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ABSTRACT 

This paper describes a unique separation and j e t t i s o n  system f o r  t he  
ascent f a i r i n g  and a staging system f o r  t h e  apogee motor o f  t he  f i r s t  I n d i a ~  
s a t e l l i t e  launch vehicle. Design features, development problems, and mission 
cons t ra in ts  are discussed i n  add i t i on  t o  the  so lu t ions  adopted. A qua1 i f  i ca -  
t i o n  sumary i s  included f o r  each system, and f l i g h t  resu l t s  obtained from 
SLV-3 launches are  described. 

I. SEPARATION AND JETTISON SYSTEM FOR THE ASCENT FAIRING 

INTRODUCTION 
The Indian s a t e l l i t e  launch vehic le (SLV-3) i s  a four-stage, so l i d -  

p rope l lan t  space veh ic le  capable o f  p u t t i n g  a 50 t o  60 kg payload i n  low- 
Earth o r b i t .  The ascent f a i r i n g ,  p ro tec t ing  the  payload and i t s  apogee 
motor, must be separated and j e t t i soned  from the  veh ic le  a t  an a l t i t u d e  
o f  90 t o  100 km dur ing the  coast ing phase o f  stage 2. The f a i r i n g ,  a hemi- 
sphere-cone-cyl i nde r  conf igurat ion,  i s  2.45-m (96-i  n) 1 ong and 0.8 m (31.5 
i n )  i n  diameter. The mater ia l  i s  a phenol-glass honeycomb sandwich o f  14.5- 
mm (0.57-in) thickness. 

The separat ion and l a t e r a l  j e t t i s o n  system f o r  the f a i r i n g  i s  a cold-gas- 
actuated, hydropneumatic system. The p r i n c i p a l  components are: four  l a t c h  
modules, two n i t rogen gas bo t t l es ,  h igh pressure l ines ,  check valves, and 
tube f i t t i n g s .  A groove j o i n t  w i t h  spr ing th rus te rs  was selected f o r  t he  
c i rcumferent ia l  separation in ter face.  

M I S S I O N  SPECIFICATIONS 

For t h e  SLV-3, t he  fo l low ing spec i f i ca t i ons  were placed on t h e  f a i r i n g  
release and j e t t i  son system: 

a The system must ensure c o l l i s i o n - f r e e  separat ion from the  veh ic le  
dur ing stage 2 motor coast phase a t  an a l t i t u d e  of 90 t o  100 km 

e A minimum j e t t i s o n  ve loc i t y  of 1.5 mps (4.92 f t /sec) w i l l  be provided 
e Allowable disturbance t o  upper stage must be - <0.5 deg/sec 
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No contamination o r  debris i s  permit ted 
System pyros w i l l  i n i t i a t e  on an e l e c t r i c a l  command o f  2 Amps w i t h  
10-ms dura t ion  through snapoff  from veh ic le  
System weight should be - 4 8  kg and the  f a i r i n g  i n te r face  j o i n t  must 
react  vehic le loads 
Because the  vehic le assembly must be mounted h o r i z o n t a l l y  i n  t he  
launcher, t he  f a i r i n g  must have load c a p a b i l i t y  i n  t h e  hor izonta l  
pos i t i on  
A r e l i a b i l i t y  o f  0.985 a t  a confidence l e v e l  o f  85 percent must 
be demonstrated 
Or ientat ion o f  the  f a i r i n g  separat ion plane w i l l  be 90" t o  the  ve- 
h i c l e  p i t c h  ax is  and 4 5 O  t o  t h e  launch tower 

A combination o f  four  l a t c h  mechanisms t o  clamp the  f a i r i n g  along the  
l ong i tud ina l  s p l i t  l i n e  and a c i rcumferent ia l  groove j o i n t  f o r  t h e  veh ic le  
i n te r face  were selected (Figure 1). Separation mechanisr: cu r ren t l y  a v a i l -  
ab le are  o f  a wide var iety .  A choice was made a f t e r  extensive evaluat ion 
o f  the  mer i ts  and demerits o f  candidate systems. Because a s ing le  o i n t  P actuat ion and mu l t i po in t  release system has the  highest r e l i a b i l i t y  t he  
choice was narrowed t o  a s ing le  po in t  actuat ion o f  t h e  four  l a t c h  mechanisms. 

The actuat ion system consis ts  o f  high pressure n i t rogen gas b o t t l e s  
opened by a pyro valve. On i n i t i a t i o n ,  the gas pressure i s  conveyed t o  the  
l a t c h  mechanisms through h igh  pressure 1 ines. This gas pressure provides the 
necessary fo rce  a t  the l a t ch ing  mechanisms t o  cause release, thereby f ree ing  
the f a i r i n g  halves along the longi tudinal '  s p l i  tl ine. 

The j o i n t  a t  the vehic le c i rcumferent ia l  i n t e r f a c e  i s  shown i n  Figure 2. 
This consis ts  o f  a groove j o i n t - - t h e  female groove provided on t h e  f a i r i n g  
end r ings, and the  corresponding male conf igura t ion  on the  vehicle. This 
passive separation i n te r face  does not  requ i re  add i t i ona l  release mechanisms. 
Springs are provided both i n  the  l a t ch ing  mechanisms and groove j o i n t  f o r  
j e t t i son .  A t  release, t h e  springs impart a l a t e r a l  v e l o c i t y  o f  1.9 mps 
t o  each o f  the  f a i r i n g  halves. 

Redundancy has been incorporated i n  the  actuator  design by prov id ing  
two n i t rogen gas b o t t l e s  and by i s o l a t i n g  them i n  t h e  pneumatic c i r c u i t  
by in - l ine ,  nonreturn (check) valves. The pressure feed 1 ines are f i l l e d  
w i t h  hydraul ic  o i l ,  MIL-H-5606D, from the  check valve onwards f o r  improved 
event t iming. 

TECHNICAL DESCRIPTION 

The release and j e t t i s o n  system has the f o l  lowing p r i n c i p a l  subsystems: 

Latch system w i t h  springs 
Gas b o t t l e  w i t h  pyro valve 
Groove j o i n t  w i t h  springs 
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Latch System w i t h  Springs 

The l a t c h  system, show11 i n  F igure 3, cons is ts  o f  a  b a l l  re lease mechan- 
ism (BRM), and s i x  sp r i ng  th rus te rs .  Open c o i l e d  he1 i c a l  compression spr ings 
o f  22-mm OD and spr ing  r a t e  of 75.5 N/cm (43.6 l b / i n )  are used. The spr ings 
a re  arranged symmetrical ly, t h ree  on each side, and a  t e l escop i c  mechanism 
i s used f o r  1  oadi ng/unl oadi ng . A1 umi num a1 l o y  angle sect ions closed a t  
bo th  ends a re  used as t he  p r i n c i p a l  t o p  and bottom l a t c h  housings f o r  mount- 
i n g  t h e  un i t s .  The housings are prov ided w i t h  f l o a t i n g  p l a t e  nuts  t o  a l low 
f o r  fas ten ing  from outs ide t h e  f a i r i n g ,  and t o  accommodate any ho le  misa l ign -  
ment. The la tch ,  a  preloaded assembly, i s  i n s t a l  l e d  as a  module t o  j o i n  
t h e  two f a i r i n g  ha1 ves. 

The BRM cons is ts  o f  a  stud, a  hexagonal housing, a  spr ing,  and an M-10 
b o l t  f o r  fastening. A p i s t o n  moving i n s i d e  t h e  s tud  i s  locked by t h r e e  
b a l l s  extending through t h ree  r a d i a l ,  equa l l y  spaced holes d r i l l e d  i n  t h e  
stud. These s t e e l  b a l l s ,  which p r o j e c t  f rom t h e  s tud  outs ide diameter i n  
t h e  locked condi t ion,  a re  seated i n s i d e  the  hexagonal housing. Three 90' 
con ica l  seats a re  provided, 120" apar t ,  on t h e  i n s i d e  bore o f  t he  housing. 
I n  t he  locked condi t ion,  t h e  housing and t h e  s tud  o f  t h e  BRM ac t  as an i n -  
t e g r a l  u n i t  and can be b o l t e d  t o  t h e  aluminum a l l o y  housing. On release, 
i n i t i a t e d  by t h e  forward mot ion o f  t h e  p is ton ,  t he  b a l l s  recede r a d i a l l y  
inward and t h e i r  externa l  p ro j ec t i ons  d i  szppear, thereby re l eas ing  t h e  bo l t ed  
hexagonal housing. The b a l l s  are contained i n  t h e  s tud on t h e  p i s t o n  recess 
and t he  b a l l  r e t a i n e r  sp r i ng  prevents t h e i r  escape. The j e t t i s o n  sp r i ng  
t .hrust?rs are bo l t ed  t o  t h e  bottom l a t c h  hcusings and on re lease impar t  
t h e  requ i red  j e t t i s o n  v e l o c i t y  t o  t h e  f a i r i n g  halves. The i n d i v i d u a l  t h rus -  
t e r  sp r i ng  compressions can be ad justed w i t h  c lose to le rance  t o  ma in ta in  
t h e  mat ing plane a t  t h e  t o p  l a t c h  housing. The spr ings a r e  c l o s e l y  matched 
w i t h  +3 percent to le rance  on s t i f f n e s s .  By s u i t a b l y  matching t h e  spr ings 
d u r i n g  assembly, t hc  e f f e c t  o f  d i f f e r e n t i a l  f o r ce  i s  reduced. 

Gas B o t t l e  w i t h  Pyro Valve 

The gas b o t t l e  cons is ts  o f  a  c y l i n d r i c a l  she1 1 t h a t  i s  75 cu cm i n  
volume and 40 mm i n  diameter, w i t h  one end spher ica l  and t h e  o ther  end open. 
The ma te r i a l  i s  aluminum a l l o y ,  AA-6351. A re leaser  t h a t  a l s o  serves as 
a  f i l l i n g  adapter i s  screwed i n t o  t h e  open end o f  t h e  b o t t l e .  This re leaser  
incorpordtes a  diaphragm t h a t  i s  punctured by a  pyro valve. Ni t rogen gas 
a t  15 MPa i s  f i l l e d  through t h e  re leaser  f i l l i n g  por t .  

Groove J o i n t  w i t h  Springs 

The c i rcumferen t ia l  groove j o i n t  i s  shown i n  F igure 2. The female groove 
i s  provided i n  the a f t  end r i n g  o f  the  f a i r i n g  and t he  male groove a t  the 
veh i c l e  i n t e r f a c e  r ing .  Both r i n g s  a re  made o f  A I S I  4340 a l l o y  s t e e l  forged 
and machined. The j o i n t  i s  d r y  l u b r i c a t e d  w i t h  molybdenum d i su lph ide  f o r  easy 



Fjgure 3. Latch System 



assembly and j e t t i s o n .  Four spr ing  t h rus te r s  a re  loca ted  a t  the  s p l i t  plane. 
These t h rus te r s  impar t  l a t e r a l  t h r u s t  t o  the f a i r i n g  halves w i t h  respect. t o  
the  vehic le .  A f t e r  the f a i r i n g  i s  assembled t o  the vehic le ,  the t h rus te r s  a re  
preloaded by removal o f  a  l ock  w i re .  

SYSTEM PERFORMANCE 

Separation and J e t t i s o n  System 

This system performed as expected, developing a  j e t t i s o n  v e l o c i t y  01 
1.65 mps (5.4 f t / s e c )  w i t h i n  an a c t i o n  t ime  o f  19 ms. The t o t a l  system 
weight was 15.7 Kg. The shock caused by j e t t i s o n  was 'recorded t o  be less  
than 5  g. The l a t c h  module had re lease pressures ranging from 2.8 t o  4.0 
MPa. The t o t a l  f o r ce  exerted by t h e  s i x  t h r u s t e r  spr ings a re  1750 N w i t h  
a  ne t  compression o f  38 mm on release. The b a l l s  o f  t h e  BRM a re  a r res ted  
by t he  r e t a i n e r  spr ings, thus ensur ing no f r e e - f l y i n g  debr is.  F igure 4 
shows an a c t i o n  photograph o f  t h e  f a i r i n g  j e t t i s o n .  F igure 5 shows t h e  
l a t c h  assembly before and a f t e r  release. 

Pvro Valve 

The pyro  va lve i s  p i s t o n  actuated t o  puncture t h e  aluminum a l l o y  d ia -  
phragm o f  t h e  gas b o t t l e .  The f unc t i ona l  delay o f  t h e  va lve was w i t h i n  
10 ms. The ac tua t ing  pressure c a r t r i d g e  had a  s i n g l e  i n i t i a t o r  and dual 
b r idge  wi res w i t h  t h e  f o l l  owing e l e c t r i c a l  c h a r a c t e r i s t i c s :  

No f i r e  current--500 mA; 5-min dura t ion  
r A l l  f i r e  c ~ r r e n t - - 1  A 50-111s dura t ion  

Recommended f i r i n g  current - -2  A; 10-ms du ra t i on  

The valve, which was t es ted  t o  es tab l i sh  a  r e l i a b i l i t y  o f  0.975 a t  
85 percent  confidence l eve l ,  i s  a  t o t a l  l y  contained system. 

Groove J o i n t  w i t h  Spr i  ngs 

The groove j o i n t  was 800 mm (31.5 i n )  nominal diameter and was s t r u c t u r -  
a l l y  t e s t e d  t o  t h e  f o l l  owing loads: 

0 Bending moment--15,000 N-m 
r Ax ia l  load--23,000 N 
r Shear force--  6,500 N 

The t o t a l  sp r i ng  f o r c e  f o r  each f a i r i n g  h a l f ,  a c t i n g  on t h i s  j o i n t ,  
was 270 N. The spr ings were loca ted  60 mm (2.36 i n )  from t h e  f a i r i n g  s p l i t  
plane. 

Nonreturn Valve and Compression Tube F i t t i n g s  

A standard nonreturn va lve f o r  6.35-mm diameter t u b i n g  was ussd i n  
t h e  penumatic c i r c u i t .  The va lve had a ra ted  pressure o f  21 MPa and a  crack- 
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i n g  pressure o f  7x10'5 Pa. Single f e r r u l e  compression tube f i t t i n g s  of 
e l l s ,  tees, and s t r a i g h t  connectors were used a t  t he  j o i n t s  of t he  tubing. 

DEVELUPIYENT PROBLEMS 
Development problems encountered i n  t h i s  system were: 

Achieving precis ion fab r i ca t i on  o f  the BRM 
0 System funct ional  t e s t  f a i l u r e s  during the  i n i t i a l  phase 

Matching a f  resu l tan t  force and center o f  g rav i t y  o f  FRP f a i r i n g s  

Elaborat ing on the  f i r s t  problem, the  BRM fab r i ca t i on  required high 
precision, especial l y  i n  l oca t ing  t h e  b a l l  -seat ing hol  os which ca r r i ed  angu- 
l a r  tolerances o f  +5 arc-mins on the  120" spacing. A d r i  1 l i n g  f i x t u r e  pre- 
c i s e  w i t h i n  +30 arc-secs was necessary t o  achieve t h i s .  I n  addit ion, t h e  
ins ide piston, a moving part,  i s  o f  case-hardened steel ,  w i t h  a hardness 
o f  55 t o  60 Rockwell "C" scale. The p i s ton  required concen t r i c i t y  t o  w i th in -  
20 microns. Attempts a t  achieving t h i s  prec is ion  by gr ind ing on t h e  outside 
diameter resul ted i n  a h igh  r e j e c t i o n  rate. F ina l l y ,  c r i t i c a l  dimensions 
on the  BRM housing required gr inding the external f l a t  surfaces. The dimen- 
s ion  across the  f l a t s  was toleranced t o  30 microns. This was necessary 
because th2 f l a t s  served as a reference t o  cont ro l  t he  depth o f  t he  b a l l  
seating. 

The f i r s t  few funct ional  t e s t s  f a i  l ed  because o f  asynchronous release 
o f  the  fo re  and a f t  l a t c h  pairs. Inves t iga t ion  revealed t ime delays on 
the order o f  20 t o  40 ms, which caused the  forward p a i r  t o  release f i r s t  
and the  a f t  p a i r  t o  f a i l  t o  release. This t ime delay was a r e s u l t  o f  t h e  
spr ing load o f  the  forward p a i r  being transmitted t o  t h e  a f t  pa i r .  Because 
o f  the  load increase on the  a f t  pai  r, the  pressure was i n s u f f i c i e n t  t o  pro- 
duce release. I n i t i a l l y ,  gas b o t t l e  pressure was only 7 MPa (70 bar;). 
Two solut ions were imp1 emented: 

Reduction o f  r e l a t i v e  release delays o f  the  two pa i r s  o f  latches 
by ad jus t ing  t h e  l o c a t i ~ n s  o f  the  pressure i npu t  pa in t  

0 Increase o f  actuatiorl pressure t o  15 MPa which f u r t h e r  reduced t h e  
r e l a t i v e  delay. 

Another problem encountered was the  l a rge  uncerta inty i n  the  locat ion  
o f  t he  center c f  g rav i t y  (c.g.), inherent w i t h  FRP fa i r i ngs .  Because o f  
the nature o f  the  groove j o i n t ,  the  resu l tan t  force vector i s  required t o  
pass through the  f a i r i n g  coge  w i t h i n  a tolerance o f  +O/-15 mn. Location 
o f  ,le resul tant  force vector above the  c.g. would not r e s u l t  i n  separation, 
so ba l l as ts  were added t o  adjust  t he  cog. w i t h i n  the  design l i m i t s .  

RELIABILITY MODELLING 

A f a i r i n g  r e l i a b i l  i t y  requirement o f  0.985 w i th  85 percent confidence 
leve l  was speci f ied by the mission. Apportioning t h i s  re1 :,bil i t y  between 



the s t ruc tu re  and separat i on - j e t t i son  systems, s t ruc tu ra l  performance should 
be demonstrated t o  a r e l i a b i l i t y  o f  0.995 and j e t t i s o n  t o  a r e l i a b i l i t y  
o f  0.985. The ove ra l l  confidence l eve l  was apportioned according t o  the  
f o l  1 owing model 1 aw: 

where 
C = Overal l  system confidence 1 evel 
Cs = S t ruc tura l  confidence 1 evel j i nc l  uding thermal ) 

= Separation 6nd j e t t i s o n  sys tern confidence 1 evel 

Accordingly, tho sys tern confidence l eve l  o f  0.5 was a r r i v e d  a t  a f t e r  
f i x i n g  the s t ruc tu ra l  l eve l  a t  0.7. This requi red t h a t  34 j e t t i s o n  system 
t e s t s  be performed successfully. To s a t i s f y  t h i s  requirement, t h e  system 
has undergone 40 successful j e t t i s o n  tests. 

GdAL IFICATION TESTS 

System qua1 i f i c a t i o n  t e s t s  are d iv ided i n t o  three categories: funct ion-  
a l ,  s t ruc tu ra l ,  and environmental. Table 1 shows the t e s t  summary. Table 
2 shows the  t e s t  l eve l s  used f o r  environmental simulation. The f a i r i n g ,  
a f t e r  undergoing v ib ra t i on  and shock tes ts ,  was func t i ona l l y  tested f o r  
j e t t i son .  The performance proved normal. A t y p i c a l  one-g t r a j e c t o r y  p l o t t e d  
from h igh  speed ~ o v i e  data i s  shown i n  Figure 6. 

FLIGHT TEST QUALIFICATION 

The system was q u a l i f i e d  i~ four  f l i g h t  t e s t s  o f  SLV-3. The system 
performed successful l y  i n  a1 1 f l i g h t  tests. The performance was monitored 
by means o f  telemetry from microswitches a t  each la tch,  event monitc ;, 
an3 snap-off plugs. The vehic le disturbance ra tes  were w i t h i n  speci l  ca- 
t ions ,  and the  system performed normally. 

11. BALL LOCK MECHANISM AS A STAGING SYSTEM FOR APOGEE MOTORS 

INTRODUCTION 

The apogee motor o f  t he  SLV-3 and a s a t e l l i t e  weighing 400 kg (881.8 
l b )  were t o  be separated from the  spent t h i r d  stage a t  an a l t i t u d e  o f  400 
km (248.6 mi). This procedure requi red t h a t  t n e  in te rs tage connecting the  
apogee motor be a x i a l l y  separated without any c o l l i s i o n .  

Because o f  mission cons t ra in ts  on the  SLV-3 vehicle, i t  was requi red 
t h a t  the  separation system impart minimal separation disturbances and a 
d i f f e r e n t i a l  ve loc i t y  o f  1 mps wh i le  releasip; 10 contamination o r  debris. 
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Table 1 OF POOR QUALIN 

Qua1 i f  i c a t i o n  Test Summary 

*A f a c i l i t y  having a p la t fo rm f a l l  f r e e l y  guided by columns, thus s imu la t ing  
'0' g 

**Improves good category beyond 30 percent o f  t e s t  loads 

Table 2 
Vibra t ion  and Shock Test Levels 

No. 

1 

2 

3 

4 

- 

Result 

Successful. Veloc i ty  
1.65 mps 

do 

Normal 

System functioned 
norm51 

do 

Type of Test 

Funct iora l  a t  
l g  
cond i t ion  

o g  
cond i t ion  

St ruc tura l  t e s t  

Environmental t e s t s  
Vibrat ion 
Shock 

F l i g h t  t es t s  

Remarks 

Je t t i son ing  ve loc i t y  
measured & ve r i  f i ed 
w i th  p red i c t i on  

F a l l i n g  p la t fo rm 
f a c i l i t y  i s  used* 

Ve r i f i ed  j o i n t  ro ta -  
t i o n  o f  groove j o i n t  
1.5 x rad/Nm** 

Disturbance rates 
0.34 deg/sec 

I 

No. o f  
t e s t s  

40 

3 

3 

3 
3 

4 

TY pe 

Sine 

TY pe 

Random 
X X  ZZ 

A x i s  
X X  & Y Y  

Shock 
pulse- 
ha1 f s ine 
wave 

Level 

1.2 m DA 
6 ' g '  
0.2 mn DA 
2.7 g 

PSD g 2 / ~ z  

0.0024 t o  
0.04 uni formly 

0.003 t o  
0.04 uni formly 

Shock t e s t  
1 eve1 
40 g +lo% 

Axis 

ZZ 

XX & Y Y  

Duration 

2 min 

2 min 

ZZ ax is  

Sweep r a t e  

20 oct/min 

20 oct/min 

G rms 

6.9 g 

7 9 

3 shocks 

Freq. range 

10 t o  50 
50 t o  100 Hz 
10 t o  80 Hz 
80 t o  1000 Hz 

Band width Hz 

20 t o  35 
350 t o  1350 

1350 t o  2000 
do 

100 Hz 
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A b a l l  lock mechanism was se lected as a s tag ing  dev ice f o r  t h i s  app l i ca t ion .  
The choice was based on i t s  proven r e l i a b i l i t y  on 560-rcm (1.84-ft) diameter 
sounding rocket  f l  igh ts  and var ious t r ade  s tud ies f o r  ach iev ing h ighest  
system r e l i a b i l i t y .  

MISSION SPECIFICATIONS 

The SLV-3 requ i red  t h e  f o l l o w i n g  t h i r d  stage separat ion system s p e c i f i -  
cat ions:  

The system should ensure clean, c o l l  i s i on - f r ee  separat ion from t h e  
veh i c l e  c u r i n g  t h e  stage 3 motor coast phase 
The system should f unc t i on  a t  an a l t i t u d e  o f  390 t o  400 k s  (242 
t o  286 mi ) 
A minimum o f  1 mps (3.3 f t / s e c )  r e l a t i v e  a x i a l  v e l o c i t y  i s  t o  be 
pr  ~ v i d e d  
r i p o f f  ra tes  imparted t o  t h e  upper stage du r i ng  separat ion should 
be <0.5 deg/sec 
No contamination o r  debr is  i s  permi t ted  
The system pyros must i n i t i a t e  on e l e c t r i c a l  comnand through snapoff 
from t h e  veh ic le  (recommended f i r i n g  cu r ren t  i s  2 A f o r  10 ms) 
The system should meet a reliability o f  0.995 a t  an 85 percent con- 
f i dence 1 eve1 
As a s t r u c t u r a l  j o i n t  i t  should be capable o f  w i ths tand ing  f l i g h t  
loads and environmental cond i t ions  
The system must be loca ted  between t he  a f t  end r i n s  o f  t h e  apogee 
motor and t h e  forward end r i n g  o f  t h e  i n te r s tage  s t r u c t u r e  
Size 

- Inner  diameter--648 mm (25,s i n )  
- Outer diameter--767 mm (30.2 i n )  
- Length--48 mn (1.9 i n )  

Al lowable weight--7 kg (15.4 l b )  
E l e c t r i c a l  i n t e r f a c e  

- The mechanism must accommodate s i x  snapoff  connectors o r i en ted  
symmetrical l y  about t h e  veh i c l e  p i t c h  ax i s  

TECHNICAL DESCRIPTION 

The b a l l  l ock  system i s  shown i n  Figures 7 and 8, The system cons i s t s  
o f  upper and lower stage adapter r i ngs  he ld  together  by s tee l  b a l l s  which 
i n  t u r n  a r e  h e l d  by a r e t a i n e r  r i ng .  The r e t a i n e r  r i n g  i s  provided w i t h  
escape holes f o r  t he  ba l l s .  In t he  locked condi t ion,  t h e  ho les i n  t h e  re -  
t a i n e r  r i n g  a re  given an angular o f f s e t .  Dur ing release, t h e  r e t a i n e r  r i n g  
i s  r o ta ted  by two pyro t h rus te r s  (one f o r  redundancy), n u l l i f y i n g  the  o f f -  
set .  The py ro  t h r u s t e r s  a re  i n i t i a t e d  by pressure ca r t r i dges  on e l e c t r i c a l  
command from the  cen t ra l  sequencer o f  t h e  vehicle.  Reta iner  r i n g  r o t a t i o n  
i s  l i m i t e d  by a stopper. 

He1 i c a l  compression spr ings pos i t ioned  between the f langes impar t  the  
requ i red  d i f f e r e n t i a l  ve loc i t y .  The lower stage (ou te r )  r i n g  i s  prov ided w i t h  
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through holes fo r  the b a l l s  i n  the locked condi t ion and the upper stage 
adaptor r i n g  i s  provided w i t h  conical b s l l  seats. The r a d i a l  component o f  
the spr ing fo rce  pushes the b a l l s  outward and releases the inner  r ing ,  thus 
ensuring a clean separation. 

The adaptor flanges have prov is ions f o r  fastening the  upper and lower 
flanges, I n  the  locked pos i t ion ,  t he  re ta ine r  r i n g  i s  he ld  p o s i t i v e l y  by 
shear screws t o  prevent accidental r o t a t i o n  caused by shock, v ib ra t ion ,  
and other  veh ic le  loads. The pyro t h r u s t e r  i s  a p is ton-cy l inder  type. 
The p i s ton  provides the necessary r i n g  r o t a t i o n  force through pressure devel- 
oped by the  car t r idges  i ns ide  the  cy l i nde r  (Figure 9). 

DESIGN CONCEPTS 

The system was designed f o r  1.4 times the mtximum ant ic ipa ted  f l i g h t  
bending moment. The sections were designed f o r  bending, ax ia l ,  and shear 
loads. A margin o f  safety o f  1.5 t 3  2 was b u i l t  i n t o  t h i s  design. The number 
of b a l l s  was selected based on t h f  load on each b a l l  and the  corresponding 
contact s t ress  induced on the  conical  b a l l  seats. The load on each b a l l  was 
evaluated from: 

where 

n 
= Force on the nth b a l l  contact 

n 
= Circumferent ial  angle made by the nth b a l l  

The contact stresses were evaluated based on the c o e f f i c i e n t  o f  f r i c t i o n  
between the aluminum a l l o y  and s tee l .  The j o i n t  s t i f f n e s s  was predic ted by 
determining contact de f lec t ion .  Table 3 shows the calculated de f l ec t i on  and 
j o i n t  ro ta t i on .  

The funct ional  design was determined by f i nd ing  the net rad ia l  outward 
component caused by spr ing  force on the  b a l l  ac t i ng  on the  re ta ine r  r i n g  
(Figure 10). The net torque required t o  r o t a t e  the  r i n g  i s  t he  sum o f  a l l  
t h e  r a d i a l  component forces m u l t i p l i e d  by t h e  f r i c t i o n  c o e f f i c i e n t  between 
the  s tee l  b a l l  and the re ta ine r  r ing. Because these components are made 
o f  hardened steel  ( the  r i n g  hardness i s  30 t o  35 Rockwell "C"  scale), t he  
indentat ion was very low (0.01 mm) and the  f r i c t i o n  c o e f f i c i e n t  was assumed 
t o  be i n  t he  0.08 t o  0.10 range. The shear screw i n  the  pyro t h r u s t e r  pro- 
vides funct ional  safety f o r  any accidental  re1 ease. 
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Table 3 
Contact Surface Deflections 

I 

9 

0 in 
degrees 

90 
84 

78 

72 

66 

60 

34 

48 

42 

36 

30 

24 

Radial distance 
in mn (inch). 

327.00 (12.87) 

323.43 (12.73) 

312.86 ( 12.32) 

295.77 (11.64) 

272.90 (10.74) 

245.25 ( 9.66) 

214.02 ( 8.43) 

180.59 ( 7.11) 

146.41 ( 5.76) 

112.97 ( 4.45) 

81.75 ( 3.22) 

54.10 ( 2,131 

Deflection in nnn 
( inch . 
0.05559(0.00219) 

0.05519(0.00217) 

0.05399(0,00213) 

0.05203 ( 0.00205 

0.04933(0.00194) 

0.04599(0.00181) 

0.04204(0.00166) 

0.03758(0.00148) 

0.03272(0.11129) 

0.02757(0.00109) 

Rotation in 
radians 

0.0001700 

0.0001'706 

0.000 1 726 

0.000 1759 

0.0001808 

0.0001875 

0.000 1963 

0.0002080 

0.0002235 

0.0002440 

0.02227 ( 0.00088 

0.01695(0.00067) 
18 ' 31.22 ( 1.23) 

0.0002724 I 
0.0003133 

0.01 180(0.00046) 

0.00699 ( 0.00028 

0.00280(0.00011) 

12 

6 

0.0003780 

0.0004943 

0.0007843 

14.14 ( 0.56) 

3.57 ( 0.14) 
A 



COWER RING 

Figure 10. Equilibrium of Forces 

The springs for j e t t i s o n  were fu l ly  guided during expansion and were 
screened f o r  a tolerance o f  +-3 percent on stiffness. The dimensional screen- 
i n g  ensured ident ica l  s~ring;; for control l ing the  net coyression. Based 
on energy and momentum balance, the d i  f fe rent ia l  veloci ty  requirement war 
calculated from the  spring energr 

MI, V, = Mass and v e l o c i t y  of the upper stage 

Me, Ye = Mass and veloci ty  o f  the lower stage 

K = T o t a l  spring c o n s t a n t  

s = Net compression 



SYSTEM PERFORMANCE 

The b a l l  l ock  system funct ioned successful  l y  i n  separat ion and j e t t i  son 
of t he  connect ing stages. A d i f f e r e n t i a l  v e l o c i t j  o f  1.2 mps (3.9 f t / s e c )  
was imparted w i t h i n  a  t ime  o f  15 ms. The measured shock was 3  g  and t he  
d is turbance r a t e  was 0.14 deg/sec i n  t he  r o l l  d i r e c t i o n .  The system was 
t e s t e d  t o  demonstrate a  r e l i a b i l i t y  o f  0.995 a t  an 85 percent conf idence 
leve l .  The system was f u l l y  contained and t he  ba l l s ,  springs, and r e t a i n e r  
r i n g  a1 1  remained w i t h  t h e  lower stage as designed. No f l y i n g  loose p a r t s  
were observed. 

The p r i n c i p a l  diameter of the  b a l l  l o ck  system a t  the 5eparat ion plane 
was 696 rnm (27.4 i n ) .  The system assembly was s t r u c t u r a l l y  tes ted  f o r  i t s  
j o i n t  charac te r i s  t i c s .  Tha t e s t  loads were: 

@ Bending moment--11,768 N-m (8,675 f t  l b )  
@ Ax ia l  load--56,879 N (12,786 l b )  
e Shear force--6,031 N (1,355 I b )  

The d e f l e c t i o n  was 0.07 mm (0.00 9 i n )  and t h e  j o i n t  ( f l e x i b i l i t y  con- 
s tan t )  was 4.4~10-8 rad/N-m (5.02~10-6 rad / in - lb ) .  The performance o f  t h e  
j o i n t  was w i t h i n  acceptance 1  im i t s .  

The pyro t h rus te r ,  a  p is ton-cy l inder  type, had a  pressure c a r t r i d g e  
o f  dual - type squibs w i t h  e l e c t r i c a l  c h a r a c t e r i s t i c s  t h e  same as t h a t  of  
t h e  pyro valve o f  t h e  gas b o t t l e  p rev ious ly  mentioned. The c a r t r i d g e  was 
i n d i v i d u a l l y  proven f o r  i t s  r e l i a b i l i t y  requirements. F igure  11 shows t h e  
assembly o f  the  b a l l  lock system and t he  py rs  t h rus te r .  

DEVELOPMENT PROBLEMS 

Development p r c b l  ems included: con t ro l  1  i n g  t h e  sp r i ng  cha rac te r i s t i c s ,  
dea l ing  w i t h  contact  s t ress  dur ing  dynamic loading, ana Fabr ica t ion  o f  t h e  
b a l l  seat ing,  espec ia l  l y  con t ro l  1  i n g  t h e  depth. 

Matching and symmetrical d i s t r i b u t i o n  o f  spr ings necess i ta ted s e l e c t i o n  
from a  l a r g e  supply and resu l t ed  i n  h igher  cos t  o f  t h e  system. The contact  
s t ress  was h igher  than predicted, and when t he  same assembly was v i b ra ted  
and s t r u c t u r a l  l y  tested, t h e  s t i f f n e s s  o f  t h e  j o i n t  was found t o  have chang- 
ed. This problem was solved by p rov id i ng  a  hard-chromium coa t ing  w i t h  a  
th icknes o f  20 t o  30 microns. The j o i n t  s t i f f n e s s  was increased t o  
4.44~10-Q rad/N-m (moderate category). I n  order  t o  achieve t h i s ,  a  p r e c i s i o n  
f i x t u r e  was needed. The f i x t u r e  prov ided a  re ference surface and d r i l l i n g  
was used t o  achieve t h e  con t ro l  l e d  depth. 

QUALIFICATION TESTS 

The t es t s  were d i v i ded  i n t o  funct ional  . s t r u c t u r a l  , and environmental 
tes ts .  The environmental condi t ions simulated were v i b ra t i on ,  shock, and 
thermal soak. 



- 
Figure 11. B a l l  Lock Stag ing  Systen. and Pyro Thruster 
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Funct ional  t e s t s  were performed bo th  i n  grounded and f fee- fa1 1 ~ d n d i  - 
t i o n s  t o  eva luate t h e  disturbance leve ls .  The f unc t i ona l  t e s t s  i n  zero 
g r a v i t y  were performed w i t h  a  s imulated mass- iner t ia  model t o  v e r i f y  d i f f e r t n -  
t i  a1 v e l o c i t y  and disturbance cha rac te r i s t i c s .  L i m i t a t i o n s  i n  t h e  d i s t u r b -  
ance measurement were caused by t h e  atmosphere and i t s  damping e t f e c t  on 
t h e  measured ra tes.  The r e s u l t s  showed t h a t  t h e  p i t c h  and yak ra tes  were 
i n s i g n i f i c a n t ,  whereas t h e  r o l l  r a t e  had a  value o f  0.14 deglsec. I n  t he  
s t r u c t u r a l  t e s t ,  t h e  system performed normal ly, as pred ic ted.  The j o i n t  
5 t i f f n e s s  was, according t o  s p e c i f i c a t i o n ,  L ?  moderate c lass.  The v i b r a t i o n  
and shock t e s t s  were s t i p u l a t e d  t o  q u a l i f y  t h e  system i n  t h e  f unc t i ona l  
mode a f t e r  these environmental loadiogs. The thermal -soak t e s t  was c a r r i e d  
out a t  'O°C w i t h  a  one-hal f  hour soak t o  q u a l i f y  f o r  t l .d  expected tzmperature 
i n s i d e  t h e  ':?at s h i e l d  du r i ng  f l i g h t .  The system functi5a was t es ted  and 
found normal. A q u a l i f i c a t i o n  t e s t  summary i s  shown I n  Table 4. 

CONCLllDING REMARKS 

The s tag ing  and t h e  heat s h i e l d  systems meet a l l  t he  miss ion requ i r e -  
ments. These systems have successful  l y  performed t h e i r  f unc t f  on i n  a1 1  
f ou r  SLV-3 f l i g h t  t es t s .  Both systems have excel l e n t  performance character -  
i s t i c s  o f  lcw shock, low-disturbance ra tes ,  and complete freedom from cotr- 
taminat ion.  No f r e e - f l y i n g  debr i s  occurs i n  these systems. I n  t h i s  respect,  
these systems f a r e  one order  h igher  compared t o  a merman band system and 
so 3 re  a t t r a c t i v e  f o r  launch veh i c l e  app l i ca t i ons  o f  a  s i m i l a r  c lass.  

Table 4  
Qua1 i f  i ca t  i on Test Summary 

Funct i  ona 1  
- 1 g cond i t i on  

- 0 g  cond i t i on  

S t ruc tu ra l  

V i  b r a t  i on* 

Shock* 

Thermal soak a t  
7 O°C 

F l i g h t  t e s t  

,Levels are as per  Ta 

No. of 
I t e s t  
7 

15 

3  

I 

I 

2 

1 

1 

1 

4  

m 

Per fo r -  1 Remarks 

Norma 1  I Clean separat ion.  

Measured d is turbance r a t e  
i n  r o l l  0.14 degreelsec 
(No s i g n i f i c a n t  p i k h  and 
yaw ra tes )  

As pre-  
d i  c t ed  

J o i n t  fa1  1s i n  moderate 
category 

d  o  Functioned normal a f t e r  
v i b ra t i on .  

Norma 1  Functioned normal a f t e r  
soak 

d o  Distrubance r a t e  less  than 
0.1 degreelsec 
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