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During  the  past  year,  the  abort  situation  as  applied  to  the  Phase B shuttle  concepts  has  been 

clazified  somewhat. M a n y  sub-systems  were  being  designed  to  accept  failures.  Consequently,  three 

distinct  failure  modes,  catastrophic,  critical,  and  non-critical,  were  defined. In the  case  of a 

catastrophic  failure,  both  vehicles  would  be  lost.  Possibly  the  crew of each  vehicle  would  be 

saved  by  some  type  of  an  escape  system. For non-critical  failures,  the  abort  mode  for  the  booster 

would  be  to  deplete  the  excess  propellant  by  burning  the  main  propulsion  engines  and  conducting 

etaging  operations  near  nominal  conditions.  The  booster  would  return  to  the  launch  site  after 

separation  while  the  orbiter  would  have a trajectory  tailored  to  abort  once  around  and  return  to 

the  launch  site or a suitable  downrange  recovery  site. 
P 

For critical  aborts  when  mated  flight  would  not  be  possible  the  stages  would  have  to  separate 

at  off  nominal  conditions, that is,  perform an abort  separation  maneuver  in  the  sensible  atmosphere. 

After  separation  both  the  orbiter  and  booster  trajectories  would  be  tailored so that  both  vehicles 

could  land  at a suitable  site.  The  question  here  is,  can  the  vehicles  safely  perform an abort 

separation  maneuver  at  conditions  from  lift-off  to  nominal  staging  and  if  this  is  feasible,  how 

does  this  influence  the  abort  philosophy? 

The  abort  separation  work  that  will  be  discussed  in  this  presentation  has  been an intercenter, 

interagency  and  intergovernmental  effort  and  is  the  reason fo r  the  number  of  co-authors  on  the  paper. 

In this  paper  the  overall  effort  and  what  has  been  learned  about  abort  separation  of  the  shuttle 

will  be  discussed. 
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STAGING STUDIES IIURING THE SIXTIES 

(Figure 2) 

Numerous staging  studies  (reference8 1 - 17) were  conducted in the  sixties  on  the  vehicles 

shown  in  this  figure.  These  staging  studies  were  preliminary  and  consequently a clear  answer 

to  the  question  of  parallel  separation  of  two  vehicles  of  similar  size  was  not  obtained. In 

fact,  staging in the  sensible  atmosphere  for  most  of  these  vehicle  systems  was  generally  avoided 

since  some  of  the  preliminary  results  indicated  that  staging in the  sensible  atmosphere  would  be 

difficult. 

The  parallel  separation  of two vehicles  of  similar  size  is different  than  the 

separation  problem  for any system  designed  up  to  the  present.  For  the  shuttle  we are interested 

in  the  integrity  of  both  vehicles  at  separation.  For  previous  systems,  only  the  integrity of 

the  upper  stage  was  involved  at  separation.  Furthermore,  the  separation  problem  of  the  shuttle 

is  also  different  than  separating an external  store  from a parent  vehicle  such  as  the X-1s 

from  the B-52. In the  case  of  the  separation  of an external  store,  only  the  external  store 

aerodynamic  characteristics  are  disturbed  from  nominal  conditions.  For  the  parallel  separation 

of  two  vehicles  of  similar  size,  both  vehicles'  aerodynamic  characteristics  are  disturbed  from 

nominal  conditions. 
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ABORT STAGING  TECHNOLOGY  CONSII)EB.ATIONS 

(Figure 3) 

Many disciplines  must  be  considered in an abort  analysis  and  many  iterations  will  take  place 

between  the  disciplines  before a workable  abort  procedure  is  completed.  However,  it  is  not  neces- 

sary  to  close  all  these  loops  to  accomplish  the  objectives  of  this s t u d y  which  were  to perfom a 

sensitivity  analysis  of  factors  which  affect a successful  abort  maneuver  and  to  provide  guidelines 

for  future  studies. 

The  approach  was  to  conduct  wind  tunnel  tests using the  best  simulation  techniques  and  data 

acquisition-analysis-dissemination  procedures  that  were  available  within  time  and  facility  limita- 

tions.  Static  stability,  dynamic  stability  and  local  loads  investigations  were  conducted  during 

this  study.  These  results  were  extensively  utilized in the  dynamic  simulation  computer  program 

which  integrates  the  equations of motion f o r  both  vehicles (6 degrees of motion f o r  each)  and  calcu- 

lates  their  relative  position  and  attitude. In the  present  effort  only  the  longitudinal  motion 

was  studied in depth.  Close  coordination  was  maintained in planning  and  conducting  of  these 

tests  to  assure  that  data  required  for  calculating  separation  trajectories  would  be  available in 

an  optimum  format  and  on a timely  schedule.  Information  from  other  disciplines  such  as mass char- 

acteristics,  propulsion  characteristics,  mechanism  kinematics,  ascent  conditions,  and  thrust  vector 

control  authority  were  obtained  as  open  loop  inputs from phase B studies  while  the aero control 

authority was looked  at  during  the  wind  tunnel  tests.  The  underlined  items  therefore  are  the items 

that  were  considered  in  the dynamic simulation program. The  other  items  have  been  looked  at  to 

various  degrees by other  reseaxchers. 
I 
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FORCE AND MOMENT TESTS AM) PRESSURE: DISTRIBUTION TESTS 

(Figure 4) 

Both the   s ta t ic   s tab i l i ty  and local  loads  investigations were conducted a t  Mach numbers from 

2 t o  6 in tunnel A of the von K&m& Gas Dynamics Fac i l i t y   a t   t he  Arnold  Engineering Develop- 

ment Center. The vehicle system selected for these  investigations was the McDonnell Douglas 

Corporation's Phase B shut t le  concept. For the   s ta t ic   s tab i l i ty   t es t s ,   bo th   s tages  were 

instrumented  with  strain gage balances t o  measure the  forces and  moments t h a t  occur on each 

vehicle when i n  proximity t o  each  other. For the  local  loads  investigation,  the  booster and 

orbi ter  were instrumented  with  pressure  orifices t o  measure the  local  interference  loads on the 

vehicles. All t e s t s  were conducted simulating  the  rocket  exhaust plume from both  the  orbiter 

and booster. The two-engine orbi ter  arrangement and the twelve-engine  booster  arrangement were 

each simulated  by a toroidal  model nozzle,   details  of which axe described  in  figures 6 - 9. 

The plume was simulated at   var ious  a l t i tudes corresponding t o   t h e  Mach  number range  investigated. 

The dynamic pressure  for  these  conditions  ranged from about 19,152 N/m2 (400 ps f )   a t  M = 2 

t o  1,436 N/m2 (30 psf )  at M = 6. 

Nominal staging  conditions, references 18 and 19, have been looked at by Marshall Space 

Flight  Center and Manned Spacecraft  Center. The  Mach  number 1 regime has also been  looked at 

i n  some depth  by  both Manned Spacecraft  Center and General Dynamics/Convair. Other re la ted  

staging  data  are shown i n  reference 20. 
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The  matrix  for  which  aerodynamic  interference  data  was  obtained  is  shown in this  figure. 

Each  dot  represents  the  placement  of  the  orbiter  center  of  gravity  with  respect  to  booster 

center  of  gravity. An automatic  control  system  allowed a series  of  orbiter  positions  to  be 

programmed  prior  to a test run. This  control  system  was  integrated  with  the  data  recording  system 

and  angle-of-attack  system so that  model  positioning,  pitching,  and  data  recording  were  completely 

automatic  once a matrix  was  initiated.  The  orbiter  and  booster  were  pitched  together  as a unit 

from -10 to +loa. For  the  force  and  moment  tests  the  data  was  recorded in a continuous  pitch 

mode  while  for  the  pressure  distribution  tests  the  data  was  recorded  in a pitch-pause  mode. 

The  orbiter  incidence  angle  was  varied  by m a n u a l  adjustment  and  incidences  angles  of O a ,  Go, 
and +loa were  investigated.  Orbiter  thrust  levels  of %, 25$, 5%, and 10% and  booster  thrust 

levels  of %, 5 6 ,  and 10% were  investigated. By making m e  of  the  automatic  control  system 

1850 pitch  polars  were  obtained  during  the  force  and  moment  tests  and 300 pitch  polars  were 

obtained  du-ring  the  pressure  tests  in 100 hr of tunnel occupancy time. All of the force and 

moment  pitch  polars  were  subsequently  used in the  dynamic  simulation  program. 
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ROCKET MHAUST SIMULATION 

(Figure 6 )  

When a complex  flow  field  such  as a rocket's  exhaust  plume  is  to  be  modeled,  it  is  usually 

impossible  to s W a t e  all  of  the gas dynamic  parameters  over  the  entire  flow  field if a different 

gas must  be  used.  Thus,  it  is  necessary  to  identify  the  important  physical  phenomena and the 

similarity  parameters  that  control  them. The two major effects  of  the  plume  on  the flow field 

which  need  to  be  simulated  are  shown  in  this  figure.  These  two  effects ax% best  simulated  when 

the  size  and  shape  of  the  exhaust  plume  are  scaled  from  the full scale  plume. This is  achieved 

by  use  of  the  similarity  equations  obtained  from  reference 21. 
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ESTIMATED F a L  SCALE PLUME PARAMETERS 

( F i w e  7) 

Two of  the full scale  plume  parameters  for  the  orbiter  engine  used in the  similarity  relation- 

ships  are  presented over the  altitude  range  of  interest.  These  two  parameters are  the  plume 

boundary  angle  at  the  engine  exit  plane  and  the  plume boundaT Mach  number.  These  results  were 

computed  for  the  combustion  products  of 02/!€12 in  thermodynamic  equilibrium.  The gas mixture has 

a variable  ratio  of  specific  heats over the  range of temperatures  in  the  nozzle  and  plume. 

Therefore,  if  the  full  scale  similarity  parameter8  are  to  be  reproduced  by a ga8 with a constant 

ratio  of  specific  heats,  the  model  nozzle  area  ratio  will vary with  altitude. 
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MODEL PLUME CHARACTERISTICS 

(Fi@;ure 8) 
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The requirements  for varying area  ratio  and  ha,rdware  restraints  imposed  by  the  support st- 

led  to  the  design  of a toroidal  model  nozzle  for  both  the  orbiter  and  booster.  Both  nozzles  were 

similar in detail.  The  support  sting  served  as  the  center  body of the  nozzle  and also as a 

conduit f o r  the  air  supply to the  nozzles.  The  nozzle mea ratio,  which is the  ratio of the  exit 

area  to  the  throat mea, could  be  varied  by a longitudinal  translation of the  outer  wall  in  rela- 

tion to the  inner  body. 

The  required  area  ratio  variation  of  the  orbiter  nozzle  over  this  altitude  range  is  shown. 

A calibration of the  model  nozzles  was  performed  (reference 72) in order  to  establish  the  operating 

characteristics as a function of geometric  setting.  This  was  accomplished by computing  the  nozzle 

area  ratio  from  exit  plane  static  pressure  data  and from plume  angles  at  the  nozzle lip. These 

results  are  also  shown  and  agree  well  enough so that  we  were  oonfident  that  the  required  plumes 

would  be  generated  by  the  nozzles. 
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MTEBNA.L FLOW FIELD EmCTS 

(Figure 9 )  

To  illustrate  how  the  rocket  exhaust  influences  the  vehicles  and  also  the  importance  of  an  external 

stream,  representative  data  obtained  during  the  pressure  distribution  tests  are  presented in this 

figure.  Two  plume  impingement  conditions  are  illustrated.  One  is  where  there iwno external flow 

and  the  other  is  for  an  external  Mach  number 5 stream.  The  orbiter  nozzle  area  ratio  and  chamber 
pressure  axe  the  same  in  both  cases.  The  plume  boundaries as viewed in the  pitch  plane  of  the  vehicles 

did  not  differ  by  more  than 5 or 6 percent  at  the  orbiter  nozzle  exit. 

The  centerline  peak  pressures  were  nearly  equal  for  the  two  cases  illustrated  and  these  peaks 

occurred  at  nearly  the  same  booster  model  station.  The  important  difference  here  is  that  the  plume 

impingement  disturbance  propagates  laterally or further  outboard  along  the  wing  surface  when  the 

external  stream is present.  This  is  probably  due  to  the  combined  wakes  of  the  orbiter  and  booster 

interacting  with  the  orbiter  plume  and  causing  the  plume  induced  impingement  pressure  distribution 

to  expand  further  in  the  yaw  plane  when  the  external  Mach  number 5 stream  is  present. 
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FFFECT  OF  ORBITER POWER LEX% 

(Figure 10) 

An important  feature  learned  about  the  use  of  simulated  engine  propulsion in conjunction 

with  abort  staging  wind  tunnel  tests  was  that  increments in aerodynarnic  coefficients  for  the 

booster  as a function of orbiter  engine  power  level  were  linear  over  large  portions  of  the  orbi- 

ter  power  range.  !Chis  is  illustrated  in  this  figure  where  the  increments  on  the  booster  aero- 

dynamic  coefficients  for a representative  position  and  attitude  of  the  orbiter are shown as 

a function  of  orbiter  power  setting.  The  linearization  of  the  curves  is  significant  when  con- 

sidering  application  of  the  data  to a flight  dynamic  simulation  program  where  power  transients 

must  be  considered.  Data  required  for  basic  attitude  and  position  variations  for  the  separation 

envelope  are  already  voluminous so the  addition  of  another  major  variable  requiring  detailed 

definition  would  only  complicate  the  study  of  abort  staging  and  increase  costliness  of  data 

acquisition.  From  what has been  learned  during  this  investigation  it  is  envisioned  that  for 

final  design  data  only a few (3,  4) power  settings  would  be  required t o  be  tested  for  each of 

the  other  test  condition  variables. 
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LOCUS OF MEASURED INTERFERENCE EFFECTS 

(Figure 11) 

The  locus of measuredinterference  effects  as a function of the  position  parameters (figure 

5 )  on the  orbiter  and  booster  due  to  the  proximity of the  other  vehicle  is  illustrated in this 

figure  at  Mach  numbers of 2, 3,  and 5. The  three  interference  conditions  shown  are an inter- 

ference  free  condition, an aerodynamic  interference  condition  where  the  interferences  are  due 

to  mutual  shock  impingement on each  vehicle,  and a propulsive  interference  condition  due  to  the 

impingement of the  rocket  exhaust  plumes. 

As  the  Mach  number  is  increased,  the  region  where  the  orbiter  is  at  interference  free 

conditions  becomes larger due  to  the  bow  shock of the  booster  bending  flmther  towards  the  booster 

body,  At  the  same  time  the  region  where  the  rocket  exhaust from'the booster  impinges on the 

orbiter  becomes  larger  since  the  plume of the  booster  becomes  larger.  Similar  trends a m  also 

shown  for  the  booster  except  that  the  regions  are  reversed  as  would  be  expected. 
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CENTERLINE PRESSURE DISTRIBUTIONS 

(Figure 1 2 )  

The complexity of the flow f ie lds   i s   i l lus t ra ted   in   th i s   f igure  where the  centerline  pressure 

distributions on the  orbiter and booster  are shown as a function of distance from the nose of 

each  vehicle. Two curves a re   i l lus t ra ted ,  One i s  the  interference  free curve for   the  orbi ter  

and booster and the  other i s  f o r  the  orbi ter   in  proximity to  the  booster and with  the  orbiter power 

level at 10% and the  booster power level at 5%. The increase in centerline  static  pressures 

on the  orbiter i s  due to  the  booster bow  wave impingement and the  canard bow  wave impingement. 

No plume  impingement i s  shown  on the  orbiter  since  for this case  the  orbiter is forward  of the 

booster  base. For the  booster  the  increase in centerline  static  pressures i s  due to   the  orbi ter  

bow  wave impingement, the  location of the  booster oanard, and the  orbiter plume  impingement. 

The important fac t  on this figure i s  the  influence of the  booster  canard on the  loadings of 

both  the  orbiter and booster and the  orbiter plume effects.  



20.0.- 

10.0 
- 5.0 

-- 

" 
Po0 

1.0 

0.5- 

- 

CENTERLINE PRESSURE  DISTRIBUTIONS 
M = 3 ;  A x / Z B = 0 . 2 2 7 ; A z / Z B = . 1 2 0 ; a = 0  0 ; a i = O  0 

ORB ITER BOOSTER 

BOOSTER 
BOOSTER CANARD 

BOW  WAVE  BOW  WAVE 
IMPINGEMENT  IMPINGEMENT 
LO CAT I ON  LOCAT I ON 

' 
BOOSTER 

-,- ~ 

POWER=50% 

\ \ , POWER=100%. 

.cs 

\ 
\ ORB ITER 

INTERFERENCE FRE 
I I - /I 
0 .2 . 4 .  6 .  8" 1.0 

ORB ITER 
BOW  WAVE rl M P  I NGEMENT 

LOCATl  ON OF 
BOOSTER 
C A N A R D  

'BOW T.E.' 
L LOCATION  WAVE SHOCK 

. " _  

.c, 

zO xB'zB 

Figure 12 



P 
I" w 
0 

EFFECT OF BOOSTCER  CANARD 

(Figure 13) 

The  effect of the  booster  canard  on  the  proximity  aerodynamics  is  shown in this  figure  at 

a  Mach  number of 3. The  two  curves  illustrated  are  for  the  canard on andcanardoff and  it is 

seen  that  the  canard  significantly  changes  the  forces  and  moments on both  vehicles,  thus  confizrming 

that  the pximiQ ammQmmic data is  not  only  dependent on  Mach  number,  rocket  exhaust  impingement, 

and  relative  position  and  attitudes of the  stages,  but  also  dependent on configuration. 
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EFFECT OF INTERFERENCE AERODYNAMICS 

(Fiwe 14) 

To illustrate  the  importance  of  the  interference  aerodynamics  typical  dynamic  simulation  outputs 

at  Mach  number  of 2 are  presented  in  this  figure.  The  trajectory  data  shown  is  with  the  orbiter 

power  at 10% and  the  booster  power  at 5% at  release.  'Phis  would  require  the  throttling of the 

12 booster  engines to 5%. The  data  on  the  left  is a trajectory  generated  using  the  interference 

aerodynamics  with  plume  simulation in the dynamic simulation  program. The various pictures a m  shown 

at 1 second  intervals  from a release  condition.  The  angle  of  attack  and  incidence angle at  release 

were 0" and  after 6 seconds  the  two  vehicles are separating  from  each  other.  The  data  on  the  right 

is for a trajectory  generated  using  just  interference  free  aerodynamic  data  with plume simulation 

in the dynamic simulation  program  and  for  the  same  initial  conditions.  After  about 3 seconds fo r  

this trajectory  the two vehicles  have  ccllided.  Consequently,  not  only  is  it  important  that  the 

proper  aerodynamic  interference  data be used  in an abort  separation  dynamic  program to obtain  meaning- 

f u l  results,  but  also  the  interference  aerodynamics  at  these  conditions  caused  the  two  vehicles to 

separate. 
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Figure 11 had  shown  that a large  region  of  interference  was  caused  by  the  rocket  exhaust 

of  the  orbiter  on  the  booster  at M = 2. To illustrate  how  significant  the  rocket  exhaust 

interferences  were,  some  representative  trajectories  at  Mach = 2 are  shown. The trajectory 

on  the  left  was  obtained  using  aerodynamic  wind  tunnel  data  without  the  plume  simulation  in 

the  dynamic  simulation  program  while  the  data on the  right  was  obtained using aerodynamic 

wind  tunnel  data  with  plume  simulation  in  the  dynamic  simulation  program.  In  both  cases, 

however,  the  rocket  thrust  was  included  in  the  simulation.  Both  trajectories  are  very  close 

to being  the  same.  Consequently,  the  rocket  exhaust  impingement  of  the  orbiter  on  the  booster 

was  not  significant  at  the  altitude  and  pressure  ratio  corresponding to the  Mach  number  for 

which  the  rocket  exhaust  was  simulated  (see  figuzes 4, 7, and 8). Future  plume  simulation 

would  not be required  if  the  rocket  exhaust  simulated  in  future  testing  generates  the same 

size  and  shape  plume  as  the  rocket  engines  simulated  at  these  conditions. 
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ROCKET  EXHAUST  INTERFERENCE  EFFEK2TS 

(Figure 16) 

This  figure  shows  the  same  type  of  results  at M = 3 as  was  illustrated in figure 15 at 

M = 2. The  data  illustrated in this  figure  indicates  that  the  orbiter  plume  impingement  ef- 

fects are important  at  the  altitude  and  corresponding  pressure  ratio  for  which  the  rocket  ex- 

haust  was  simulated  at  this  Mach  number,  since  the  trajectories are completely  different  when 

the  aerodynamic  wind  tunnel  data  with  and  without  plume  simulation  was  used in the  computer 

program.  Consequently,  future  plume  simulation  would  be  required if the  rocket  exhaust 

simulated  in  future  testing  generates  about  the  same  size  and  shape  plume  as  the  rocket 

engines  simulated  at  these  conditions. 
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DurirG  the  static  wind  tunnel  tests  some  aerodynamic  control  effectiveness  information  was 

obtained  for  both  the  orbiter  and  booster.  These  results  are  summarized in this figure.  It 

was  found  that  both  vehicles  had  control  effectiveness  even  when in proximity  to  the  other  vehicle 

except  for  the  booster  at  the  higher  Mach  numbers  when  at  interference  free  conditions  the  control 

effectiveness  parameter, Cm6 , approached  zero.  The  significance  of  the  vehicles  having  control 
effectiveness  at  the  lower  Mach  numbers is illustrated  in  figures 18 and 19. 

e 
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EFFECT OF AE80 CONTROL 

(Figure 18) 
, \  

The  importance  of  the  aerodynamic  control  effectiveness  for  the  orbiter  is  illustrated in 

this  figure.  The  trajectory  data  illustrated  is for a M = 2 condition  and  with  the  orbiter  power 

level  at 10% and  the  booster  power  level  at 5% at  release.  For  the  case  where  the  orbiter  and 
booster  controls  are  set  at  zero  degrees  it  is  seen  that  the  vehicles  collide  after  about 8 

seconds.  Deflecting  the  orbiter  controls  to -25" at  release  safely  separates  the  vehicles  at 

this  condition. 



EFFECT  OF  AERO  CONTROL 
M=2;a=0°;a .  15' 

I 
ORB ITER POWER 100%; BOOSTER POWER = 50% 

RELEASE RELEASE 
Figure 18 



The  importance  of  the  aerodynamic  control  effectiveness  for  the  boaster is illustrated in 

this  figure.  The  trajectory  data shown is  for a Mach  number 3 condition  and  with  the  orbiter 

power  level  at 10% and  the  booster  power  level  at 5% at  release. For the  case  where  the  orbi- 

ter and booster  controls  are  set  at  zero  degrees  it  is  seen  that  the  vehicles  collide  after  about 

6 seconds.  Deflecting  the  booster  controls  to 300 at  release  safely  separates  the  vehicles  at 

this  condition. 
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EFFECT OF THRUST  YECTOR  CONTROL ON BOOSTEB 

(Figure 20)  

The  use  of  thrust  vector  control  in  separating  the  vehicles  is  illustrated  in  this  figure. 

T h i s  is a Mach  number 5 condition  with  the  orbiter  power  level  at 10% and  booster  power  level 

at 25% at  release.  Reducing  the  power  level  of  the  booster  to 25% would  require  shutdown  of 

6 booster  engines  and  throttling  of  the  remaining 6 engines  to 5%. As was  shown in figure 17 

the  booster  had  very  little  aerodynamic  control  effectiveness  at  these  higher  Mach  numbers  and 

this  would  be a reason  for  utilizing  the  gimbal  angle  capability of the  booster engines to  safely 

separate  the  vehicles.  For  the  case  where  the  booster  gimbal angle is set  at 0' the two vehicles 

collide  after  about 5 seconds.  However,  gimbaling  the  booster  engines  to 2 . 5 O  at  release  allows 

the  vehicles  to  safely  separate.  Although  data  is  not  presented  in  this  paper f o r  gimbaling 

the  orbiter  engines o r  for  using  the  reaction  control  system  on  both  the  orbiter  and  booster, 

these  control  devices  would  also  be  useful in separating  the  vehicles. 
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PITCHING MOMENT EQUATION 

(Figure 21) 

When  considering  the  motion  of a vehicle  it  is  important  to  account  for  all  factors  which 

may  influence  the  motion.  The  total  pitching  moment  acting on a vehicle is composed of the sum 

of  three  distinct  terms.  The  thrust  term  accounts  for  the  canting  of  the  thrust  vector  with 

respect  to  center  of  gravity  and  once  the  thrust  level  is lmown, the  contribution  to  the  total 

pitching  moment  is lmown. The  static  moment  is  also a known quantity  which  can  be  obtained  from 

wind  tunnel  tests. If two  bodies  are  involved  as  in  the  abort  separation  of  the  shuttle,  this 

information  is  still  obtainable  from  wind  tunnel  experiments.  When  the  present  study  was  started 

no information  had  been  obtained  on  the  dynamic  damping  contribution  to  the  total  pitching 

moment  equation.  Previous  work  was  restricted  to a single  body  and  not  two  bodies  in  proximity 

to  each  other.  The  dynamic  damping  term  plays a significant  role  mainly  at  the  lower  Mach 

numbers  due  to  the  velocity  influence  on  the  total  moment.  Because  of a high  degree  of  uncer- 

tainty  with  the  dynamic  damping  contribution,  investigations  were  initiated  to  determine  if 

the  dynamic damping term  of  either  the  orbiter o r  booster  changed  significantly  when  in  proximity 

to  the  other  vehicle. 
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DYNAMIC  STABILITY  TESTS 

(Figure 22) 

These  dynamic  stability  investigations,  described in more  detail  in  paper  no. 31 by K. J. Grlik- 

Riickemann, J. G. LaBerge,  and E. S. Hmff, are  illustrated  in  this  figure.  Tests  were  conducted  at 

the  Arnold  Engineering  Development  Center  at M = 2 on  the  North  American  Rockwell/General Dynamics 

Phase B delta  wing  space  shuttle  concept,  reference 23 ,  at  the  National  Aeronautical  Establishment, 

Canada  at M = 1.8 on the  'North  American  Rockwell/General  Dynamics  straight wing space  shuttle 

concept,  reference 24, and  at  the  National  Aeronautical  Establishment at M = 1.8 on the  McDonnell- 

Douglas  Phase 3 space  shuttle  concept,  references 25 and 26. In the  early  portion of these  tests 

either  the  orbiter or booster  would  be  fixed  and  the  other  vehicle  would  be  oscillated  to  obtain 

the  damping-in-pitch  derivative.  Conducting  the  experiment in this  fashion  indicated  that  the 

interference  effects on the  damping-in-pitch  derivative of either  the  orbiter or booster  due  to 

the  stationary  presence of the  other  vehicle  were  relatively  small.  However,  when  both  vehicles 

were  oscillated  the  damping-in-pitch  derivative  changed  significantly  when a phase  shift  occurred 

between  the  orbiter  and  booster.  The  largest  increase  and  largest  decrease in the  damping-in- 

pitch  parameter  occurred  when  the  orbiter  and  booster  were  out of phase  with  each  other by 90" 

and 270" respectively.  Most of the  separation  trajectories  obtained  during  the  present  study 

showed  that  both  the  orbiter  and  booster  were  almost in phase  with  each  other  and  oscillating 

with  the  same  frequency. 
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m e  implication  of  the  change in magnitude of the  damping-in-pitch  derivative is illustrated 

in this  figure.  The  results  illustrated  are  at a Mach  number of 2 and  with  the  orbiter  power 

at 10% and the  booster  power  at 5% at  release.  The  trajectory on the  left is with  the  controls 
sct  at 0" deflection  and  with  nominal  values of the  damping in pitch  parameter f o r  both  the  orbi- 

ter  and booster.  As  can be seen,  the  vehicles  are  separating  from  each  other  after  about 10 

seconds.  The  trajectory in the center is again  with  the  controls on the  booster  and  orbiter 

set  at Oo but  with  the  damping in pitch  parameters f o r  both  the  orbiter znd booster  increased 

to -bO/rad. It is  seen  here  that  the  vehicles  collide  after 5 seconds. The fact  that  the 

damping-in-pitch  parameter  can  be  increased  does  not  mean  that  the  vehicles  cannot be safely 

separated.  Instead  this is a fact for which a workable  abort  solution may  have  to  be  designed 

To illustrate this, the abort trajectory on the  right is for the  damping in pitch  parameters 

for the  orbiter  and  booster  still  increased  to  -bO/rad. To safely  separate  the  vehicles,  however, 

the  orbiter  controls  are  set  to -20" and  the  booster  controls t o  +20°. Consequently, it is 

important  to h o w  the  interference  effects on the  damping-in-pitch  derivatives.  However, as 

was illustrated  in  this  figure, a safe  abort  separation can  be obtained by properly using con- 

trols  already  envisioned for the  vehicles. 
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The  potential  effect  of  designing a separation  mechanism  to  impart  certain  rotational  motions 

to  the  vehicles  at  release  is  illustrated  in  this  figure.  The  trajectory  data  on  the  left  is 

for  no  pitch  rotation  imparted  to  the  vehicles  at  release and it  is  seen  that  the  two  vehicles 

collide  after  about 4 seconds.  The  trajectory  data  on  the  right  is for a condition  where  the 

separation  mechanism has imparted a nose up pitch  rotation  to  the  orbiter  of 6 deg/sec and a 

nose down pitch  rotation  to  the  booster  of -6 deg/sec. It is  seen  that a safe  separation 

trajectory  is  obtained. 
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The dependency of  abort   separat ion  t ra jector ies  on the  locat ion of  t he   o rb i t e r  on the booster 

is  shown i n  t h i s  figure at M = 2. One t ra jec tory  is for the  nominal launch  position  and  the  other 

is f o r  a parallel   burn  launch  posit ion.  A safe abort  separation is  obtained when the vehicles 

are  separated from the  nominal  launch posit ion and the  vehicles  coll ide when they  are  separated 

from the  parallel   burn  launch  posit ion.  This does not imply tha t   the  nominal p o s i t i o n   i s  a 

better  posit ion  than  the  parallel   burn  posit ion  since  safe  sepasation  trajectories have  been 

obtained from th is   pos i t ion  also. Instead it indica tes   tha t   separa t ion   i s  a function of 

posit ion of the   o rb i te r  on the  booster. 
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TECHNOLOGY  7MpLICATIONS 
(Figure 26) 

As a result of the  study  to  date,  some  observations  pertinent  to  future  studies  are  made. 

Approach  to  Study  Abort  Staging 

Close  Coordination  Between  Technical  Disciplines.-  Aerodynamic  staging  testing  could  be 
extremely  costly  if  the  project  is  not  well  organized  due  to  the  complexity of testing  and  the 
data  volume  required. It is  imperative  that  close  coordination be maintained  between  the 
various  technical  disciplines  during  planning  and  conducting  the  test  and  during  data  analysis 
to  reduce  the  cost  and  to  insure  that  optimum  use of the  data  is  obtained. 

Since  the  propulsion  simulation  requires  matching of  Mach  number  and  altitude (so that  the 
proper  plume  size  and  shape  is  obtained)  the  nominal  trajectory  for  the  system  to  be  investi- 
gated  should  be  well  established. If excursions  from  the  nominal  trajectory  are  expected  to  be 
large  then  additional  tests  would  be  required  to  determine  altitude  effect. 

Obtain  Data by Grid  Method.- In order  to gain maximum  utilization  from  the  data,  the  method 
of obtaining  aerodynamic  coefficients  as a function of a grid  position  and  attitude is preferred. 
The  captive  trajectory  approach  might  be  desirable  after  vehicle  design  is  firmed,  but  during 
the  design  phase,  this  approach  limits  data  usability  since  only  one  unique  trajectory can be 
obtained o r  at  least a limited  number  fixed  to  certain  trajectory  and  mass  conditions. 

In order  to  minimize  amount of testing  and  to asswe that  most  inportant  interference  regions 
are  included,  detailed  layouts of the  models  and  their  estimated  shock  and  plume  boundazies  should 
be  made.  Grid  densities  will  then  be a function of Mach  number  and  relative  location of the  vehicle 
components  such  as  nose,  wing,  canard,  etc. 

Automated  Data  Acquisition.-  Completely  automated  data  acquisition  equipment  which  gets  the 
man  out of the  loop  is  necessary  to  insure  that  the  quantities of data  required  for  abort  analysis 
can  be  obtained  quickly,  efficiently,  and  economically.  The  system  should  be  capable of automatically 
positioning  the  models  at as many  grid  points  as  possible  at a given  set of tunnel  conditions. 

Another  facet of data  acquisition  is  the  importance of reducing  the  data  to  orderly arrap 
that  are  amenable  to  being  used in flight  mechanic  programs,  plotting  programs, and other programs 
which  may  be  necessary f o r  use  in  analysis o r  application of scaling  parameters.  The  volume of 
data  obtained  from  these  type  tests  is so massive  that  it  is  prohibitive  to  take a manual  approach 
o r  fragmented  computerized  approach in analysis a d  dissemination of test  results.  As m u c u s  
possible,  data hadling analysis  and  dissemination  should  be  done  with  computers  through a totally 
integrated  approach. 

Flow  Visualization.-  Because of the  complex  flow  fields  caused by shock  interaction  and  engine 
plume  interference,  analysis  and  understanding of resulting  force  and  moment  data  requires  the w e  
of extensive  flow  visualization.  Schlierens,  shadowgraphs o r  interferograms  should be obtained 
for  as  many  conditions  as  practical. 



Technology  Concerns I 

Plume  Simulation.-  The  method  used  to  simulate  the  rocket  exhaust of the  orbiter  and  booster 
in the  present  study  appears  to  be  adequate.  However,  there  are  certain  gray  areas  which  need 
clarification  to  ascertain  the  degree  of  sophistication  required in the  simulation.  Tests axe 
needed  to  evaluate  the  effect  of  hot  flow,  momentum  match  and  multiple  nozzle  arrangements. 

Wind  Tunnel  Facilities.-  For a shuttle  system  such  as  considered  during  the  present  investi- 
gation,  certain  facility  improvements  would  be  needed  to  provide  final  design  aerodynamic  data. 
A fully  automatic  twelve  degree of freedom  system  would  be  desirable;  however, a system  which  only 
has  mixed  automatic-manual  capability  would  be  acceptable  for  operation  under a grid  data  acquisi- 
tion  mode.  Although  only  the  longitudinal  motion  was  studied  in-depth in the  present study, 
a captive  trajectory  system  which  has  eleven or twelve  degrees of motion  would  be  desirable 
in evaluating  the  out-of-plane  forces  and  moments  as  they  influence  the  separation  trajectories. 
Definitely  more  degrees  of  motion need to  be  simulated in future  testing. 

Support  hardware  is  needed  to  minimize  strut  and  sting  interference  effects. For instance 
ii ceiling o r  floor-mounted  mechanism  might  be  required  for  extreme  forward  orbiter  to  booster 
positions  while  conventional  sting  mounts  might  be  acceptable  for  other  positions. 

Reynolds  Number  Scaling.-  When  conducting  wind  tunnel  tests  where  the  rocket  exhaust is 
simulated,  tunnel  operating  pressures  are  low  to  provide  the  back  pressure  necessary  for  the 
proper  plume  simulation.  This  can  be  minimized by using high  engine  model  chamber  pressures 
but  only  within  limits  of  structural  integrity  and  simulated  gas  supply  pressures. Low tunnel 
pressure,  however,  is  opposite  to  that  desired  when  considering  Reynolds  number  scaling.  This 
can  result in laminar  boundary  layers  on  the  model in areas  where  shocks of one  vehicle  inter- 
sect  another. 

Althoughduring  this  investigation  we  saw  no  adverse  effects  such as major  flow  separation, 
there  have  been  other  investigations  where  this  did  occur,  references 27 - 30. Also, the  magni- 
tude of the  effect  of  shocks  intersecting a laminar  boundary  layer  is unknown. The  sensitivity 
of these  effects,  once  obtained,  needs to be  assessed  as  they  influence  the  abort  separation 
trajectories. 
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Abort  separation  investigations  have  been  conducted  at  Mach  numbers  from 2 to 6 and  at  both 
high  and  low  dynamic  pressures.  The  investigations  have  included  static  stability, &namic 
stability,  and  pressure  distribution  tests.  Both  the  static  stability  and  pressure  distribution 
tests  were  conducted  simulating  the  rocket  exhaust  from  both  the  orbiter  and  booster.  The  data 
from  these  investigations  have  been  utilized in a dynamic  simulation  program  which  calculates 
the  motion  of  the  vehicles  during an abort  separation  maneuver.  Within  the  scope  of  this  study, 
parallel  abort  separation  appears  possible  at  both  high  and  low  dynamic  pressures. In this  study 
on ly  rigid  body  aerodynamic  data  was  obtained  and  consequently smh things as scale  effects  and 
aeroelastic  effects  need  to  be  considered. 

Both  aerodynamic  and  thrust  vector  control  have  been  shown  to  be  useful  as  an  aid  in  the 
separation  of  the  two  stages.  Other  types  of  control  devices  such  as  the  reaction  oontrol  system 
for  the  orbiter  and  booster,  although  not  considered in the  present  study,  should  also  be  useful 
to  separate  the  vehicles.  Consequently,  the  flight  control  systems  presently  envisioned  for 
the  shuttle  vehicles  appear  adequate  to  separate  the  vehicles  during  abort  conditions. 

The  results  of  this  study  confirm  that  abort  separation  is  dependent  on  configuration,  Mach 
number,  rocket  exhaust  impingement,  and  relative  position  and  attitude  of  the  stages.  Further- 
more,  abort  separation  procedures  will  not  just  depend  on  the  configuration  selected  but  also 
the  concept  selected. 

Many  different  concepts  are  presently  being  considered  for  the  shuttle  system.  However, 
the  testing  technology  developed  during  this  study  as  well  as  the  dynamic  simulation  program 
is applicable  to  the  separation  problems  for any of  these  concepts - for  example,  the  separa- 
tion  of  the  external HO tank  from  the  orbiter  and  even  the HO tank-orbiter  combination  from 
%he  booster.  Consequently,  the  abort  sepazation  methodology  developed  during  this  study  is 
applicable  to  current  shuttle  concepts. 



CONCLUDING REMARKS 

WITHIN THE SCOPE OF THI S STUDY, PARALLEL  ABORT  SEPARATl ON APPEARS  POSSIBLE 
AT BOTH HIGH  AND LOW DYNAMIC PRESSURES 

FLIGHT CONTROL SYSTEMS PRESENTLY ENVl  SIONED FOR  THE SHUTTLE VEHICLES  APPEAR 
ADEQUATE TO SEPARATE THE VEHICLES  DURING  ABORT  CONDITIONS 

THE RESULTS OF THIS STUDY  CONFIRM  THAT  ABORT  SEPARATION IS DEPENDENT ON 
CONFIGURATION,  MACH  NUMBER, ROCKET EXHAUST  IMPINGEMENT,  AND  RELATIVE 
POSITION  AND ATTITUDE OF THE STAGES 

THE ABORT  SEPARATION METHODOLOGY DEVELOPED DURING  THIS  STUDY I S  APPLICABLE 
TO CURRENT SHUTTLE CONCEPTS 

Figure 27 
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