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I U a  final report was prepared by NcDmnell Douglas Astronautics Company-East 

(HMC-E) for NASA Ihes Besearch Center Contract NAS2-8678, Planetary/DoD Entry 

Technology Flight Experiments, It covers the period 1 April 1975 to 29 February 

1976, Kis effort was performed for the National Aeronautics and Space Adminis- 

tration, kes Research Center, under the direction of the Thermal Protection Branch 

Pr f th  nr. Pthrliip R, Wachtsheim as Contract Technical .&nitor and with the coopera- 

tion of Capt, 8,  J. Callahan of SAMSO and R, C. Loesch of Aerospace Corporation as 

advisors for the DoD portion of the study. 

The report consists of four volumes: 

Volure I - Executive S~prary 
Volume I1 - Planetary Entry Flight Fsperiscnts 
Volume I11 - Planetary Entry Flight Experiments Handbook 
Volume IV - DoD Entry Flight Experiments 

MCDONCVEU O O I l O ~  As-AIITlCs COMWICIV - BAST 



VOL Ill PLAWETARY ENTRY FUGHT 
EXPERIMENTS HAWOB00K 

TABLE OF CONTENTS 

1 .O LXTRODUCTLON 

1.0 PLLYETARY ENTRY ENVIRONMENT 

2.1 Jupiter Entry Environment 

2.2 Saturn Entry Environment 

2.3 Uranus Entry Environsrent 

3.0 EARTH ESTKY ENVLKONHE:.T 

3.1 Reierence Vehicle Er.vironment 

3.2 Environment Sensitivity to Con£ iguration 

a.0 EARTH ORBIT W E W E R S  

4.1 Deorbit Hanuever Description 

i . 2  \'clocitv Increment Requirements 

. 3 Ground Tracks 

j.6 Typical Environment Simulation 

5.0 SHLTTLE ULSCHED BOOSTERS 

5.1 Existing Cryogenic Booster 

5.2 Existing Storable Booster 

5.3 Short Length Existing Component Booster 

5 . L  Existing Solid Motor Booster 

6.0 REFERCSCES 

List of Pages 

Title Page 

i through ii 

1 through 84 

REPORT DC UUS 
21 FEmARY 1% 

ii 

MCOONNELL DOUOLA8 ASTRONAUTlCS COMPdlblY - EAST 



1.0 INTRODUCTION 

Purpose - This handbook presents  a s m r j  uf these study r e s u l t s  considered 

us@ful f o r  advanced mission planning of Shu t t l e  launched en t ry  technology experi-  

ments. The information is intended f o r  use by an independent i nves t i ga to r  t o  i den t i fy  

and plan experiments involving e a r t h  f l f g h t  s i c iu id ion  of t he  ou te r  p lane t  en t ry  

environment. 

Scope - Advanced planning f o r  planetary en t ry  technology experiments requi res  

a knowledge of both planetary environment requirements and e a r t h  f l i g h t  s imulat ion 

capab i l i t i e s ,  Hence t h i s  handbook has been organized t o  sys temat ica l ly  presen t  

these d a t a  i n  parartetric form s o  t h a t  a comparison of requirements and c a p a b i l i t i e s  

can be read i ly  accomplished. 

The environment produced by en t ry  i n t o  J u p i t e r  and Saturn atmospheres a r e  sum- 

marized. Worst case design environments a r e  i den t i f i ed  and the  e f f e c t  of en t ry  

angle,  type of atmosphere and b a l l i s t i c  coe f f i c i en t  va r i a t i ons  a r e  presented. 

The range of ~ ~ v i r o n m e n t s  experienced during e a r t h  en t ry  is parametr ical ly  

described as a funct ion of i n i t i a l  en t ry  conditions. The s e n s i t i v i t y  of these 

environments t o  vehic le  b a l l i s t i c  coe f f i c i en t  and nose radius  a r e  a l s o  shown. 

An e l l i p t i c a l  d s r b i t  maneuver s t r a t egy  is defined i n  terms of t h e  ve loc i ty  

increment required versus i n i t i a l  en t ry  condi t ions and apoapsis a l t i t ude .  Mission 

time, ground t rack and out of plane ve loc i ty  pena l t i e s  a r e  a l s o  presented. 

Performaqce capab i l i t y  of t yp i ca l  Shu t t l e  launched boosters  a r e  described 

including the i n i t i a l  en t ry  conditions a t t a i n a b l e  as a funct ion of payload mass 

and apoapsis a 1  ti tude, 

Units - The ln t e rna t iona l  System (SI) of Units is used throughout t h i s  hand- - 
book, Conversion f a c t o r s  t o  English u n i t s  a r e  documented i n  Reference 1 (NASA 

SP-7012). An abbreviated l ist  of conversion f a c t o r s  f o r  q u a n t i t i e s  commonly czc i  

i n  t h i s  handbook a r e  presented i n  Figure 1-1. 
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CONVERSION FACTORS 

To conver t  from Hul t i  p l y  by 

HEATING RATE 

TOTAL HEAT/AREA 

2 j o u  1 es/me t e r  
j o u l  es/centimeter 

THRUST 

pound ( force) 

newton 

newton 

pound ( force)  

SPECIFIC IMPULSE 

second (I bf -sec l l  bm) 

meters/second second (1 bf-sec/ l  bm) 

BALLISTIC COEFFICIEtlT 

k i  1 ograms/meter 2 pounds (nass) / foo t  2 

k i  1 ograms/meter 2 pounds (mass) / footL -01 2.048 238 992 

k i  1 ogrartls/meter 2 +02 1.570 874 634 

s lugs/ foot  2 -33 6.365 880 372 

MASS 

pound 

k i  1 ogram 

k i  1 ogram 

pound 

FIGURE 1-1 
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To convert from 

LENGTH 

feet 
feet 
feet 

meters 
centimeters 
k i  lorn- 

meters 
centimeters 
k i  lometers 

f e e t  
f e e t  
f e e t  

inches 
inches 

meters 
centimeters 

meters 
centimeters 

i nches 
i nches 

naut ica l  m i l e  
naut ica l  mi 1 e 

meters 
k i  1 ometers 

naut ica l  m i l e  
naut ica l  m i l e  

meters 
k i  1 ometers 

AREA 

2 foot2 
f o o t  

2 meter 
centimeter 

2 meter2 
meter 

2 foot*  
f o o t  

2 i nch2 
inch 

2 meter 
centimeter 

2 meter 
centimeter 

2 i nch2 
inch 

VOLUME 

3 feet3 
f e e t  

3 meter 
centimeter 

3 meter 
centimeter 

3 fee t3  
f e e t  

FIGURE 1-1 (CONT) 
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2.0 PLANETARY ENTRY ENVIRONMENT 

Introduct ion - The environments, experienced during en t ry  i n t o  t he  atmosphere 

of t yp i ca l  outer  planets ,  a r e  presented i n  t h i s  sect ion.  These environments 

c o n s t i t u t e  the bas ic  requirements f o r  t h e  design of e a r t h  f l i g h t  s imulat ion experi- 

ments. The information shown represen ts  a summary compilation of ava i l ab l e  data. 

A more de t a i l ed  explanation of t h e  a n a l y t i c a l  ba s i s  f o r  these d a t a  can be found i n  

the  references l i s t e d  i n  Sect ion 6.  

Entry environments a r e  described pr imari ly  i n  terms of hea t ing  parameters 

although pressure and dece le ra t ion  loads d a t a  a r e  a l s o  provided. The hea t ing  

environment is emphasized because i t  is subs t an t i a l l y  more severe  than any encount- 

ered t o  date. Compared with e a r t h  en t ry ,  ou te r  p lane t  en t ry  is  character ized by 

high veloci ty ,  high convective and r a d i a t i v e  f luxes  and r e l a t i v e l y  s h o r t  en t ry  

time. Further,  the  heat ing envirwunent is dominated by shock l aye r  r ad i a t i on  as 

opposed to  convective dominated e a r t h  entry.  

Heating environment descr ip t ions  a r e  presented f o r  s tagna t ion  po in t  condi t ions 

only. They do not include the  e f f e c t  of re-radiation from t h e  heat  sh i e ld  sur face  

o r  t h a t  of mass i n j e c t i o n  i n t o  t he  boundary layer.  A s  such, these da t a  represent  

a measure of t he  inc ident  environment but not  a rigorous d e f i n i t i o n  of t h e  t o t a l ,  

net  f l u x  absorbed by the  hea t  sh ie ld .  Further,  t h i s  l e v e l  of d e f i n i t i o n  r e f l e c t s  

the only body of ava i l ab l e  information l a rge  enough t o  cover t h e  f u l l  range of :.i 

s ion  and vehic le  uncer ta in t ies .  

Worst case design environments a r e  tabulated f o r  each oute r  planec. However, 

emphasis is placed on parametr ical ly  descr ibing the  environment a s  a funct ion en t ry  

angle,  type of atmosphere and en t ry  vehic le  b a l l i s t i c  coef f ic ien t .  Parametric da t a  

is considered more u s e f ~ l  fo r  purposes of advanced planning. It allows evaluat ion 

of fu tu re  changes i n  mission and vehic le  unce r t a in t i e s  and provides i n s i g h t  i n t o  

how c lose ly  a given parameter should be  simulated. 
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2.1 J u p i t e r  Entry Environment - The assumptions used t o  e s t a b l i s h  t h e  maximum 

J u p i t e r  e n t r y  environment a r e  presented i n  Figure  2-1 along wi th  a sl;mmary of t h e  

r e s u l t i n g  des ign  p o i n t  environment. The e f f e c t  of e n t r y  angle,  a-6- 

phere model and b a l l i s t i c  c o e f f i c i e n t  v a r i a t i o n s  on peak r a d i a t i v e  f l u x ,  convective 

f l u x  and p ressure  l e v e l  are shown i n  Figures  2-2, 2-3 and 2-4. 

The mission and conf igura t ion  assumptions of Figure  2-1 were der ived  from ava i l -  

a b l e  r e s u l t s  o f  c u r r e n t  o u t e r  p l a n e t  probe s tud ies .  The s e l e c t i o n  of e n t r y  ang le  

and atmosphere model a r e  of p a r t i c u l a r  i n t e r e s t  because of t h e  u n c e r t a i n t y  a s s o c i a t e d  

wi th  each parameter. 

The i n i t i a l  e n t r y  ang le  corresponds t o  a shallow e n t r y  mission nominally 

t a r g e t e d  f o r  a r e l a t i v e  angle  of -9.5 degrees  (-7.5 degrees  i n e r t i a l ) .  A t y p i c a l  

e n t r y  ang le  uncer ta in ty  of 5i.5 degrees  w a s  appl ied t o  i d e n t i f y  a wors t  c a s e  des ign  

cond i t ion  of -11 degrees. This small uncer ta in ty  a l lows t a r g e t i n g  f o r  shal low 

e n t r y  and r e f l e c t s  t h e  a c c u r a t e  knowledge of J u p i t e r  ephemeris and phys ica l  d a t a  

obta ined from recen t  Pioneer missions. 

Atmospheric composition u n c e r t a i n t i e s  were taken i n t o  account by paramet r ica l ly  

consider ing t h e  cool,  nominal and w a r m  models def ined i n  Reference 4. The nominal 

model w a s  assumed t o  e s t a b l i s h  t h e  maximum design condi t ions .  O r d i n a r i l y  a cool  

atmosphere would be used s i n c e  i t  r e s u l t s  i n  a more severe  environment. However, 

Pioneer 11 f l i g h t  d a t a  i n d i c a t e s  t h a t  t h e  cool  model i s  no longer  v a l i d  a d  t h a t  

t h e  nominal atmosphere as c u r r e n t l y  de f ined  r e p r e s e n t s  a r e a l i s t i c  wors t  case. 

J u p i t e r  e n t r y  produces t h e  most s e v e r e  hea t ing  env i ronmen~ of any p l a n e t  con- 

s idered.  This is  p r imar i ly  due t o  a very  high e n t r y  v e l o c i t y  (47 kmlsec) which is 

a fundamental r es t r l t  of ~ u ~ i t e r ' s  massiveness and hence very high g r a v i t a t i o n a l  f i e l d .  

Addi t ional  f a c t o r s  inc lude  a s t e e p  atmospheric d e n s i t y  g rad ien t  ( l a r g e  i n v e r s e  

s c a l e  h e i g h t )  induced by t h e  high g r a v i t y  and a high v e h i c l e  b a l l i s t i c  c o e f f i c i e n t  

r e s u l t i n g  from t h e  l a r g e  mass of a t h i c k  h e a t  s h i e l d .  However, t h e  peak s t a g n a t i o n  

p ressure  and "g" loads  a r e  r e l a t i v e l y  moderate. This is a r e s u l t  of t h e  r a t h e r  

shallow i n i t i a l  e n t r y  angle.  
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JUPITER DESIGN ENVIRONMENT 

MISSION ASSUMPTIONS 

RELATIVE ENTRY VELOCITY 

RELATIVE ENTRY ANGLE 

ATMOSPHERE MODEL 

47 km/SEC 

-11 DEG 

NOMI NAL 

CONFIGURATION ASSUMPTIONS 

NOSE RADIUS .22 m 

NOSE RADIUS/BASE RADIUS .50 

BALLISTIC COEFFICIENT (AVERAGE) 136  kg/m2 

ENVIRONMENT PARAMETERS* 

PEAK RADIATIVE FLUX 

PEAK CONVECT1 VE FLUX 

TOTAL HEAT LOAD 

HEAT PULSE DURATION 

PEAK PRESSURE 

PEAK DECELERATION 

*STAGNATION POINT, NONBLOW ING 

38 k ~ / c m '  

1 9  kw/cn2 

440 k ~ / c m '  

1 4  SEC 

10 ATM 

300 g 

FIGURE 2-1 
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JUPITER RADIATIVE FLUX ENVIRONMENT 

o VREL = 47 km/sec o R14 = . 2 8  o STAGNATION POINT 

o ALT = 450 km o KII/RB = -50 o NON BLOLJIt4G 

(a) EFFECT OF MISSION UNCERTAINTIES 

ATMOSPHERE 
UIICERTAI IITY 

RELATIVE ENTRY ANGLE (YR)  - DEG 

(b) EFFECT OF BALLISTIC COEFFICIENT 

I . . . .  . ..................... """ ' -~ '~""-" - ' - - "  . . . . 

BALL IST IC  PARAMETER ( B  S I N  uR) - kglm2 
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JUPITER CONVECTIVE FLUX ENVIRONMENT 

0 vIIEL = 47 krn/sec o Rfl = '22 s o STAGI4ATION POINT 

0 ALT = 4 5 ~  k1,1 o RfI/RE = .50 0 110ll BLOUING 

(a) EFFECT OF MISSION UNCERTAINTIES 
. . . . . . . . - - - - "  , . , . . . .  -.-- . , . . . . , . . .  ---...-.- , 7 . . . . .  : i , I . ; i i  . 

KELATIVE ENTRY AJGLE (YR) - DEG 

(b) EFFECT OF BALLISTIC COEFFICIENT , . 

...................... . . .  . . .  . .  , . . .  . . . . . . . . . . . . . .  . . . . . . 1 u ---" .................... .-.-..-.:-...-..-..---I ........ :... - ; .----.---. . . . . 
. 4 . . 8 .  . . . . . .  ........ ...... : ......-. ............-..,.. .,,. ..-,...... ,. ,.:..:.I.--:- i.:~ill.:L.-:~.! . . -  . I i : . I .  . , . : I , . . ,  : : ,  . : : : I  i ;  ; j . ;  . , . i . . .  : 

.-.A ........- :.-I ..A- i ..-. +LrLL.4 
, . , 5 --+-,-- 

' I  , , i i . . . .  . . .+. . 1 ....... . .  ...I .:.. i .... :-.I... i ... I.. .i....i... i .... ..... 
I 

[ " ' I  ; ,  1 ; . .,. I I 
I 1 b ! i ' !  1 ,  0 

. . 

20 2 5 30 35 40 

BALL IST IC  PARAMETER ( 6  S I N  yR) - kg/m2 
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ATtlOSPt4ERE 
UHCERTAINTY 

ATMOSPHERE 
UHCERTAINTY 

FIGURE 
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JUPITER PRESSURE ENVIRONMENT 

o VREL = 4 7  km/sec o KII = .22m o STAGUAT 1014 P O I  !IT 
o ALT = 4 5 0  km o Rl,/Rli = . 5 0  o HOtJ BLOlI I1JG 

R E L A T I V E  ENTRY ANGLE ( yR)  - DEG 

(b) EFFECT OF BALLISTIC COEFFICIENT 

AT!IOSP HERE 
UI ICCRTAI t4TY 

BALLISTIC PARAMETER (6 S I N  vR) - k g l m i  
F I G U R E  7-4 
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2.2 -- Saturn Entry Enviroawnt - The assumptions and r c s u l t i l y  Mxirlr design 

point enwiroaaent associated with en t ry  i n t o  t h e  atmosphere of Saturn are presented 

i n  Figure 2-5. The infl?.leace of en t ry  angle, atmosphere model and b a l l i s t i c  

coef f ic ien t  va r i a t i ons  on peak r ad ia t ive  f lux,  convective f lux  and pressure l e v e l  

are shovn i n  Figures 2-6, 2-7 and 2-8, 

The Figure 2-5 a s swpt ioas  represent mission and vehic le  c h a r a c t e r i s t i c s  

deterslined during past  SaturnfUranus en t ry  p r ~ b c  s tudies .  These d a t a  a l s o  r e f l e c t  

an uncer:-inty i n  t he  knowledge of Saturns loca t ion  arsd physical nature. Unlike 

Jupi te r ,  Saturns ephemeris and physical  proper t ies  have not ye t  been defined by 

flyby missions, The e a r l i e s t  opportuaity f o r  such refinement w i l l  be t he  planned 

Pioneer 11 flyby i n  1979, As a r e su l t , t he re  is a l a rge  uncertainty i n  en t ry  angle 

iz 10 degrees) which contr ibutes  t o  t h e  rather s t eep  (-48 degrees) design ex:ry. 

Similarly,  the  most conservative atmosphere axxiel (coo:) is used f o r  design purposes, 

Saturn en t ry  produces the  highest  s tagnat ion pressures  and dece lera t ion  loads 

of any planet considered. This is a d i r e c t  r e s u l t  of s e l ec t ing  a s t e e p  en t ry  i n t o  

a cool  atmosphere f o r  purposes of design. The heating environment, however, is 

less jevere than t h a t  encountered during a shallow J u p i t e r  entry, mis is primarily 

due t o  a lower en t ry  veloci ty  (32 kr i sec) ,  

2.3 Uranus Entry Environment - A t  present,  the  Uranus ent ry  environment is 

considered bes t  described by assuming it the  same as Saturn. Available da t a  is 

insu f f i c i en t  f o r  a separa te  Uranus presentat ion because of spec i a l  problems 

involved i n  s e l e c t i n g  an atmosphere model, The cur ren t  cool atmosphere, which 

r e su l t s  i n  rad ia t ive  heating of J u p i t e r  proportions,  is now considered inva l id  

because of excessively high helium content r e l a t i v e  t o  s o l a r  abundance. Use of 

the nominal atmosphere model e l iminates  the  r ad i a t ive  component a l toge ther ,  Hence, 

u n t i l  more accepted atmosphere w d e l s  b e c m  ava i l ab l e  and used i n  en t ry  heat ing 

analysis ,  the Saturn environment is considered the  bes t  ava i lab le  approximation, 
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MISS ION A S S ~ T I O ~ ~ S  

RELATIVE ENTRY VELOC IVY 

RELATIVE ENTRY ANaE 

A W S P H E t E  mW)EL 

f40SE RADIUS 

NOSE RADIUSIBASE RAOIUS 

BALLISTIC COEFFICIENT 

PEAK RADIATIVE FLUX 

PEAK CONVECTIVE FLUX 

TOTAL HEAT LOAD 

HEAT PULSE DURATION 

PEAK PRESSURE 

PEAK DECELEUTION 

32 km/sec 

-48 DEG 

COLD 

74 k ~ / u n ~  

10 sec 

19 Al l4 

700 g 

-me aus 
29 FEBAUART 196 I 

FIGURE 2-5 
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SATURN RADIATIVE ENVIRONMENT 

': 'REL = 32.0 b.n/sec o RI, = .2Zn J STAGIIATIOfl POI liT 

o ALT = 630 A i .  o RiI/RL; = .5 o !loll 6LCllIflG 

(a) EFFECT OF YlSSlON UNCERTAINTIES 

(b) EFFECT OF SALLlSTlC COEFFICIENT 
. . - . . . . . - - . - - . . . . - . - - - -- 

. .-. ---. . .-- 

GALLISTIC PARAMETER ( r  SIN y R )  - kg/m2 
FIGURE 2-6 

MCWNNELL DOUGLAS AS-WI-CS COMPANV - a A 6 t  



VOL Ill PLANETARY ENTRY FLIGHT 
r. EXPERIMENTS HAMDBOOK 

3 

REPORT YM: El415 
29 FEBRUARY 1976 

SATURN CONVECTIVE FLUX ENVIROMMEMT 

O "REL = 32.0 knisec o Ry, = .22n o STAGllATIOlJ POINT 

o ALT = COO km o I : , ~ / R ~  = - 5  o rlo:r ULOIIIIIG 

(a) EFFECT OF MISSION UNCERTAINTIES 
c - - . . . . . . .  . . . -  - - . - -A -- ----. - 

ATNOSPHERC 
LIIICERTAI UTY 

R E L A Y i ' J i  E X R Y  AYIGLE , . ) - DEG 

(b) EFFECT OF BALLISTIC COEFFICIENT 
- - 

............... . . .  . . . . . . . .  
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FIGURE 2-8 
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3.0 EARTH ENTRY ENVIRONMENT 

T h i s  s e c t i o n  p r e s e n t s  a d e s c r i p t i o n  o f  t h e  environments t h a t  can be produced 

by h igh  speed  e n t r y  i n t o  t h e  e a r t h ' s  atmosphere,  Lata a r e  shown f o r  t h e  range  of  

i n i t i a l  e n t r y  c o n d i t i o n s  g e n e r a l l y  a t t a i n a b l e  by S h , l t t l e  launched boos t e r s .  T h i s  

i n fo rma t ion  is in t ended  t o  i d e n t i f y  t h e  c a p a b i l i t y  o s  e a r t h  f l i g h t s  t o  s i m u l a t e  

p l a n e t a r y  e n t r y  e n v i r o m e n t s  and t o  de termine  t h e  r e q u i r e d  i n i t i a l  e n t r y  c o n d i t i c n s ,  

The envi ronmenta l  pa rame te r s  shown a r e  i n t e n t i o n a l l y  t h e  same a s  t h o s e  used 

i n  S e c t i o n  2.0 t o  d e s c r i b e  t h e  p l a n e t a r y  e n t r y  environment. S t a g n a t i o n  p o i n t  h e a t i n g  

c h a r a c t e r i s t i c s  are emphasized b u t  do  n o t  i n c l u d e  t h e  e f f e c t  of  r e - r a d i a t i o n  o r  

boundary l a y e r  mass i n j e c t i o n ,  

The range  of i n i t i a l  e a r t h  e n t r y  v e l o c i t y  needed t o  s i m u l a t e  p l a n e t a r y  h e a t i n g  

is much lower than  a c t u a l  p l a n e t a r y  mis s ion  e n t r y  ve1ocit ;es .  Th i s  is  due t o  d i f -  

f e r e n c e s  i n  atmosphere composit ion,  The o u t e r  p l a n e t  atmospheres are composed 

p r i m a r i l y  of  hydrogen-helium m i x t u r e s  a t  abou t  t h e  s o l a r  abundance r a t i o ,  whereas 

t h e  e a r t h  atmosphere is n e a r l y  21 p e r c e n t  oxygen and 79 p e r c e n t  n i t rogen .  From 

b a s i c  thermodynamics i t  is known t h a t  t h e  low molecular  weight  g a s e s ,  hydrogen and 

hel ium, have a much h i g h e r  h e a t  c a p a c i t y  than  air. Thus s i s u l a t i o n  o f  s i m i l a r  

shock l a y e r  t empera tu re s  o r  h e a t i n g  r a t e s  i n  air  r e q u i r e  a  much lower e n t r y  speed 

than  t h a t  o f  p l a n e t a r y  e n t r i e s .  Tlre h ighe r  mo lecu la r  weight  of a i r  a l s o  r e s u l t s  

i n  a s t e e p e r  a tmosphgr ic  d e n s i t y  g r a d i e n t  which enhances  s i m u l a t i o n  of t h e  peak 

environment c o n d i t i o n s  b u t  r educes  t h e  h e a t i n g  d u r a t i o n .  

A t h r e e  deg ree  o f  freedom o o i n t  mass t r a j e c t o r y  computer program was used t o  

compute e a r t h  e n t r y  t r a j e c t o r i e s .  The e a r t h  model w a s  a s p h e r i c a l  r o t a t i n g  e a r i h .  

A l l  t r a j e c t o r i e s  began a t  121.92 km w i t h  t h e  i n e r t i a l  v e l o c i t y  and f l i g h t  pack. 

a n g l e  de f ined .  I n  a d d i t i o n  t o  computing a l t i t u d e ,  v e l o c i t y ,  f l i g h t  p a t h  angli- ,  

l a t i t u d e ,  l o n g i t u d e  and head ing  as a f u n c t i o n  o f  r e e n t r y  t i m e ,  t h e  program a i 5 3  

determined t h e  t r a j e c t o r y  c o n d i t i o n s  a t  peak s t a g n a t i o n  p o i n t  r a d i a t i v e  h e a t  f l u x ,  

dynamic p r e s s u r e ,  and d e c e l e r a t i o n .  Th i s  was accomplished by a u t o m a t i c  n o n i t o r i z g  

o f  t h e s e  pa rame te r s  as t h e  t r a j e c t o r y  w a s  computed. Once a  peak v a l u e  was passed, 

t h e  t r a j e c t o r y  parameter  immediately p receed ing  t h e  peak were s t o r e d .  Upon co ry le -  

t i o n  o f  a  t r a j e c t o r y ,  smaller t i m e  s t e p  t r a j e c t o r y  segments were computed abou t  t h e  

peak v a l u e s  t o  p rov ide  a p r e c i s e  d e f i n i t i o n  o f  t h e  peak v a l u e s .  The dynamic pres-  

s u r e  and d e c l e r a t i o n  r e s u l t  from t h e  s o l u t i o n  t o  t h e  e q u a t i o n s  o f  motion. The 
2 

s t a g n a t i o n  p o i n t  c o n v e c t i v e  h e a t  f l u x  (kW/cm ) was determined by t h e  f o l l o w i n g  

e q u a t i o n  : 
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1/2 v3.15 
= 0.01464 

c 

where P = a tmosphe r i c  d e n s i t y  (kg/m 

V = v e l o c i t y  (kmisec) 

RN - nose  r a d i u s  (meters )  

T h i s  e q u a t i o n  w a s  e v a l u a t e d  a t  each  p o i n t  on t h e  computed t r a j e c t o r y  and i n t e g r a t e d  

o v e r  t h e  f u l l  t r a j e c t o r y  t o  g i v e  t h e  t o t a l  c o n v e c t i v e  h e a t i n g  a t  t h e  s t a g n a t i o n  

p o i n t .  The s t a g n a t i o n  ~ 0 i r . t  r a d i a t i v e  h e a t  f l u x  was determined from a t a b l e  look- 

up ~f d a t a  f o r  a  cco led  shock l a y e r  from Reference  8. These d a t a  p r o v i d e  s t agna -  

t i o n  poi-nt r a d i a t i v e  h e a t  f l u x  as a f u n c t i o n  o f  a l t i t u d e ,  n o s e  r a d i u s ,  and v e l o c i t y .  

A t a b l e  look-up o f  r a d i a t i v e  h e a t  f l u x  was performed a t  each  p o i n t  on t h e  t r a j e c t o r y  

and t h e  v a l u e s  i n t e g r a t e d  t o  g i v e  s t a g n a t i o n  p o i n t  t o t a l  r a d i a t i v e  h e a t i c g .  

3.1 Reference  Veh ic l e  Environment - D e t a i l e d  e n t r y  environment d e s c r i p t i o n s  

a r e  p re sen ted  f o r  a  cone/hemisphere shaped e n t r y  body having  a b a l l i s t i c  coef-  
2 

i i c i e n t  ( 3 )  of 120 kg/m and a  nose r a d i u s  (\,) of -22  m. X s i n g l e  r e f e r e n c e  

v e h i c l e  c o n f i g u r a t i o n  was chosen t o  a l low a  f u l l  y e t  c o n c i s e  p r e s e n t a t i o n  of  t h e  

v a r i o u s  environment and e n t r y  c o n d i t i o n s  parameters .  The s e l e c t e d  c o n f i g u r a t i o n  

i s  t v p i c d l  of o u t e r  p l a n e t  probes c u r r e n t l y  under s tudy.  

F igu res  3-1 through 3-3 are computer o u t p u t  summaries t h a t  d e t a i l  t h e  peak 

s t a g n a t i o n  p o i n t  v a l u e s  of r a d i a t i v e  f l u x ,  convec t ive  f l u x  and pressure/"gl '  loads .  

D a t ~  is p r e s e n t e d  as a  f u n c t i o n  of i n i t i a l  e n t r y  c o n d i t i o n s  and d e s c r i b e s  t h e  

f l i g h t  c o n d i t i o n s  a t  which t h e  peak v a l u e  of each  environment parameter  occurs .  

Each sumnary is composed of  48 c a s e s  which z r e  subd iv ided  i n t o  6 groups  of  3 

c a s e s  each.  A s  shown i n  t h e  second and t h i r d  columns, each  of  t h e  6 groups 

correspond t o  a  d i f f e r e n t  e n t r y  v e l o c i t y  w h i l e  t h e  8 c a s e s  w i t h i n  each  group 

r e p r e s e n t  a  d i f f e r e n t  e n t r y  angle .  S o t e  t h a t  t h e s e  i n i t i a l  e n t r y  c o n d i t i o n s  a r e  

g iven  as i n e r t i a l  coo rd ina t e s .  Th i s  i s  done f o r  e a s e  of comparison w i t h  t h e  

b d o s t e r  c a p a b i l i t y  i n fo rma t ion  p re sen ted  i n  S e c t i o n  4. 
-. 
~ l l e  f o u r t h  througt-i e i g h t h  columns p rov ide  a  d e f i n i t i o n  of t h a t  p o i n t  i n  t h e  

x i s s i o n  .it which t h e  peak environment parameter  occurs .  The t i m e  shown r e f e r s  t o  

t!ie l e n g t h  o i  t i m e  it t a k e s  t o  p a s s  from an  a l t i t u d e  of 122 km (400,000 f t )  t o  t h e  

p e a k  en - i r annen t  p o i n t .  The i n d i v i d u a l  v a l u e s  of a l t i t u d e ,  r e l a t i v e  f l i g h t  

c o n d i t i o n s  and f r e e  s t r e a m  d e n s i t y  a r e  based on a  due e a s t  e n t r v  i n t o  a 1962 U.S. 

S tandard  Atmosphere and a  s p h e r i c a l ,  r o t a t i n g  e a r t h .  

MCDONNELL DOUGLAS ASTWONAUTlCS COMPAAIV - e A S r  



VOL Ill PLANETARY ENTRY FLIGHT 
EXPERIMENTS HANDBOOK 

REPORT I D C  El415 
29 FEBRUARY 1976 

The n i n t h  through twelvth  columns l is t  t h e  magnitude of t h e  environmental  

parameters of i n t e r e s t .  Peak values  a r e  i n d i c a t e d  by enc losure  i n  a r e c t a n g u l a r  

box. For example, Figure 3-1 p r e s e n t s  t h e  peak l e v e l  of r a d i a t i v e  f lux.  The cor-  

responding l e v e l s  of convect ive  f l u x ,  p ressure  and "g" l o a d s  do no t  r ep resen t  maxi- 

mum values  bu t  r a t h e r  t h e  magnitude of these  parameters t h a t  e x i s t  a t  t h e  time of 

peak r a d i a t i v e  heat ing.  S imi la r ly  Figure  3-2 shows peak convect ive  f lux while  

Figure 3-3 i n d i c a t e s  maximum p r e s s u r e  l e v e l s  and "g" loads.  Note t h a t  i n  each 

t a b l e ,  peak r a d i a t i v e  f l u x  va lues  i n  excess  of about 50 !:w/cm2 a r e  ex t rapo la ted .  

This r e f e r s  t o  t h e  l i m i t a t i o n s  of t h e  b a s i c  computer inpu t  da ta .  Values s o  noted 

should be t r e a t e d  wi th  caut ion.  

The f i n a l  t h r e e  columns show t h e  t o t a l  s t a g n a t i o n  p o i n t  hea t  load. Rad ia t ive  

and convect ive  components a r e  l i s t e d  a s  w e l l  a s  the  sum t o t a l .  These a r e  t o t a l  

mission va lues  and hence F - e  t h e  same on each t ab le .  

Graphical  p r e s e n t a t i o n s  of  t h e s e  d a t a  are a l s o  shown. Figures  

3-4 through 3-9 i l l u s t r a t e  t h e  e f f e c t  of i n i t i a l  e n t r y  cond i t ions  on peak h e a t i n g  

r a t e s ,  p ressure ,  "g" loads  and r o t a 1  hea t  load. Figure  3-10 i n d i c a t e s  t h e  

d u r a t i o n  of t h e  r a d i a t i v e  and convect ive  hea t  pulse.  Figures  3-11 through 3-14 

show the  i n i t i a l  e n t r y  angle  and v e l o c i t y  combinations necessary  t o  achieve a given 

maximum l e v e l  of hea t  f l u x ,  pressLre  and "g" loads.  

1 7  
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EARTH ENTRY HEAT PULSE DURATION 

o 0.5 kU/cm2 THRESHOLD 

o 0 = 120 kg/m 2 
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FIGURE 3-10 
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RADIATIVE FLUX (KU/C*) 

EARTW EllTRV N : Q E  - DEGREES 

FIGURE 3-11 
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CONVECTIVE HEAT FLUX 
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3.2 Environment S e n s i t i v i t y  t o  Conf igurat ion - The e f f e c t  of v a r i a t i o n s  i n  

b a l l i s t i c  c o e f f i c i e n t  ( 8 )  and nose rad ius  (%) a r e  shown i n  terms of t h e i r  e f f e c t  

on peak h e a t i n g  r a t e s ,  p r e s s u r e  and "g" loads. Information is presented i n  t h e  

form of normalized s e n s i t i v i t y  f a c t o r s  and a l s o  by i l l u s t r a t i n g  t h e  change i n  

i n i t i a l  e n t r y  cond i t ions  requ i red  t o  achieve s e l e c t e d  l e v e l s  of r a d i a t i v e  h e a t  

f lux.  These d a t a  a r e  in tended t o  provide a  s i m p l i f i e d  s c a l i n g  method t h a t  can be 

app l i ed  over  a wide range of i n i t i a l  e n t r y  condi t ions .  They r e f l e c t  t h e  combined 

r e s u l t s  of many p o i n t  des ign  computer runs. However, a  degree of environment 

approximation is incorpora ted  t o  achieve t h e  d e s i r e d  range of e n t r y  c o n d i t i o n  

a p p l i c a b i l i t y  wi th  a s imple  p r e s e n t a t i o n  of data.  Hence these  p red ic ted  environ- 

ment v a r i a t i o n s  w i t h  v e h i c l e  conf igura t ion  should be  considered f i r s t  o rde r  t r e n d  

d a t a  as opposed t o  p r e c i s e ,  p o i n t  des ign s o l u t i o n s .  

Normalized s e n s i t i v i t y  f a c t o r s  a r e  sumnarized i n  Figure  3-15 and presented 

g r a p h i c a l l y  i n  Figures  3-16 through 3-19. Vehic le  c h a r a c t e r i s t i c s  are referenced 

t o  t h e  L3 and %, va lues  employed i n  Sec t ion  3.1. S imi la r ly ,  t h e  environment param- 

e t e r s  a r e  referenced t o  t h e  va lues  shown i n  Sec t ion  3.1 f o r  any given e n t r y  ang le  

and v e l o c i t y  combination. A s  i n d i c a t e d ,  both r a d i a t i v e  and convect ive  f l u x  l e v e l s  

a r e  in f luenced  by both  B and . However, p ressure  l e v e l  is s t r o n g  f u n c t i o n  of 8 

but  independent of whi le  d e c e l e r a t i o n  "g" loads  a r e  e s s e n t i a l l y  independent of 

both v e h i c l e  parameters. These unequal dependences on v e h i c l e  c o n f i g u r a t i o n  impl ies  

t h a t  va r ious  combinations of environment parameters can be produced by proper  

manipulation of v e h i c l e  des ign c h a r a c t e r i s t i c s .  

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

i f  the  l e v e l  of environment s imula t ion  is fixed.  This i n f l u e n c e  is i l l u s t r a t e d  i n  

Figures 3-20 through 3-25 f o r  r e p r e s e n t a t i v e  l e v e l s  of r a d i a t i v e  hea t  f lux .  Figures  

3-20 through 3-22 show the  e f f e c t  of 3 changes only (\. = re fe rence)  whi le  Figures  
A 

3-23 through 3-25 i n d i c a t e  the  E e f f e c t  wi th  a  smal le r  \- (h igher  convect ive  f l u x ) .  

These d a t a  show t h a t  inc reas ing  13 can s u b s t a n t i a l l y  lower e i t h e r  t h e  e n t r y  ang le  o r  

the  e n t r y  v e l o c i t y  requirement. This a l s o  impl ies  t h a t  a reduc t ion  i n  r equ i red  

boos te r  s i z e  may be poss ib le .  I f  j is increased by mass a d d i t i o n ,  t h e  reduc t ion  

i n  boos te r  AV required (lower e n t r y  cond i t ions )  may be g r e a t e r  than t h e  reduc t ion  

i n  booster  lV c a p a b i l i t y  (payload mass i n c r e a s e ) .  
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EARTH ENTRY ENVIRONMENT SENSITIVITIES SUMMARY 

o STAGNATION POiNT o BREF = 120 kgln 2 
o NON BLOWING 

o (RNIREF = - 2 2  m 

CONFIGURATION 
FACTORS 

FIGURE 3-15 
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EARTH ENTRY ENVIRONMENT SENSITIVITY TO BALLISTIC COEFFICIENT 

o STAGIiATION POINT o B~~~ = 120 kg/mZ 
o NON BLOHING o (RN)REF = a 2 2  m 

RADIATIVE FLUX 

STAGMATIOI4 PRESSURE 

COt4VECTIVE FLUX 

DECELERATION LOADS 

FIGURE d-16 
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EARTH ENTRY ENVIRONMENT SENSITIVITY TO NOSE RADIUS 

o STAGHATION POINT 
o NON BLOUIHG 
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RADIATIVE FLUX 

STAGNATION PRESSURE 
i DECELERATION L O A M  

COtlVECTIVE FLUX 
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FIGURE 3-17 
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(b) NOSE RADIUS 

FIGURE 3-18 
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CONVECTIVE FLUX SENSITIVITY TO VEHICLE CONFIGURATION 

o EARTH ENTRY 
o STAGNATION POINT 
o llON BLOWING 

(a) BALLISTIC COEFFICIENT 

(b) NOSE RADIUS 
. ~ .-.-.------ 

i.. , I 

FIGURE 3-19 
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ENTRY CONDITION SENSITIVITY TO BALLISTIC COEFFICIENT 
FOR RADIATIVE FLUX SIMULATION 

o EARTH ENTRY o fiREF = 1 2 0  kg/mL 
o STAGIiATION POINT 
o !ION BLOllIFIG 0 (RI)REF = 922 m 

J 4 .  L : .  ; J  

-30  - 50 - 7 0  -90  
EltTRY ANGLE ( y )  - DEG 

FIGURE 3-20 
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ENTRY CONDITION SENSITIVITY TO BALLISTIC COEFFICIENT 
FOR RADIATIVE FLUX SIMULATION 

o EARTH ENTRY o bREF = 120 kg/mL 
o STAGfIAT 1011 PO I l4T 
o NON BLOWING 0 (RNIREF = -22 m 

- 30 -50 -70 -90 

ENTRY A K L E  (-{) - DEG 
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FOR RADIATIVE n u x  SIWLATIOM 

o EARTH ENTRY o bREF = 120 kg/m 2 
o STAaUTION POINT 
o t4ON BLOVING 0 (RIIIREF = -22 m 

ENTRY ANGLE ( v )  - DEG 

FIGURE 3-22 
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E#TRY CONDITION SENSITIVITY TO BALLISTIC COEFFICIENT 
FOR RADIATIVE FLUX SIMULATION 

( = 1 0  ~W/CII I~,  RN/(R1;)REF ' 0 .5 )  

o EARTH EHTRY o sREF = 1 2 0  kgln2 
o STAGHATION POINT 
o RON BLOUIHG o = -22 

- 30 - 5 0  -70 
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FOR RADIATIVE FLUX SlYlULATlON 

7 
(4, = 40 kWm-9 RN/(%IREF = 0.5) 

o EARTH ENTRY o "REF = 120 kglm 2 

o STAGNATIOI4 POINT 
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4.0 EARTH ORBIT MASEUVEKS 

A d e s c r i p t i o n  of  t h e  maneuver requi rements  necessa ry  t o  a c h i e v e  a  range of  

s t e e p ,  f a s t  e n t r y  c o n d i t i o n s  are p r e s e n t e d  i n  t h i s  s e c t i o n .  T h i s  i n fo rma t ion  is 

;?tended t o  g i v e  exper iment  p l a n n e r s  a n  i n i t i a l  i n s i g h t  i n t o  t h e  scope  and n a t u r e  

o f  tile o r b i t a l  mi s s ion  phase,  A d d i t i o n a l l y ,  t h e s e  d a t a  p rov ide  a  means of compar- 

i n g  t h e  i n i t i a l  e n t r y  c o n d i t i o n s  r e q u i r e d  f o r  environment s i m u l a t i o n  (Sec t ion  3)  

w i t t i  t i le performance c a p a b i l i t y  of  t y p i c a l  Shut t l e  launched b o o s t e r s  (Sec t ion  5). 

Th i s  p r e s e n t a t i o n  o f  e a r t h  o r b i t  maneuver requi rements  is o rgan ized  i n  f o u r  

p a r t s .  The f i r s t  d e s c r i b e s  t h e  b a s i c ,  h igh  a p o a p s i s  d e o r b i t  maneuver necessa ry  t o  

produce t h e  exLreme e n t r y  c o n d i t i o n s  of i n t e r e s t .  The second p a r t  d e f i n e s  t h e  

r equ i r ed  v e l o c i t y  increments  f o r  each  maneuver burn as a f u n c t i o n  of e n t r y  condi- 

t i ons .  The t h i r d  p a r t  shows r e p r e s e n t a t i v e  miss ion  p r o f i l e s  i n  terms of a s c e n t  

and d e s c e n t  ground t r a c k s .  The f o u r t h  p a r t  i l l u s t r a t e s  t h e  c o r r e l a t i o n  of environ- 

ment s i m u l a t i o n  w i t h  v e l o c i t y  increment  requi rements  u s ing  r a d i a t i v e  h e a t  f l u x  

as tile example. 

A.1 Deorb i t  ?laneuvsr D e s c r i p t i o n  - The s e l e c t e d  d e o r 5 t  maneuver s t r a t e g y  

is p i c t o r i a l l y  d e s c r i b e d  i n  F igu re  4-1. This  h l ~ h l !  e l l i p t i c a l  t r a j e c t o r y  technique ,  

sugges t ed  by USA-Ames, a l l o w  high speed and angle  e n t r i e s  t o  be e f f i c i e n t l y  

achieved from a low, c i r c u l a r  i n i t i a l  o r b i t .  Compared w i t h  d i r e c t  d e o r b i t  irom 

low a l t i t u d e ,  t h i s  maneuver s t r a t e g y  reduces  t h r u s t  l e v e l  requi rements  t o  t h o s e  

normally a t t a i n a b l e  w i t h  t y p i c a l  S h u t t l e  upper  s t a g e s  and minimizes t h e  v e l o c i t y  

increment ;LV) needed f o r  s t e e p  e n t r i e s ,  

As shown i n  F igu re  4-1, t h r e e  maneuver bu rns  are used t o  accompl ish  d e o r b i t  

beg inn ing  i n  a 185 km c i r c u l a r  o r b i t .  Th i s  i n i t i a l  o r b i t  is s e l e c t e d  as t y p i c a l  

o f  S h u t t l e  i n s e r t i o n  c o n d i t i o n s .  The f i r s t  maneuver is a t a n g e n t i a l ,  p o s i g r a d e  

burn  t h a t  i n i t i a t e s  hohmann t r a n s f e r  t o  a p r e s e l e c t e d  a p o a p s i s  a l t i t u d e  (R ). The 
a 

v a l u e  o f  R is t r e a t e d  as a b a s i c  m i s s i o n  v a r i a b l e  and r anges  from 2 t a  $0 e a r t h  
a 

r a d i i  above t h e  e a r t h ' s  c e n t e r .  The s e c o ~ d  maneuver is a t a n g e t i a l ,  r e t r o g r a d e  

b u m  a p p l i e d  a t  a p o a p s i s  ta  a c h i e v e  t h e  d e s i r e d  e n t r y  angle .  Th i s  maneuver a l s o  

a d j u s t s  t h e  t r a j e c t o r y  s o  t h a t  e n t r y  o c c u r s  a t  a p rope r  l o c a t i o n  r e l a t i v e  t o  t h e  

d e s i r e d  impact  p o i n t ,  Any p l a n e  change c o r r e c t i o n s  r e q u i r e d  t o  a t t a i n  such  a n  e n t r y  

l o c a t i o n  would b e  i n c l u d e d  i n  t h e  second b u r n  by v e c t o r  sumatlog. The t h i r d  maneuver 

bu rn  is a p p l i e d  a l o n g  t h e  f l i g h t  p a t h  j u s t  b e f o r e  e n t r y  t o  i n c r e a s e  v e l o c i t y  up t o  

t h e  d e s i r e d  e n t r y  va lue .  
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Figure 4-2 shows the  en t ry  ve loc i ty  t h a t  would r e s u l t  i f  only t he  f i r s t  two 

maneuver burns were acc~mplished.  As indicated,  each combination of en t ry  angle 

and apoapsis d i s t ance  produce a unique value of en t ry  ve loc i ty  t h a t  decreases  wi th  

s t eepe r  angles  and increases  wi th  high apoapsis dis tances .  As apoapsis increases ,  

t h e  e f f e c t  of en t ry  angle  diminishes t o  e s s e n t i a l l y  zero and en t ry  ve loc i ty  approaches 

an upper limit of about 11 kmlsec. This is w e l l  below t h e  13 t o  20 kmlsec range of 

required en t ry  v e l o c i t y  ( reference Sect ion 3.0). Hence a t h i r d  burn i s  always 

required, t he  magnitude of which is t h e  d i f f e r ence  between the  required en t ry  

ve loc i ty  and t h a t  achieved by a two burn maneuver, 

Figure 4-3 shows the  mission time i n t e r v a l  required t o  accomplish t h e  deo rb i t  

maneuver. This is the  elapsed t i m e  between the  f i r s t  maneuver burn and the beginning 

of atmospheric en t ry  a t  122 km (400,000 f t ) .  As  shown, the  t l m e  i n t e r v a l  required 

is a s t rong  funct ion of apoapsis a l t i t u d e  but  e s s e n t i a l l y  independent of en t ry  

angle. 
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TWO BURN MANEUVER ENTRY VELOCITY (W*) 

1 I . 1- . . .I.- 

2 3 5 7 10 

APOAPSIS ( R a )  - EARTH RADII 

FIGURE 4-2 
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APOAFSIS ( R , )  - EARTiI RADII 

FIGURE 4-3 
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4.2 V e i o c i t y  Increment  Requirements  - The i n p l a n e  v e l o c i t y  i nc remen t  (tV) 

r e q u i r e d  t o  accornplisti  t h e  d e o r b i t  maneuvers a r e  summarized i n  F i g u r e s  4-4 through 

4-8. These d a t a  i l l u s t r a t e  t h a t  t h e  LV r equ i r emen t s  a r e  l a r g e  b u t  t h a t  t ney  c a n  

be  minimized by i n c r e a s i n g  a p o a p s i s  a l t i t u d e ,  p a r t i c u l a r l y  f o r  s t e e p  e n t r y  a n g l e s .  

The AV r e q u i r e d  f o r  t h e  f i r s t  o r  Hohmann t r a n s f e r  bu rn  ( F i g u r e  4-4) i n c r e a s e s  

w i t h  a p o a p s i s  b u t  is independent  of  e n t r y  ang le .  However, t h e  second o r  a p o a p s i s  

burn  AV r equ i r emen t s  ( F i g u r e  A-5) r educe  w i t h  i n c r e a s i n g  a p o a p s i s  and i n c r e a s e  as 

e n t r y  angle becones s t e e p e r .  The n e t  e f f e c t  i s  i l l u s t r a t e d  by t h e  F i g u r e  4-6 sum- 

mat ion  of 2.V and AV A t  e n t r y  a n g l e s  s t e e p e r  t h a n  abou t  -50 d e g r e e s ,  i n c r e a s i n g  1 2' 
a p o a p s i s  r educes  t h e  t o t a l  two bu rn  LV r equ i r emen t s .  T h i s  t r e n d  becomes v e r y  pro- 

nounced 3s e n t r y  a n g l e  a p p r o ~ c i i e s  -90 deg rees .  However, f o r  s h a l l o w  e n t r i e s ,  a  

moderate  A V  p e n a l t y  r e s u l ~ s  irom i n c r e a s i n g  a p o a p s i s .  

The LV r e q u i r e d  f o r  t h e  t h i r d  o r  v e l o c i t y  a d j u s t m e n t  bu rn  is p r e s e n t e d  i n  

F i g u r e  4-7 a s  a f u n c t i d n  of d e s i r e d  e n t r y  v e l o c i t y .  As n o t e d  i n  t h e  p r e v i o u s  sub- 

s e c t i o n ,  t h i s  LV is  t h e  d i f f e r e n c e  between t h e  d e s i r e d  e n t r y  v e l o c i t y  and t h e  e n t r y  3 
v e l o c i t y  r e s u l t i n g  from a two burn  v e l o c i t y  o n l y  ( r e i e r e n c e  F i g u r e  4 - 2 ) .  Hence 

the AV r equ i r emen t  d e c r e a s e s  a s  a p ~ a p s i s  a l t i t u d e  i n c r e a s e s .  Tho t r e n d  is  similar 3 
w i t h  e n t i y  a n g l e  a l t h o u g h  a t  h igh  a p a a p s i s ,  ;he LV dependency on  e n t r y  a n g l e  

d i m i n i s h e s  t o  e s s e n t i a l l y  zero .  

The t o t a l  d e o r b i t  xaneuver  :V r equ i r emen t s ,  summarized i n  F i g u r e  4-8, i n c r e a s e  

l i n e a r l y  w i t h  e n t r y  v e l o c i t s  f o r  a g i v e n  a p o a ? s i s  a l t i c u d e  and e n t r y  ang le .  Lower- 

i n g  e n t r y  a n g l e  r educes  t h e  t o t a l  3 r e q u i r e d  a s  does  i n c r e a s i n g  a p o a p s i s  a l t i t u d e ,  

p a r t i c u l a r l y  f o r  s t e e p  e n t r i e s .  

An example of t h e  CV p e n a l t y  a s s o c i a t e d  w i t h  out -of -p lane  maneuvers  i s  i l l u s -  

t r a t e d  i n  F i g u r e s  &-9 and 4-10. These v a l u e s  r e p r e s e n t  CV i n c r e n e n t s  t h a t  must  b e  

added t o  t h e  second burn ,  i n  p l a n e  r equ i r emen t s  t o  a c h i e v e  a p r e s e l e c t e d  impact  

p o i n t  l o c a t i o n .  The example s h o ~ n  a s s u n e s  impact  nea r  Ascens ion  I s l a n d  and a  due 

east l aunch  of S h u t t l e  from ETR. The S h u t t l e  o r b i t  numbers shown co r r e spond  t o  

d e o r b i t  maneuver i n i t i a t i o n  (LV ) sometime d u r i n g  t h e  seccnd,  r h i r d  o r  f o u r t h  
1 

S h u t t l e  o r b i t s  f o l l o w i n g  i n i t i a l  i n s e r t i o n .  T h i s  i s  d i s c u s s e d  f u r t h e r  i n  t h e  

folls:!i ng s u b s e c t i o n .  

These d a t a  show t h a t  p l a n e  change 2 V  p e n a l t i e s  raduce w i t h  i n c r e a s i n g  a p o a p s i s  

a l t i t u d e  and can  be  min in i zed  by s e l e c t i n g  a r e l a t i v e l y  s t e e p  e n t r y  ang le .  However, 

f o r  a p o a p s r s  above 3 e a r t h  r a d i i ,  t h i s  :V p e n a l t y  is  s n a l l  t o  n e g l i g i b l e  compared 

t o  t h e  t o t a l  i n p l a n e  LV r e q u i r e m e n t s  o f  F i g u r e  4-8. 
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FIRST BURN VELOCITY INCREMENT ( A V ~ )  REQUIREMENTS 
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APOAPSIS  (R,) - EARTH RADII 
FIGURE 4-4 
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SECOND BURN VELOCITY INCREMENT ( A Y )  REQUIREMENTS 

o IN PLANE MANEUVER 

APOAPSIS (R,) - EARTH RADII 

FIGURE 4-5 
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ASCENT PLUS ENTRY ANGLE VELOCITY INCREMENT 
( A V ~  + A V2) REQUIREMENTS 

F I G U R E  4-6 
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ENTRY VELOCITY - km/sec 

FIGURE 4-8 
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PLANE CHANGE aV PENALTY - R, = 3.8 

o TOTAL - V 2  = LV, ( I I J  PLAJiEj  + :(;V2) 
L 

o DUE EAST LAUflCH FROW ETR TO 296 134 CIRCULAR O R b I T  
o ASCCi;SION ISLAHD RkCOVtRY ZOtJE 

i 1 , . :  . j 4 I I . .  . - __I :--. _ I - _ L _  
. I .  . . : .  . 

1 .  

. - .  . 
SHUTTLE -- ORBIT 

1 : . NUWER 
i ? I : - .  ! 

1;IERTIAL EilTRY AIiGLE - DEGREES 

FIGURE 4-9 
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PLANE CHANGE AV PENALTY - Ra = 6.5 

o WE EAST LAU;;CI1 FROtt i TE TO 236 1::t CIRCULAR ORBIT 
o ASCEIlSIOfl ISLA!ID RtCOVt'RY ZOIIE 

FIGURE 4-10 
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4.3 Ground Tracks - I n  t h e  p rev iaus  s e c t i o n s  t h e  b o o s t e r  AV requirements  f o r  

each burn and t h e  r e s u l t a n t  i n e r t i a l  e n t r y  c o n d i t i o n s  have been def ined.  This  sec-  

t i o n  i d e n t i f i e s  t h e  l a t i t u d e  and l o n g i t u d e  of  t h e  f i r s t  and second b o o s t e r  burns ,  

t h e  r e s u l t a n t  e n t r y  c o n d i t i o n s  f o r  impact a t  Ascecsion I s l a n d ,  t h e  S h u t t l e  o r b i t s  

from which t h e s e  can be  achieved,  and two r e p r e s e n t a t i v e  ground t r acks .  

To e s t a b l i s h  t h e s e  parameters,  t h e  fo l lowing  d e o r b i t  s t r a t e g y  was used. The 

f i r s t  burn of  t h e  Hohmann t r a n s f e r  was assumed t o  be  made from a  p o i n t  on t h e  Shut- 

tle o r b i t  and a t  t h e  same heading as t h e  S h u t t l e ,  i.e., no p lane  change was 

a s s o c i a t e d  w i t h  t h e  f i r s t  burn. The l o c a t i o n  of apogee on t h e  Hohmann t r a n s f e r  

o r b i t  is then  a t  a l a t i t u d e  e q u a l  i n  magnitude b u t  o p p o s i t e  i n  s i g n  t o  t h e  f i r s t  

burn l a t i t u d e .  The apogee l o n g i t u d e  w i l l  be t h e  f i r s t  burn l o n g i t u d e  p l u s  180 

degree  minus t h e  e a r t h ' s  angu la r  v e l o c i t y ,  R , m u l t i p l i e d  by t h e  Hohnann t r a n s f e r  

t i m e ,  T, from t h e  f i r s t  burn  t o  apogee, i.e., 

= 
'apogee 

+ 180 - R T  
Once t h e  apogee l o c a t i o n  was determined,  t h e  t r a j e c t o r y  from apogee t o  ircpact a: 

Ascension w a s  computed as fol lows.  F i r s t  t h e  impact p o i n t  l a t i t u d e  and long i tude  

at Ascension was s e l e c t e d  a s  -7.95 deg (7.95 deg south),345.667 deg (14.333 deg 

wes t ) ,  r e spec t ive ly .  Then t h e  d e o r b i t  t r a j e c t o r y  r e q u i r e d  t o  h i t  t h e  impact p o i n t  

from apogee was computed a long  wi th  t h e  i n e r t i a l  e n t r y  c o n d i t i o n s  a t  t h e  p i e r c e  

point .  The d e o r b i t  t r a j e c t o r y  v e l o c i t y ,  f l i g h t  path  ang le ,  and az inu th  a t  apogee 

i s  ext;l.!lli:;hcd by t l ~ r  second burn of t h e  h o o s t e r .  The vec tor i ; l l  d i f f e r c : : ~ ~  he:\<ecn 

prc-burl: and  pos t-burr. cc n d i r i c n s  a t  apogee est'illis-!i tlic La\' requ i re ;  .c,lis r u r  L!ie 

h ( v ~ v : i ~ c r .  '11;is : ~ : ~ a l y s j s  i t ! < ! ~ ; ~ i f i ~ s  2 1 . 1 t i ~ i ~ L c  and I C ~ Z ~ C L I ~ ~ P  fcr  L I L C  f i r : , :  .?rL 

scco!~ct i~rit-11s or1 s p e c i f i . c d  Si lu t t l e  o r l ~ i t s  an< t h e  rc::ult::!.:t vc lc )c i ty ,  fl.if:!:t - - i t ;  

ang le ,  and azi!.iutll t h a t  ~'111 b e  i i c l ~ i t ~ v t d  s t  Xscensio;l I s l ; i nL .  ' l i~e t ~ - i i j ~ ~ ~ o i  y i 1.c. 

e n t r y  t o  impact n e g l e c t s  a tmospher ic  e f f e c t s .  This  does n o t  a f f e c t  t h e  r e s u l t s  

s i g n i f i c a n t l y .  

The f i r s t  q u e s t i o n  t o  be  reso lved  w a s :  what S h u t t l e  launch azimuth s h o ~ l a  be 

used from KSC? For tuna te ly ,  a due e a s t  launch from KSC t o  a  296 kn c i r c u l a r  o r b i t  

provides  impact a t  Ascension w i t h  e s s e n t i a l l y  no p lane  change requirements  a t  apcgee 

and e n t r y  v e l o c i t i e s  ( p r i o r  t o  the  t h i r d  b u r n )  of more than 10 krn/sec over  a v i d e  

range o f  f l i g h t  path  angles .  Figure  4-11 is a  summary t a b l e  d e f i n i n g  p o t e n t i a l  f i r s t  

burn l o c a t i o n s  and r e s u l t a n t  e n t r y  c o n d i t i o n s  f o r  a 6.5 e a r t h  r a d i i  d c o r b i t  t r a j e c -  

to ry .  Tile S h u t t l e  long i tude  and l a t i t u d e  correspond t o  10  deg increments  a ldng tk.e 

o r b i t a l  path. The p a r t i c u l a r  v a l u e s  s e l e c t e d  provide  i n e r t i a l  e n t r y  c o n d i t i o r . ~  1:-. 
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t h e  10 km/sec v e l o c i t y  r ange  and f l i g h t  p a t h  a n g l e s  between -20 and -79 deg. The 

az imuth  on t h e  S h u t t l e  o r b i t  is t h e  i n e r t i a l  v a l u e  and co r re sponds  t o  t h e  payload  

az imuth  d u r i n g  t h e  f i r s t  burn. The e n t r y  az imuth  is an  i n e r t i a l  az imuth  a t  t h e  

e n t r y  a l t i t u d e  o f  121.92 km. The i n p l a n e  t V  r equ i r emen t ,  ZV2,  and t h e  LV p e n a l t y ,  

AAV, f o r  p l a n e  change a t  apogee a r e  a l s o  provided.  F i n a l l y ,  t h e  time between t h e  

end of  t h e  f i r s t  o r b i t  and t h e  f i r s t  Hohmann t r a n s f e r  bu rn  i s  given.  For t h e  f i r s t  

window on o r b i t  2 and 3  a lmos t  no p l a n e  change p e n a l t y  j-s i n c u r r e d .  During 1a:er 

S h u t t l e  o r b i t s ,  t h e  p l a n e  change 2V p e n a l t y  is minimum f o r  t h e  i n t e r m e d i a t e  v a l u e s  

o f  f l i g h t  p a t h  ang le s .  Deorb i t  o p p o r t u n i t i e s  are a v a i l a b l e  on t h r e e  c o n s e c u t i v e  

S h u t t l e  o r b i t s  w i t h  a t  least  a  25 minute  l aunch  window on each  o r b i t  (a t  t h e  s a c r i -  

f i c e  o f  e n t r y  f l i g h t  p a t h  a n g l e ) .  T h i s  a l l o w s  f o r  v e r y  f l e x i b l e  m i s s i o n  p lanning .  

F i g u r e  4-12 p r e s e n t s  t h e  same type  of  d a t a  as F i g u r e  4-11 b u t  f o r  a d e o r b i t  

t r a j e c t o r y  w i t h  a 3.0 e a r t h  r a d i i  apogee. The f i r s t  Hohmann t r a n s f e r  bu rn  must 

o c c u r  f u r t h e r  east t h a n  f o r  t h e  h i g h e r  apogee d e o r b i t  d i s c u s s e d  p rev ious ly .  T h i s  

is due t o  t h e  s h o r t e r  f l i g h t  t i m e  of  t h e  low apogee mission.  The e n t r y  v e l o c i t i e s  

are between 9  and 9.5 kmlsec and t h e  approach azimuth is more from t h e  w e s t  t han  

t h e  p rev ious  case. The most s i g n i f i c a n t  d i f f e r e n c e  is  t h e  h i g h e r  p l a n e  change AV 

p e n a l t y  which on t h e  f i r s t  o p p o r t u n i t y  exceeds  300 km/sec f o r  a l l  cases. 

To p rov ide  m i s s i o n  p l a n n i n g  i n f o r m a t i o n ,  t h e  t imes  g iven  i n  t h e  l a s t  column of  

Fig11rr.s 4-11 and 4-12 are p l o t t e d  as a f u n c t i o n  ?i L1.e i n e r t i a l  e n t r y  a n g l e  i n  F igure  

4-13. For a g iven  e n t r y  a n g l e  t h i s  t i m e  can b e  added t o  t h e  t o t a l  d e o r b i t  t i m e s  

g i v e n  i n  F igu re  4-3 t o  g i v e  t h e  t o t a l  t i m e  from end o f  f i r s t  o r b i t  

C .  . t o  ; r : ; - .~c t  .it ;isren.;iu:;. T!IC cr,d of t i lc  iir.;: t ? r L i c  i.-. u.,cci - L ~ : l .  J:.: ti21 ti.--< 

bcc;,rlsc: S i l ~ i t t l c  orbi t :  ir.r;crtio;~ rc?l.li I-c.5 r:qC:t o f  thr :  f 2 !-.st n r b i  t. D~:pc.;-.(i:-~~ tl.;:,:, 

t h e  pr-occdurc i o r  c i rc .a iar iz i i1g tlie S i i u t ~ J e  orlit, t i ic :  tiirt: f u r  tiit: i i r sL  o r i i r  

can  vary s i g n i f  i c i i n t ly .  

The d a t a  provided  i n  F i g u r e s  4-11, 4-12 and 4-13 can  be  used f o r  mi s s ion  p l ann ing  a:ic; 

' t o  d e f i n e  ground t r a c k s .  F igu res  4-14 and 4-15 p rov ides  t y p i c a l  ground t r a c k s  £0- t h e  

6.5 and 3.0 e a r t h  rad" m i s s i o n s ,  r e s p e c t i v e l y .  The d e o r b i t  maneuvers a r e  made i r o n  

t h e  second S h u t t l e  c - d i t  and t h e  e n t r y  c o n d i t i o n s  a r e  no ted  on t h e  f i g u r e s .  For t h e  

h igh  apogee c a s e  of F igu re  4-14, t h e  f i r s t  bu rn  o c c u r s  n e a r  Hawaii and could  be  

t r a c k e d  from the re .  The iiot~mann t r s n s f e r  g r o u ~ d  t r a c k  goes  ove r  Mexico ar,d t h e  

n o r t h e r n  c o a s t  of  South  America. A s  t h e  payload approaches  a p o a p s i s  t h e  r e l a t i v e  

ground speed is  f a s t e r  t han  t h e  payload v e l o c i t y  and t h e  ground t r a c k  r e v e r s e s .  

The second burn o c c u r s  a t  apoaps i s  j u s t  o f f  t h e  east c o a s t  o f  South America. 

A f t e r  t h e  a p o a p s i s  burn ,  t h e  ground t r a c k  c o n t i n u e s  westward u n t i l  t h e  - 
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SUMMARY OF DEORBIT CONDITIONS FGR Ra = 6.5 

SHUTTLE ORBIT ALTITUDE = 160 tlMI 

F I G U R E  4-1 1 
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TIME SINCE 
FIRST ORBIT 
TIME 

, (HIN) 

75.26 

SHUTTLE 
OREIT # 

2 

I 

BOOSTER rJ 
AT APOGEE -:u2 

(YJI/SEC) 

115.81 
77.77 
80.26 
82.79 

LLV 
(KM/SEC) 

32.310 

FIRST BURrl 
COtiDITIOtiS 
LONG. LAT. 
(DEG) (DEG) 

212.07 26.64 79.48 10.25 -38.36 62.35 371 .€1 -845 1 85.30 
-275 87.8Cl 
-062 1 90.31 

3 
I 

4 

I !  
4 
4 

AZIHUTt1 
(DEG! 

64.82 l i4.04 
160.27 
218.40 
288.73 

13.80 
182.90 
192.17 
201.90 

67.42 
70.76 
74.81 

13.59 
5.595 
2.248 

ENTRY IfiERTIAL 
COyNDITIONS 

VE E I AZIMUTH 
( W S E C i  (JEG) , (DEG) 

17.86 
21-44 
24.41 

10.29 -19.60 1 39.90 
10.28 
10.27 
10.26 

-23.97 / 60.83 
-28.57 61.51 
-33.37 62.00 
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SUMMARY OF DEORBIT CONDITIONS FOR R, = 3.0 

FIGURE 4-12 

SHUT'ILE 
ORBIT * 

2 
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FIRST BURri 
COtlD I TIOliS 

L O ~ I G .  
(DEG) 

96.214 
105.944 

T 
EXTRY :f:ERT!AL 

COliDITIOliS 

LAT. 
(DEG) 

-24.4C8 
-21-440 55.19 i0.76 ; 3 i 7  1 -23.30 I 110.36 

57.70 
60.21 

BOOSTt I? :.'J 
AT APOGEE 

' 115.221 
327.41 847.89 

TIIIE SINCE 
FIRST ORBIT 

T I M E  
(MIli) 

52.68 

/ 124.082, -13.803 1 64.Z1 ! 9.::  -31.89 1103.27 546.31 569.59 

A Z I ~ U T ~  1 V~ 1 .'E AZIMUTI, I 2 . S t  

-17.861 67.42 I 9.24 1-27-05 11i.6.62 

1 132.605 - 9.393 / 62.37 . 3.37 ; -35.42 ; 100.i.9 689 92 / 474.99 62.72 I 145.892 - 2,753 1 61.87 9.32 1-43.05 96.111 / 859.02 1 404-58 ' 65.23 

4?6,21 622.03 

(3EG) I ( U E G ) ~  (DEG) 

67.74 
70.24 

149.059 1 157.225 

74.81 13 ,53  

0 61.50 : 9 27 ! -44.98 1 '33.38 ! 1054.90 355.21 
4,753 61.87 / 9.22 1-50.19 ; 83.40 1 1277.56 324.49 

(&SEC) ( D E G )  

-19.83 

i 161.112 9.313 1 62-97 9 17 -55 .64  84.52 1524.79 311.38 72.75 

(t'.tI/SEC) 

' 174.035 
1 182.897 

114.80 

13.803 , 62.82 i 9.12 1 -61.20 j 78.11 1790.13 1 317.19 75.26 
17.861 1 67.42 ! 9 08 1-66-61 1 69.33 1 2061.11 i 349.53 77.77 

247.75 , 11347.64 

9 2 .  , 4 70.76 9.05 1-71.61 55.19 1 !312?.5 424.15 80.28 1 201,90 ! 24.41 ! 74.81 : 9.04 -75.18 1 33.69 ; 2498.16 57'3.76 1 82.79 
2 / 212.67 I 26.64 79.48 9 0 3  -76.14 . 5.13 1 2548.30 874.81 : E5.30 

I 
3 j 92.:lij-l?.861 67.6; 3.11 ' - 1 8 1 2  :107.LF Z12.3C 1 3 2 . 4  148.01 

100.9721-13.803 ' 64-62 . - 1  3 1 . 7 3  ! 2b1.24 ' 1067.79 i 153.52 
, 109.496; -4 .393,  62.37 3 . 4 6 , - i J . d 3 :  37.27 ! 3b7.69 879.84 1153.03 
I l l i .7831- 3.753 1 61.27 , 9.;; ' -28.71 , 53.46 : :73,90 731 .fo 1 155.54 

I 
125.9491 0 i 61.52 3-33 ' -32,a: i 63.1 j tvl.LS +.15,28 158.05 

i 134.1161 4.753 61.E; , 9.35 -37.23 66.29 ! 753.46 , L5 .36  ! 160.55 
I ; 142.403' 9.393 62.9; 9.3C '-31.8b 1 62.63 ; 930.29 ' 458.87 1 103,Cf 

I i 150.326, 13.8C13 1 64.82 9.25 -46.84 is.% 1132.88 ! 413.43 ; 165.57 
159.7871 17,861 ; 67.42 , 9.29 : -52.05 1 73.86 1360,19 : 387.45 168.08 

i 169.0641 21.440 1 70.76 3.i5 . -57.41 i 67.98 1607.85 381.29 170.59 
I 173.793. 24,408 ' 74.812 , 9.:: -62.78 60.16 1367.26 396.50 173.10 

.- 7 i 188.958, 25.54; i9.4i ;  3 2~ -ol . t7 ' 29.14 , ??21 6C 449.23 175.61 
3 , 1 9 9 . $ 7 !  28-23 84.67 5.'; - 7 2 , 1 3 .  ?i.7t! 2335.75 556*47 176.11 

,- 7 3 2 4  2 1 2 . 1 7  2 8 .  ' 3 . - 7 .  9 - 5 1  2465.72 762.47 l2L.62 

2 ' 94.673)- 4.753 61.596 3 52 - 5  93.13 ' 3 983.75 245.85 
I 1C2.804, il 5 . 5  3.22 -22.6.; 6 C . C i .  310.27 790.90 248.36 
; 111.036, 4.753 61 .E66 . i ; 5  -26.34 G . 5 6  , 406,44 642.56 250.86 - * I 119.2'iJ1 5.333 : 62.363 3.41 -3C.36 1r.42 523,67 527.X 253.37 
! 127.817 13.803 ! 64.2;b 5,jY - 3 . 6 7  7 664.21 263.44 255.88 

I 1 136.67t 17.861 67.415 9-33 -35.26 73.41 830.12 372,47 258.39 ' 145.955 21.440 : iC.761 : I 6  -46.29 72.16 1522.57 325,SZ 260.90 
155.685 24.4Gi, 72.<?I'  5.;: -49.41 66.46 1243.3: 295.87 263.41 1 165.849i'26.640, 79.": 9 it -54.65 61.95 I485 45 281.13 265.92 - .? 4 j 176.359 28.328 6 2 . 2  - t i  i 1756 75 222.53 268.42 . -  - ,  

4 S 5 1 137.363 Li,5CG ' . -. t .;, w,.. Y 2 ;  3L' ,it 354.59 2YC.93 -. 
5 , 147.7661 2b.Z.2~ 9 ,  6 . -, !,45 35.6 :  2 6 36C,56 273.44 - . - -  - -  i I Z02.276; 26.'41; I :C('5? 2 .  - 5  ' '5,:: I L > L ~ . G L \  , 4 0 3 . ~ 5  , 275.95 
5 : 212.44 1 24.41 , 1 . 1  . , - 7  1 165.72 1 2Elc.G 1 735.22 , 272.46. 

b 
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TIME I# INITIAL ORBIT 

o T I M E  IfEASURED FROM END O F  1 S T  O R L I T  T O  F I R S T  M I S S I O N  BUR!I 

I l J E R T I A L  EIITRY ANGLE - D E G R E E S  

S H U T T L E  
(b) APOAPSIS (R,) = 3.0 EARTH RADII O R B I T  

I i l L R T I  AL E!!TRY AIIGLE - 3 E G R C E S  
59 F I G U R E  4-13 
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FIGURE 4-14 
SUMMARY OF DEORBiT CONDITIONS 

FOR R, = 3.0 

6 9 FIGURE 4-15 
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FIGURE 4-16 
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EVENT 

LIFTOFF 

OMS SHUTDOIII4- 296 kn; CIRCULAR ORBIT 

DEPLOY IUS 

IGNITE IUS FOR FIRST BURIJ OF HOHMANN TRAIJSFER 

IGNITE I U S  FOR SECOND BURN AT APOGEE 

IGNITE IUS FOR THIRD BUR14 TO INCREASE- ENTRY VELOCITY 

ENTRY AT 121.92 KM 

IMPACT 

A 

TIME (HR: MIN) 

Ra = 6.5 

00: 00 

01 : 27 

02: 25 

C2: 55 

08: 06 

12:32 

12: 37 

12:41 

RA = 3.0 

00: 00 

01 : 27 

02:02 

02:32 

04: 34 

05: 55 

06: 00 

06: 04 
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v e l o c i t y  a g a i n  exceeds  e a r t h  r o t a t i o n a l  speed  n e a r  t h e  w e s t  c o a s t  o f  South  America. 

The ground t r a c k  then  p roceeds  n o r t h e a s i  u n t i l  impact  a t  Ascension.  Because o f  t \ e  

apogee a l t i t u d e  of 6.5 e a r t h  r a d i i ,  t h e  second bu rn  i s  o b s e r v a b l e  from Ascension.  

The ground t r a c k  f o r  t h e  low apogee d c o r b i c  is  q u i t e  d i f f e r e n t  a s  shown i n  

F igu re  4-15. The f i r s t  Hohmann t r a n s f e r  burn  o c c u r s  o v e r  Indones i a  and n o r t h  of 

A u s t r a l i a  - c o n s i d e r a b l y  w e s t  of  t h e  p r e v i o u s  ca se .  The Hohmann t r a n s f e r  o r b i t  

t r a c k  is  o n l y  s l i g h t l y  d i f f e r e n t  frorn a t y p i c a l  S h u t t l e  t r a c k  u n t i l  i t  p a s s e s  o v e r  

t h e  c o a s t  of Nexico. Xpogec i s  ach ieved  o v e r  n o r t h e r n  South  America. A t  t h i s  

a l t i t u d e  t h e  secorld bu rn  w i l l  be o b s e r v a b l e  from Ascension.  The ground t r a c k  f r o 9  

apogee t o  impact  t hen  app roaches  Ascens ion  from t h e  w e s t  a s  compared t o  t h e  sou th -  

w e s t  approach  foz  t h e  h i g h e r  apogee. 

The t i m e  l i n e  f o r  t h e  R = 3.0 and 6.5 m i s s i o n s  a r e  summarized i n  F i g u r e  4-16. 
a  

The Ra = 3.0  m i s s i o n  t a k e s  a b o u t  s i x  hour s  and t h e  K = 6.5 m i s s i o n  t a k e s  j u s t  under  
a  

13 hours.  

I n  c o n c l u s i o n ,  a due e a s t  l aunch  i r o n  KSC p r o v i d e s  m u l t i p l e  o p p o r , u n i t i e s  f o r  

payload  t a r g e t i n g  a t  -1scension. O p p o r t u n i t i e s  e x i s t  d u r i n g  t h e  second,  t h i r d ,  o r  

four+17 o r b i t s .  The pl?.;le change p e n a l t y  a t  apogee can  b e  rninjmized by s e l e c t i n g  

a p p r o p r i a .  l aunch  p o i n t s  on t h e  S h u t t l e  o r b i t .  Coverage of  ;he second  bur:^ is 

e x c e l l e n t  frca  Ascens ion;  cove rage  o f  t h e  f i r s t  burn  may be p o s s i b l e  from Hawaii ,  

UlR, n r  Gum f o r  s p e c i f i c ,  e n t r y  c o n d i t i o n s .  
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4.4 Typical  Environment Simulat ion - The previous  subsec t ions  have addressed 

t h e  d e o r b i t  maneuver requirements i n  t h e  g e n e r a l  terms of i n i t i a l  e n t r y  condiLions. 

However, t h e s e  requirements can a l s o  be expressed more d i r e c t l y  i n  terms of environ-  

ment parameter s imulat ion.  For example, t h e  d e o r b i t  maneuver AV requirements  a r e  

presented i n  Figures  4-17 and 4-18 us ing  peak r a d i a t i v e  f i u x  a s  t h e  s p e c i f i c  

environment parameter. 

The optimum e n t r y  ang le  (y) is shown i n  Figure  4-17(a) a s  a func t ion  of apcaps is  

d i s t a n c e  (R ). This  is t h e  y t h a t  minimizes t h e  t o t a l  i n p l a n e  CV needed t o  simu- 
a 

late  a  g iven i e v e l  of r a d i a t i v e  f lux.  Figure  4-17(b) g r a p h i c a l l y  i l l u s t r a t e s  t h e  

procedure f o r  i d e n t i f y i n g  t h e  optimum v a l u e  of y. Note tha ,  t h e  optimum is r a t h e r  

f l a t ;  v a r i a t i o n s  of 25 degrees  around t h e  optimum y do no t  s i g n i f i c a n t l y  e f f e c t  .\V 

requirements.  

Figure  4-18 p r e s e n t s  t h e  t o t a l  AV r e q u i r e d  a s  a  functiox; of apoaps i s  d i s t a n c e  

and r a d i a t i v e  f l u x  l e v e l .  The b e n e f i c i a l  e f f e c t  of jnc reas ing  R i s  q u i t e  I 
a  

nounced a t  low a l t i t u d e s  b u t  d iminishes  r a p i d l y  above an R of about 4 e a r t t  
a  

The e f f e c t  of r a d i a t i v e  f l u x  Level o r  AV is n e a r l y  l i n e a r  above about 20 *:.- 
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5.0 SHUTTLE LAUNCHED BOOSTERS 

The p h y s i c a l  c h a r a c t e r i s t i c s  and performance c a p a b i l i t i e s  of t y p i c a l  S h u t t l e  

launched b o o s t e r s  are summarized i n  t h i s  s e c t i o n .  The purpose  of t h e s e  d a t a  is 

t o  p rov ide  t h e  exper iment  p l a n n e r  w i t h  a n  unde r s t and ing  of  t h e  payload m a s s  v e r s u s  

e a r t h  e n t r y  c o n d i t i o n  c o n s t r a i n t s  imposed by c u r r e n t  technology,  S h u t t i e  upper  

s t a g e s .  T h i s  i n f o r m a t i o n  is in t ended  f o r  u s e  w i t h  t h e  maneuver r equ i r emen t s  of 

S e c t i o n  i t o  de t e rmine  t h e  environment  s i m u l a t i o n  c a p a b i l i t y  o f  e a r t h  e n t r y  f l i g h t  

tests* 

Four classes of b o o s t e r s  are s i l w n  which cover  t h e  e x i s t i n g  tecllnology range  

of  upper  s t a g e  performance and p h y s i c a l  s i z e .  Each class is  i l l ~ i s t r a t e d  by a 

r e p r e s e n t a t i v e  des ign ,  F i r s t ,  a n  e x i s t i n g  c r y o g e n i c  p r o p e l l a n t  c l a s s  of  b o o s t e r  

is S ~ O W I ~  u s i n g  t h e  Centaur  as t h e  example. T h i s  c l a s s  r e p r e s e n t s  t h e  h i g h e s t  

a v a i l a b l e  performance b u t  a l s o  t h e  l a r g e s t  p h y s i c a l  s i z e  des ign .  Xext, an  e x i s t -  

i n g  s t o r a b l e  p r o p e l l a 9 t  s t a g e ,  i l l u s t r a t e d  by t h e  T r a r s t a g e ,  i s  p r e s e n t e d  as an  

example o f  i n t e r m e d i a t e  s i z e  and performance. Xnotiler class of  s t o r a b l e  p r o p e l l a n t  

d e s i g n s  is shown based on  e x i s t i n g  components from t h e  S h u t t l e  a u x i l i a r y  p ropu l s io r .  

system. T h i s  m u l t i - s t a g e  v e l o c i t y  package is  an  example of a  v e r y  compact con- 

f i g u r a t i o n  t h a t  a l l ows  maximum o p p o r t u n i t v  f o r  sha red  payload l aunches  of t h e  Shut- 

t l e .  F i n a l l y ,  t h e  s o l i d  p r o p e l l a n t  c l a s s  of  b o o s t e r s  is sho;rn u s i n g  t h e  b e s t  

a v a i l a b l e  d e f i n i t i o n  of t h e  r e c e n t l y  s e l e c t e d  I n t e r i m  Upper S t a g e  (TUS) concept .  

Each b o o s t e r  c l a s s  is d e s c r i b e d  by a sumiiary of d imens iona l  and mass c h a r a c t e r -  

i s t i c s  and by p a r a m e t r i c  performance curves .  The performance c a p a b i l i t y  is shown 

i n  t e r n s  of payload  mass v e r s u s  -.relocity increment  (:V) and a l s o  by t h e  e n t r y  a n g l e  

v e r s u s  v e l o c i t y  a t t a i n a b l t  f o r  s e l e c t e d  v a l u e s  of ' ipopasis d i s t a n c e  and payload 

mass. 

5.1 E x i s t i n g  Cryogenic Boost= - The Centaur ,  which is t h e  o n l y  c ryogen ic  

(02/ii,) s t a g e  c u r r e n t l y  i n  u s e ,  i s  shown as t h e  example d e s i g n  f o r  t h i s  c l a s s  o f  
& 

b o o s t e r ,  F i g u r e  5-1 p r e s e n t s  t h e  m a s s ,  d imens iona l  and p r o p u l s i o n  c h a r a c t e r i s t i c s  

of  t h e  Ce3taur  p l u s  a  s p i c  s t a b i l i z e d ,  TE364-4 s o l i d  motor second s t a g e .  Although 

t h e  Centaur  a l o n e  pe r f r tmance  is  w i t h i n  t h e  e n t r y  s i m u l a t i o n  r ange  of  i n t e r e s t ,  i t  

is less t h a n  o t h e r  c a n d i d a t e  m u l t i - s t a g e  v e h i c l e s .  Add i t i on  of  a  s m a l l  second 

s t a g e  i n c r e a s e s  its pe r fo rmarce  t o  t h e  ex tent  t h a t  i t  is t h e  h i g h e s t  of any 

b o o s t e r  cons ide red .  Hence, t h i s  two s c a g e  con f igu ra t io r .  is p r e s e n t e d  a s  a n  example 

o f  t h e  maximum performance c a p a b i l i t y  a v a i l a b l e .  

F igu re  5-2 i l l u s t r a t e s  performance c a p a b i l i t y  i n  terms of payload  mass v e r s u s  

v e l o c i t y  increment  (LV). F i g u r e  5-3 d e s c r i b e s  t h e  e n t r y  c o n d i t i o n s  t h a t  can  be 
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FIGURE 5-1 
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STAGE 
I 

SECOND STAGE 

FIRST STAGE 

b 

6 7 
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1 

llASS kg (Ib) 

ADAPTER 0 0 
INERT 758 ( 167.0) -- 
BURNOUT 75.8 ( 167.0) 
EXPENDED 1045.5 ( 23051) -- 
IGNITION 1121.3 f 2472.0) 

INTERSTAGE* &7 ( 191.2) 
INERT ** 24951 ( 5501.0) -- 
BURNOUT 3703.0 ( 81642) 
EXPENDED 13532.0 (29833.0) -- 
IGNlTlOlY 17235.0 (37997.2) 

THCUST # (Ib) Ip dm ( ~ c l  

683lH (154MI) 2782 (283.8) 

I 

129,900Q9200) 4311 (439.6) 
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CENTAURlTE364-4 ENTRY CONDITIONS CAPABILITY 

(a) 50 kg PAY LOAD 
R = a 2 3 4 5  1 0 1 5 4 0 E A R T H R A D I I  

ENTRY VELOCITY ( V )  - km/sec 

(b) 100 kg PAYLOAD 
3 4 5  1 0 1 5 ~ O E A R T H R A D I I  

EIITRY VELOCITY (V! - km/sec FIGURE 5-3 
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CENTAUR/TE364-4 ENTRY CONDITIONS CAPABILITY (Continued) 

(c) 150 kg PAYLOAD 
RADI I 

El lTRY VELOCITY ( V )  - km/sec 

F I G U R E  5. 3 
70 

MCDONNPLL 00UC3LAS ASfROAIAUT8CS COMPANY - €BUT 



VOL Ill PLANETARY ENTRY FLIGHT 
EXPERIt.!ENTS HANDBOOK 

REPORT MDC El415 
29 FEBRUARY 1916 

achieved f o r  s e l e c t e d  v a l x s  c f  apoaos i s  d i s t a n c e  and payload mass. Note t h a t  a s  

apoapsis  is inc reased ,  tiiV!.er e n t r y  v e l o c i t i e s  can be a t t a i n e d  a t  s t e e p e r  e n t r y  

angles.  I n  a l l  cases ,  t h e  Centaur s t a g e  accomplishes t h e  f i r s t  and second maneuver 

burn and a p o r t i o n  of t h e  t h i r d  o r  f i n a l  burn w h i l e  t h e  s o l i d  motor is used t o  

complete t h e  f i n a l  burn. 

5.2 E x i s t i n g  S t o r a b l e  Booster  - The Transtage  is s e l e c t e d  as t h e  example 

d e s i g n  f o r  t h i s  boos te r  c l a s s  on t h e  b a s i s  t h a t  i t  p rov ides  maximum performance 

c a p a b i l i t y  wi th  minimum modif ica t ion.  Of t h e  des igns  cons ide red  were t h e  D e l t a  

and Agena s t a g e s .  Phys ica l  and p ropu l s ion  c h a r a c t e r i s t i c s  of  t h e  Transtage  p l u s  

a TE364-4 s o l i d  motor upper s t a g e  a r e  desc r ibed  i n  F igure  5-4. An a u x i l i a r y  s t a g e  

is necessary  t o  achieve performance l e v e l s  h igh  enough t o  be of i n t e r e s t  f o r  

environment s i m u l a t i o n  missions.  

Figures  5-5 and 5-6 p r e s e n t  t h e  ~ranstagelTE364-4 performance c a p a b i l i t y  i n  

terms of payload mass and e n t r y  c o n d i t i o n s  r e s p e c t i v e l y .  The second s t a g e  r e s t a r t  

l i n e  of Figure  5-6 r e f l e c t s  t h e  l i m i t e d  SV c a p a b i l i t y  of t h e  Trans tage  p l u s  t h e  

s i n g l e  s t a r t  l i m i t a t i o n  of c u r r e n t  s o l i d  motors. To ach ieve  s t e e p  e n t r i e s  a t  

lower apoaps i s  a l t i t u d e s ,  t h e  f i r s t  two maneu-~er burns r e q u i r e  more LV than is 

a v a i l a b l e  from t h e  Transtage  a lone.  Hence t h e  second s t a g e  n u s t  be used t o  com- 

p l e t e  t h e  second o r  apoaps i s  burn. It  must then be s h u t  down dur ing  t h e  c o a s t  t o  

low a l t i t u d e  and r e s t a r t e d  t o  accomplish t h e  t h i r d  o r  v e l o c i t y  adjus tment  burn. 

5.3 Shor t  Length E x i s t i n g  Component S t o r a b l e  Booster  - A mul t i - s t age  v e l o c i t y  

package composed of S h u t t l e  Auxi l i a ry  Propu l s ion  System Components i s  shown t o  

i l l u s t r a t e  a  s h o r t  l e n g t h  high AV c l a s s  of s t o r a b l e  (N 0 />Mi) boos te r s .  The 
2 4  

compact v e l o c i t y  package is an example of how e x i s t i n g  components can be  conf igured 

t o  b e s t  u t i l i z e  t h e  wide bu t  l e n g t h  l i m i t e d  shape of t h e  S h u t t l e  payload bag. 

This maximizes oppor tun i ty  f o r  shared payload launches  of t h e  S h u t t l e .  I n  con- 

t r a s t ,  t he  o t h e r  boos te r  c l a s s e s  r e p r e s e n t  r e l a t i v e l y  long,  narrow upper s t a g e s  

t h a t  were o r i g i n a l l y  designed f o r  ground launched,  expendable bcos te r s .  

F igure  5-7 d e s c r i b e s  t h e  p h y s i c a l  and p ropu l s ion  c h a r a c t e r i s t i c s  of r i e  t h r e e  

s t a g e  v e l o c i t y  package. The f i r s t  two s t a g e s  a r e  i d e n t i c a l  and comycjtd 2: twtic, 

engine  and flow c o n t r o l  components being developed f o r  the React ior  :z:~zrci System 

(RCS) of S h u t t l  . The t h i r d  s t a g e  is  a  s p i n  s t a b i l i z e d ,  TE36lr-.' . , ~ ; , i i  n ~ t o r .  

Figure  5-8 shows t h e  b a s i c  payload mass v e r s u s  !.V performance c a ~ . ~ b i ! i t y  of 

each s t a g e  whi le  Figure 5-9 p r e s e n t s  t h e  e n t r y  c o n d i t i o n  c a p a b i l i t y  f , . r  r ep resen ta -  

t i v e  apoaps i s  d i s t a n c e s  and paylozd masses. The t h i r d  s t a g e  r e s t a r t  1 - m i t  of 
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FIGURE 5-4 
7 2 
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STAGE 
L 

SECOND STAGE 

MASS kg (Ib) 

ADAPTER 0 0 

THRUST N (Ib) 

FIRST STAGE 

ISp mrsec (xcl 
1 

INERT 75.8 1 167.0) ; 
61500 1154MI) 2782 1283.1) 

BURNOUT 758 167.3) 
EXPENDED 10455 I 2305.0) / -- i 

IGNITION 11213 r 2472.01 / 1 

INTERSTAGE * 86.7 1 19121 
INERT ** 1701.0 ( 3750.7) / -- 

I 69969 (15733) 2955 1301.3\ 
BURN9LiT 2909.0 I 64133) 1 
EXPENDED 10447.0 123032.0) -- I I 

IGNITION 13356.0 (29445.9) 1 
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1 S T  2ND 
STAGE STAGE T O T A L  
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I "  I I I I I 1 - - 
2 4 6 8 10 I 2  

V E L O C I T Y  1NCREME:rT - krnlsec 

FIGURE 5-5 
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TRANSTAGE/TE364-4 ENTRY CONDITION CAPABILITY 

(a) 50 kg PAYLOAD 
2 3 4 5 1 0 1 5 4 0 E A R T t I R A D I I  

1 .  I I I I I I I t 

12 1 4  16 18 
ElJTRY VELOCITY ( V )  - km/sec 

(b) 100 kg PAYLOAD 
Ra = 2 3 4 5 10 75 4 0  EARTh R A D I I  

ENTRY VELOCITY ( v )  - km/sec 
F IGURE 5 -6  

IWCDOIVNILL DOOdLAS ASrLIOlYAUTlCS COMPANV - 0 A B t  
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TRANSTAGE/TE364-4 ENTRY CONDITION CAPABILITY (Continued) 

(c) 150 kg PAYLOAD 
EARTH RADI I 
. - 

1 0  12  14 16 1 8  
ENTRY VELOCITY ( v )  - km/sec 

(d) 200 kg PAY LOAD 
Ra = 2 3 4  5 1 0 1 5 4 0 E A R T t t P S t D I I  

ENTRY VEI-OC I T Y  ( V )  - km/sec 

F I G U R E  5-6 
7 5 
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MASS kg Ilb) 

THIRD ST9GE 1 ADAPTER 0 0 1 I 

SECOND STAGE 

I INERT 75.8 ( 167.0) 

BURNOUT 75.8 1 167.0) 

FIRST STAGE 

EXPENDED 1045.5 1 2305.0) 1 I 
68,500 (15400) 

IGNITION 11213 r 2472.0) 

INTERSTAGE * 349.0 f 770.0) 
INERT 1316.0 1 2902.0) -- 

15984 (36001 
BURNOUT 2786.3 r 6144.01 
EXPENDED 3931.0 r 8667.01 
IGNITION 67173 (14811.0) 

INTERSTAGE 45.0 

2782 (283.8) 

INERT 13160 f 2902.0) 1 
15984r3600) 2834f2ES1 

BURNOUT 8076.3 (17813.0) 

I EXPENDED 3931.0 r 8667.01 
IGNITION 120093 - - I  126480.0) I 

* INCLUDES AVIONICS AND 3RD STAGE SPIN TABLE 

FIGURE 5-7 

7E 
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VELOCITY PACKAGE PAYLOAD MASS CAPABILITY 

1ST 2!4D 1ST + 2ND 3RD 
STAGE STAGE STAGE STAGE TOTAL 

REPORT MDC El415 
29 FEBRUARY 1976 

2 4 6 8 10 
VELOCITY INCREMENT - krn/s?c 

FIGURE 5-8 
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VELOCITY PACKAGE ENTRY CONDITION CA?h :: !TY 

(a) 50 kg PAYLOAD 
2 3 4  5 1 0 1 5 4 0  EARTH RAU; -. 

REPORT WC El415 
29 FEBRUARY 1976 

s- 
1 2  14 16 18 20 

EtrTqY VELOCITY ( v )  - km/sec 

(b) 100 kg PAYLOAD 
R - 2  a - 3 4  5 101540EARTHRADII . _ 

I - . - - .  ' - --- -7 

\ 
\ 
\ 
\ 
\ 
\ 

3RD STAG 
KESTART 
LIMIT 

ENTRY VLLOCITY (V)  - km/sec 
FIGURE 5-9 
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VELOCITY PACKAGE ENTRY COMDITIOM CAPABILITY (Continued) 

(c) 150 kg PAYLOAD 
Ra = 2 3 4 5  : 0 1 5 4 O E A R T t i R A I ) I I  

. - . I  1 - 1  1 , I I I a I 
1 0  12  14 1  G 1 8  
EIITRY VELOCITY ( V )  - km/sec 

!dl 200 kg PAYLOAD 
2 3 4 5 1 0 1 5 4 0 E P . i t T l 1 F L ' ~ D I I  
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Figure  5-9 r e F r e s e n t s  t h e  same o p e r a t i o n a l  c o n s t r a i n t  a s  d f scussed  i n  t h e  preceed- 

i n g  subsect ion.  

5.4 F x i s t i n g  So l id  Notor Booster  - A pre l iminary  v e r s i o n  of t h e  I n t e r i m  

Upper Stage (It's) is presen ted  a s  an  example of  t h e  s o l i d  proyel1ar.t c l a s s  uf 

booster .  The c o n f i g u r a t i o n  shown is n e c e s s a r i l y  p re l iminary  s i n c e  t h e  A i r  Force 

is  i n  t h e  p rocess  of awarding a c o n t r a c t  i o  d e f i n e  t h e  f i n a l  IUS c h a r a c t e r i s t i c s .  

F igure  5-10 s m r i z e s  t h e  c h a r a c t e r i s t i c s  of a two s t a g e  IUS p l u s  a s p i n  s t a b i l i z e d ,  

TE364-4 s o l i d  motor used as a n  a w i l i a r y  t h i r d  s t age .  X t h i r d  s t a g e  is  r e q u i r e d  

because of  t h e  t h r e e  burn natL-e  of t h e  d e o r b i t  maneuver and t h e  s i n g l e  s t a r t  

l i m i t a t i o n  of c u r r e n t  s o l i d  motors. 

The performance c a p a b i l i t y  o f  t h e  IUS/TE364-4 is shown ir. F igures  5-11 and 

5-12. The t h i r d  s t a g e  restart l i m i t  of Figure  5-12 is inposed f o r  t h e  sane -easons  

as discussed  i n  previous  subsec t ions .  Th-1 f i r s t  s t a g e  LV l i m i t  is a s i m i l a r  

c o n s t r a i c t  a r i s j n g  from t h e  s i n g l e  s t a r t  n a t u r e  of  t h e  second s tage .  It should  be  

noted t h a t  t h e  Figure  5-12 e n t r y  c o n d i t i o n  c a p a b i l i t y  is c o n s e r v a t i v e  i n  t h a t  i t  

was assunea t h a t  any excess  :V from e i t h e r  t h e  f i r s t  o r  second s t a g e  was d i s s i ~ a t e d  !,;: 

non-optiatlm t r a j e c t o r y  usage. I n  p a r t i c u l a r ,  t h e  second s t a g e  apoaps i s  burn  can 

9--"saly be a p p l i e d  i n  a manner t h a t  u t i l i z e s  t h i s  excess  energy t o  i n c r e a s e  

e n t r y  v e l o c i t y .  Th i s  should  be  t h e  s u b j e c t  of d e t z i l e d  t r a j e c t o r y  a n a l y s i s  f o r  a 

g iven miss ioz  a p p l i c a t i o n .  

MCDONICIEI-L DOUGLAS ASTRONAUTICS COMPANV - EASW 
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TYPICAL SOLID PROPELLANT BOOSTER DESCRIPTION n - 

(2 STAGE IUS/TE364-4) 

INCLUDES 3RD STAGE SPIN TABLE - lncLcDEs AVIONICS 

STAGE 

THIRD STAGE 

SECOND STAGE 

FIRST STAGE 

FIGURE 5-10 

8 1 

MCDONNELL DOUGLAS AS'TRONAUTICS COMPAIIJV - EAST 

llUSS kg (Ibb 

ADAPTER 0 0 

THRUST N ~ lb )  isp dsec Isec) 

I 

INERT I -- ' 167.0' 1 68300 i lWm)  j 2782 (283Jl 
BURNOUT 75.6 I 167.0) 1 
EXPENDED 1 W U  r 215.01 / -- 
IGNITION 1121.3 ( 2472.01 1 

-+------- t 
INTERSTAGE 86.7 ( 1912) / 
INERT ** -- - *' ' la') I 6 h n o  (lclrn, zm ,?scr~  
BURNOUT 1856.3 I 10932) / 
EXPENDED 21613 I 4767.9) -- 
IGIllTION 4018.2 ( 811602) 1 ; 

-- -- 
INTERSTAGE - - , 

INERT -- "' 'm7-0i I iW00 32MW I 2819 ,289.4\ 
BURhlOUT 4?5U i109172b 1 
EXPENDED 3144.7 (201b4.01 

IGNITION 
1 .  
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VELOCITY IMCRit-it::: - kr;:sec 

FIGURE 5-11 
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SliLlD IUSiTE364-4 ENTRY CONDlTlOM CAPABILITY 

o SIllGLE START PER STAGE o I l i  PLAliE MA!IEUVERS 

(b) 200 kg PAYLOAD 

REPORT M@C El415 
29 FEBRUARY 1976 
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