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booster .which i s  p o ~ e r e d ' b y  a c l u s t e r  o f  e i g h t  rocke t  

success fu l l y  f lown on f o u r  successive f l i g h t s .  The 

e a r l y  success o f  t h i s  l a rge  launch v e h i c l e  i s  a s t rong i n d i c a t i o n  o f  the  

soundness o f  i t s  base heat ing  program. This paper summarizes the t h i n k i n g  

t h a t  went i n t o  the design o f  our base conf igura t ion .  F l i g h t  t e s t  r e s u l t s  

i nd i c a t e  t h a t  pressures, temperatures and hea ti ng ra tes  were general l y  as 

expected. 

New techniques have been inves t iga ted  f o r  generat ing design data. 

I t has been found experimental l y  t h a t  pressure and therma 1'  f i e l d s  es tab l  i sh 

themselves i n  o"e t o  three m i  1 1  i seconds and t h a t  d * t %  f rom the "shor t  

d u r a t i  oni1 technique compare favorab ly  wi t h  "long dura t ion"  type tes ts .  As 

a r e s u l t ,  the new "shor t  dura t ion"  technique has become the standard f o r  

generat ing d e s w  d-a f o r  the Saturn vehic le.  



The f i r s t  stage o f  the Saturn I veh ic le  i s  powered by 8 l i q u i d  

oxygen-kerosene motors, each having a t h r u s t  of 188,000 pounds g i v i n g  a 

t o t a l  o f  approximately 1.5 m i  l l i o n  pounds th rus t .  I t i s  being developed 

by MSFC. This v e h i c l e  w i t h  dummy upper stages has been success fu l l y  

f lown i n  i t s  f i r s t  f o u r  f l i g h t s .  This  paper w i l l  present an o u t l i n e  o f  

the t h i n k i n g  t h a t  went i n t o  the design o f  the base con f i gu ra t i on ;  present  

some t y p i c a l  f l i g h t  r e s u l t s  from the f i r s t  f o u r  f l i g h t s ;  and show some o f  

our  work o r  work we have sponsored aimed a t  improving the techniques f o r  

genera t i ng des i gn data. 

S-l STAGE D E S I G N  

When the design o f  the Saturn engine c l u s t e r  began i n 1958, the  

memory o f  the h igh  base heat ing  ra tes  experienced i n  the  J u p i t e r  and o the r  

m i s s i l e  programs was f r e s h l y  i n  mind, and a t t e n t i o n  was immediately 

focused on t h i s  problem. The i n i t i a l  engine c o n f i g u r a t i o n  proposed by the  

s t r u c t u r a l  and propu ls ion  desrgners foresew, o f  course, a c i r c u l a r  engine 

arrangement. I t .was an t i c i pa ted ,  however, t h a t  t h i s  c i r c u l a r  arrangement 

would cause a pronounced r e c i  r c u l a t  i on  o f  h o t  combustion products on the 

i n s i d e  o f  the engine c i r c l e ,  as w e l l  as h igh  r a d i a t i v e  heat i npu ts  i n  t he  

same area. Th i s  reasoning was l a t e r  confirmed by the  P o l a r i s  experience. 
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Our design was as f o l  lows. (F igure 1) We selected a cross-shaped 

c o n f i g u r a t i o n  which would permi t  a minimum o f  trapped areas. We c lus te red  

f o u r  engines as c l o s e l y  together as poss ib le  i n  the  center  t o  minimize the 

reg ion  o f  h igh  heat ing  a t  h igh  a l v i t u d e .  The f o u r  o ther  engines were 

placed as f a r  away as poss ib le  t o  m in ih i ze '  i n te r fe rence  a t  h igh  a1 t i tude. 

A "flame sh ie ld "  was placed i n  the plane o f  the ex i  t o f  the center  engines 

t o  p r o t e c t  t h i s  area from h igh  convect ive heat ing .  Another sh ie ld ,  "heat 

sh ie ld" ,  was placed i n  the plane o f  the .throat o f  the engines. F l e x i b l e  

c u r t a i n s  f i t around the ou ter  engines t o  permi t them t o  gimbal. 

The t u r b i n e  exhaust was dumped overboard through f o u r  outboard duc ts  

from the f o u r  inboard engines which a re  f i xed .  The overboard duc t  i s  

be l ieved t o  be super ior  t o  the exhausterator.  However, because o f  the 

d i f f i c u l t y  experienced i n  the design o f  a f l e x i b l e  coup l ing  t o  w i ths tand 

the h igh  temperatures of the t u r b i n e  exhaust gases, we accepted the 

exhausterator  f o r  the four  outboard o r  movable engines. Shroud and v a l l e y  

scoops were i n corpora ted t o  keep the base f 1 ushed OF combust i b 1 e m i  x tu res .  

The Saturn I booster has now been flown completely success fu l l y  on 

f o u r  successive f l i g h t s .  The data obtained from these f l i g h t s  v e r i f i e d  

our design concepts. A review o f  some t y p i c a l  f l i g h t  t e s t  data fo l l ows .  

Compar i son o f  Tra j ec t o r  i es 

F igure  2 presents a comparison of the t r a j e c t o r i e s  f o r  the f i r s t  

f o u r  Saturn f l i g h t s ,  SA-I, SA-2, SA-3, and SA-4, a l l  o f  which were com- 

p l e t e l y  successful .  The upper p o r t i o n  o f  the f i g u r e  presents v e l o c i t y  as 

a f u n c t i o n  o f  t ime whereas the lower p o r t i o n  o f  the curve presents a1 t i tude 



versus time. The t r a j e c t o r i e s  f lown by SA-1, 2, and 4 a r e  very nea r l y  

the same, so we s h a l l  use data from these f l i g h t s  f o r  our d iscussion.  

Typ ica l  F l i q h t  Test Data 

F l m e  S h i e l d  Pressures - Figure 3 shows s m e  r y p i  c a i  dara  i r a  

f lame sh ie ld  measurements. The pressure shows a decrease w i t h  increas ing  

a1 t i  tude t o  t ime o f  approximately 85 sec. a f t e r  whi ch the pressure becomes 

constant  which i nd i ca tes  t h a t  choking has occurred between the inboard 

f o u r  engines. The pressure remains constant  u n t i l  inboard c u t - o f f  occurs. 

Ambient pressure (noted by the dashed 1 ine) i s  somewhat h igher  than f lame 

s h i e l d  pressure due t o  the  pumping a c t i o n  o f  the j e t s  t o  approximately 

61 seconds. A t  approximately 61 seconds, reversed f l o w  begins and the 

flame s h i e l d  pressure becomes la rge r  than ambient pressure. Reverse f l o w  

increases i n  i n t e n s i t y  u n t i l  approximately 85 seconds a t  which t ime choking 

occurs. 

Heat Sh ie ld  Pressures - Some t y p i c a l  base pressure versus f l i g h t  

t ime, a1 ti tude, and Mach number i s shown i n  f i gure 4. These data show t h a t  

the  base pressure (average over the whole base) i s  approximately equal t o  

ambient pressure t o  a Mach number o f  about 1.6. For Mach numbers greater  

than about 1.6, the base pressure becomes la rge r  than ambient, which r e s u l t s  

from ba l l oon ing  o f  the j e t s  a t  the lower ambient pressures. The d i f f e r e n c e  

between the f l i g h t  data a t  Mach numbers o f  about 1.6 and greater  i s  l a r g e l y  

due t o  gage inaccuracy. The gage i s  a 8 t o  20 ps i  gage t o  + 2 percent  o r  

. 4  ps i  accuracy. F igure  5 presents the r a t i o  o f  f lame s h i e l d  pressure t o  

base pressure. I n the e a r l i e r  p a r t  o f  the f 1 i g h t ,  the  f lame s h i e l d  pressure 

i s  smal ler  than base pressure i n d i c a t i n g  f l o w  i n t o  the f lame s h i e l d  region.  

A t  an a l t i t u d e  o f  about 8 t o  12 km, f lame s h i e l d  pressures become l a r g e r  



than base pressures i n d i c a t i n g  ou t f l ow  from the  f lame s h i e l d  t o  base 

area. W i  th  i ncreasi ng a1 t i  tude, and decreasi ng base pressure, the r a t i o  

o f  f lame s h i e l d  pressure cont inues t o  increase due t o  decreasing base 

pressure. The flame sh ie ld  pressure i s  constant a f t e r  choking. 

Typ ica l  Temperature Data from F l i q h t  Test  

Flame Sh ie ld  Gas Temperatures - F igure  6 presents the  approximate 

f lame s h i e l d  temperatures as a f u n c t i o n  o f  a l t i t u d e ,  t ime, and Mach 

number. Flame sh ie ld  temperatures increase w i t h  increas ing  a l t i t u d e ,  

reach a peak, d e c l i n e  s l i g h t l y  and then become constant  approximately a t  

the p o i n t  where choking occurs on the flame sh ie ld .  The temperatures 

seem t o  l eve l  o f f  a t  3100 OR which i s  s l i g h t l y  l ess  than one-half  o f  the 

t h e o r e t i c a l  chamber temperature. This  i s  due t o  the f a c t  t h a t  the mass 

reversed i n t o  the  base area has passed along the cooled w a l l s  o f  the 

nozzle. Model t e s t s  genera l l y  i n d i c a t e  temperatures o f  1/3 t o  1/2 of  

chamber temperatures, b u t  the nozzle w a l l  temperatures i n  model t e s t s  a r e  

usua l l y  smal ler  than t h a t  o f  the prototype. The overshoot o f  temperatures 

be fore  choki ng i s t y p i  ca 1 o f  t h a t  measured i n some model t es t s .  A1 though 

most model t e s t s  a l s o  i n d i c a t e  an overshoot i n  pressure as w e l l ,  the 

pressure data measured i n  our f l i g h t  t e s t s  d i d  not  appear t o  i n d i c a t e  a 

simi l a r  overshoot. 

Base Sh ie ld  Temperatures - Some t y p i c a l  gas temperature d i  s t r i  bu- 

t i o n s  about the  base o f  the v e h i c l e  a r e  shown i n  f i g u r e  7. The area i n  t he  

v i  c i  n i  t y  o f  the shroud scoops (Area A) i nd i ca tes the  1 owes t due t o  the  

e f f i c i e n t  scooping o f  the shroud scoops. Temperatures i n  Area B a r e  the  

nex t  h ighes t  because the v a l l e y  scoops prov ide  somewhat l ess  scooping 

e f f i c i e n c y .  Area C i s  perhaps the l e a s t  f lushed o f  a l l  areas and i nd i ca ted  



the l a r g e s t  temperatures. Temperatures i n  Area C a r e  as h igh  as 950 OC 

and as low as 250 OC i n  Area A. 

Heat inq Rate Data on Heat Sh ie ld  - F igure  8 shows some t y p i c a l  
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r a d i a t i v e  f l u x  and the s o l i d  l i n e  i nd i ca tes  t o t a l  heat  f l u x .  Dur ing the 

e a r l y  p a r t  o f  the f l i g h t ,  the heat ing  i s  predominantly r a d i a t i v e .  From 

l i f t - o f f  t o  about 6 km, we seem t o  get convect ive coo l i ng  i n  the base area. 

For a1 ti tudes above 6 km, the  resu l  t s  seem t o  i n d i c a t e  convect ive hea t i ng  

f o r  the remainder o f  the f l i g h t .  

(Short Movie o f  Saturn F l  i g h t  no t  t o  Exceed 5 ~ i n u t e s )  

Recent Developments i n Model Test i nq 

Since l i t t l e  can be accomplished a n a l y t i c a l l y ,  we have t o  depend 

on prev ious experience, model, and ground t e s t s  t o  generate design data. 

The i n i t i a l  base heat ing  model t es t s  were made w i t h  the "long dura t ion"  

type t e s t .  By "long type tes tsu  we mean t h a t  we scale the rocket  engine 

t o  a model (1 /15  t o  1/50 scale) f o r  vacuum tank and wind tunnel t e s t i n g .  

Th i s type o f  t e s t  i ng has several d i sadvantages : (1)  the srna 1 1 sca 1 e 

engines have t h r o a t  heat ing  problems, (2) the model and ins t rumenta t ion  

must have h igh  temperatures, and (3) t h i  s type o f  t e s t  i s c o s t l y .  Because 

of these and o ther  disadvantages, we explored sho r t  du ra t i on  shock tube 

type t e s t i n g  through a con t rac t  w i t h  Cornel l  Aeronautical  Laboratory. 

I n  the shor t  du ra t i on  technique, the products o f  combustion a r e  

generated i n  what we r e f e r  t o  as the constant pressure combustor as shown 

i n  f i g u r e  9. The f u e l ,  hydrogen o r  ethene, i f  we a r e  s imu la t i ng  RP a r e  

loaded i n  one tube and the oxygen i s loaded i n  the  o ther  tube. 

The f u e l  and oxygen a r e  re ta ined by diaphragms a t  the ends o f  the tubes. 



When the  diaphragms a r e  ruptured, the f u e l  and oxygen a r e  mixed j u s t  

down stream o f  the mixer p l a t e  and burned. I g n i t i o n  i s  by means o f  a 

spark p lug  mounted i n  an i g n i t i o n  tube. The combustor i s  mounted i n  a 

vacuum tank f o r  h igh  a l t i t u d e  t e s t i n g  o r  i n  a wind tunnel w i t h  ambient 

f low.  The combustor mounted f o r  vacuum tank t e s t i n g  i s  shown i n  f i g u r e  

10. The combustor enclosed i n  a shroud t o  s imu la te  the  S - l  forebody i s  

shown i n  f i g u r e  10a. F igure  10b shows the base o f  the model mounted i n  

the Cornel l  8 x 8 f o o t  Transonic Tunnel. 

Some t y p i c a l  data obtained w i t h  the sho r t  d u r a t i o n  technique i s  

shown i n  f i g u r e  1 1. These data were taken w i  t h  Saturn 8-engi ne conf i gu- 

r a t i o n  i n  the Cornel l  8 x 8 f o o t  tunnel a t  an a l t i t u d e  o f  35,000 f t .  and 

Mach number o f  1.2. I n  the lower l e f t  hand corner,  chamber, f lame sh ie ld ,  

and base pressures are  p l o t t e d  as a f u n c t i o n  o f  time. The chamber pressure 

i s  constant a f t e r  about 2 mi l l i seconds and remains constant  f o r  more than 

12 m i l l i seconds .  We see tha t  by 3 m i l l i seconds  both the base and f lame 

s h i e l d  pressures a r e  constant  and remain constant f o r  8 t o  10 m i l l i seconds .  

I  n the  upper r i g h t  hand corner,  the temperature f o r  the t h i  n f i l m  heat  

t r a n s f e r  gages i s  p l o t t e d  as a f u n c t i o n  o f  t ime f o r  gages located on both 

the  f lame and heat sh ie lds.  The i n i t i a l  peak i n  the  temperature curves i s  

caused by the  luminous wave fcom i n i t i a l  combustion. These temperatures 

a r e  a c t u a l l y  sur face temperature as a func t i on  o f  t ime f o r  a s e m i - i n f i n i  t e  

s lab o f  ma te r i a l .  Heat ing ra tes  as a f u n c t i o n  o f  t ime a r e  p l o t t e d  i n  the  

lower curves. From these data, i t  i s  seen t h a t  the  i n i t i a l  luminous wave 

causes a l a rge  r a d i a t i v e  input .  A f t e r  the luminous wave passes, the heat 

f l u x  becomes constant a t  about 4 m i l l i seconds  and remains constant  f o r  



more than 8 m i  1 1 i seconds.  these^ heat i ng r a t e  data i nd i ca t e  t h a t  the 

thermal f i e l d  has es tab l ished i t s e l f  and t h a t  we have a few m i l l i seconds  

i n  which t o  make our heat t r a n s f e r  measurements. 

The v a r i a t i o n  o f  the t o t a l  r a d i a t i v e  and convect ive heat  f l u x  

w i  ti7 t i  me ' is  shown 'in .the Ti gure '12. The ' I  ower curve represents the  

2 convect ive f l u x  o f  about 3 BTU/ft -sec; the nex t  curve i s  the r a d i a t i v e  

2 f l u x  o f  the order  o f  approximately 9 BTU/ft -sec; and the sum o f  r a d i a t i v e  

and convect ive f 1 ux i s shown by the upper curve ( 1  2 B T U / ~  t2-sec) . 
A comparison o f  resu l  t s  from shor t  du ra t i on  technique w i  t h  long 

du ra t i on  type t e s t s  and some l i m i t e d  f l i g h t  t e s t s  i s  shown i n  the nex t  

se r i es  o f  f i gu res .  The r a t i o  o f  f lame sh ie ld  t o  ambient pressure i s  

shown i n  f i g u r e  13. The shor t  du ra t i on  (Cornel l  r e s u l t s )  a r e  compared 

w i t h  r e s u l t s  from AEDC, Lewis Research Center and some 1 i m i  ted f l  i g h t  t e s t  

data. The comparison i s  q u i t e  good. F igure  14 presents a comparison of 

the r a t i o  o f  base t o  ambient pressure. The sho r t  du ra t i on  r e s u l t s  compare 

reasonably w i t h  corresponding long du ra t i on  t e s t  r e s u l t s .  The model 

r e s u l t s  a r e  somewhat lower than the f l i g h t  r e s u l t s  i n  the t ranson ic  and 

low supersonic regime because the scoops were i n c o r r e c t l y  scaled. The 

r a t i o  o f  boundary l aye r  thickness t o  scoop he igh t  was somewhat l a rge r  f o r  

the models than f o r  the f l i g h t  vehic les.  

The next f i g u r e  (15) g ives a compari son o f  heat ing  ra tes  measured 

from the var ious  f a c i l i t i e s .  The r a d i a t i v e  f l u x  i s  noted w i t h  a f l a g  and 

a dashed l i n e  represents the general v a r i a t i o n  o f  the r a d i a t i v e  f l u x  w i t h  

a l t i t u d e .  I t  i s  seen t h a t  the r a d i a t i v e  f l u x  from the var ious  f a c i l i t i e s  

compares q u i t e  we l l .  The s o l i d  l i n e  'represen'ts the  v a r i a t i o n  o f  t o t a l  



hea t ing  w i t h  a l t i t u d e .  The agreement between t o t a l  hea t i ng  i s  no t  nea r l y  

as good as was the r a d i a t i v e  heat ing,  bu t  f o r  t h i s  type o f  t e s t ,  t he  

agreement i s considered good. 

I n conclusion, the agreement between the  two techniques i s qui  t e  

good. The sho r t  du ra t i on  type t e s t  has replaced the o l d  long du ra t i on  

type t e s t  i n  the  Saturn program. 
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