 

HEATING 

FORMING 

:OQLING 

DRIVE 

SELECTED APPROACH 

ROLL IN A CAN 

0 STRIP HEAT BEND 
ZONES ONLY 

0 ELECTRIC RESIST- 
ANCE WIRE HEATERE 

0 MATERIAL CON- 
FIGURED FOR HIGH 
LONGITUDINAL 

VERSE HEAT 
TRANSFER 

AND LOW TRANS- 

PASSIVE ROLLERS 
(ROLLTRUSION) 

FLUID COOLED 
PLATENS 

FRICTION ROLLERS 

RATIONALE 

0 POSITIVE CONTAINMENT 

e NO REEL T O  DISPOSE O F  

e HEATERS INTEGRATED 
e MINIMIZES MACHINE LENGTH 
0 WASTE HEAT RADIATES T O  ROLI  

0 EASE O F  REPLENISHMENT 

GREATEST EFFICIENCY OF 
ENERGY UTILIZATION 

0 LOW DRAG MINIMIZES FORMING 
ENERGY 

0 SHORT FORMING TRANSITION 
LENGTH FOR MINIMUM MACHINE 
LENGTH 

0 MATERIAL COOLS TOO SLOWLY IN 
VACUUM 

e ENSURES UNIFORMITY AND 
STRAIGHTNESS OF FINISHED CAP 

0 DOES NOT DAMAGE MATERIAL OR 
COATING 

0 COMPACT DRIVE UNIT MINIMIZES 
MACHINE LENGTH 
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Position & tension cord 

Stop weld head 
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Figure I .  Beam builder concept. 
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Ultrasonically pierce crossmember 
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cap & cord 

Retract weld head 
Advance cap 

Figure 2. Beam assembb processes. 
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Figure 3. Beam builder cap forming machine design concept. 

Figure 4. Prototype cap forming machine. 
300 



Figure 5. Cap forming machine heating section. 
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Initial forming section design. 
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Figure 8. Improved forming section. 
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CRITICAL WELD PARAMETERS 
0 RESONANT FREOUENCY 

APPLIED FORCE 
ENERGY INPUT 

Figure 9. Ultrasonic welding process control techniques. 
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Figure 9. Ultrasonic welding process control techniques. 
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