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PREFACE 

Under Coritract N o .  NASl-6833 w i t h  t he  NASA Langley Research Center, t h e  

Kmerson E l e c t r i c  Company has conducted a program t o  compile and evaluate  a l l  

ava i lab le  da t a  r e l a t i n g  t o  t h e  e f f e c t s  of ( s p i n )  acce lera t ion  on s o l i d  propel- 

l a n t  rocket motor performance. 

program w a s  i n i t i a t e d  i n  November 1966 and completed i n  August 1968. 

This compilation of Rocket Spin Data (CRSD) 

The CRSD program w a s  d i r ec t ed  by Mr. Leo J .  Manda of Eherson E l e c t r i c ,  

with a s s i s t ance  from M r .  John E .  Mosier, p a r t i c u l a r l y  with the  computer programs 

generated during t h e  course of t h i s  study. The program e f f o r t  w a s  monitored 

by  M r .  Melvin H. Lucy of NASA Langley, who a l s o  provided a g rea t  deal of 

ass i s tance  w i t h  t h e  data acquis i t ion  e f f o r t .  



ABSTRACT 

Data compiled from more than 200 r epor t s  of motor development tes ts  and 

research s tud ie s  ind ica t e  t h a t  a s o l i d  propel lant  rocket motor operat ing i n  a 

spin environment can exhib i t  gross  deviat ions from s t a t i c  performance, depending 

upon sp in  r a t e ,  propel lan t  formulation, and motor configurat ion.  The usual  

increases  i n  operating pressure and reduct ions i n  burn t i m e  experienced under 

sp in  a re  shown t o  be funct ions of both ( cen t r i fuga l )  acce le ra t ion  e f f e c t s  on 

the  combustion process and sp in  e f f e c t s  on combustion chamber and nozzle gas 

dynamics. Analyt ical  attempts t o  p red ic t  t hese  performance anomalies have 

shown q u a l i t a t i v e  agreement with experimental t r ends ,  bu t  general ly  f a i l  t o  

provide quan t i t a t ive  est imates  of t h e  e f f e c t s  of t h e  many complex phenomena 

involved i n  the  gas evolution and flow processes.  
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S E C T I O N  I 

INTRODUCTION 

For a number of years ,  t h e  NASA and o ther  Government agencies have been 
instrumental  i n  developing s o l i d  propel lan t  rocket motors which are spun t o  
provide dynamic s t a b i l i t y  o r  t o  reduce dispers ion due t o  t h r u s t  misalignment. 
P r io r  t o  t h e  use of  metal addi t ives  i n  these propel lan ts ,  no ser ious  problems 
a t t r i b u t e d  t o  t h e  sp in  environment had been encountered i n  vehic les  of i n t e r e s t  
t o  the  NASA, although d e f i n i t e  spin s e n s i t i v i t y  had been noted i n  a number of 
sp in-s tab i l ized  t a c t i c a l  rocket motors. 
o ther  metal addi t ives  i n  the  more recent  propel lan t  formulations,  various motor 
performance anomalies have been experienced with motors subjected t o  even low 
sp in  rates. 

However, with t h e  use of eluminum and 

Recognizing t h a t  a considerable amount of d a t a  per t inent  t o  t h e  e f f e c t s  of 
sp in  on s o l i d  propel lan t  motor performance has been generated by Government agencies 
and cont rac tors ,  t he  NASA Langley Research Center has contracted t h e  Emerson 
E l e c t r i c  Co. t o  compile and evaluate  t h i s  da t a  i n  order  t o  provide: 
proved b a s i s  f o r  deal ing with t h e  problems associated with motors operat ing i n  
t h i s  environment; and ( 2 )  guidance f o r  fu tu re  research e f f o r t s  i n  t h i s  area. 

(1) an i m -  

The r e s u l t s  of t h i s  Compilation of Rocket Spin Data (CRSD) program a re  
presented i n  t h i s  and two addi t iona l  volumes of t h e  CRSD f i n a l  r epor t .  These 
volumes are organized according t o :  

. ). Tolume I - 

Volume I1 - 

Volume 111 - 

Acceleration Test F a c i l i t i e s :  descr ibes  t h e  var ious sp in  and 
cent r i fuge  t e s t  f a c i l i t i e s  ava i l ab le  f o r  t e s t i n g  s o l i d  propel lant  
rocket motors i n  acce lera t ion  environments. 

L i t e ra tu re  Survey: summarizes t h e  r e s u l t s  of t h e  extensive CRSD 
l i t e r a t u r e  survey, documenting t h e  acce lera t ion  e f f e c t s  experi-  
enced i n  var ious motor development programs and specifying t h e  
cur ren t  s ta te  of t h e  art i n  acce lera t ion  s tud ie s .  

Data Evaluation and Recommendatios: 
obtained from the  var ious Government agencies and contractors  
and recommends promising areas f o r  fu tu re  research a c t i v i t i e s .  

examines t h e  t e s t  da t a  

This second volume of t h e  CRSD f i n a l  repor t  i s  divided i n t o  two primary 
a reas  of i n t e r e s t :  
motor performance summaries include da ta  obtained with 26 d i f f e r e n t  motors 
operat ing i n  r a d i a l  acce le ra t ion  environments as high as 3O,OOO G I s .  
s tud ie s  encompass the  e f f o r t s  of some 25 organizat ions inves t iga t ing  ( r a d i a l )  
acce le ra t ion  e f f e c t s  on s o l i d  propel lan t  motor performanee. 

(1) Motor Performance Data; and ( 2 )  Research Studies .  The 

The research 





SECTION I1 

MOTOR PERFORMANCE DATA 

Since t h e  primary objec t ive  of any motor development program i s  t o  assure 
the  s a t i s f a c t o r y  performance of t h e  vehic le ,  a number of design changes ape 
f requent ly  incorporated (of ten  simultaneously) i n  a given motor i f  it does not 
func t ion  properly.  A s  a r e s u l t ,  no standard of comparison i s  provided, thereby 
e f f e c t i v e l y  precluding quan t i t a t ive  estimates of t h e  e f f e c t s  of d i f f e r e n t  vari- 
ables on performance anomalies. Thus it i s  most d i f f i c u l t  t o  quantify t h e  e f f e c t s  
of a sp in  environment on motor performance from t h e  motor development tes t  r e s u l t s  
presented here in .  However, a q u a l i t a t i v e  evaluation of t hese  r e s u l t s  i nd ica t e s  
t h a t  ( c e n t r i f u g a l )  acce le ra t ions  of more than 10-20 G ' s  d i r ec t ed  perpendicularly 
i n t o  t h e  burning sur face  of meta l l ized  s o l i d  propel lan ts  w i l l  generally:  

(1) Increase i g n i t i o n  delay t i m e  
( 2 )  Increase motor operating pressure  
(3)  Decrease burn t i m e  
( 4 )  Extend t h e  t a i l o f f  burning period 
( 5 )  Increase motor burnout mass and thermal p ro tec t ion  requirements through 

t h e  deposit ion of aluminum (oxide)  on t h e  chamber/ nozzle w a l l s .  

E f f ec t s  ( 2 )  and (3)  above, may be d i r e c t l y  a t t r i b u t e d  t o  an acceleration-induced 
increase  i n  t h e  apparent propel lan t  burning rate and/or sur face  area, which y i e lds  
higher mass generation r a t e s  i n  t h e  sp in  environment. 

I n  addi t ion  t o  t h e  above, motors incorpora t ing  end-burning g ra ins  and t h e  

The cause of t h i s  phenomenon has not 
usua l  converging-diverging nozzle a r e  subjected t o  severe cen te r l ine  coning of t h e  
propel lan t  sur face  i n  a sp in  environment. 
y e t  been determined. 
eliminated by modifying t h e  nozzle configuration. 

However, t h e  e f f e c t  has  genera l ly  been reduced or e f f e c t i v e l y  

The t e s t  r e s u l t s  obtained from approximately 100 r e p o r t s  documenting t h e  
s t a t i c  and sp in  tests performed during 26 d i f f e r e n t  motor development programs 
are summarized i n  t h i s  sec t ion .  These r e s u l t s  and t h e  re ference  documents are 
presented ind iv idua l ly  f o r  each motor, arranged a lphabet ica l ly .  A s  ind ica ted  
i n  Table 11-1 , motors operating a t  sp in  rates producing c e n t r i f u g a l  acce lera t ions  
from 0.15 t o  35,000 G ' s  have been inves t iga ted .  

3 
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. i  

1 

Alc or  
1_ 

Aerojet-General Corporation's Alcor lA and 1 B  motors were designed f o r  t h e  
Both u n i t s  use a 16% a h u i n i z e d  carboxy-termin- Athena third-s tage propulsion. 

a ted  polybutadiene propel lant  ( m - 3 0 6 6 ,  Type 111) i n  a case-bonded six-point 
star grain configuration. ( A )  t h e  IA 
motor case i s  4130 s teel ,  while t he  lB case i s  f ab r i ca t ed  of welded t i tanium; 
and ( B )  t h e  lB nominally contains 5 LBm l e s s  propel lant .  

These motors d i f f e r  pr imari ly  i n  t h a t :  

The following r e s u l t s  were obtained i n  tests reported i n  (1) - ( 7 ) :  

Reference (1) ( 2 )  (3 )  ( 4 )  ( 5 )  (6 )  (7)  

Spin Rate (RPM) 0 300 480 305 300 300 187 
Max. Accel. ( G I s )  0 26 66 27 26 26 1 0  

M a x .  Pressure (PSI) 533 518 5 56 555 516 520 518 

Motor 1 A  lA lA 1 A  lB lB 1 B  

burn time (SEC) 23.8 24.3 23.1 23.0 23.4 24.3 24.3 

A s  indicated,  t he re  i s  apparently no monotonic va r i a t ion  i n  motor b a l l i s t i c s  with 
accelerat ion l e v e l  i n  these  t e s t s .  Moreover, it i s  noted t h a t  t h e  pressure 
h i s t o r i e s  i n  (6)  and (7)  are e s s e n t i a l l y  i d e n t i c a l ,  even though t h e  acce lera t ion  
l e v e l  i n  (6 )  i s  more than twice t h a t  i n  ( 7 ) .  
case heating was noted i n  ( 2 )  along t h e  l i n e  of t h e  star poin ts ,  and motor case 
burnthrough w a s  experienced i n  ( 3 ) .  
and ac tua l  pressure h i s t o r i e s  obtained with ( 2 )  and ( 3 )  ind ica tes  3.5% and 5.3% 
reductions i n  burn t i m e  and 2.4% and 7.8% increases  i n  maximum pressure,  respec t ive ly  

However, more than normal motor 

I n  addi t ion ,  comparison of t h e  predicted 

References 

(1) R. E. KRAUSE: " In t e r io r  B a l l i s t i c s  Report on Motor STVD-1, ALCOR lA"; 
SRO: 64:5270: ~ : 6 6 7 ;  20 Ju ly  1964. 

( 2 )  D. R .  JOHNSON: " In t e r io r  B a l l i s t i c s  Report on Motor STVD-3, ALCOR LA"; 
SRO: 64:5280: M:795; 1 5  September 1964. 

( 3 )  G. LEE: " In t e r io r  B a l l i s t i c s  Report On Motor STVD-4, ALCOR 1A"; SRO: 
64:5270: M:829; 5 October 1964. 

( 4 )  L. R.  BAHOR and R. M. BROOKSBANK: "Performance of t h e  Aerojet-General 
Corporation Alcor lA Solid-Propellant Rocket Motor Under t h e  Combined 
Effec ts  of Rotat ional  Spin and Simulated Alti tude"; AEDC-TR-66-236; 
December 1966; ( U ) .  

( 5 )  G. LEE: " In t e r io r  B a l l i s t i c s  Report on Motor STV-092, ALCOR-LB"; 
SRO: 66:5270: ~ ~ 2 6 ;  3 June 1966. 

(6 )  L. R.  BAHOR: "Performance of t h e  Aerojet-General Corporation ALCOR- 
1 B  Solid-Propellant Rocket Motor Under t h e  Combined Effec ts  of 
Rotat ional  Spin and Simulated Alt i tude";  AEDC-TR-66-186; October 1966; 
AD-489777; ( U )  

L. R. BAHOR and R. M. BROOKSBANK: 
Corporation ALCOR 1 B  Solid-Propellant Rocket Motor ( S / N  STV-117) 

( f )  "Performance of t h e  Aerojet-General 
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under t h e  Combined Effec ts  of Rotat ional  Spin and Simulated Alt i tude";  
AEDC-TR-67-50; ( U )  

M. H. LUCY, G. B. NORTHAM and R.  L. SWAIN: "Rocket Motor Spin Data 
Summary"; Symposium on t h e  Behavior of Propel lants  Under Acceleration 
F ie lds ;  China Lake , Cal i forn ia ;  NOTs TP3770; June 1965; AD-363903; ( C ) ,  

H. L. MERRYMAN and D. W. WHITE: "Alti tude B a l l i s t i c  Performance, Heat 
Flux, and Igni t ion  Shock Data of an AGC ALCOR 1 B  Solid-Propellant Rocket 
Motor Fired i n  a Simulated In-Flight Ign i t ion  Environment" ; AEDC-TR-68-55 ; 
March 1968; (U). 

BE-3 - 
The BE-3 motor, produced by Hercules Powder Company f o r  t h e  four th  s tage of 

t h e  Athena system, uses a 21% aluminized composite-modified double-base propel lant  
(DDP-80) i n  a near ly  spher ica l  g ra in  configuration. 

In  (1) - ( h ) ,  motor burn t i m e  i s  seen t o  vary from 8.7 t o  9.3 SEC i n  s t a t i c  

Thus t h e  spin environment would seem 
f i r i n g s ,  while ( 5 )  ind ica tes  a va r i a t ion  from 8.5 - 8.7 SEC i n  a s e r i e s  of f i v e  
sp in  t e s t s  a t  300 - 600 RPM (23 - 90 G I s ) .  

t o  cause an average reduction i n  burn time of approximately 4.3%. 

References 

-. 

., 

C. F. NOKES Jr.: 
Rocket Motors (Phase 111 - Survei l lance Round F i r ings ) "  ; AEDC-TDR-62-222; 
January 1963; AD-333984; ( C ) ,  

"Alti tude Testing of Hercules Powder Company BE-3 

A. A. C I M I N O  and D. W. WHITE: "An Inves t iga t ion  of Rocket Motor Heat 
Transfer t o  a Surrounding Spacecraft  S t ruc ture  at Simulated Al t i tude  
Conditions"; AEDC-TDR-63-79; May 1963; AD-336250; (C).  

A. A. C I M I N O  and D. W. WHITE: "Alti tude Testing of a Hercules Powder 
Company BE-3 Rocket Motor f o r  t h e  Athena Missile System"; AEDC-TDR-63-171; 
August 1963 ; AD-339730 ; ( C), 

M. A. NELIUS: 
Performance of a Hercules Powder Company BE-3-A2 Rocket Motor"; September 

"An Inves t iga t ion  of t h e  Effec ts  of Storage Time on the  

1964 AD-353414; (C) ,  

L. E. FOLSOM: 
Bul le t in  of t h e  Second Meeting, ICRPG Solid Propel lant  Rocket S t a t i c  Test  
Working Group; CPIA Publication No.  58; September 1964; 

"S ta t i c  F i r ing  Test Report: 
Hercules Incorporated (Bacchus) Document No. H230-12-10-2; 1 5  March 
1968; (VI. 

"Dynamic Spin F i r ing  of t h e  BE-3-Ah Athena Motor"; 

( C ) ,  

BE-3-A8 Athena Fourth Stage Rocket Motor"; 
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Black B r a n t  I11 

The Black Brant I11 i s  produced by B r i s t o l  Aerospace Corporation f o r  t h e  
NASA Goddard Space F l igh t  Center. 
p rope l lan t  (A24RX5) i n  a six-point star g ra in  configuration. 

This motor uses a 5% aluminized polyurethane 

Spin Zests conducted a t  t h e  NASA Langley Research Center i nd ica t e  t h a t  a. 
sp in  environment varying from 60-500 RPM (.5-35 G I s )  during f i r i n g  produces 
e s s e n t i a l P j  no e f f e c t  on motor b a l l i s t i c s  o ther  than a s l i g h t  modification 
of t a i l o f f  c h a r a c t e r i s t i c s  (1). 

I n  ( 2 ) ,  telemetered f l i g h t - t e s t  pressure daka ind ica t e s  t h a t  one motor 
subjected t o  0-300 RPM operated a t  a combu ion  pres  sure  abouk 7.6% higher than  
a comparable s t a t i c  f i r i n g ,  while another motor subjected t o  0-360 RPM operated 
at a pressure about 6.5% lower than t h e  s t a t i c  t e s t .  
t h i s  telemetered d a t a  i s  subjec t  t o  some question because t h e  pressure-time i n t e g r a l s  
f o r  these  t h r e e  t e s t e  a J s o  vary by about t h e  same percentages. 

However, t h e  va l id i tmy  of 

References 

(1) M. H.  LUCY: "Spin Acceleration Ef fec t s  on Some Full-Scale So l id  
Rockets"; A I M  Sounding Rocket Vehicle Technology S p e c i a l i s t  Conference; 
Williamsburg, Vi rg in ia ;  1 March 1967; (U),  

( 2 )  L. H .  TOUGH: P r iva t e  Correspondence; 22 December 1967; (U),  

BOMiOC 

The dual-thrust, BGMROC motor i s  cur ren t ly  lseing developed by t h e  Naval 
Weapons Center (formerly NCTP) using a 20% aluminized fluorocarbon propel lan t  
(PL 6301) f o r  t h e  boost motor and a 5% aluminized fluorocarbon propel lan t  
(PL 6677) f o r  t h e  sus t a ine r .  
acce le ra t ions  from G t o  12,000 G ' s  during boost and 13,000-16,000 G I s  during sus t a in .  

This sp in-s tab i l ized  motor i s  subjected t o  r a d i a l  

The development h i s t o r y  of both t h e  radial-burning bocs t  motor and end- 
Methods of e l imina t ing  t h e  severe burning s u s t a i n  motor is out l ined  i n  (1). 

c e n t e r l i n e  coning problems i n i t i a l l y  evidenced i n  t h e  sus t a ine r  are discussed, 
along with t h e  various t e s t i n g  techniques employed t o  evaluate motor performance 
i n  t h e  sp in  environment. 
has provided an e s s e n t i a l l y  neutral-burning sus t a ine r .  However, s ign i f i can t  
b a l l i s t i c  e f f e c t s  a r e  noted with t h e  boost motor, even with t h e  multi-nozzle 
configuration employed. 

It i s  noted t h a t  t h e  use of a "nozzle entrance cap" 

Reference 

(1) D. W. CARPENTER, J. A. YEAKEY and R.  W .  FEIST: "Spin S tab i l i zed  
Bombardment Rocket (BOMROC)"; Presented at I C R P G / A I M  So l id  Propulsion 
Conference; Washington, D. W . ;  J u l y  1966; CPIA Publication No. 111, 
Volume 11; pp. 439-483; ( C )  
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CY GNUS-1 5 

The Cygnus-15 motor has been developed by NASA f o r  t h e  four th  s tage  of t h e  
Tra i lb lazer  I1 re-entry tes t  vehicle .  
Chemical Corporation, and Aerojet-General Corporation have been used during t h e  
course of t h i s  motor development. 
i s  a .9% aluminized polysulf ide composite , NASA BF-117B. 
i s  a 17.2% aluminized polyurethane composite, ANP-2986. 

Propel lants  manufactured by NASA, Thiokol 

The NASA formulation ( a l s o  produced by Thiokol) 
The Aerojet propel lant  

A s  indicated i n  (1) - (3), no b a l l i s t i c  o r  thermal anomalies were noted at 
r a d i a l  accelerat ions up t o  195 G ' s  with e i t h e r  t h e  NASA or Thiokol BF-117B 
propel lant .  However, as noted i n  ( 3 ) ,  t h e  more heavily aluminized ANP-2986 
formulation r e su l t ed  i n  t h e  thermal f a i l u r e  of flight-weight motor cases.  
Moreover, (3)  a l s o  notes t h e  p o s s i b i l i t y  of strain-induced anomalies, deduced 
from t h e  reproducible differences between pressure h i s t o r i e s  obtained i n  f l i g h t -  
weight or heavywall motor cases.  
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HYDAC 

Lockheed Propulsion Company's HYDAC I and I1 motors have been used as the  
upper s tage of a number of probe vehicles .  The I1 configuration i s  a re-designed 
version of t he  I ,  and contains t h e  same 16% aluminized polycarbutene propel lant .  

The 100-G spin t e s t  of t h e  HYDAC I motor reported i n  (1) and ( 4 )  r e su l t ed  i n  
an 11% decrease i n  burn time and a 14% increase i n  average operating pressure 
compared t o  s t a t i c  tes ts ,  i n  addi t ion t o  severe motor case heating. After modi- 
f i c a t i o n ,  a s i m i l a r  spin t e s t  yielded a compa,rable reduction i n  burn t ime, but 
an average pressure over burn t i m e  only 3% grea te r  than s t a t i c .  
pressures were general ly  13-20% grea te r  than predicted.  

However, measured 

Telemetered pressure d a t a  obtained on a HYDAC I f l i g h t  t e s t  conducted 13 
October 1964 indicated motor performance e s s e n t i a l l y  equivalent t o  s t a t i c  t e s t  
r e s u l t s  u n t i l  a nozzle (thermal) failure terminated combustion approximately 
0.5 SEC p r io r  t o  an t ic ipa ted  burn t i m e .  However, s i m i l a r  da ta  obtained on a 
17 February 1966 f l i g h t  tes t  of t h e  HYDAC I1 indicated a pressure h i s to ry  very 
similar t o  t h e  sp in  t e s t  r e s u l t s  reported i n  ( 2 ) .  
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"S t a t i c  Spin T e s t  of Modified HYDAC Motor H25-18, S/N 16"; 

"Spin Acceleration Effects  on Some Full-scale Sol id  

JPL-SR- 28-3 

JPL-SR-28-3 motor i s  produced by t h e  Je t  Propulsion Laboratory f o r  t h e  
Applications Technology Satell i te.  
change i n  motor case mater ia l  from s t e e l  t o  t i tanium, t h i s  motor uses a 16% 
aluminized polyurethane composite propel lant  (JPL-540) kn a cy l ind r i ca l ly  
perforated gra in  configuration. 

Designated as t h e  JPL SR-28-1 p r i o r  t o  a 

A s  indicated i n  (1) - ( 6 ) ,  t e s t s  performed at both 100 RPM (4 G I s )  and 
150 RPM (8.7 G I s )  indicated e s s e n t i a l l y  no deviations from s t a t i c  b a l l i s t i c  
performace. However, it w a s  noted t h a t  t h e  aluminum oxide deposi ts  found i n  
t h e  nozzles of s t a t i c  f i r i n g s  were not evidenced i n  t h e  sp in  t k s t s .  

B. J .  U E :  
t h e  Advanced Technological S a t e l l i t e  Spacecraft  (Preliminary T e s t  Phase - 
Par t  I)"; AEDC-TDR-64-20?; October 1964; AD-354079; ( C ) ,  

A. A. C I M I N O  and C. W. STEVENSON: "Alti tude Testing of a JPL-SR-28-1 
Apogee Rocket Motor fo r  t h e  Advanced Technological S a t e l l i t e  Spacecraft  
(Preliminary Test Phase - Par t  11)"; AEDC-TDR-64-259; December 1964; 
AD-355495 ; (C) .  

"Alti tude Testing of a JPL-SR-28-1 Apogee Rocket Motor f o r  

"Applications Technology S a t e l l i t e " ;  Quarterly Progress Report No. 3;  
SSD 5103R; (Contract NAS5-3823) 1 December 1964 through 28 February 
1965; (VI .  

M. A. NELI'JS and C. W. STEVENSON: 
Sol id  Propellant Rocket Motors (S/N's P-14 and P-15) Under t h e  Combined 
Effects  of Simulated Al t i tude  and Rotational Spin" ; MDC-TR-65-186; 
September 1965; AD-470354; (U). 

"Results of Testing Two JPESR-28-1 
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R. G. ANDERSON: "Applications Technology S a t e l l i t e  (ATS) Apogee Rocket 
Motor"; Paper presented at t h e  ICRPG/AIAA Sol id  Propulsion Conference; 
Washington, D.C.;  Ju ly  1966; CPIA Publ icat ion No. 111, Volume 1; pp. 
483-556. 

A. A. C I M I N O  and C. W. STEVENSON: 
of Eight JPL-SR-28-3 Rocket Motors at Simulated Alt i tude" ; AEDC-TR-66-221; 
November 1966; AD-802218; (U) ,  

"Results of t h e  Qual i f ica t ion  T e s t  

M7A2B1 

WA2B1, as produced by t h e  Thiokol Chemical Corporation f o r  use as t h e  
Honest John spin rocket ,  employs a ?-point "star" gra in  composed of a non- 
aluminized polysulf ide composite propel lant .  

With four canted nozzles used t o  provide r a d i a l  acce le ra t ions  varying from 
625 t o  approximately 30,000 G I s  over t he  burning i n t e r v a l ,  calculated f l i g h t - t e s t  
motor performance appeared t o  y i e l d  a 26% reduction i n  burn t i m e  and a 40% increase 
i n  m a x i m u m  pressure compared t o  s t a t i c  tests.  
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NOTs 100 

The NOTs 100 spher ica l  motor incorporates a 17.7% aluminized polyurethane 
propel lant  designated as E-107. This propel lant  was o r i g i n a l l y  produced by B. P. 
Goodrich, and has subsequently been manufactured by various sources. 

Spin tes ts  conducted at approximately 9.5 G I s  r a d i a l  acce le ra t ion  produced 
a s l i g h t l y  higher average t h r u s t  and shor te r  burn time i n  ( 2 )  than t h a t  measured 
i n  (l), although t h e  nozzle th roa t  diameter had been increased by approximately 
28%. 
response t o  t h e  same accelerat ion environment. 
aging e f f e c t s  and in su f f i c i en t  p rope l l an t / l i ne r  bond s t rength  are thought t o  
compound t h e  problem. 
e ra t ion  t e s t i n g  at t h e  NASA Langley Research Center. 

Further tests reported i n  ( 3 )  ind ica te  s ign i f i can t  differences i n  motor 
Also as noted i n  ( 3 ) ,  propel lant  

This propel lant  i s  cur ren t ly  undergoing extensive accel-  
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M. H .  LUCY, G. B. NORTHAM and R. L. SWAIN: "Rocket Motor Spin Data 
Summary" ; Symposium on the  Behavior of Propel lants  Under Acceleration 
F ie lds  ; China Lake , California  ; NOTs TP3770 ; June 1965 ; AD-363903 ; ( C), 

NOTs 551 

The NOTs 551 motor incorporates a s l i g h t l y  modified vers ion (E-lO7M) of 
t h e  17.7% aluminized polyurethane propel lant  (E-107) used i n  t h e  NOTs 100 
spher ica l  motor. 

A f t e r  experiencing severe motor case heat ing and nozzle f a i l u r e  during a 
45-G spin tes t  (l), t h e  551A motor was redesigned pr imari ly  t o  e l iminate  t h e  
thermal problems (55lB) .  I n  addi t ion ,  18 subscale (2 .7 : l )  motors were t e s t e d  
a t  spin r a t e s  ca lcu la ted  t o  provide t h e  same r a d i a l  accelerat ions as t h e  full- 
s c a l e  motor i n  an e f f o r t  t o  pred ic t  motor performance ( 2 ) ,  ( 3 ) .  However, sub- 
sequent fu l l - sca le  tes t  r e s u l t s  reported i n  ( 3 )  i nd ica t e  measured pressures 
approximately l l -15% lower than predicted fo r  a r a d i a l  acce le ra t ion  p r o f i l e  
varying from 4-30 G I s  over t h e  burning i n t e r v a l .  
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Associated with t h e  Development of t h e  N a v y  Probe Second Stage Motor 
(NOTS MOD 551)"; Bul le t in  of t h e  ICRPG/AIAA Sol id  Propulsion Conference; 
Washington, D.C . ;  Ju ly  1966; CPIA Publication No. 111, Volume 11; 
pp. 509-537; ( C ) .  

( 4 )  M. H. LUCY: "Spin Acceleration Effec ts  on Some Full-scale Sol id  
Rockets"; A I M  Sounding Rocket Vehicle Technology Spec ia l i s t  Confer- 
ence; Williamsburg, Virginia;  1 March 1967; ( U ) ,  

RAP - 
The RAP motor cur ren t ly  being developed by t h e  Naval Weapons Center (formerly 

NOTS) uses t h e  same 5% aluminized fluorocarbon propel lant  (PL 6677) as is  employed 
i n  t h e  NWC BOMROC motor. The end-burning RAP motor i s  subjected t o  r a d i a l  accel- 
e r a t ions  as high as 12,000 G ' s  and a x i a l  acce le ra t ions  up t o  50,000 G ' s .  

The development h i s t o r y  of t h i s  motor i s  b r i e f l y  out l ined i n  (l), which a l s o  
discusses a number of t h e  methods used i n  an attempt t o  e l iminate  t h e  severe 
cen te r l ine  coning problems experienced i n  t h e  sp in  environment. Of these ,  a 
"nozzle d i f fuse r  plate"  s i m i l a r  t o  t h e  "nozzle entrance cap" used i n  t h e  BOMROC 
motor has been found t o  provide an e s s e n t i a l l y  neu t r a l  t h r u s t  h i s t o r y ,  but with 
a burning t i m e  approximately 10% shor t e r  than t h a t  obtained i n  s t a t i c  tests.  
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SVM-1 

Aerojet-General Corporation's SVM-1 motor w a s  designed f o r  t h e  INTELSAT I1 
spacecraf t .  
p rope l lan t  (ANB-3066) i n  a neutral-burning conocyl g ra in  configuration. 

This motor uses a 15% aluminized carboxy-terminated polybutadiene 

A n  AEDC spin  tes t  of t h i s  motor at 3.6 G ' s  radial acce lera t ion  ( 2 )  ind ica ted  
e s s e n t i a l l y  no performance deviations from previously repor ted  s t a t i c  tes ts  (1). 
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TE-364 

The Thiokol Chemical Corporation (Elkton) TE-364 motor w a s  i n i t i a l l y  designed 
as t h e  main re t rograde  motor f o r  t h e  Surveyor spacecraft  (TE-364-1). 
motor configuration w a s  later modified f o r  use as t h e  third-stage propulsion un i t  
f o r  t h e  Improved Delta vehic le  (TE-M-364-3) by adding approximately 17% more 
propel lan t .  
program (TE-359) and i n  t h e  modification program (TE-T-359-3,4). I n  addi t ion ,  
t h e  Delta development e f f o r t  included 8 subscale tests (TE-T-470) t o  determine 
t h e  e f f a c t s  of t h e  an t i c ipa t ed  6 . 5 4  sp in  environment on t h e  performance of t h e  
16% aluminized carboxy-terminated polybutadiene propel lan t  (TPH-3062). 

The bas i c  

Heavywall tes t  u n i t s  were employed i n  both t h e  o r i g i n a l  development 

The s t a t i c  t e s t  r e s u l t s  obtained with t h e  Surveyor motor are summarized i n  
This appl ica t ion  of t h e  TE-364 motor had no sp in  requirement. (1) - ( 3 ) .  

Both t h e  s t a t i c  and sp in  t es t  r e s u l t s  obtained with t h e  Delta motor a r e  
summarized i n  ( 4 )  and (51, from which it i s  seen t h a t  t h e  only apparent e f f e c t  
of t h e  6.5-G sp in  environment on motor performance i s  an increase  i n  average 
i g n i t i o n  delay t i m e  from .125 SEC t o  .285 SEC ( 5 ) .  I n  t h e  subscale t e s t s  (5), 
it i s  shown t h a t  decreasing t h e  aluminum p a r t i c l e  s i z e  from 30 t o  5 microns has 
no apparent e f f e c t  on sp in  s e n s i t i v i t y  ( o r  t h e  lack t h e r e o f )  at t h i s  low an 
acce lera t ion  l e v e l .  
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TE-388 

The TE-388 motor designed by Thiokol Chemical Corporation (Elkton) f o r  t h e  
Iroquois vehicle  uses an 18% aluminized PBAA propel lant  (TPH-3117) i n  a cylind- 
r i c a l l y  perforated grain burning on both ends. 

A s  summarized i n  (l), s t a t i c  t e s t  performance ind ica tes  a chamber pressure 

When subjected t o  a constant spin r a t e  of 600 RPM 
r i s i n g  from 500 PSI a t  i g n i t i o n  t o  770 PSI a t  burnout over a burning i n t e r v a l  
of approximately 7 .1  SEC. 
(17-40 G I s  r a d i a l  acce le ra t ion ) ,  operating pressure va r i e s  from an i n i t i a l  475 
PSI t o  920 PSI a t  burnout over a foreshortened burning i n t e r v a l  of 6.7 SEC (21, 
( 3 ) .  
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TE-442 

The Thiokol Chemical Corporation (Elkton) TE-442 motor incorporates a 16% 
aluminized propel lan t  i n  an 8-point "star" s p h e r i c a l  g ra in  configuration. 

A b r i e f  re ference  t o  TE-442 motor performance i n  ( 2 )  i nd ica t e s  t h a t  m a x i m u m  
Although operating pressure w a s  increased about 10% i n  a ~ O - G  sp in  environment. 

t h i s  e f f e c t  w a s  negated by increas ing  t h e  nozzle t h r o a t  s i z e  t o  reduce combustion 
pressure (l), comparison of a r ep resen ta t ive  s t a t i c  pressure h i s t o r y  with two 
dynamic f i r i n g s  ind ica t e s  a bas i c  change i n  t h e  o v e r a l l  combustion process toward 
more progressive burning approaching burnout. 
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Report No. E78-66; Volume I f ,  P a r t  I; 28 Ju ly  1966; ( C ) ,  

P 
i 

The TE-M-444 sphe r i ca l  motor w a s  designed by Thiokol Chemical Corporation - 
(Elkton) f o r  MIT Lincoln Laboratory. 
carboxy-terminated polybutadiene propel lan t  (TPH 3062) as i s  employed f n  t h e  
TE-364 s e r i e s  motors. 

This motor uses t h e  same 16% aluminized 

- 

A s ing le  6 . 1 - ~  r a d i a l  acce le ra t ion  sp in  t e s t  i s  repor ted  i n  (l), with no 
reference t o ,  or comparison with,  previous s t a t i c  or sp in  f i r i n g s .  
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TE-M-458 

The Thiokol Chemical Corporation (Elkton) TE-M-458 w a s  designed t o  provide 
re t rograde  t h r u s t  f o r  t h e  NASA Anchored In te rp lane tary  Monit,oring Platform. This 
sphe r i ca l  motor uses a 13% aluminized polyurethane propel lan t  (TPG-3129) i n  an 
8-point "star" g ra in  configuration. 

Two t e s t s  performed at 0.15-G radial acce lera t ion  (1) ind ica t e  no pe rcep t ib l e  
e f f e c t  of t h e  sp in  environment, on motor performance. 
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TE-M- 466 / 467 

The Thiokol Chemical Corporation (Elkton) ~ ~ - ~ - 4 6 6 / 4 6 7  motor4 were designed 
for t he  Nortronics Non-Linear Dispensing System. Two aluminized propel lants  
(TP-H-3132 and TP-H-3123) w e r e  used during t h e  course of t h i s  development program. 
Both propel lants  were s i g n i f i c a n t l y  a f f ec t ed  by t h e  sp in  environment, which pro- 
duced radial acce lera t ions  varying from 6,000 G ' s  at i g n i t i o n  t o  35,000 G ' s  at 
burnout. 

I n  an e f f o r t  t o  reduce t h e  severe e f f e c t s  of t h e  sp in  environment noted with 
the 3132 propel lan t ,  t h e  3123 formulation (with a lower aluminum content)  was 
employed i n  a f e w  l imi ted  tests. 
p le ted  with the o r i g i n a l  propel lant  when these t k s t s  proved unsuccessful. 

However, t h e  rkmai*nder of t h e  program w a s  com- 

In  order t o  decrease motor performance s e n s i t i v i t y  t o  t h e  sp in  environment, 
t h e  gra in  design w a s  altered t o  minimize t h e  amount of propel lant  surface normal 
t o  t h e  (radial)  accelerat ion vec tor ,  Although c l e a r l y  demonstrating t h a t  t h i s  
approach i s  indeed f e a s i b l e ,  t h e  gra in  design thus evolved could not produce 
sa t i s fac toky  motor performance. 
fac tory  performance w a s  achieved. 

A f t e r  a series of six g ra in  modif ic ia t ions,  satis- 
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TE-M-479 

The TE-M-479 sphe r i ca l  motor w a s  designed by Thiokol Chemical Corporation 
(Elkton) t o  be used as the  apogee kick motor f o r  t he  Radio Astronomy Explorer 
spacecraf t .  This motor uses t h e  same 16% aluminized carboxy-terminated poly- 
butadiene propel lant  (TPH-3062) as i s  employed i n  t h e  TE-M-444 and TE-364 
series motors. 

Two sp in  t e s t s  at 1 . 4 - G ' s  radial acce lera t ion  are reported i n  (l), with 
no reference t o  previous s t a t i c  or sp in  test f i r i n g  r e s u l t s .  
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TM-3 

The TM-3 motor w a s  designed by United Technology Center f o r  t h e  A i r  Force 
SSC development of t h e  FW-4S motor. The UTC vers ion of t h i s  motor uses a 16% 
aluminized PBAN propel lant  (UTC UTP-3096) i n  an e s s e n t i a l l y  c y l i n d r i c a l  g ra in  
configuration with one radial s l o t .  The XSR-57-UT-1 w a s  a l s o  designed as t h e  
FW-4S motor. 
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T e s t  r e s u l t s  reported i n  (1) ind ica t e  a 10% reduction i n  normal burn t i m e  
and a 14% increase i n  m a x i m u m  operating pressure at 10  G I s  r a d i a l  acce le ra t ion ,  
and a 28% reduction i n  burn t i m e  and 57% increase  i n  maximum pressure a t  a r a d i a l  
acce le ra t ion  of 40 G I s .  
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WASP 

A s  developed by Emerson E l e c t r i c  f o r  t h e  U. S. Army Miss i le  Command, t h e  
sp in-s tab i l ized  WASP rocket motor incorporated separa te  sp in ,  boost , and s u s t a i n  
propulsion systems. 

The i n i t i a l  motor design used two end-burning gra ins  of a non-aluminized 
polysul f ide  propel lan t  f o r  t h e  sp in  motor, a five-point "star" configuration of 
t h e  same propel lan t  f o r  t h e  boost motor, and an end-burning alkyd-resin s tyrene  
composite f o r  t h e  sus t a in  motor. 
Company. 

All propel lan ts  were supplied by Bermite Powder 

A s  zeported i n  (l), boost t h r u s t  measurements obtained a t  r a d i a l  acce le ra t ion  
l e v e l s  decaying from about 7000 G ' s  t o  zero a t  burnout gave no p o s i t i v e  ind ica t ions  
of any s i g n i f i c a n t  e f f e c t  of t h e  sp in  environment on motor performance. 

The rev ised  WASP motor design incorporated a c y l i n d r i c a l l y  per fora ted  g ra in  
of 1% aluminized polyvinyl ch lor ide  propel lan t  (Arc i te  386M) fo r  t h e  sp in  motor, 
a 6-point "star" configuration of t h e  same propel lan t  f o r  t h e  boost motor, and an 
end-burning non-alwninized polyvinyl ch lor ide  composite (Arc i te  377A) f o r  t h e  sus t a in  
motor. 
s ec t ion ,  patterned after those developed at t h e  Naval Weapons Center (NOTs) .  
propellan3s were supplied by At l an t i c  Research Corporation. 

The sus t a in  motor a l s o  incorporated a vor tex  s p o i l e r  i n  t h e  nozzle entrance 
A l l  

A s  reported i n  ( 2 ) ,  t h e  e f f e c t s  of r a d i a l  acce le ra t ions  increas ing  from 0 t o  
approximately 16,000 G ' s  on sp in  motor performance were found t o  be pr imar i ly  a 
r e s u l t  of propellant/case s t r u c t u r a l  i n t e r a c t i o n s ,  with some burn r a t e  ampl i f ica t ion  
due t o  combustion e f f e c t s  a l s o  l i k e l y ,  bu t  undefined ( 4 ) .  

I n  order t o  achieve simultaneous burnout of both t h e  s t r u t s  and periphery of 
t h e  boost g ra in  at 16,000 G I s ,  t h e  pe r iphe ra l  web thickness w a s  increased about 30% 
during t h i s  development program. 
under sp in  w a s  p r imar i ly  due t o  alumina cen t r i fuga t ion  ( 4 )  o r  p r e f e r e n t i a l  pe r iphe ra l  
i g n i t i o n  of t he  g ra in  under sp in  ( 2 )  w a s  not resolved. 

Whether t h e  apparent 30% increase  i n  burn r a t e  

With t h e  vor tex  s p o i l e r  incorporated i n  t h e  sus t a ine r  nozzle,  t h e  end-burning 
However, a concurrent t e s t  sus t a in  motor w a s  e s s e n t i a l l y  n e u t r a l  burning ( 2 ) ,  ( 4 ) .  

program conducted at Redstone Arsenal ( 3 )  with t h e  same non-aluminized propel lan t  
ind ica ted  severe cen te r l ine  coning of t h e  g ra in  at r a d i a l  acce le ra t ions  of only 3500 
G ' s  when t h e  vortex s p o i l e r  wa$ not incorporated i n  t h e  nozzle. 

- 1  I 

a ,  1 
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X-248 

The X-248 motor developed by Hercules Powder Company has been used on t h e  
Altair  I ,  Thor-Able, Scout, Deta, Shotput , Argo D 4 ,  Caleb , Transit-TIROS , A t l a s -  
Able, T ra i lb l aze r  11, and Jave l in  vehic les .  
double-base propel lan t  (BUU) i n  a f inocy l  g ra in  configuration. 

This motor uses a 3% aluminized c a s t  

I n  sp in  t e s t s  conducted at ABL (11, a 45% increase  i n  maximum pressure and 
14% decrease i n  burn t i m e  were observed a t  a r a d i a l  acce le ra t ion  approaching 
74 G ' s ;  and an 82% increase  i n  maximum pressure ,  followed by case failure, 
occurred a t  approximately 135 G ' s .  
Langley Research Center (21, (3) ihdicated; 
a t  15 G ' s ;  ( B )  a 24% increase  i n  m a x i m u m  pressure and 14% decrease i n  burn t i m e  
at 63 G ' s ;  and ( C )  a 34% increase i n  maximum pressure and 10% decrease i n  burn 
t i m e  a t  92 G ' s .  
are evident i n  e i t h e r  ( B )  or ( C )  before approximately 55% of normal burn time has 
elapsed, a t  which time combustion pressure increases  q u i t e  r ap id ly  t o  t h e  maximum 
values noted. 
cu r ren t ly  i n  progress a t  NASA Langley. 

Subsequently, sp in  tests performed a t  t h e  NASA 
( A )  no s i g n i f i c a n t  performance changes 

From t h e  data presented i n  (31, it i s  seen t h a t  no sp in  e f f e c t s  

An extensive s e r i e s  of cent r i fuge  tests of t h e  BUU propel lan t  is 

References 

(1) W. B. HELBERT Jr., G.  H. MOODY , and M. G. PORTER; "JATO X-248 Perfor- 
mance Data"; ABL Dev. 1244; 1959. 

(2) M. H. LUCY, G .  B. NORTHAM and R .  L, SWAIN: "Rocket Motor Spin Data 
Summary"; Symposium on t h e  Behavior of Prqpel lan ts  Under Acceleration 
F ie lds  ; China L a k e ,  Ca l i forn ia ;  NOTs TP37TO ; June 1965 ; AD-363903 ; (C) . 

(3) L. J. BEMENT: "Report of LRC X-248 Teast F i r ings  and Upgrading Techniques'?; 
NASA Langley Research Center; 1966. 

19 



X-2 58 

The X-258 (Altair $1) motor produced by 
ment f o r  t h e  X-248 has been used on both t h e  

Hercules Powder Company as a replace- 
Scout and SLV-LG vehicles .  This motor 

uses a 20% aluminized composite-modified double-base propel lant  i n  a f inocy l  gra in  
configurat ian (10).  
subjected t o  r a d i a l  accelerat ions of approximately 10 G ' s .  

Functioning as t h e  fou r th  s tage  of t h e  Scout, $he x-258 i s  

A f t &  ( 3 )  ind ica ted  t h a t  t h e  sources of motor f a i l u r e  observed i n  (1) and (2) 
had been corrected,  t h e  spin tests described i n  (4) and (5) indicated a cons is ten t  
7% increase i n  maximum pressure and 9% reduction i n  burn t i m e  compaqed t o  s t a t i c  
f i r i n g s .  I n  addi t ion,  case d isco lora t ion  due t o  thermal e f f e c t s  w a s  observed i n  
these  and subsequent sp in  tests.  
ducted from 7/16/61 t o  6/22/63 a re  summarized i n  (6). 

The b a l l i s t i c  da ta  f o r  a l l  X-258 f i r i n g s  con- 

Centrifuge tes ts  of a homologue of t h e  X-258 propel lant  formulation are de- 
scr ibed  i n  (7) .  Values of t h e  m a s s  flow coef f ic ien t  ( C  ) obtained from these  tests 
at d i f f e ren t  or ien ta t ions  of t h e  acce lera t ion  vector  w i  ? h respect  t o  t h e  end-burning 
propel lant  surface are given below. 

Motor Number #1 #2 
40 G ' s  Away From Surface ,00741 .00734 
S t a t i c  .00692 .00660 
40 G I s  I n t o  Surface .00637 . oo5kc 

With a 5% difference i n  measured values of CD (implying a 10% di f fe rence  i n  com- 
bustion temperature) a t  s t a t i c  condi t ions,  t h e  v a l i d i t y  of t h i s  data i s  questionable.  
Nevertheless, accepting the  r e s u l t s  at face  value ind ica t e s  12.8% and 19.2% decrease 
i n  combustion temperature with acce lera t ion  d i rec ted  away from t h e  sur face ,  and 
18.0% and 6.4% increases  i n  temperature with acce lera t ion  toward the  surface.  
However, (16) ind ica tes  t h a t  t h e  combustion e f f ic iency  of t h i s  propel lant  i s  
qtrongly influenced by operating pressure,  p a r t i c u l a r l y  at pressures  near 400 PSI. 
With no pressure data given i n  (71, t h e  influen.ce of t h i s  parameter on t h e  apparent 

-\ 

accelerat ion e f f ec t s "  cannot be evaluated. 11 

Fl ight  test  data presented i n  (12)  i nd ica t e s  a burn time approximately 5% 
longer than t h a t  recorded i n  s t a t i c  spin tests (4) and (5), thereby advancing the  
p o s s i b i l i t y  t h a t  i n - f l i gh t  longi tudina l  acce lera t ions  may tend t o  reduce t h e  
e f f e c t s  of radial accelerat ion noted i n  s t a t i c  sp in  t e s t s .  However, la ter  f l i g h t  
test  data from (17) ind ica tes  a burn t i m e  e s s e n t i a l l y  equivalent t o  those observed 
i n  t h e  ground sp in  tests.  

The r e s u l t s  of a fairly extensive X-258 propel lant  research program are 
reported i n  (16). 
propel lant  (P1) were a l s o  s tudied i n  an e f f o r t  t o  b e t t e r  def ine t h e  'potent ia l  
s ign i f icance  of propel lant  var iab les  i n  determining t h e  e f f e c t s  of acce lera t ion  
on motor performance. 

I n  t h i s  program, two modifications (P2 and P3) of the  x-258 

The d i f fe rences  i n  propel lant  formulation a re  given by: 

P1 = t h e  X-258 propel lant  
P2 = P1 w i t h  smaller oxidizer  p a r t i c l e s  
P3 = P1 with l a r g e r  aluminum p a r t i c l e s  
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I n  summary, t h e  r e s u l t s  of' t h i s  program have indicated:  

Combustion e f f ic iency  decreased l i n e a r l y  with pressure from 1000 t o  
400 PSI, then sharply declined below 400 PSI. 
burning surface,  it i s  concluded t h a t  t h i s  decl ine i s  a r e s u l t  of a 
change i n  the  aluminum combustion process.  

From observation of t h e  

A t  a given acce lera t ion  l e v e l ,  t he  P3 propel lant  l e f t  about 3 times 
as much res idue  i n  a 40-LBm test  motor as did t h e  P1 propel lan t .  

Longitudinal acce lera t ions  yielded a pressure t r a c e  e s s e n t i a l l y  equi- 
valent  t o  t h a t  obtained s t a t i c a l l y  . 
Radial acce le ra t ions  produced an increase i n  operating pressure and a 
decrease i n  burn t i m e .  

Combined r a d i a l  and longi tudina l  acce lera t ions  yielded a b e t t e r  
approximation t o  the  t h e o r e t i c a l  pressure h i s to ry  than d id  the  s t a t i c  
f i r i n g s  . 
The r a t e  of change of burn r a t e  with s t r a i n  l e v e l  w a s  found t o  be a 
funct ion of pressure l e v e l .  
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x-259 

The X-259 (Antares 11) motor produced by Hercules Powder Company f o r  the  
t h i r d  s tage  of t h e  Scout has a l s o  been designated f o r  use on t h e  Project  F i r e  
vehicle .  

same as t h a t  used i n  t h e  X-258, but  incorporates more f i n e l y  ground oxidizer  I 

p a r t i c l e s  t o  achieve a burning rate approximately 14% higher than t h a t  of thelX-2'j8 

This motor uses a 20% aluminized composite-modified double-base pro e l -  
l a n t  i n  a f inocyl  gra in  configurat ion (1). The propel lant  i s  e s s e n t i a l l y  t h e ,  ? 

(21, ( 3 ) .  I 
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Spin tes ts  at 200 and 300 RF'M (16.5 and 38 G I s ,  respec t ive ly)  reported i n  
(1) indicated e s s e n t i a l l y  no e f f e c t s  of t h e  200 RPM environment on motor per- 
formance, but  a 7% reduction i n  burn t i m e  and an 11% increase i n  operating pressure 
(during t h e  l a t t e r  burning phase) at 300 RPM. 
indica te  t h a t  s t a t i c  performance w a s  apparently unaffected by (10-G) r a d i a l ,  
(25-G) longi tudina l ,  o r  combined acce lera t ion  environments. 

T e s t  r e s u l t s  reported i n  (3) 
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XM-85 

, 

1 

f 

The m-85 i s  produced by At lan t ic  Research Corporation f o r  use as t h e  
fourth-stage propulsion u n i t  on t h e  A i r  Force Standard Launch Vehicle (SLV-1B). 
The XM-85 motor configuration i s  i d e n t i c a l  t o  t h a t  of t h e  NOTs 100A, but uses 
a 12% metal l ized 
t h e  17.7% aluminized E-107 propel lant  o r ig ina l ly  incorporated. 

polyurethane propel lant  formulation (Arcane 35H) i n  place of 

Spin t e s t s  performed at r a d i a l  accelerat ions of approximately 9.5 G ' s  
yielded burn t i m e s  approximately 9% ( 4 )  , 11% ( 5 )  , and 3% (6)  less than t h e  
average of  th ree  s t a t i c  f i r i n g s  reported i n  (1). I n  addi t ion,  t he  m a x i m u m  
t h r u s t  increased about 16-17% i n  t h e  sp in  environment. 
e f f e c t s  due t o  t h e  cent r i fuga t ion  of meta l l ic  res idues were noted near t h e  
motor equator i n  t h e  th ree  sp in  f i r i n g s .  

Moreover, thermal 
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D. W.  WHITE: 
XM-85 Solid-Propellant Rocket Motor Under t h e  Combined Effec ts  of 
Simulated Al t i tude  and Rotat ional  Spin"; UDC-65-96; May 1965; 
AD-360773 ; ( C 1. 

"Results of Testing an At l an t i c  Research Corporation 

M. H .  LUCY, G.  B .  NORTHAM, and R.  L. SWAIN: 
Summary"; Symposium on t h e  Behavior of Propel lants  Under Acceleration 
F ie lds ;  Naval Ordnance T e s t  S t a t ion ;  NOTs TP3770; June 1965; 
AD-363903; ( C )  . 

"Rocket Motor Spin Data 

I 

XSR 57-UT-1 

57-UT4 rocket motor has been developed by United Technology Center 
(TJTC) as t h e  Scout fourth-stage propulsion u n i t ,  
aluminized polybutadiene a c r y l o n i t r i l e  (PBAN) propel lant  (UTP-3096A) i n  a case- 
bonded, t ransverse ly  s l o t t e d  tube g ra in  configuration. 

This motor incorporates an 

The r e s u l t s  of a s e r i e s  of developmental tes ts  performed a t  sp in  rates from 
0-210 RPM (0-12 G ' s  r a d i a l  acce le ra t ions)  are reported i n  (2) and summarized below. 

Temperature ( O F )  77 77 
Max. Acceleration ( G I s )  0 9.8 
Burn Rate (IN/SEC) .228 .252 
Burn Rate Ratio 1.00 1.10 
Burn Time  (SEC) 32.9 29.9 
Avg. Pressure (PSI) 636 657 

Additional t e s t s  performed at 70-80 OF 
summarized below. 

Max. Acceleration ( G ' s )  0 
Burn Rate (IN/SEC) .247 
Burn Rate Rat io  1 .0  
Action Time (SEC) 31.5 
Avg. Pressure (PSI) 655 

77 35 35 35 
12.0 0 5.3 7.0 
* 259 ,218 .226 .228 
1.14 1.00 1.04 1.05 
29.3 33.8 33.5 33.2 
692 598 595 620 

a r e  reported i n  (3) and (4) and 

11 11 11 11 
.258 .258 .262 .277 
1.045 1.045 1.06 1.12 
31.3 31.0 30.8 29.5 
658 665 664 704 

A s  ind ica ted ,  t h e  average s t a t i c  burn r a t e  i s  8% higher than t h a t  measured at 
77 OF i n  t h e  preceeding tes t  series (with t h e  same nozzle th roa t  diameter) .  
Moreover, t he  burn r a t e  under sp in  i s  found t o  vary atjout 8% at  a constant accel-  
e r a t i o n  l eve l .  No explanation i s  of fe red  f o r  t hese  phenomena. 
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F r: 
SECTION I11 

RESEARCH STUDIES 

The "research s tudies"  discussed here in  include a l l  those spin-oriented 
s:::.rlties which are e i t h e r  not s p e c i f i c a l l y  d i rec ted  t o  t h e  development of a 
g s r t i c u l a r  motor, o r  which represent  extensions of such development e f f o r t s  t o  
include more bas ic  inves t iga t ions  of observed sp in  phenomena. 

Since t h e  performance of a s o l i d  propel lant  rocket motor operating i n  a 
sp in  environment can be s i g n i f i c a n t l y  influenced both by t h e  e f f e c t s  of cen t r i -  
fuga l  acce lera t ion  on t h e  combustion process and by t h e  e f f e c t s  of t h e  induced 
s w i r l  flow on chamber and nozzle gas dynamics, t hese  two areas  of i n t e r e s t  
form the  primary bases of discussion.  I n  general ,  t h e  l i t e r a t u r e  published on 
each of these  top ics  i s  reviewed chronologically,  with a l l  references c i t e d  ( ) 
contained i n  Section I V  of t h i s  r e p o r t ,  along with a b r i e f  abs t r ac t  of each 
document. 

Combustion Phenomena 

Some of t he  earliest  ind ica t ions  of t he  e f f e c t s  of an acce lera t ion  envi- 
ronment on the  combustion process were provided by Ordahl and Wall i n  1955. 

After noting a power lo s s  i n  t h e  Sidewinder gas generator under accelera- 
t i o n ,  Ordahl (46)  conducted a number of l imi ted  centr i fuge t e s t s  of t h e  N-4, 
N - 5 ,  X-9, PL 777, and JPN double-base propel lants  at acce lera t ions  up t o  50 G I s  
d i rec ted  i n t o ,  away from, and p a r a l l e l  t o  t h e  propel lant  surface.  With accel- 
e r a t ion  i n t o  t h e  burning sur face ,  t h e  following e f f e c t s  were noted: 

N-4: No apparent e f f e c t  at 30 G I s .  
N-5: Pressure decreased 20-25% a t  30 G I s .  
X-9: Pressure decreased i n  proportion t o  t h e  magnitude of t h e  

acce lera t ion ,  with a reduct ion of approximately 30% measured 
a t  50 GIs. 
Pressure increased 35-40% at 30 G I s .  PL 777: 

JPN: Inconclusive r e s u l t s  due t o  nozzle erosion. 

No explanation i s  attempted f o r  t h e  differences i n  acce lera t ion  s e n s i t i v i t y  
observed. 

The behavior of t h e  non-metallized T-24 (TRX-109) polysulf ide composite 
propel lant  under high axial  and r a d i a l  acce le ra t ions  w a s  examined by Wall (92) 
i n  a s e r i e s  of 3C s t a t i c  and 42 dynamic f i r i n g s .  
launched i n  t h e  dynamic t e s t s ,  achieving sp in  r a t e s  of 26,000 RPM at t h e  muzzle 
and 54,000 RPM (lOg,OOO G ' s )  a t  burnout. 
(propel lan t  sur face) / (nozz le  t h r o a t )  a r ea  r a t i o s  of 150 ,  200, 250, and 300 were 
t e s t ed .  However, only 3 dynamic tests were performed f o r  any given area r a t i o ,  
and 36% of these  t e s t s  yielded no use fu l  r e s u l t s .  
environment r e su l t ed  i n  an apparent 135-165% increase i n  propel lant  burn r a t e ,  
with t h i s  burn r a t e  amplif icat ion apparently increasing with decreasing g ra in  

The t e s t  vehic le  w a s  gun- 

Four gra in  configurations providing 

Nevertheless,  t h e  acce lera t ion  
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complexity. 
augment at i on 

This conclusion i s  "quantified" i n  (93) by co r re l a t ing  burn r a t e  
with a measure of g ra in  complexity termed the  "configuration fac tor"  

x, where X = A c / A , ,  
with a perimeter equal t o  t h e  propel lant  sur face  a rea  pe r  u n i t  length.  HowBver, 
t h i s  genera l iza t ion  m u s t  be regarded as t e n t a t i v e  a t  b e s t ,  pr imari ly  becausd o f :  

I t h e  l imi t ed  sample s i z e ;  a r e l a t i v e l y  high percentage of t e s t  f a i l u r e s ;  andithe 
usua l  inaccuracies inherent  i n  der iving pressure-time h i s t o r i e s  from vehicld 

vortex choking should a l s o  tend t o  increase with decreasing g ra in  complexit 4 . distance-time measurements. Moreover, it i s  i n t e r e s t i n g  t o  note t h a t  nozzl 

With the  exception of b r i e f  notes by But t s ,  Goldshine, S t i e f e l ,  e t c .  ( 5 4 )  
r e l a t i v e  t d  gas generator performance under acce lera t ion ,  no fu r the r  s tud ie s  of 
acce lera t ion  e f f e c t s  on combustion were published u n t i l  1960, when Redel be4an 
the  experimental study fo r  Edwards AFB out l ined  i n  (69) .  
study a r e  summarized i n  (73) ,  with intermediate r e s u l t s  presented i n  (70)  - i ( 7 4 ) .  
From t h e  quant i ty  and qua l i ty  of d a t a  generated during t h i s  inves t iga t ion  of 
four  s o l i d  propel lants  (OMAX 452 ammonium n i t r a t e  composite , N-5 double-base , 
TPL-3014 polysulf ide composite, and GCR-524 aluminized PBM), it i s  v a l i d l y  con- 
cluded t h a t  i gn i t i on  i s  f a c i l i t a t e d  with acce lera t ion  toward the  propel lan t  surface 
and made more d i f f i c u l t  with acce lera t ion  away from or p a r a l l e l  t o  t h e  sur face .  
Any fu r the r  conclusions a re  subjec t  t o  r e s t r i c t i o n s  o f :  inhibitor/bonding f a i l u r e ,  
inadequate i s o l a t i o n  of s ign i f i can t  va r i ab le s ,  and i n s u f f i c i e n t  sample s i z e s .  

= gra in  po r t  a r ea ,  and Ac i s  t h e  area of a c i r c u l a r  qavi ty  

The r e s u l t s  of t h i s  

An inves t iga t ion  of t he  e f f e c t s  of acce lera t ion  on t h e  performance of  4 
double-base propel lants  (ARP, ARW, C I A ,  and DQO) w a s  i n i t i a t e d  a t  Hercules ABL 
by E i r i ch  ( 1 4 )  i n  1961. The r e s u l t s  of t h i s  study (extended t o  include 2 CMDB 
formulations (CYH and DDP) and a BPY gas generator propel lan t )  a r e  summarized 
below from t h e  t e s t  da ta  reported i n  (17) f o r  40-G acce le ra t ions  d i r ec t ed  e i t h e r  
toward ( t )  or away from ( a )  t h e  surface of an end-burning g ra in .  

Propel lant  

ARP 
ARP 
A R W  
A R W  
C I A  
DQO 
CYH 
DDP 
BPY 

P ( s t a t i c )  

1110 1148 ---- 
636 656 682 
834 848 --- 
284 307 --- 

No va l id  da t a  
126 5 1437 1240 

562 503 513 

334 625 333 
N o  v a l i d  data 

A s  indicated,  performance va r i a t ions  a r e  general ly  i n s i g n i f i c a n t ,  p a r t i c u l a r l y  
i n  view of t he  f a c t  t h a t  a number of t h e  acce lera t ion  t e s t s  represent  s ing le  motor 
f i r i n g s .  However, acce le ra t ion  toward the  propel lant  sur face  i s  seen t o  cause 
considerable increases  i n  burning r a t e  and average pressure with the  DQO and 
BPY formulations. 

I n  view of t h e  f a c t  t h a t  propel lant  s t r a i n  may increase appreciably with 
motor case expansion under sp in ,  Coy's 1961 study of t h e  influence of s t r a i n  on 
the  burning r a t e s  of two polyurethane formulations (23)  may be s ign i f i can t  i n  

L 
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determining one f a c t o r  cont r ibu t ing  t o  t h e  increased burning rates usua l ly  
observed i n  a sp in  environment. I n  t h i s  study, t h e  1000 PSI burning r a t e s  of 
both an aluminized and non-aluminized polyurethane were found t o  increase  1.2- 
1.5% per percent of s t r a i n .  Similar r e s u l t s  were obtained by Saylak (88) , who 
inves t iga t ed  4 d i f f e r e n t  types of propel lan ts  and found widely varying response 
t o  s t r a i n ,  bu t  a genera l ly  congistent increase  i n  burning rate with s t r a i n  l e v e l ,  
which w a s  most pronounced with a p l a s t i s o l  formulation. 
w a s  able t o  c o r r e l a t e  t h i s  increase  i n  burning r a t e  with a "volumetric change 
index" based on Poisson's r a t i o .  

I n  addi t ion ,  Saylak 

An increased i n t e r e s t  i n  sp in /acce lera t ion  e f f e c t s  on motor performance 
began t o  be evidenced throughout Government and indus t ry  i n  1963, and has 
genera l ly  continued t o  t h e  present .  

I n  (18) ,  Sutphin r epor t s  t h e  r e s u l t s  obtained i n  t e s t i n g  a CMDB propel lan t  
(DDP-80) a t  an a x i a l  acce le ra t ion  of 150 G ' s  and a t  a l a t e r a l  acce le ra t ion  of 
50 G ' s .  No e f f e c t s  of t he  acce lera t ion  environments were apparent i n  t h e  two 
t e s t s  performed at each o r i en ta t ion .  
UTC (102) with two composite propel lan ts  (UTX 1724 and UTX 2649) subjected t o  
acce lera t ions  as high as 800 G I s  p a r a l l e l  t o  t h e  propel lan t  sur face .  

Similar r e s u l t s  were a l s o  obtained a t  

Meanwhile, cen t r i fuge  tests csnducted by Thiokol Elkton (85) a t  ambient 
pressure ind ica ted  an increase  i n  burn r a t e  with acce le ra t ion  l e v e l ,  up t o  125% 
and 50% at 750 G I s  f o r  medium-burning (TP-G-3016D) and fast-burning propel lan t  
formulations, respec t ive ly ,  f o r  t h e  acce lera t ion  d i r ec t ed  i n t o  t h e  burning sur- 
face.  
d i r ec t ed  out of t h e  propel lan t  surface.  

Conversely , s l i g h t  reductions i n  r a t e  were observed with acce lera t ion  

The influence of sp in  on t h e  performance of Army t a c t i c a l  motors w a s  a l s o  
recognized i n  1963 at Redstone and Picatinny a r sena l s  and B a l l i s t i c  Research 
Laboratory . 

Using f l i g h t - t e s t  d a t a  obtained with t h e  XM-27 double-base propel lan t  t o  
e s t a b l i s h  a burn rate dependence on sp in  rate, Guthrie and Chen of Redstone 
derived a semi-empirical method of pred ic t ing  motor performance f o r  changes i n  
g ra in  design. 
approximating maximum operating pressure , but  less adequate f o r  dupl ica t ing  t h e  
ove ra l l  pressure-time h i s t o r i e s .  

A s  i l l u s t r a t e d  i n  ( 8 0 ) ,  t h i s  approach w a s  genera l ly  successful i n  

A number of end-burning g ra ins  of an unspecified double-base propel lan t  were 
examined by Vecchio and Harnett of Picatinny a t  sp in  r a t e s  up t o  12,000 RPM (55). 
T e s t  r e s u l t s  obtained with these  motors ind ica ted  increased sp in  s e n s i t i v i t y  with 
both sp in  ra te  and conditioning temperature. 
i s  t h e  f i r s t  t o  note severe coning of t h e  end-burning propel lan t  surface under 
spin.  

Most s i g n i f i c a n t l y ,  t h i s  b r i e f  study 
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The results of a series bf loo& centr i fuge tests of t h e  XMF27 doublenbase 
propel lant  a re  summarized below from Redel's repor t  (74) t o  t h e  B a l l i s t i c s  Research 
Laboratory . 

Direction of Acceleration - '. . - ' . - .  - ,  - v - - 
(A) Toward 
(B)  Away From 
( C )  P a r a l l e l  To 

i ; /F ( s t a t i c )  

1.22 
1.17 
1.07 

t/t ( s t a t i c )  

1 
95 

1.02 
1.00 

A s  indicated,  accelerat ion i n  any d i r ec t ion  appears t o  increase combustion pressure,  
with no decrease i n  burn time i n  one instance ( C ) ,  and 2% increase i n  another ( B ) .  
Assuming constant propel lant  densi ty  and s i m i l a r  motor/grain geometries, t h i s  l a t t e r  
r e s u l t  would requi re  an increase i n  combustion temperature of more than 40% with 
accelerat ion d i rec ted  away from t h e  propel lant  surface.  Moreover, t he re  i s  con- 
s iderable  discrepancy between these  r e s u l t s  and those published i n  (80) f o r  t he  
same propellant.  

The Redel test program noted above w a s  continued through 1964 with both cen- 
t r i f u g e  and sp in  t e s t s  of t h e  HX-12, X-14, N-4, N-5 ,  and JPN double-base propel lants  
and a 2% aluminized composite propel lan t ,  C-505A. A s  summarized i n  (78) and (79) 
accelerat ion toward the  surface w a s  generally found t o  decrease t h e  burning r a t e s  
and average pressures measured with the  double-base propel lan ts ,  and increase 
these  parameters with the  composite. 
cussion of Redel's 1960 t e s t  program, t h e  v a l i d i t y  of these  r e s u l t s  i s  again 
subject  t o  l imi t a t ions  of s m a l l  sample s i z e  and a r e l a t i v e l y  la rge  number of 
inhibitor/bonding f a i l u r e s .  

However, as noted previously i n  the  dis- 

The accelerat ion s tud ie s  performed p r i o r  t o  1964 a r e  summarized by Palm and 
Martin i n  (81), who a l s o  report  t he  r e s u l t s  of a t e s t  program performed a t  spin 
r a t e s  up t o  10,000 RPM with AGJ  double-base propel lan t ,  
burning surface i s  inh ib i t ed  t o  varying degrees t o  reduce t h e  burn r a t e  amplifi- 
ca t ion  experienced under spin.  Although some success i s  evidenced with t h i s  
technique, it i s  noted t h a t  r e s u l t s  presented f o r  72% i nh ib i t i on  ind ica t e  both 
higher pressures and a longer burning t i m e  than obtained at 56%, with no change 
i n  grain/nozzle geometry. 

In  these  t e s t s ,  t h e  r a d i a l  

Cyl indrical ly  perforated gra ins  of an aluminized PBAA propel lant  (Thiokol's 
TPH-8126) and two aluminized polyurethane formulations (Aero je t ' s  ANP 2969 and, 
ANP 3063) were t e s t e d  a t  a x i a l  and l a t e r a l  accelerat ions up t o  200 G ' s  by Landau 
and Cegielski i n  1964. The r e s u l t s  of these  t e s t s  reported i n  (8) ind ica te  no 
e f f e c t  of t h e  accelerat ion environments on motor performance. Similar r e s u l t s  a r e  
a l s o  reported by Horton (90) f o r  both cy l ind r i ca l ly  perforated and "star" gra ins  
of a PBW propel lant  t e s t e d  at a x i a l  accelerat ions up t o  100 G ' s ,  and by Iwanciow 
and Lawerence (103) f o r  cy l ind r i ca l  grains  of two 16% aluminized prope!lants 
(UTX-1724-16 and UTX 2649) a t  axial accelerat ions up t o  800 G ' s .  
apparent degradation of c h a r a c t e r i s t i c  ve loc i ty  i s  noted i n  t h e  l a t t e r  t e s t s  
conducted at UTC. 

However, some 

On the  other hand, end-burning tests of AHH double-base propel lant  performed 
by Harnett and Olstein (56) at sp in  rates up t o  12,000 F P M  again indicated severe 
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I "  

c en t e r l i ne  coning of t h e  propel lan t  sur face ,  increasing with increasing sp in  
rate. However, s a t i s f a c t o r y  motor performance w a s  achieved by modifying t h e  
nozzle configuration. 

I n  c o n t r a s t ,  sp in  tests of 1 .5  I N  diameter end-burning gra ins  of ARP 
double-base propel lan t  repor ted  by Dickinson and Lechelt (20) ind ica ted  no 
apparent e f f e c t s  of sp in  r a t e s  of 17,000 and 23,400 RPM on motor performahce, 
nor any cen te r l ine  coning of t h e  gra in .  

Two r a t h e r  s i g n i f i c a n t  events mark 1965 as something of a "year of t ran-  
s i t i o n "  with respec t  t o  t h e  study of acce lera t ion  e f f e c t s  on motor performance. 
The f i r s t  of t hese  i s  t h e  industry-wide recogni t ion  of t h e  importance of sp in  
phenomena i n  determining deviations from s t a t i c  performsnce, as exemplified at 
t h e  Naval Weapons Center (NOTs) Symposium on t h e  Behavior of Propel lan ts  bnder 
Acceleration F ie lds .  The second i s  t h e  i n i t i a t i o n  of cont ro l led  s tud ie s  of 
acce le ra t ion  e f f e c t s  at t h e  NASA-Langley Research Center and United Technology 
Center . 

The N3TS symposium included papers presented by NOTs personnel (49) + (50) , 
and ( 5 1 )  , and by Aerojet (2), Picatinny (57) , Redstone (82) , R&del (78) , UTC (lob), 
and Lockheed Propulsion (42), among others.  

I n  tests of 6 d i f f e r e n t  end-burning flourocarbon propel lan t  formulations 
performed by Abernathy and Rodgers at sp in  r a t e s  up t o  15,000 RPM (49), post- 
f i r i n g  residue deposits of up t o  39% of t h e  i n i t i a l  p rope l lan t  mass were measured 
with some of t h e  heavier metall ized propel lan ts .  I n  add i t ion ,  s ign i f i can t  degra- 
dations i n  s p e c i f i c  impulse were noted as t abu la t ed  below. 

Propellant 

PL 6301 
PL 6307 
PL 6608 
PL 6610 
PL 6306 
PL 6615 

I ( ~ O O C  RPM)/I, ( s t a t i c )  

.943 

.931 - 905 

.goo 

.887 

.684 

s Y 

Additional tests of t h e  (20% A 1  flourocarbon) PL 6301 and (5% A 1  flourocarbon) 
PL 6610 a re  repor ted  by Di l l i nge r  and F e i s t  i n  (51) , along with r e s u l t s  obtained 
with ANP-3095 (15% A 1  polyurethane),  C-55A (17% A 1  PBAA) , and E-107 (18% A 1  
polyurethane). 
t o  s t a t i c  f i r i n g s ,  with widely varying r e s u l t s  obtained as a function of both 
t h e  propellant type and nozzle configuration. 
i n  a l l  end-burning f i r i n g s  incorporating s ing le  nozzles,  both by pos t - f i r ing  
examination of t h e  head-end i n h i b i t o r s  and by x-ray movies taken during f i r i n g .  
For those motors incorporating dua l  nozzles,  minor coning w a s  observed i n  l i n e  
with each nozzle. However, t h i s  e f f e c t  w a s  l a rge ly  eliminated through t h e  use 
of "vortex spoi le rs"  i n  t h e  convergent sec t ions  of t h e  s i n g l e  nozzles. 

I n  genera l ,  sp in  t h r u s t  increased and burn time decreased compared 

Centerline coning w a s  evidenced 
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The influence of propel lan t  s t r u c t u r a l  p rope r t i e s  on sp in  s e n s i t i v i t y  w a s  
inves t iga ted  by both Bischel of NOTs (50) and Bernard and Karnesky of Aerojet ( 2 ) .  

Using propel lan ts  with moduli varying from 500 t o  50,000 PSI, Bernard and 
Karnesky t e s t e d  end-burning gra ins  at 9400 RPM., The only apparent d i f f e rence  i n  
response t o  t h i s  environment w a s  evidenced by an increase  i n  t h e  t i m e  requi red  
t o  i n i t i a t e  deviations from s t a t i c  t h r u s t  (which were l a r g e  with a l l  samples) 
with increas ing  propel lan t  modulus. 

I 

Bischel used s o l i d  c y l i n d r i c a l  g ra ins  i n  non-firing t e s t s  t o  e s t a b l i s h  t h e  
failure mode and sp in  rates requi red  t o  i n i t i a t e  failure with t h e  PL 6301, PL 6306, 
PL 6608, ANP-3095, E-107, and C-55A propel lan ts .  
f a i l u r e  w a s  i n i t i a t e d  with c e n t e r l i n e  cracks which sv;bsequently spread r a d i a l l y .  
One of t h e  exceptions involved an an iso t ropic  g r a i n  (with minimum prope r t i e s  i n  
t h e  r a d i a l  d i r e c t i o n )  which exhib i ted  c y l i n d r i c a l  cracking. 
l i n e  disging produced a permanent s e t  i n  t h e  g ra in  sur face  without cracking'. 

I n  a l l  ins tances  except two, 

I n  t h e  o ther  , center- 

A qu9 l i t a t ive  consideration of t h e  behavior noted b y  Eischel. i nd ica t e s  t h a t  
t h e  deformation of t he  f r e e  surface of t h e  g ra in  under spiri wi.I.1 be a function 
of g ra in  length and diameter, Poisson's r a t i o ,  and case r i g i d i t y .  
lant has t h e  usua l  Poisson's r a t i o  near 0.5, g r a i n  deformation i s  due t o  volume 
conservation a r i s i n g  from both case deformation and t h e  cen t r i fuga l  fo rce  on t h e  
gra in .  

If t h e  propel- 

Deformed Shape 
Possible 

Or ig ina l  Shape 

The g r a i n  deformation a r i s i n g  from case expansion under sp in  w i l l  b? r e l a t i v e l y  
i n s e n s i t i v e  t o  propel lan t  modulus. However, t h a t  produced by cen t r i fuga l  fo rce  
(which causes t h e  propel lan t  t o  extrude a x i a l l y )  i s  a func t ion  of t h e  g ra in  modulus. 
Therefore, with a given case de f l ec t ion ,  g r a i n  deformation under sp in  should 
decrease with increasing modulus. 

The presenta t ions  by Picatinny Arsenal (57) , Redel (78) , and Redstone Arsenal ( 8 2 )  
at  t h e  NOTs 
published i n  (56) ,  (77) ,  and (80) and (811, respec t ive ly .  
presented by Iwanciow and Lawrence of UTC (104) r e i t e r a t e s  t h a t  published i n  (102), 
but a l s o  includes t h e  results of a l imi t ed  series of sp in  t e s t s  performed with an 
aluminized PBAN a t  c e n t r i f u g a l  acce lera t ions  up t o  45 G I s .  

symposium a r e  e s s e n t i a l l y  r e i t e r a t i o n s  of t h e  r e s u l t s  previously 
S imi l a r ly ,  t h e  da t a  

Noting t h a t  t h e  t h r u s t  
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h i s t o r i e s  obtained with t h i s  motor were increasingly progressive with increasing 
spin rate, the  timeraverage burn rates were found t o  increase almost l i n e a r l y  
with acce lera t ion  l e v e l ,  t o  an r(spin) / r (s ta t ic)  of 1.7-2.0 at 45 G I s ,  

Tests conducted by Bernard of LPC (42)  using an 8% aluminized PBAA propel lant  
(LPC 571) indicated no consis tent  e f f e c t  of sp in  rates up t o  11,000 RPM (7600 G I s )  

on the  performance of a t es t  motor equipped with a s ing le  nozzle, but did exhib i t  
holes bored i n  t h e  head closure,  with bore depth proport ional  t o  sp in  rate. 
However, when t h e  same propel lant  w a s  f l i g h t  t e s t e d  at more than  24,000 RPM i n  
a motor equipped with 9 nozzles,  no boring of t h e  head closure w a s  evidenced. 

The da ta  presented at t h e  NOTs symposium (along with t h a t  published by other 
sources) i s  reviewed by Dunn i n  ( 5 ) ,  who also presents  t h e  r e s u l t s  of a number 
of acce lera t ion  experiments conducted at Boeing. 
burning propel lants  ( U T C ' s  CTPB UTP-7464 with 12% A l ,  and a 14% A 1  Thiokol 
formulat ion) ,  t he re  were no appreciable e f f e c t s  of acce lera t ions  up t o  360 G ' s  
(d i rec ted  e i t h e r  i n t o  or out of t h e  propel lant  sur face)  on t h e  performance of 
e i t h e r  propel lant .  

I n  these tests of two fast- 

A s e r i e s  of cont ro l led  s tudies  of t h e  e f f e c t s  of acce lera t ion  on propel lant  
combustion w a s  i n i t i a t e d  at the  NASA-Langley Research Center i n  1964/65 , with 
some of t h e  i n i t i a l  r e s u l t s  of t h i s  study published by Northam i n  (33). 
these t e s t s  of a 16% aluminized PBAA propel lant  at accelerat ions up t o  300 G I s ,  
both the  base burn rate and pressure exponent (as determined from t h e  average 
burn r a t e s  of a 0.5 I N  web propel lant  s l a b )  were s ign i f i can t ly  a f fec ted  by 
accelerat ion d i rec ted  normally (90") i n t o  t h e  propel lant  surface.  
acce le ra t ions  up t o  200 G I s  d i rec ted  a t  angles up t o  60" i n t o  t h e  surface did 
not appear t o  a f f e c t  motor performance. The increases  i n  burn rate and pressure 
exponent measured under normal acce lera t ion  (a,) were ab le  t o  be expressed 
according t o :  

I n  

However , 

(an<80 G I s ) :  r = (.293 + 4.8 x 10-6(%)2)(P/500) ( 3 2 6  + ,014 an)  

.40 
( a 2 1 0 0  G ' s ) :  r = ( .331 + 1.22 x 10-'4an)(P/?OO) 

Simultaneously, a program spec i f i ca l ly  d i rec ted  t o  study t h e  e f f e c t s  of 
sp in  on motor performance w a s  i n i t i a t e d  at United Technology Center (UTC) under 
N a v y  sponsorship. The r e s u l t s  of t h i s  f i rs t  of t h r e e  UTC sp in  study progfams 
a re  reported i n  (105) - (108).  

Tests of a 16% aluminized PBAN propel lant  reported i n  (105) ind ica te  an 85% 
increase i n  t h e  burn rate of a cy l ind r i ca l  g ra in  subjected t o  r a d i a l  ( cen t r i fuga l )  
accelerat ions of 50 G ' s  (900 RPM).  
gas dynamics concludes t h a t  t h e  gas f l o w  i n  a t y p i c a l  spinning motor would not 
be s i g n i f i c a n t l y  a f fec ted  by ro t a t ion .  

I n  addi t ion ,  a s implif ied ana lys i s  of motor 

The tes t  motor t o  be used throughout t h e  remainder of U T C ' s  sp in  s tud ies  i s  
described i n  (106).  
end surfaces  i s  designed f o r  neu t r a l  burning with a (cons tan t )  propellant surface 
area of 86.5 I N  . 

The 4.5 I N  outs ide diameter cy l ind r i ca l  g ra in  with tapered 

2 With a 0.6 I N  web thickness ,  t h e  r a d i a l  acce le ra t ion  at a constant 
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sp in  rate increases by 36% over t h e  burning i n t e r v a l .  
q u a r t e r ' s  conclusion t h a t  t h e  e f f e c t s  o f  motor r o t a t i o n  on nozzle f low would not 
be s i g n i f i c a n t ,  t h e  use of Mager's ana lys i s  (3 )  t o  estimate t h e  e f f e c t s  of r o t a t i o n  
on mass e f f l u x  ind ica t e s  p o t e n t i a l  flow r a t e  reductions of as much as 60% f o r  t h e  
sample cases c i t e d .  

Without mentioning t h e  previous 

UTC's previous ana lys i s  o f  c y l i n d r i c a l  combustion chamber gas dynamics i's 
extended i n  (107) t o  include viscous e f f e c t s  on t h e  r a d i a l  ve loc i ty  and pressure 
d i s t r i b u t i o n s  f o r  incompressible flow. Typica l ly ,  a c e n t r a l  core of r o t a t i o q a l  
flow i s  surrounded by a region of i r r o t a t i o n a l  flow, with a maximum r o t a t i o n a l  gas 
ve loc i ty  at t h e  i n t e r f a c e  of these  regions.  The extent of t h e  core region i s  a 
function of Reynolds number, as given below. 

Reynolds Core Radius Max. Veloc i tx  
Number Wall Radius Wall Velocity 

10**6 ,0027 317. 
10**5 - 0075 101. 
10**4 .023 32. 
10**3 07 9.9 
10**2 .23 3.2 
10**1 .72 1.1 

From t h e  ca lcu la ted  pressure d i s t r i b u t i o n s  a l s o  given, one example ind ica t e s  a 77% 
pressure grad ien t  across a 6 I N  chamber r o t a t i n g  at 1500 RPM. 

The ove ra l l  r e s u l t s  of t h i s  i n i t i a l  UTC sp in  study a r e  summarized i n  (108)~ 
which includes both t h e  sp in  t e s t  r e s u l t s  obtained with t h e  bas i c  PBAN propel lan t  
formulation (and various modifications the reo f )  and a t h e o r e t i c a l  model f o r  burn 
rate augmentation under acce lera t ion .  

The t h e o r e t i c a l  ana lys i s  of burn rate augmentation i s  based upon t h e  pos tu la t ion  
t h a t  increases i n  burn r a t e  under acce lera t ion  are primarily due t o  an increase  
i n  heat t r a n s f e r  t o  t h e  propel lan t  surface a r i s i n g  from t h e  r e t e n t i o n  of hot p a r t i c l e s  
a t  t h e  surface by c e n t r i f u g a l  fo rce .  This ana lys i s  concludes t h a t :  ( A )  no augmen- 
t a t i o n  i s  possible with non-metallized formulations; (B) a p a r t i c l e  w i l l  be r e t a ined  
at t h e  propel lan t  sur face  u n t i l  it i s  burnt t o  a c r i t i c a l  s i z e ,  determined by t h e  
equilibrium between aerodynamic drag and c e n t r i f u g a l  fo rces ;  ( C )  achieving a state 
of equilibrium augmentation requi res  a f i n i t e  t i m e ;  and ( D )  augmentation should 
be a function of both i n i t i a l  p a r t i c l e  s i z e  and percent of metals loading. Although 
t h e  experimental r e s u l t s  d id  lend some support t o  t h i s  theory ,  t h e  discrepancies 
between a c t u a l  r e s u l t s  and t h e o r e t i c a l  p red ic t ions  genera l ly  ind ica ted  t h a t  t h i s  
model i s  not adequate f o r  p red ic t ing  acce lera t ion  e f f e c t s  on burning r a t e .  

Numerous modifications t o  a bas ic  UTC PBAN propellant ( A ,  below) were used 
f o r  t h e  sp in  tes t  program. The various propel lan t  formulations a re  enumerated below: 

( A )  16% PBAN binder 
16% Aluminum ( A l )  - 47 micron m a s s  median p a r t i c l e  diameter 
68% Ammonium Perchlora te  (AP) - primarily 400 micron 
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*. . 

16% PBAN 
16% Al - 8 micron 
68% AP 400 micron 

16% PBAN 
16% AI. n 47 micron ( ? >  
68% AP - 190 micron 
Burn Rate Catalyst  

16% PBAN 
16% A1 - c lose ly  cont ro l led  t o  43-61 micron 
68% Ap - 400 micron ( ? )  

(?I% PBAN 

( ? ) %  AP - 400 micron ( ? >  
8% Al - 47 micron ( ? )  

16% PBAN 
16% Tungsten - 12-20 micron 
68% Ap - 400 micron ( ? )  

The r e s u l t s  of t hese  tests a r e  reproduced i n  Figures 3-1 and 3-2. A s  ind ica ted  
i n  Figure 3-1, t h e  cont ro l  propel lant  ( A )  i s  s i g n i f i c a n t l y  a f fec ted  by qccel- 
e r a t ion ,  y ie ld ing  burn rates at 100 G ' s  approximately twice those measured 
s t a t i c a l l y .  I n  addi t ion ,  t h e  burn rate augmentation i s  seen t o  be highly time- 
and/or web-dependent. 
reducing t h e  s i z e  of t h e  aluminum p a r t i c l e s  ( B ) ,  bu t  even more s i g n i f i c a n t l y  by 
reducing t h e  s i z e  of t h e  oxidizer  p a r t i c l e s  ( C ) .  From Figure 3-2 it i s  seen 
t h a t  c lose con t ro l  of aluminum p a r t i c l e  s i z e  ( D )  y i e lds  e s s e n t i a l l y  t h e  same 
r e s u l t s  observed with the  cont ro l  propel lan t .  I n  addi t ion ,  halving t h e  percentage 
of aluminum (E)  i s  seen t o  produce almost exac t ly  t h e  same r e s u l t s  as reducing 
t h e  aluminum p a r t i c l e  s i z e  from 47 t o  8 microns (By Figure 3-1). 
no burn r a t e  augmentation w a s  observed with the  non-aluminized propel lant  for -  
mulation at acce lera t ions  up t o  t h e  100-G maximum t e s t  capabi l i ty .  

However, sp in  s e n s i t i v i t y  i s  considerably reduced by 

Essent ia l ly  

From t h e  r e s u l t s  of t h i s  i n i t i a l  UTC sp in  study program, it i s  concluded 
t h a t  sp in  e f f e c t s  on burning rate are a funct ion o f :  
of metals loading; m e t a l  p a r t i c l e  s i z e ;  and oxidizer  p a r t i c l e  s ize .  One of t h e  
most s ign i f i can t  f ind ings  of t h i s  study i s  t h a t  t h e r e  i s  an apparent upper l i m i t  
on burn rate augmentation under acce lera t ion ,  and i n  some instances a decrease 
i n  r a t e  with time over t h e  burning i n t e r v a l  f o r  t h e  propel lants  t e s t ed .  

A concurrent UTC study of sp in  e f f e c t s  on hybrid motor performance (111) 

Beyond t h e  

acce lera t ion  l e v e l ;  percent 

i nd ica t e s  t h a t  f u e l  regression r a t e s  a re  i n i t i a l l y  reduced under sp in  t o  a 
minimum l e v e l ,  and subsequently increased with increasing sp in  rate. 
minimum regression rate, t h e  rate augmentation (r/ro) i s  given by: 
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* 25 r/ro = -87 [l + 2.4 x 10-6(PDW/2 G o ) 2 ]  

where P = chamber pressure ,  PSIA 
D = ( c y l i n d r i c a l )  & e l  por t  diameter, I N  
w = angular v e l o c i t y ,  RAD/SEC 

A s  i n  t h e  UTC study discussed previously,  a reduction i n  burn rate augmen- 
t a t i o n  with reduced ammonium perchlora te  p a r t i c l e  s i z e  w a s  a l s o  repor ted  by Hercules 
(21)  f o r  la 20% aluminized composite-modified double-base propel lan t .  

Again confirming r e s u l t s  previously obtained by Pica t inny  Arsenal and t h e  
Naval Weqpons Center, Guthrie and Ulloth of Redstone Arsenal noted severe center- 
l i n e  coning of a 4Omm diameter end-burning g ra in  subjected t o  sp in  r a t e s  up t o  
12,000 RPM. 
t h e  depth of coning w a s  p ropor t iona l  t o  sp in  r a t e .  
arrangements were shown t o  s i g n i f i c a n t l y  reduce t h e  e f f e c t s  of t h e  gas vortexing 
phenomena t o  which t h i s  coning i s  a t t r i b u t e d  ( 8 3 ) .  

Extinguished g ra ins  recovered after nozzle e j e c t i o n  ind ica ted  t h a t  
However, various nozzle b a f f l e  

I n  another s e r i e s  of c lose ly  cont ro l led  experiments, conducted a t  t h e  Naval 
Postgraduate School (43, 4 4 ) ,  Anderson inves t iga t ed  t h e  e f f e c t s  of acce lera t ion  
up t o  2000 G ' s  on t h e  burning rates of t h r e e  fami l ies  of composite p rope l l an t s :  
polyurethane (PU) ,  carboxy-terminated polybutadiene (CTPB), and PBAN. 
modifications of t hese  propel lan ts  used i n  Anderson's cen t r i fuge  s t rand  t e s t s  a r e  
enumerated below : 

The various 

X101: 30% PU 
70% Ap 

X102: 27% PU 
63% AP 
10% A 1  - 6.3 micron 

X103: 25% PU 
57% AP 
18% A 1  - 6.3 micron 

X104: 25% PU 
57% Ap 
18% A 1  - 31 micron 

The oxidizer m a s s  median p a r t i c l e  diameter i n  a l l  X l O O  s e r i e s  propel lan ts  w a s  195 
microns. 

X200: 14% CTPB 
69% AP - tr imodal 
17% A 1  - 7.1 micron 

X301: 20% PBAN 
80% AP 
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X302: 19% PEAN 
77% AP 

4% AI- - 1 4  micron 

X303: 16% PBAN 
68% AP 
16% AI- - 14 micron 

X304: 16% PBAN 
68% AP 
16% A 1  - 47 micron 

The oxidizer used i n  a l l  X300 s e r i e s  propel lan ts  w a s  a bimodal blend of 2/3 as 
received (190 Ricron) and.1/3 ground t o  9 microns. It i s  noted t h a t  t h e  X304 
formulation should be qu i t e  comparable t o  U T C ' s  propel lant  ( C )  , above. 

Although considerab1.e burn r a t e  augmentation w a s  measured with the  non- 
aiLlclinized XlC1 prc\pe.l.lant when the  nickxonic i g n i t i o n  w i r e  w a s  allowed t o  f a l l  and 
remain on the  burning sur face ,  e s s e n t i a l l y  no augmentation w a s  measured with t h i s  
propel lant  a t  acce lera t ions  up t o  200 G I s  when t h e  w i r e  remained i n t a c t .  I n  a 
number of instances , combustion ceased immediately a f t e r  i g n i t i o n  at the  higher 
accelerat ion l e v e l s  , d-epending upon chamber p re s sme .  Notably, the  burn r a t e  
augmenteti3ri measured witah the  X l O l  formulation a t  1500 PSI w a s  g rea te r  than 
t h a t  of any of the  th ree  aluminized members of t h i s  s e r i e s .  

The burn rate augmentation measured with t h e  CTPB propel lant  w a s  found t o  
be e s s e n t i a l l y  independent of pressure l e v e l ,  and given empir ical ly  by: 

r/ro = 1 + .028 ( G )  .30 

Contrary t o  t h e  UTC hypothesis reviewed previously,  the  burn rate of t he  non- 
aluminized PBAN propel lant  w a s  s i g n i f i c a n t l y  increased a t  acce lera t ion  l e v e l s  
grea te r  than 200 G I s .  Moreover, a t  these  higher acce lera t ions ,  t h e  d ispos i t ion  
of the  i g n i t i o n  wire d id  not appear t o  influence the  burn r a t e  augmentation, as 
was the  case with t h e  X l O l  formulation. 

Because of the  general ly  l a rge  t i m e  dependency exhibi ted by the  UTC propel- 
l a n t  "C" burn r a t e  augmentation, comparison of these  sp in  t e s t  r e s u l t s  with those 
obtained with t h e  general ly  comparable X304 propel lant  i s  r a t h e r  d i f f i c u l t .  
However, it appears t h a t  t h e  burn rate augmentations measured i n  t h e  centr i fuge 
s t rand  tests are general ly  higher than those obtained by UTC a t  acce lera t ions  
lower than 50 GIs ,  and lower at acce lera t ions  g rea t e r  than 50 G I s .  

In  another e f f o r t  t o  generate a t h e o r e t i c a l  model f o r  burn rate augmentation, 
R.  Glick of Thiokol Huntsvi l le  used Summerfield's granular d i f fus ion  theory (120) 
as a bas i s  f o r  pred ic t ing  t h e  inf luence of acce lera t ion  on burning r a t e  (94). 
The t rends predicted by the  model generated f o r  metal l ized propel lants  were 
general ly  i n  q u a l i t a t i v e  agreement with those observed f o r  base burn rate and 
pressure exponent va r i a t ions  with accelerat ion.  
model exhib i ted  a number of important discrepancies with experimental da ta ,  

However, t h e  non-metallized 
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notably an inverted burn r a t e  augmentation pressure dependency, no upper bound on 
augmentation with acce lera t ion  (as  observed by Anderson), and an immediate increase 
i n  burn r a t e  with acce lera t ion  (whereas both Anderson and UTC observed e s s e n t i a l l y  
no augmentation a t  acce lera t ions  less than 100 G ' s ) .  

The second UTC sp in  study w a s  i n i t i a t e d  i n  March 1966, with r e s u l t s  presented 
in (112) - (115). 

I n  addi t ion t o  postuLating t h a t  aluminum sur face  flooding may be t h e  cause 
of t he  reduced burn r a t e  augmentations noted a t  some of t h e  higher (100-G) accel-  
e r a t ion  l e v e l s ,  (112) presents  spin t e s t  da t a  obtained using a propel lant  with 
" f ine r  A?? powder" (than t h e  cont ro l  propel lant  A ,  above). Burn r a t e  augmentations 
measured with t h i s  formulation were 12-22% higher than those obtained with UTC 
propel lant  C (above) at 20-30 G ' s ,  and 2-16% higher  at 40-50 G ' s .  
t h i s  formulation d id  not include the  burn r a t e  ca t a lys t  incorporated i n  C, and 
therefore  had a lower base burn r a t e  than t h e  e a r l i e r  formulation. 

S ign i f i can t ly ,  

An inves t iga t ion  of t h e  e f f e c t  of combustion pressure on burn r a t e  augmentation 
published i n  (113) ind ica ted  t h a t  t he  augmentation experienced at a given accelera- 
t i o n  l e v e l  increased considerably with an increase  i n  design operat ing pressure 
from 182 t o  600 PSI. 
t h e  burn r a t e  i n i t i a l l y  increased markedly t o  a m a x i m u m  value,  and subsequently 
decreased rap id ly  t o  a f i n a l  value considerably below t h a t  observed at ign i t i on .  
Moreover, t he  p o s t f i r i n g  s l a g  depos i t s  i n  t h e  motor changed s i g n i f i c a n t l y  from 
t h e  s m a l l  globules obtained i n  lower-pressure f i r i n g s  t o  a continuous layer  at 

However, when the  design pressure w a s  increased t o  1150 P S I ,  

-?% 

high pressure.  - 
Spin t e s t s  of various modifications of t he  cont ro l  propel lant  ( A ,  above) reported 

i n  (114)  reaffirm previous ind ica t ions  t h a t  burn r a t e  augmentation i s  reduced with 
both smaller A 1  and AP p a r t i c l e s .  Additional tests conducted using dichromated 
aluminum a l s o  ind ica t e  reductions i n  augmentation , which a r e  a t t r i b u t e d  t o  the  
decreased tendency t o  form agglomerates a t  t h e  burning surface.  

I n  addi t ion t o  summarizing t h e  r e s u l t s  obtained during t h i s  second UTC sp in  
study, (115) presents  da t a  acquired f o r  e s s e n t i a l l y  constant cen t r i fuga l  accelera- 
t i o n  (at  the  propel lant  su r f ace ) ,  produced by decreasing t h e  motor sp in  r a t e  during 
t h e  burning i n t e r v a l .  The r e s u l t s  of these  t e s t s  were found t o  be qu i t e  reproducible,  
and indicated:  
v a l  fo r  the  cont ro l  propel lan t ;  and ( b )  an 8% increase i n  augmentation, followed by 
an 8% decrease t o  e s s e n t i a l l y  t h e  i n i t i a l  va lue ,  with propel lant  (B) containing 8 
micron aluminum i n  place of t h e  47 micron of t h e  cont ro l  propel lant .  

( a )  a 27% increase i n  burn rate augmentation over t he  burning i n t e r -  

I n  descr ibing the  Picatinny Arsenal f a c i l i t y  used f o r  interrupted-burning t e s t s  
of a lO7mm motor ( 5 8 ) ,  Clark and Femia present  l imi t ed  da ta  obtained during spin 
t e s t s  of t h e  AHH double-base propel lant .  Using s p l i t  g ra ins ,  deeply pocked areas  
were observed a x i a l l y  along the  length of each gra in  h a l f ,  with an 83% meta l l i c  lead  
residue removed from t h e  bottom of t h e  p i t s .  However, t he  surface of a cy l ind r i ca l ly  
perforated gra in  a l s o  t e s t e d  w a s  found t o  be qu i t e  r egu la r ,  and only s l i g h t l y  p i t t e d .  
I n  addi t ion ,  t he  surfaces  of t he  CP grains  loca ted  opposite t h e  dual nozzles used 
on these  t e s t  motors were found t o  be badly scalloped. 

A l l  ava i lab le  acce lera t ion  s tud ie s  published p r i o r  t o  May 1967 are abs t rac ted  
by Manda i n  (13) ,  who a l s o  presents  de t a i l ed  reviews of se lec ted  references.  
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Expanding t h e  i n i t i a l  NASA-sponsored 
burn rate augmentation was generated (94, 
Huntsvil le i n  A p r i l  1967 t o :  (a) analyze 

. '0 .. 

e f f o r t  under which Glick's model f o r  
95) ,  a study was i n i t i a t e d  at Thiokol 
t h e  flow i n  c i rcumferent ia l  s l o t s  under 

sp in ;  ( b )  develop a g ra in  regress ion  aka lys i s  t o  p r e d i c t  motor b a l l i s t i c s  under 
sp in ;  ( c )  determine t h e  heat t r a n s f e r  a t  t h e  head c losure  of a spinning motor; 
and ( d )  review and r e v i s e  Glick's burning r a t e  augmentation models. 
of t h i s  study as presented i n  (97) - (100) ind ica t e :  
ava i lab le  f o r  studying t h e  e f f e c t s  of sp in  r a t e ,  s l o t  geometry, p a r t i c l e  s i z e  
and dens i ty ,  and p a r t i c l e  evolution loca t ion  on t h e  r e t en t ion  of metal (oxide) 
p a r t i c l e s  i n  a s l o t ,  along with determining t h e  influence bf sp in  on s l o t  gas 
dynamics; (B) a computerized g ra in  regress ion  ana lys i s  i s  ava i l ab le  f o r  pred ic t -  
i n g  the  i n t e r n a l  b a l l i s t i c s  of a motor under sp jn ,  given t h e  s e n s i t i v i t y  of t h e  
propel lan t  t o  both t h e  magnitude and d i r ec t ion  of acce lera t ion ;  ( C )  a considerable 
increase i n  nozzle heat t r a n s f e r  can be an t i c ipa t ed  under sp in ,  with a th ree fo ld  
increase pred ic ted  a t  an example nozzle t h r o a t  s ec t ion  operating at 10,000 RPM; 
and ( D )  t h e  assumed metal agglomeration mechanism i s  c r i t i c a l  t o  pred ic t ing  
t h e  burn r a t e  augmentation f o r  meta l l ized  p rope l l an t s ,  and inc lus ion  of t h e  con- 
cept of a c r i t i c e l  p a r t i c l e  rad ius  (dependent upon t h e  re la t ive magnitudes of t h e  
viscous and i n e r t i a  fo rces )  has  improved t h e  a b i l i t y  of t h e  model t o  c o r r e l a t e  
the experimental d a t a  generated by Anderson (43) .  

The r e s u l t s  
( A )  a computer program i s  

The t h i r d  Navy-sponsored UTC sp in  study w a s  i n i t i a t e d  i n  May 1967 with the  
objec t ives  o f :  
burning sur face  under acce lera t ion ;  ( B )  conducting motor ex t inc t ion  tests under 
sp in  t o  determine whether t h e  t r a n s i e n t  burn r a t e  augmentation noted previously 
might be caused by uneven sur face  regress ion;  ( C )  quantifying t h e  influence of 
t h e  base burn rate on propel lan t  s p i n  s e n s i t i v i t y ;  and ( D )  i nves t iga t ing  t h e  gas 
dynamics assoc ia ted  with an end-burning g ra in  operating i n  a sp in  environment. 
The r e s u l t s  of these  s tud ie s  a r e  presented i n  (116) - (119) .  

( A )  d-eveloping an apparatus t o  photograph a s o l i d  propel lan t  

A s  ou t l ined  i n  (116), t h e  cent r i fuge  t o  be used f o r  t h e  photographic s tud ie s  
i s  capable of acce lera t ions  of more than 600 G I s .  
f i x t u r e  previously used i s  t o  be modified t o  extend maximum acce lera t ion  capa- 
b i l i t y  from 200 G ' s  t o  more than 400 G I s .  I n i t i a l  s tud ie s  of t h e  requirements 
f o r  cold-flow simulations of end-burning g ra in  gas dynamics ind ica t e  t h a t  a cold- 
f l o w  apparatus operating at 65 PSIA and 3000 RPM would simulate t h e  performance 
of a t y p i c a l  motor operating a t  1000 PSIA and 12,000 RPM, based upon s i m i l a r i t y  
of Reynolds number and t a n g e n t i a l  Mach number. Preliminary r e s u l t s  obtained w i t h  
such a cold-flow apparatus ind ica t e  t h e  presence of a high-speed vor tex  a shor t  
d i s tance  downstream of a porous p l a t e  r o t a t i n g  i n  a chamber. This vor tex  has a 
r o t a t i o n a l  rate approximately an order of  magnitude g rea t e r  than  t h e  r o t a t i o n a l  
speed of t h e  p l a t e .  

I n  addi t ion ,  t h e  sp in  t es t  

The review of previous s tud ie s  (33, 43, 108, and 115)  of acce lera t ion  
phenomena presented i n  (117) concludes t h a t  t h e  burning r a t e  of a metall ized 
composite propel lan t  operating i n  a ( s p i n )  acce lera t ion  environment can be 
a f f ec t ed  by : 

( A )  The magnitude and d i r e c t i o n  of t h e  acce lera t ion  vector with respect t o  
t h e  burning surface: Acceleration d i r ec t ed  normally i n t o  t h e  sur face  
genera l ly  increases  t h e  burning rate, whereas acce lera t ion  p a r a l l e l  t o  
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and normally out of t h e  sur face  usua l ly  does not a f f e c t  burning rate, 
Moreover, a number of propel lan ts  appear t o  exh ib i t  a threshold  l eve l  
beyond which burn rate i s  very s e n s i t i v e  t o  acce lera t ion ,  up t o  c e r t a i n  
levels where t h e  burn rate augmentation becomes asymptotic ( o r  i n  some 
cases decreases)  with f u r t h e r  acce lera t ion .  , 
Burn t i m e  and/or web thickness:  I n  a number of UTC experiments, bur r  
ra te  augmentation w a s  found t o  e i t h e r  increase t o  a m a x i m u m  and then'  
decrease,  o r  decrease monotonically, over t h e  burning i n t e r v a l .  Whether 
t h i s  e f f e c t  i s  pr imari ly  a func t ion  of t i m e  o r  t h e  amount of web consumed 
has not been resolved, 
Pressure level:  Increasing motor operat ing pressures  below 1000 PSI have 
general ly  been found t o  increase burn rate augmentation, although t h e  
tes t  resul ts  repor ted  by d i f f e r e n t  i nves t iga to r s  i nd ica t e  widely varying 
response t o  changes i n  pressure.  
Base burn rate:  Burn ra te  augmentation at a given acce lera t ion  l e v e l  has 
general ly  been found t o  decrease with increas ing  base (unaccelerated)  
burn r a t e .  
Metal content and p a r t i c l e  s i z e :  Experiments conducted by both UTC and 
t h e  Naval Postgraduate School (NPS) have ind ica ted  t h a t  non-metallized 
propel lan ts  are genera l ly  in sens i t i ve  t o  acce lera t ions  up t o  approximately 
100 G ' s .  The acce lera t ion  s e n s i t i v i t y  of metal l ized formulations can be 
reduced by reducing e i t h e r  t h e  percent  of metals loading or t h e  metal 
p a r t i c l e  s i z e .  The s igni f icance  of conduction phenomena has been demon- 
s t r a t e d  by t h e  appreciable  augmentation experienced using non-reactive 
metals. 
Oxidizer p a r t i c l e  s i z e :  Reduction of ox id izer  p a r t i c l e  s i z e  has been shown 
t o  be a very e f f e c t i v e  means of reducing burn ra te  augmentation with accel-  
e r a t ion .  This phenomenon i s  a t t r i b u t e d  t o  a reduct ion i n  aluminum agglomerate 
s i z e  with reduced oxid izer  s i z e .  
Binder type:  Although burn rate augmentation has q u a l i t a t i v e l y  been found 
t o  be a funct ion of binder t ype ,  t h e  inf luence of t h i s  parameter has not 
as ye t  been the  subjec t  of systematic experiment. 

I n  addi t ion  t o  t h e  above, r e s u l t s  of cold-flow smoke t r a c e r  tes ts  conducted with 
a simulated end-burning g ra in  ind ica t e  t h a t  t h e  flow through a porous p l a t e  moves 
r a d i a l l y  inward toward t h e  cen te r l ine  of a spinning motor, with r o t a t i o n  rates 
downstream of t h e  p l a t e  s i g n i f i c a n t l y  higher  than t h a t  of t h e  p l a t e .  However, 
t hese  r e s u l t s  may be inf luenced t o  an unknown degree by t h e  f a c t  t h a t  t h e  smoke 
in j ec t ion  ve loc i ty  w a s  30 FT/SEC compared t o  an a i r  ve loc i ty  of 5 FT/SEC from t h e  
p l a t e .  

A new UTC model f o r  burn r a t e  augmentation with meta l l ized  propel lan ts  i s  
presented i n  (118). With t h e  premise t h a t  e ros ive  burning beneath m e t a l  globules 
i s  the  primary cause of burn rate augmentation, t h i s  model successfu l ly  p red ic t s  
experimental augrnentation t rends  , notably t h e  reduction i n  augmentation a t  higher  
acce lera t ion  l e v e l s  a t t r i b u t e d  t o  aluminum sur face  flooding. However, one r a the r  
se r ious  qua l i f i ca t ion  on t h e  a p p l i c a b i l i t y  of t h i s  model i s  t h e  required knowledge 
of globule s i z e .  
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Extension of t he  UTC sp in  capab i l i t y  t o  provide test  da ta  a t  cent r i fuga l  
acce lera t ions  up t o  400 G ' s  has indicated t h a t :  ( A )  t h e  control  propel lant  
( A ,  above) i s  subject  t o  decreasing augmentation with t i m e  a t  accelerat ions 
g rea t e r  than 200*G's; and (B) t he  non-aluminized formulation y i e lds  a burn rate 
augmentation of approximately 30% at 400 G I s .  

Results of t h e  continuing NASA-Langley acce lera t ion  s tudies  a r e  reported 
by Lucy and Northam i n  (35). Using pr imari ly  a PBAA propel lan t ,  these  t es t  
ind ica te :  ( A )  decreasing burn rate augmentation with decreasing aluminum p a r t i c l e  
s i z e ;  (B) increasing augmentation with percent aluminum at acce lera t ions  less than 
150 G I s ,  but  a reversed co r re l a t ion  at higher acce lera t ions ;  and ( C )  a highly 
t r a n s i t i o n a l  dependence of augmentation on propel lant  o r i en ta t ion  a t  acce lera t ion  
vector  angles of 75+0° t o  t h e  burning surface.  
Langley c e n t r i f i g e  s l ab  motor data with t h a t  obtained from NPS s t rand  t e s t s  and 
UTC sp in  t e s t s  i nd ica t e  s ign i f i can t  difference i n  calculated values of burn rate 
augmentation, depending on t h e  test  technique employed. 

Additional comparisons of 

The r e s u l t s  of what may be t h e  most s ign i f i can t  inves t iga t ion  of acce lera t ion  
phenomena undertaken t o  date have recent ly  been published by Sturm of t h e  Naval 
Postgraduate School (45). This study w a s  pr imari ly  concerned with ident i fy ing  
t h e  s ign i f i can t  parameters a f f ec t ing  burn r a t e  augmentation experienced w i t h :  
( A )  non-metallized propel lan ts ;  ( B )  aluminized propel lants  with nominal base 
burning rates; and (C) aluminized propel lants  with very fast base burn r a t e s .  
The matrix of propel lant  formulations t e s t e d  i s  given i n  Table 111-1. 

Non-Metallized Propel lants  

The burn r a t e s  of t h e  th ree  non-metallized formulations were increased by 
accelerat ions g rea t e r  than 50 G ' s  d i r ec t ed  normal and i n t o  t h e  propel lant  burning 
surface.  However, accelerat ions d i r ec t ed  normal and out of t h e  surface had no 
ef fec t  on the  burning r a t e .  No burn rate time dependence w a s  indicated by t h e  
average r a t e s  calculated f o r  1 . 0  I N  and 2.1 I N  s t rands .  
from 500 t o  1000 PSIA increased t h e  acce lera t ion  s e n s i t i v i t y  of these  propel lan ts ,  
as did preheating t h e  s t rands from 21°C t o  ?hoc. 

Increasing the  pressure 

A mathematical model which a t t r i b u t e s  t h e  increase i n  burning rate t o  t h e  
re ten t ion  of t h e  f i n e  AP oxidizer  p a r t i c l e s  on t h e  propel lant  surface w a s  devezoped 
and successful ly  employed t o  co r re l a t e  t h e  experimental r e s u l t s  obtained during 
t h e  course of t h i s  study. This model, based upon Fenn's phalanx flame combustion 
model (122), suggests t h a t  acce le ra t ion  e f f e c t s  can be minimized by: ( A )  decreasing 
the  weight percentage of t h e  f i n e  AP p a r t i c l e s  (W,) i n  multi-modal propel lants ;  
and ( B )  increasing t h e  base burn r a t e  of t h e  propel lant  with burning rate cata- 
l y s t s .  The use of a high percentage of f i n e  oxidizer  p a r t i c l e s  w i l l  have t h e  
advantageous e f f e c t  of increasing t h e  base burn r a t e ,  but t he  disadvantageous 
e f f ec t  of increasing Wo. 
propel lant  w i l l  depend on t h e  r e l a t i v e  magnitudes of these  two e f f e c t s .  

The net e f f e c t  on the  acce lera t ion  s e n s i t i v i t y  of t he  

43 



E 
P rn 
x 
P 
a 
a, 
-P 
m 
a, 
E+ 
m 

.rl 

44 

.. 
4 

I 
H 
H 
H 

a, 
rl 

E+ 
2 



J 

Metallized Propel lan ts  

The tests of t h e  s i x  aluminized propel lan t  formulations have ind ica ted :  
( A )  Accelerations normal and i n t o  t h e  burning sur face  of t h e  nomirial burding 
r a t e  propel lan ts  were found t o  a f f e c t  t h e i r  burning r a t e s ;  (B) The burning 
r a t e  of an ind iv idua l  s t r and  w a s  found t o  decrease with increas ing  
burned; ( C )  The acce le ra t ion  s e n s i t i v i t y  of t hese  propel lan ts  exhib 
cons is ten t  pressure dependency; ( D )  An increased i n i t i a l  temperature w a s  not 
found t o  a f f e c t  t h e  acce le ra t ion  s e n s i t i v i t y  of t h e  s i n g l e  propel lan t  so t e s t e d ;  
and ( E )  The primary f a c t o r  a f f ec t ing  t h e  r e l a t i v e  acce lera t ion  s e n s i t i v i t i e s  
of t hese .p rope l l an t s  was  t h e  amount of aluminum and/or aluminum oxide re ta ined  
i n  t he  spent i n h i b i t o r  cases.  There w a s  an inverse r e l a t ionsh ip  between t h e  
burn r a t e  augmentation experienced by a propel lan t  and t h e  percentage of t h e  
o r i g i n a l  aluminum re t a ined  on t h e  sur face  of t he  propel lan t .  
r e l a t i o n s h i p  can be explained by pos tu l a t ing  a t  least two d i s t i n c t  modes of aug- 
mentation: ( a )  a r e l a t i v e l y  fast combustion mode i n  which d i s t i n c t  agglomerates 
determine t h e  o v e r a l l  p rope l lan t  burning r a t e ;  and ( b )  a slower combustion mode 
i n  which t h e  surface of t h e  propel lan t  i s  covered with a continuous "flood" of 
aluminum (oxide) .  Those propel lan ts  which "flood" most quickly a f t e r  i g n i t i o n  
experience t h e  least burn r a t e  augmentation and g r e a t e s t  aluminum r e t e n t i o n ,  
whereas those  propel lan ts  which tend  t o  remain i n  t h e  d i s c r e t e  agglomerate combus- 
t i o n  mode experience t h e  g r e a t e s t  augmentation and least aluminum re t en t ion .  

This inverse  

Aluminum p a r t i c l e  s i z e  w a s  found t o  be the  primary f a c t o r  a f f ec t ing  aluminum 
re t en t ion .  
similar formulations decreased t h e  amount of aluminum re t a ined  on t h e  propel lan t  
surface.  Moreover, increas ing  both t h e  s i z e  of t h e  coarse AP p a r t i c l e s  and 
t h e  weight percentage of t h e  f i n e  AP p a r t i c l e s  reduced t h e  amount of aluminum 
re t en t ion .  
noted with t h e  amount of aluminum re t a ined .  Once t h e  sur faces  of t h e  f i v e  
propel lan ts  became "flooded", they burned at e s s e n t i a l l y  equal absolu te  burning 
rates, depending t o  some degree on t h e  s i z e  of t h e  coarse AP p a r t i c l e s  i n  t h e  
propel lan ts .  

Increasing t h e  aluminum s i z e  from 10.6 t o  28 microns i n  otherwise 

However, no cons is ten t  pressure  or base burn rate dependence w a s  

One formulation using aluminum oxide i n  p lace  of aluminum was found t o  
exh ib i t  a g r e a t e r  acce le ra t ion  s e n s i t i v i t y  than t h e  analogous aluminized pro- 
p e l l a n t ,  thereby suggesting t h a t  heat t r a n s f e r  i s  a s i g n i f i c a n t  mechanism i n  
t h e  o v e r a l l  augmentation phenomenon. 

. 

Fast Burning Propel lan ts  

Accelerations up t o  100 G ' s  yie lded  e s s e n t i a l l y  no burn rate augmentation 
with two fast-burning formulations t e s t e d  at 1000 and 1500 PSIA, thereby ind ica t ing  
t h a t  t h e  use of very s m a l l  AP p a r t i c l e s  i n  conjunction with burn r a t e  c a t a l y s t s  
i s  an e f f e c t i v e  method of minimizing burn r a t e  augmentation. 

Combustion Models 

The burn r a t e  augnentation models proposed by Crowe (109) and Glick (94) 
do not adequately p red ic t  t h e  r e l a t i v e  acce le ra t ion  s e n s i t i v i t i e s  of t h e  bas i c  
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series of aluminized propel lan ts  t e s t e d  herein.  
suggest t h a t  any new model must account fo r  both t h e  unsteady accumulation of 
aluminum (oxide) on the propel lan t  surface and t h e  heat t r a n s f e r  from the  flame 
zone t o  t h e  propel lant  surface through the  low thermal r e s i s t ance  agglomerates on 
t h e  propel lant  surface.  

The resul ts  of t h i s  inves t iga t ion  

From t h e  above review of more than 80 published s tud ie s  of ( sp in)  acce lera t ion  
e f f e c t s  on s o l i d  propel lant  performance, it i s  immediately obvious t h a t  t h e  Pehavior 
of composite propel lan ts  under acce lera t ion  has been far b e t t e r  character ized than 
t h a t  of t h e  double-base propel lan ts ,  due pr imar i ly  t o  a lack  of cont ro l led  e f f o r t  
t o  inves t iga te  t h e  l a t te r .  However, after more than four years  of r e l a t i v e l y  in-  
tens ive  inves t iga t ion  (conducted pr imari ly  at United Technology Center, t he  Naval 
Postgraduate School, and t h e  NASA-Langley Research Center) ,  t he  understanding of 
t he  complex phenomena involved i n  determining composite propel lant  s e n s i t i v i t y  t o  
acce lera t ion  may bes t  be described as rudimentary. Without quest ion,  t h i s  r e s u l t  
i s  due pr imari ly  t o  a lack  of  understanding of t he  bas ic  process of s o l i d  propel lant  
combustion. 

Although the  influence of var ious propel lant  formulation var iab les  ( i . e . ,  metal  
m a s s  loading and p a r t i c l e  s i z e  and oxidizer  p a r t i c l e  s i z e )  on acce lera t ion  sensi-  
t i v i t y  can general ly  be predicted q u a l i t a t i v e l y ,  quan t i t a t ive  estimates of t he  
influence of these  parameters a r e  genera l ly  beyond the  scope of current  c a p a b i l i t i e s .  
However, s ign i f i can t  progress toward t h i s  goal  has been achieved by Sturm of the  NPS 
with h i s  non-metallized combustion model, and t o  a l e s s e r  extent  by Willoughby of - 
UTC with h i s  e ros ive  burning model f o r  metal l ized propel lan ts .  I n  both of t hese  
e f f o r t s ,  it is  s ign i f i can t  t h a t  e f f ec t ive ly  microscopic combustion c h a r a c t e r i s t i c s  
of t h e  propel lant  ingredients  a r e  required t o  e f f e c t  p red ic t ions  of t h e  macroscopic 
acce lera t ion  s e n s i t i v i t y .  Unfortunately, t h i s  type of da t a  i s  general ly  unavailable.  
Thus the  designer of a s o l i d  propel lan t  rocket motor which i s  t o  be subjected t o  
po ten t i a l ly  s ign i f i can t  acce lera t ions  i s  cur ren t ly  l e f t  l i t t l e  choice but t o  t e s t  
t he  proposed propel lant  formulation i n  an acce lera t ion  environment c lose ly  approxi- 
mating both the  magnitude and d i r ec t ion  of t h a t  an t ic ipa ted .  

On t h e  other  hand, acce lera t ion  t e s t  devices a re  seen t o  be po ten t i a l ly  
powerful too ls  f o r  use i n  developing an improved understanding of t he  bas ic  s o l i d  
propel lant  combustion process i t s e l f .  
t he  acce lera t ion  t e s t  da ta  obtained with non-metallized propel lants  has l e n t  con- 
s iderable  credence t o  Fenn's phalanx flame combustion model, upon whzch Sturm 
based h i s  theory t h a t  non-metallized burn r a t e  augmentation i s  pr imari ly  a funct ion 
of oxidizer  p a r t i c l e  r e t en t ion  at t h e  propel lan t  sur face . )  
fuge device would seem most appropriate ,  pr imari ly  because t h e  po ten t i a l ly  s ign i -  
f i can t  gas vortexing phenomena associated w i t h  spinning rocket motors i s  eliminated 
from consideration. 

(For example, Sturm's success i n  cor re la t ing  

To t h i s  end, a cen t r i -  
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G a s  Dynamics 

Although a number of i nves t iga to r s  have attempted t o  def ine  t h e  e f f e c t s  of 
( sp in )  acce lera t ion  on rocket motor gas dynamics, t h e  extreme complexity of t h e  
phenomena involved has general ly  precluded t h e  development of s a t i s f a c t o r y  
analyses.  However, various s impl i f ica t ions  of t h e  general  three-dimensional 
viscous flow problem under consideration have been used t o  allow at least qual i -  
t a t i v e  predict ions of motor behavior , p a r t i c u l a r l y  with regard t o  t h e  reduction 
i n  nozzle efflux capab i l i t y  under spin.  

Axi a 1  Acceleration 

I n  1962, Wu and Pottsepp analyzed t h e  homentropic flow i n  a nozzle subjected 
t o  a constant accelerat ion.  
transposes t h e  sonic point  upstream such t h a t  t h e  Mach number at t h e  geometric th roa t  
i s  1.013, and motor t h r u s t  is  increased approximately 1%. 

A s  ind ica ted  i n  ( 7 ) ,  an example acce lera t ion  of 100 G ' s  

A s i m i l a r  ana lys i s  reported by Thiokol Elkton i n  ( 8 5 )  a l s o  concludes t h a t  motor 
performance w i l l  be s l i g h t l y  enhanced by acce lera t ion ,  and i n t e r p r e t s  t h e  e f f e c t  of 
acce lera t ion  as an e f f e c t i v e  increase i n  flow area over t h e  a c t u a l  geometric a rea  of 
t h e  nozzle. 

In  1966, Ehlers employed t h e  method of cha rac t e r i s t i c s  t o  evaluate the  e f f e c t s  
of axial acce lera t ion  on s o l i d  propel lant  combustion through t h e  influence on nozzle 
cha rac t e r i s t i c s  (6) .  
t i n g  pressure and m a s s  generation r a t e  with increasing accelerat ion.  

The r e s u l t s  of t h i s  ana lys i s  i nd ica t e  reductions i n  both opera- 

Althoagh it i s  most d i f f i c u l t  t o  divorce t h e  e f f e c t s  of "axial" acce lera t ion  
from those due t o  t h e  combustion process and Cor io l i s  acce lera t ion  experienced i n  
cent r i fuge  t e s t s ,  most experimental data obtained t o  date would seem t o  ind ica te  
t h a t  t h e  m a s s  flow coef f ic ien t  (C,) increases  s l i g h t l y  with accelerat ion.  
t h i s  r e su l t  would imply a reduction i n  combustion pressure and/or e f f e c t i v e  nozzle 
th roa t  area i n  an axial acce lera t ion  environment. 

If v a l i d ,  

Spin Studies 

Studies  of sp in  e f f e c t s  on motor gas dynamics can be general ly  c l a s s i f i e d  
according t o  whether t h e  source flow i s  pr imari ly  r o t a t i o n a l  or i r r o t a t i o n a l .  
flow evolved from t h e  surface of an end-burning g ra in  i s  seen t o  be ro t a t iona l .  
That is, t h e  t angen t i a l  gas ve loc i ty  ( V )  i s  d i r e c t l y  proport ional  t o  r a d i a l  posi- 
t i o n  ( r )  and sp in  rate(w): 

The 

113 v ( r o t a t i o n a l )  = w r  

On t h e  other  hand, t h e  flow emanating from the  surface of a radial-burning cy l indr i -  
c a l  g ra in  ,of radius  r, may be considered i r r o t a t i o n a l .  
ve loc i ty  at  any radius  across  t h e  chamber i s  inversely proport ional  t o  radial posit ion: 

[21 v ( i r r o t a t i o n a l )  = wr,*/r 

That i s ,  t h e  t angen t i a l  gas 

Obviously, t h e  t y p i c a l  s o l i d  propel lant  g ra in  aonfiguration w i l l  inyolve a 
combination of both phenomena. However, most inves t iga tors  have confined 
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t h e i r  s tud ie s  t o  one or t h e  other of t h e  two l i m i t i n g  cases ,  due t o  t h e  extreme 
complexities involved i n  attempting t o  f i n d  meaningful a n a l y t i c  so lu t ions  t o  even 
these  s impl i f ied  flow models. 

Rotational Flow 

The i n i t i a l  ana lys i s  of t h e  e f f e c t  o f  sp in  on nozzle gas dynamics with an 
end-burning gra in  was published by Bastress i n  (401, and r e i t e r a t e d  i n  ( 4 1 ) .  
Assuming constant t o t a l  ve loc i ty  a t  any nozzle sec t ion  and no r a d i a l  va r i a t ions  
i n  gas proper t ies ,  Bas t ress  employs a "spinning coordinate system" t o  y i e l d  t h e  
axial ve loc i ty  (U) d i s t r i b u t i o n  at t h e  nozzle t h r o a t  s ec t ion  ( * )  given by: 

[31 

where g = g r a v i t a t i o n a l  constant 
ET = s p e c i f i c  heat r a t i o  of propel lan t  gases 
R = gas constant 
TO= s tagnat ion  temperature 
T*= nozzle t h r o a t  temperature = 2T,/ ( a +  1) 
Ro= combustion chamber rad ius  
R p  nozzle t h r o a t  radius 

With t h e  assumption of constant gas p rope r t i e s  across t h e  th roa t  s ec t ion ,  [3] 
obviously p red ic t s  a reduction i n  nozzle e f f l u x  c a p a b i l i t y  under sp in ,  with a 
r e s u l t a n t  increase  i n  motor operating pressure.  
observed i n  a number of spinning rocket motor f i r i n g s .  

This t r end  has d e f i n i t e l y  been 

With a s i m i l a r  ob j ec t ive ,  Manda a l s o  analyzed t h e  flow from an end-burning 
g ra in  through a nozzle, based upon t h e  assumptions of conservation of angular 
momentum i n  uniformly cont rac t ing  streamtubes 
r e s u l t s  of (40,41) a r e  not cons is ten t  with t h e  conservation of energy from t h e  
g r a i n  surface t o  t h e  nozzle t h r o a t  s ec t ion ,  (11) yie lds  t h e  following expression 
f o r  t h e  a x i a l  ve loc i ty  d i s t r i b u t i o n  a t  t h e  t h r o a t :  

(11). While pointing out t h a t  t h e  

where T,/T, i s  evaluated as a function of t h e  required momentum balance i n  t h e  
r a d i a l  d i r ec t ion  ( i . e . ,  = e.q2/gr) as: 

10 

With [5]  I t h e  complete 

t5.1 

.expression f o r  t he  a x i a l  ve loc i ty  d i s t r i b u t i o n  i s  given by: 

E61 4F2 
Commenting on t h e  

of t h e  same phenomenon 
resu 
i n  ( 

.Its presented i n  (ll), M. K. King presents  a t h i r d  ana lys i s  
4) ,  based upon t h e  requi red  choking of t h e  mass f l u x  per  
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u n i t  area at t h e  nozzle th roa t  sec t ion .  
King's results f a i l  t o  s a t i s f y  the  r e q u i s i t e  r a d i a l  momentum balance, whereas 
it can be shown t h a t  t h e  ana lys i s  of (11) can s a t i s f y  King's choking c r i t e r i o n  
if a smoothly rounded nozzle approach sec t ion  i s  assumed. 

However, as i s  pointed out i n  (12), 

In  a fu r the r  comment on the  results reported i n  (40) ,  (111, and ( 4 ) ,  W. S. 
King presents  ye t  another analysis  of t h e  r o t a t i o n a l  f low problem (1231, which 
ind ica tes  t h a t  nozzle efflux capabi l i ty  under sp in  can be e i t h e r  increased or 
reduced, depending upon whether s tagnat ion conditions are taken at the  g ra in  
center l ine  or  periphery,  respect ively.  However, t he  inc lus ion  of a term which 
apparently destroys t h e  non-dimensional nature  of King's ehuation #ly f o r  t h e  
r a t i o  of mass flow with sp in  t o  t h a t  without sp in  lends some doubt as t o  t h e  
v a l i d i t y  of t he  r e s u l t s  reported herein.  

In  Ju ly  1964, t he  Purdue University Jet  Propulsion Center (JPC) i n i t i a t e d  
a comprehensive a n a l y t i c a l  and cold-gas experimental study of sp in  e f f e c t s  on 
t h e  gas dynamics associated with simulated end-burning and cylindrical-burning 
gra in  configurations.  
Arsenal) ,  t h i s  study has continued t o  t h e  present ,  with inter im r e s u l t s  reported 
i n  (59) - (68) .  

Sponsored by t h e  U. S. Army Missile Command (Redstone 

I n  (61), Norton ou t l ines  the  bases upon which an inv i sc id  ana lys i s  of 
r o t a t i o n a l  flow i s  founded, and presents  t h e  resul ts  of a computer program 
generated t o  accomplish t h i s  ana lys i s .  One example case ind ica tes  t h a t  t he  
throa t  a rea  of a nozzle with an i n i t i a l  contract ion r a t i o  of 12:l would have 
t o  increase by approximately 70% t o  maintain design mass flow and chamber 
pressure at a sp in  r a t e  of 1875 RPM. 

The JPC cold-gas sp in  tes t  f i x t u r e  i s  described by Farquhar i n  (62) .  
With i n s e r t s  used t o  simulate e i t h e r  end-burning or  radial-burning g ra ins ,  
t h i s  f i x t u r e  i s  designed t o  provide a sp in  capabi l i ty  of more than 12,000 RPM 
with a 6 I N  motor. 
indicated increasing t o t a l  pressures  with radius  using an a x i a l l y  d i rec ted  
t o t a l  pressure probe. 

Preliminary t e s t s  conducted a t  speeds up t o  3500 F P M  

Additional experimental s tud ies  reported i n  (63) indicated t h a t  the  per- 
fora ted  disk used f o r  t h e  end-burning "grain" w a s  not simulating t h e  r o t a t i o n a l  
gas flow an t i c ipa t ed  from such a surface,  thereby requir ing a system of upstream 
b a f f l e s  t o  more equally d i s t r i b u t e  t h e  flow. The ana ly t i c  r e s u l t s  reported 
herein ind ica ted  t h a t  ne i the r  of two s impl i f ied  flow models considered t o  da t e  
adequately describes t h e  gas dynamics i n  an end-burning motor, and proposes a 
more complete inv i sc id  model t o  accomplish t h i s  task .  

I 

A port ion of t h e  l a rge  volume of l i terature dealing with various aspects  
of vortex flows i s  reviewed i n  (64)  , with spec ia l  emphasis on those a r t i c l e s  
which might be appl icable  t o  rocket motor gas dynamics. The top ics  considered 
here in  include: 
nozzles;  viscous boundary layers  with vortex flows i n  nozzles and near r o t a t i n g  
d isks ;  and vortex breakdown and backflow. Some of t h e  conclusions drawn from 
t h i s  study include: r ec i r cu la t ing  viscous flow pa t te rns  may be es tab l i shed  
between t h e  fo re  and aft ends of a combustion chamber; t h e  boundary layer  can 

compressible ( r o t a t i o n a l  and i r r o t a t i o n a l )  vortex flows i n  
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t r anspor t  s i g n i f i c a n t  por t ions  of t h e  m a s s  from one a rea  of t h e  flow f i e l d  t o  another; 
and backflow pa t t e rns  may be e s t ab l i shed  i n  a nozzle,  p a r t i c u l a r l y  if t h e  r a t i o  of 
t a n g e n t i a l  ve loc i ty  t o  a x i a l  ve loc i ty  becomes much l a r g e r  than 1 .0 .  

Whereas (64 )  primarily emphasized t h e  t h e o r e t i c a l  aspec ts  of numerous vortex 
flow s t u d i e s ,  t h e  concurrent experimental resul ts  obtained i n  many of t hese  are 
reviewed i n  (65 ) .  This r epor t  a l s o  reviews t h e  r e s u l t s  obtained by t h e  NPS, UTC, 
arid o the r s  i n  attempting t o  def ine  t h e  e f f e c t s  of acce lera t ion  on propel lan t  com- 
bustion. Not su rp r i s ing ly ,  t h e  authors conclude t h a t  t h e  t h r e e  problems of primary 
concern i n  developing an understanding of sp in  e f f e c t s  on motor performance a re :  
( A )  t h e  mechanism(s) con t ro l l i ng  coning i n  end-burning motors; ( B )  d e f i n i t i o n  of 
t h e  e f f e c t s  of acce lera t ion  on the  combustion process; and ( C )  d e f i n i t i o n  of chamber 
and nozzle gas dynamics i n  a sp in  environment. 

Results obtained using Norton's improved model f o r  ad iaba t i c  i n v i s c i d  flow 
from a r o t a t i o n a l  source a r e  presented i n  ( 6 6 ) ,  along with experimental da ta  obtained 
i n  cold-flow t e s t s  of a spinning porous p l a t e .  Using a i r  at 30 PSIA and a 6 I N  
diameter p l a t e ,  s i g n i f i c a n t  reductions i n  m a s s  flow were obtained i n  these  experi- 
ments, increasing with both t h e  r o t a t i o n a l  speed of t h e  p l a t e  and nozzle (chamber/ 
t h r o a t )  area cont rac t ion  r a t i o .  Ratios of t h e  m a s s  flow r a t e  under sp in  (rh) t o  
t h a t  obtained without sp in  (io) a r e  given below f o r  t h e  m a x i m u m  p l a t e  speed of 
10,000 RPM. 

m A (chamber) - 
A ( t h r o a t )  firJ 

1 4 4  
256 
516 

1024 

* 915 
.815 
715 
.642 

"... 

Similar r e s u l t s  repor ted  by Farquhar i n  (67) a l s o  i n d i c a t e  s i g n i f i c a n t  reduction 
i n  nozzle e f f l u x  capab i l i t y  with increas ing  sp in  r a t e  and nozzle cont rac t ion  r a t i o .  
Using t h e  o r i g i n a l  JPC sp in  test  f i x t u r e  and simulated end-burning g r a i n ,  t h e  follow- 
ing t e s t  da t a  w a s  obtained at a sp in  r a t e  of 10,000 RPM. 

Iil A (chamber) - 
A ( t h r o a t )  

39.3 - 973 
78.5 .930 

214.0 .899 

Additional t e s t s  conducted by Farquhar a t  a constant cont rac t ion  r a t i o  of 78.5 ind ica t e  
t h a t  t h e  reduction i n  m a s s  flow under sp in  i s  e s s e n t i a l l y  independent of mass flow 
rate ( f o r  flows varying from 2.0 t o  3.6 LBm/SEC). 
cludes t h a t  t he  vor tex  choking phenomenon i s  primarily a h n c t i o n  of t h e  r a t i c  of t h e  
angular ve loc i ty  of t h e  gas t o  t h e  a x i a l  ve loc i ty  of t h e  gas i n  t h e  motor chamber. 
However, t h i s  conclusion seems most d i f f i c u l t  t o  r a t i o n a l i z e  from t h e  da ta  presented. 
The a x i a l  ve loc i ty  a t  t h e  "grain" f ace  should be d i r e c t l y  propor t iona l  t o  flow r a t e ,  
whereas t h e  t angen t i a l  ve loc i ty  should be a func t ion  only of r a d i a l  pos i t i on  And sp in  

From these  r e s u l t s ,  Farquhar con- 
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r a t e .  Therefore, i f  t he  mass flow reduction i s  e s s e n t i a l l y  independent of flow 
r a t e  ( i , e . ,  of a x i a l  v e l o c i t y ) ,  t h i s  phenomenon would then seem t o  be a function 
only of spin rate ( i . e . >  of tangent ia l  v e l o c i t y ) ,  and not of t h e  r a t i o  of these  
v e l o c i t i e s .  

A s  summarized i n  (68) ,  t he  ove ra l l  r e s u l t s  of t h e  JPC inves t iga t ion  of 
swir l ing flows obtained using simulated end-burning and radial-burning "grains" 
ind ica t e  : 

Swirling flow reduces nozzle e f f l u x  capab i l i t y .  
The flow reduction obtained with s w i r l  i s  s t rongly dependent on: 
[l] t he  nature  of t he  induced s w i r l  ( r o t a t i o n a l  vs. i r r o t a t i o n a l ) ;  
121 t he  s w i r l  s t rength  ( i . e .  
t r a c t i o n  r a t i o .  
The flow reduction with s w i r l  i s  apparently unaffected by: [l] mass 
flow r a t e ;  [2] chamber pressure;  o r  [ 3 ]  dis tance  between t h e  "grain" 
sur face  and the  nozzle.  
The percentage of mass flow reduction appears t o  approach a l i m i t  ( f o r  
a given contract ion r a t i o ) ,  beyond which f u r t h e r  increases  i n  s w i r l  
i n t e n s i t y  have neg l ig ib l e  e f f e c t  on the  m a s s  flow r a t e .  
Norton's viscous analyses of both the  r o t a t i o n a l  and i r r o t a t i o n a l  flow 
f i e l d s  a re  c lose ly  corroborated by experiment up t o  t h e  point  of t h e  
l imi t ing  flow reduction ( D ,  above). 
p red ic ted ,  nor do t h e  authors ind ica te  a firm q u a l i t a t i v e  understanding 
of the  reason(s )  f o r  i t s  exis tence.  

motor sp in  r a t e )  ; and [3] nozzle con- 

This phenomenon has not been 

With the  recent  cessat ion of t he  Purdue JPC swir l ing  flow s tud ie s ,  the  Navy- 
sponsored spin research program at  United Technology Center (UTC)  represents  t he  
only e f f o r t  t o  study r o t a t i o n a l  gas dynamics known t o  be cur ren t ly  ac t ive .  The 
r e s u l t s  of t h i s  e f f o r t  t o  da t e  are summarized i n  (116) - (119).  

In (11-6)~ UTC s t a t e s  without proof t h a t  cold-flow s i m i l a r i t y  t o  t y p i c a l  s o l i d  
rocket motor performance requires:  

181 V e l a c  = V / a  

where a = speed of sound i n  the  chamber 

and the  subscr ip t  c r e f e r s  t o  the  "cold" flow apparatus.  Obviously, [ T I  i s  a 
Reynolds number, and [8]  a " tangent ia l"  Mach number. 
deduces t h a t  ac tua l  flow conditions can be simulated by F,/P = 0.065, and 
wc/w = 0.25. 
were overspun by a f ac to r  of 4.0. 

).c= gas v i scos i ty  

Using these  c r i t e r i a ,  UTC 

I f  v a l i d ,  t h i s  conclusion ind ica tes  t h a t  t h e  Purdue JPC t e s t s  

Experimental tes t  r e s u l t s  reported i n  (116) i nd ica t e  the  presence of a 
high-speed ( i r ro t a t iona l - type )  vor tex  immediately downstream of the  ro t a t ing  
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p l a t e  used t o  simulate the  surface of an end-burning g ra in ,  with the  s t rength  of 
t h e  vor tex  apparently a funct ion of both p l a t e  speed and upstream pressure.  Where 
the  r a d i a l  pressure gradient  across  t h e  chamber radius  should be approximately 
0 . 1  PSI f o r  pure r o t a t i o n a l  flow at 3280 RPM, gradients  of 1 . 5  and 4.5 PSI were 
measured at upstream pressures of 28.0 and 65.5 PSIA, respec t ive ly .  

The v i s u a l  observations of flow pa t t e rns  i n  the  chamber reported i n  (117) 
confirm previous ind ica t ions  of t h e  exis tence of a high-speed vor tex  i n  the  chamber, 
and qua l i t a t ive ly  ind ica t e  the  presence of r ec i r cu la t ing  flow i n  the  chamber at 
l a r g e r  "grain"-nozzle separat ion dis tances .  Unfortunately, t he  v a l i d i t y  o€ the  
smoke-tracer flow v i sua l i za t ion  may be influenced t o  an unknown degree by the  f a c t  
t h a t  a smoke in j ec t ion  ve loc i ty  of 30 FT/SEC w a s  used i n  conjunction with Lan a x i a l  
ve loc i ty  of only 5 FT/SEC through t h e  porous p l a t e  used t o  simulate an end-burning 
gra in .  

From Batchelor 's  ana lys i s  (124) of the  stream function f o r  incompressible i d e a l  
flow with a x i a l  symmetry, (118) ind ica tes  t h a t  upstream flow near the  outer  w a l l  of 
a converging channel may be predic ted  a n a l y t i c a l l y ,  and ou t l ines  an approach t o  be 
used i n  t h i s  attempt. 

I r r o t a t i o n a l  Flow 

The e s sen t i a l ly  i r r o t a t i o n a l  flow which would be c h a r a c t e r i s t i c  of t h a t  found 
i n  a combustion chamber containing a radial-burning gra in  w a s  f i r s t  analyzed by 
Mager ( 3 ) ,  who showed t h a t  s ign i f i can t  reduction i n  nozzle e f f l u x  capab i l i t y  could 
be experienced with swir l ing flow. 
axial  v e l o c i t i e s  at any nozzle cross  sec t ion ,  Mager pred ic t s  a vacuum core a t  the 
nozzle cen te r l ine ,  whose diameter i s  found t o  be a funct ion of nozzle contract ion 
r a t i o  and t angen t i a l  ve loc i ty .  The nozzle e f f l u x  capab i l i t y  i s  reduced by the  
presence of t h i s  vacuum core,  as i s  ind ica ted  i n  Figure 3-3, which gives  the r a t i o  
of flow r a t e  with sp in  ( A )  t o  t h a t  obtained s t a t i c a l l y  (io) as a funct ion of t he  
s w i r l  f a c t o r  (a,), determined by: 

Neglecting r a d i a l  v e l o c i t i e s  and assuming uniform 
r 

V, = t angen t i a l  ve loc i ty  (Row)  at the  gra in  sur face  (R , )  
a. = speed of sound at chamber conditions 
R, = nozzle th roa t  radius  

Mager's r e s u l t s  ( o r i g i n a l l y  published only f o r  = 1 . 4 )  were extended by t i l ick 
and Kilgore (96) t o  include spec i f i c  heat r a t i o s  varying from 1.10 t o  1.28. A s  
indicated i n  Figure 3-3, values of 8 r e a l i z e d  i n  most rocket motors w i l l  y i e l d  
g rea t e r  reductions i n  m a s s  flow r a t e  than those r ea l i zed  i n  comparable cold-gas 
t e s t s .  

Although Mager's ana lys i s  would be s t r i c t l y  appl icable  only t o  radial-burning 
cy l ind r i ca l  g ra in  configurat ions,  t h e  conservation of angular momentum (which forms 
t h e  b a s i s  f o r  t h i s  ana lys i s )  would seem t o  i 
fac to r  could equivalent ly  be replaced by 0.5 
t o  approximate t h e  mass flow reduction f o r  n l i n d r i c a l  g ra in  configurations.  

a t e  t h a t  t he  R,Vo terms i n  the  s w i r l  
r d r  ( taken over t he  burning sur face)  

Norton's ana lys i s  (68) of a bas i ca l ly  i r r o t a t i o n a l  flow f i e l d  modified t o  include 
a viscous core ( r a the r  than Mager's vacuum core)  represents  t h e  only known e f f o r t  t o  
improve Mager's o r i g i n a l  ana lys i s ,  published i n  1961. The r e s u l t s  of both of these  
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FIGURE 3-3: Mass Flow Reduction with I r r o t a t i o n a l  Swirl ,  from (3 )  
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analyses are compared with experimental da ta  obtained with the  Purdue JPC simulated 
radial-burning "grain" i n  Figure 3-4. 
agree q u i t e  c losely with the  experimental da t a ,  obtained with a port-to-throat a r e a  
r a t i o  of 44.4:1. 
a t  t h e  higher s w i r l  magnitudes? where the  s t ronger  vortex would be more suscept ib le  
t o  viscous d i s s ipa t ion  due t o  t h e  l a r g e r  ve loc i ty  grad ien ts .  

A s  ind ica ted ,  both a n a l y t i c a l  p red ic t ions  

However, t he  viscous ana lys i s  appears someyhat more representa t ive  

Rather than employing a sp in  apparatus,  Aerojet used t angen t i a l  i n j ec t ion  of 
air t o  determine the  e f f e c t s  of s w i r l  on the  gas dynamics of a simulated c y l i n d r i c a l  
"grain". 
reported i n  (1). 

Signi f icant  reductions i n  nozzle e f f l u x  i n  t h i s  "spin" environment a r e  

Perhaps the  most extensive series of " i r ro t a t iona l "  swir l ing  flow experiments 
w a s  i n i t i a t e d  by Massier at the  Jet Propulsion Laboratory (JPL) i n  1963 using Argon. 
A s  reported i n  (25)  and (27) - (30 ) ,  Massier a l s o  used t a n g e n t i a l  gas i n j e c t i o n  t o  
achieve swir l ing flow. 

Comparisons of nozzle heating rates with and without s w i r l  reported i n  (25)  
ind ica te  heating r a t e s  with s w i r l  varying from approximately twice t h a t  of the  
non-swirl case at the  nozzle i n l e t  t o  equivalent rates at t h e  t h r o a t  sec t ion .  

Alternately using both pressure t a p s  and thermocouples a t  t h e  head end of t h e  
simulated "combustion" chamber , Massier r epor t s  considerable s tagnat ion pressure 
and temperature grad ien ts  across t h e  chamber i n  (27) .  
from 2.0 PSIA at the  chamber cen te r l ine  t o  15  PSIA at  a rad ius  equal t o  t h e  nozzle 
throa t  rad ius  (0.16 I N ) ,  and subsequently remained e s s e n t i a l l y  constant out t o  the  
chamber rad ius  of 0.975 I N .  Stagnation temperature increased from 505 O R  a t  a 
radius  of 0.10 I N ,  and subsequently decayed asymptotically t o  530 O R  a t  t h e  chamber 
w a l l .  A s  reported by numerous other  i nves t iga to r s ,  t he  flow f i e l d  i n  t h e  chamber 
w a s  character ized by a region of i r r o t a t i o n a l  flow surrounding a c e n t r a l  core of 
r o t a t i o n a l  flow. 

Stagnation pressure increased 

With a reduction i n  s tagnat ion pressure (at the  chamber w a l l )  from 15.2 PSIA 

Additional 
t o  2 PSIA, the  m a x i m u m  t angen t i a l  ve loc i ty  i n  t h e  "combustion" chamber decreased 
from 675 FT/SEC at a radius of 0.04 I N  t o  390 FT/SEC at 0.10 I N  (28 ) .  
t e s t s  performed with (chamber w a l l )  s tagnat ion pressures  up t o  30 PSIA indicated 
a constant reduction i n  mass flow rate t o  approximately 69% of no-swirl values .  
Extrapolating Mager's predict ions (Figure 3-3) t o  a value of r =  1.67 ind ica tes  
t h a t  a mass flow reduction of 64% would be an t i c ipa t ed  f o r  t h e  ca lcu la ted  s w i r l  
coe f f i c i en t  of 0.28. 

Values of t h r u s t  ca lcu la ted  i n  (29) by in t eg ra t ing  t h e  s t a t i c  pressure d i s t r i -  
butions across t h e  chamber end w a l l  and along the  length of t h e  nozzle indicated 
t h a t  t h e  simulated sp in  r a t e  of approximately 10,000 RPM would cause a 20% reduction 
i n  t h r u s t  compared t o  no-spin values .  

I n  addi t ion t o  the  above s tudies  of b a s i c a l l y  i r r o t a t i o n a l  flows appl ied t o  
simulated rocket motors (chambers incorporat ing converging-diverging nozzles,  with 
nozzle geometries similar t o  those found i n  r o c k e t s ) ,  t he  r e s u l t s  of numerous vortex- 
tube s tudies  may a l s o  be appl icable  t o  t h e  problem of determining the  e f f e c t s  of 
a sp in  environment on t h e  chamber and nozzle gas dynamics assoc ia ted  with in t e rna l -  
burning s o l i d  propellan: rocket motors. A bibliography of more than 100 of these  
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publicat ions i s  presented i n  (131, along with b r i e f  abs t r ac t s  of s e l ec t ed  refer- 
ences. 
(31) graphical ly  i l l u s t r a t e s  t h e  extreme complexity of t h e  f low f ie lds  developed 
with swir l ing  flow. 
obtained with planar  endwalls c l e a r l y  ind ica ted :  
three-dimensional nature  of t h e  flow; and (B) t h e  s t rong  inf luence  of tube aspect  
r a t i o  (L/D) and endwall configurat ion on t h e  flow pa t t e rns .  
of t h e  vor tex  core decreased with increasing L/D, and endwall boundary l a y e r  e f f e c t s  
were found t o  dominate t h e  flow pa t t e rns  observed at smaller values of L/D. Turbu- 
lence  appeared t o  increase  with both L/D and mass flow ra te ,  except i n  t h e  core ,  
where no turbulence w a s  observed. Both t h e  a x i a l  and r a d i a l  secondary flows increased 
with non-planar ( con ica l ,  canted, and hemispherical)  endwall configurat ions.  Blore- 
over,  t hese  secanaary flows were found t o  occupy a l a r g e r  r a d i a l  domain ( i , e . ,  were 
less  confined t o  t h e  core reg ion)  with t h e  non-planar endwalls. 

O f  these  , Roschke'e 1966 f low-visual izat ion study of incompressible v o r t i c e s  

Using dye i n j e c t i o n  i n  a water vor tex  tube ,  t e s t  r e s u l t s  
( A )  t h e  pronounced t r a n s i e n t  and 

I n  genera l ,  t h e  diameter 

Combust ion  I n s t a b i l i t y  

The complexity of flow phenomena evidenced i n  the  above reviews of cold-flow t e s t s  
performed t o  simulate t h e  gas dynamics of spinning rocket  motors may be fu r the r  compli- 
cated by t h e  i n t e r e s t i n g  p o s s i b i l i t y  t h a t  s p i n  may tend  t o  enhance t h e  tendency toward 
tangential-mode combustion i n s t a b i l i t y  i n  an a c t u a l  motor. 

In  (371, Maslen and Moore p red ic t  t h e  p o s s i b i l i t y  of s t rong  t ransverse  waves i n  
a c y l i n d r i c a l  chamber, and suggest t h a t ,  i f  t h e  combustion process i s  ab le  t o  provide 
the  energy required t o  drive an osc iLla t ion  i n  any mode, t h e  l a r g e s t  amplitudes w i l l  
tend t o  occur i n  those modes having s m a l l  inherent  damping. That i s ,  t ransverse  
o s c i l l a t i o n s  w i l l  l i k e l y  be more severe than longi tudina l  because the  l a t t e r  are 
subjec t  t o  shock l o s s e s .  The authors f u r t h e r  i nd ica t e  t h a t ,  depending on geometric 
considerat ions,  t h e  spinning mode i s  more l i k e l y  t o  occur than a standing o r  "sloshing" 
mode. Such a spinning mode would be accompanied by a quasi-steady flow i n  a d i rec t ion  
opposite t h a t  of t h e  wave propagation, which tends t o  develop i n t o  a steady wheel-flow 
propagation. 

The predic t ions  of ( 3 7 )  w e r e  q u a l i t a t i v e l y  v e r i f i e d  i n  a number of combustion 
i n s t a b i l i t y  experiments conducted by Landsbaum and Spaid of J P L  ( 2 4 ) .  
motors r e s t r a ined  by heavy chains were found t o  r o t a t e  i n  the  tes t  s tand  during periods 
of unstable  burning. Assuming t h a t  the  torque  required t o  e f f e c t  such r o t a t i o n  w a s  
provided by f r i c t i o n  drag a t  t h e  propel lant  sur face ,  r o t a t i o n a l  gas v e l o c i t i e s  on tlte 
order of 1600 FT/SEC at t h i s  sur face  were ca lcu la ted .  

I n  these t e s t s ,  

I n  (84), Swithenbank and S o t t e r  r epor t  v i s u a l  observation of vor tex  combustion 
i n s t a b i l i t y  using combustion chambers equipped with P lex ig las  windows. The authors 
a l s o  ind ica t e  t h a t  t h i s  mode of i n s t a b i l i t y  can be r ead i ly  t r i gge red  using t angen t i a l  
i n j ec t ion  of n i t rogen ,  and pers is ts  a f te r  t h e  ni t rogen flow has been shut  of f .  

Combustion i n s t a b i l i t y  experiments a t  NASA L e w i s  reported i n  (38)  ind ica t e  severe 
overpressurizat ion of a s m a l l  radial-burning motor when gases from a sol id-propel lant  
gas generator were in j ec t ed  t angen t i a l ly  i n t o  t h e  motor chamber. Comparison of tk? 
pressure h i s t o r i e s  obtained with and without t he  i n j e c t a n t  indicated t h a t  the vortex 
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generated with i n j e c t i o n  caused an e f f e c t i v e  reduction i n  nozzle th roa t  area of 
approximately 50%. 
d r i l l e d  r ing  in se r t ed  i n  t h e  chamber, 

However, t h i s  effect w a s  el iminated through the  use of a r a d i a l l y  

To date, t h e  s tud ie s  of "spin" e f f e c t s  on s o l i d  propel lant  rocket motor gas 
dynamics have f i rmly es tab l i shed  t h a t  nozzle efflux capabi l i ty  can be s igf i i f ican t ly  
reduced i n  a spin,environment, depending on t h e  nature  of t h e  swir l ing flow upstream 
of t h e  nozzle entxance sec t ion .  
hensive under s tan i ing  of spinning gas dynamics might best be described as incremen- 
t a l ,  pr imari ly  because o f  t he  extreme complexity of t he  general ly  three-dimensional 
(and of ten unsteady) flow phenomena involved. 

Beyond t h i s ,  progress toward developing a compre- 

In  addi t ion  t o  reducing nozzle e f f l u x  capab i l i t y  (with an at tendant  increase 
i n  operating p res su re ) ,  a sp in  environment may a l s o  cause a s ign i f i can t  increase 
i n  head closure heat t r a n s f e r  with an internal-burning g ra in ,  or severe center l ine  
coning of an end-burning gra in .  The augmented heat t r a n s f e r  at t h e  motor head 
closure i s  cur ren t ly  being s tudied  at Thiokol Huntsvi l le ,  and t h e  mechanisms by 
which the  r o t a t i o n a l  flow emanating from an end-burning g a i n  might be transformed 
t o  develop a highly erosive cen te r l ine  core a re  cur ren t ly  under investiga?ion at 
United Technology Center. 
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SECTION I Y  - 
RESEARCH REFERENCES 

A l l  references c i t e d  i n  Section I11 of t h i s  r epor t  are compiled here in ,  along 
with an a b s t r a c t  of each document. 
according t o  t h e  (corporate or Government) agency by which t h e  da ta  w a s  generated, 
and chronologically under each agency. 

These publ ica t ions  a r e  l i s t e d  a lphabet ica l ly  

AEROJET GENERAL CORPORATION 

(1) "Study of High Effec t ive  Area Ratio Nozzles f o r  Spacecraft Engines"; 
Report No. NAS-7-136-F, Volume I; June 1964; ( U ) .  

Cold gas tests of a nozzle incorporating swir l ing  flow (achieved by 
t h e  t a n g e n t i a l  i n j e c t i o n  of air i n  t h e  "combustion" chamber) y ie lded  
mass flow r a t e s  considerably less than one-dimensional values com- 
pared on t h e  b a s i s  of measured s t a t i c  pressure  a t  t h e  "grain" r ad ius .  
Radial pressure d is t r ibu$ions  measured at t h e  head c losure  were i n  
c lose  agreement with t h e o r e t i c a l  p red ic t ions  f o r  a f r e e  vortex.  

( 2 )  R .  E. BERNARD and A. L. KARNESKY: "Spin Ef fec t s  on Rocket Motor Perfor- 
mance"; Symposium on t h e  Behavior of Propel lan ts  Under Acceleration 
F ie lds ;  Naval Ordnance Test S t a t i o n ;  NOTs TP3770; June 1965; AD-363903; ( C ) .  

The influence of propel lan t  s t r u c t u r a l  capacity i n  determining motor 
response t o  a sp in  environment w a s  evaluated i n  end-burning motor 
f i r i n g s  at 9400 RPM. Propel lan ts  with moduli of 500, 5200, 12,000, 
and 80,000 PSI were ign i t ed  s t a t i c a l l y  and spun t o  t e s t  speed i n  
approximately 6 SEC. The only apparent e f f e c t  w a s  t h a t  t h e  t i m e  
requi red  t o  i n i t i a t e  deviations from s t a t i c  t h r u s t  h i s t o r i e s  appeared 
t o  increase  with propel lan t  modulus. Additional tests were a l s o  
performed with a motor f ab r i ca t ed  with dual nozzles and a b a f f l e  
separa t ing  t h e  chamber i n  halves.  Centerline coning e f f e c t s  were not 
eliminated, but occurred i n  t h e  center  of each h a l f .  

AEROSPACE CORPORATION 

( 3 )  A. MAGER: ''Approximate Solution of I sen t rop ic  Swirling Flow Through a 
Nozzle"; ARS Journa l ;  Volume 31, No. 8; August 1961; pp. 1140-48; ( U ) .  

An ana lys i s  appl icable  t o  determining t h e  reduction i n  nozzle efflux 
capacity with spinning c y l i n d r i c a l l y  per fora ted  g ra ins  ind ica t e s  
p o t e n t i a l l y  Large reductions i n  e f f e c t i v e  t h r o a t  a r ea .  It i s  noted 
t h a t  equation 20 (page 1145)  i s  i n  e r r o r .  
be r a i s e d  t o  t h e  0.5 power. 

The bracketed term should 
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RESEARCH REFERENCES 

ATLANTIC RESEARCH CORPORATION 

( 4 )  M. K.  KING: "CommenB on 'Spin Effects on Rocket Nozzle Performance'"; 
AIAA Journa l  of Spacecraft  and Rockets; Volume 3, No. 12; December 1966; 
pp. 1812-1813; ( U ) .  

This attempt t o  apply one-dimensional ana lys i s  t o  t h e  flow through a 
nozzle from an end-burning g ra in  f a i l s  t o  s a t i s f y  t h e  r e q u i s i t e  fo rce  
(momentum) balance i n  t h e  r a d i a l  d i r ec t ion .  

BOEING COMPANY 

( 5 )  B. M. DUNN: "The Ef fec t  of Acceleration on t h e  Burning Rate of Sol id  
Propellants";  Boeing Report No. D2-36403-1; October 1965; ( C ) .  

I n  addi t ion  t o  reviewing and summarizing t h e  acce le ra t ion  s tud ie s  of 
some 30 authors,  t h i s  r epor t  p resents  t h e  r e s u l t s  of cen t r i fuge  tests 
of two fast-burning propel lan ts .  These tests i n d i c a t e  e s s e n t i a l l y  no 
s i g n i f i c a n t  e f f e c t s  of 9 6 0  G ' s  a cce l e ra t ion  on propel lan t  performance 
a t  2OOO-25OO PSI. 

( 6 )  F. E. EHLERS: "Influence of Acceleration on Combustion i n  a Rocket Engine"; 
Baeing Company, S c i e n t i f i c  Research Laboratories,  Mathematical Note - 470; 
June 1966; ( U ) .  

The method of c h a r a c t e r i s t i c s  i s  used t o  eva lua te  t h e  influence of high 
axial acce lera t ion  on nozzle gas dynamics and t h e  a t tendant  e f f e c t s  on 
s o l i d  propel lan t  combustion. The r e s u l t s  i n d i c a t e  a reduction i n  
operating pressure and m a s s  generation r a t e  with acce le ra t ion ,  increas ing  
with propel lan t  (burning r a t e )  pressure  exponent. 

DOUGLAS AIRCRAFT CORPORATION 

( 7 )  J. C.  WU and L.  POTTSEPP: "Flow of a Compressible F lu id  i n  an Accelerating 
Nozzle"; Douglas Report No. SM-38824; 6 Apr i l  1962; AD-274803; ( U ) .  

By means of a one-dimensional a n a l y s i s ,  it i s  shown t h a t  nozzle accel- 
e r a t i o n  serves t o  choke t h e  nozzle upstream of t h e  geometric t h r o a t .  
For a 100-G acce lera t ion  example, t h e  Mach number a t  t h e  t h r o a t  i s  
increased t o  1.013. 
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DOUGLAS AIRCRAFT CORPORATION (contd.)  

(8)  Z .  H. LANDAU and J .  M. CEGIELSKI: "The B a l l i s t i c  Behavior of Sol id  
Propel lan t  Rocket Grains i n  a High Acceleration Environment"; Douglas 
Paper No. 1783; May 1964; ( U )  . 

Cyl indr ica l ly  per fora ted  g ra ins  of aluminized propel lan t  were 
cent r i fuge  t e s t e d  under acce lera t ions  as high as 200 G ' s .  No 
e f f e c t s  w e r e  apparent i n  f i r i n g s  d i r e c t e d  e i t h e r  p a r a l l e l  t o  
or perpendicular t o  t h e  cent r i fuge  a x i s .  These r a t h e r  l imi ted  
r e s u l t s  a r e  generalized t o  conclude t h a t  combustion e f f e c t s  are 
not t h e  primary source of t h e  acce lera t ion  - induced phenomena 
noted by o ther  sources. 

( 9 )  Z .  H. LANDAU and J. M. CEGIELSKI: " B a l l i s t i c  Behavior of Sol id  Pro- 
p e l l a n t  Grains Under High Acceleration" ; A I M  Journa l  of Spacecraft 
and Rockets; Volume 2,  No. 3: May-June 1965; ( U ) .  

A condensed version of Douglas Paper No. 1783. 

(10)  T. J. SCHWEITZER: "Proposal t o  Perform a Compilation of Rocket Spin 
Data"; DAC Report No. DAC 590206-P; May 1966; ( U )  . 

Swirling flow through t h e  motor/nozzle i s  considered t o  be t h e  
primary cause of s o l i d  motor sp in  s e n s i t i v i t y .  " A l l  ava i l ab le  
pressure r ise d a t a  w a s  co r re l a t ed  wi th in  a few percent" by mult i -  
plying Mager's i s en t rop ic  s w i r l  s t r eng th  ( 3 )  by (L+/33Rg)2, where 
L* i s  an e f f e c t i v e  c h a r a c t e r i s t i c s  motor chamber length and Rg i s  
t h e  propel lan t  burning surgace radius of gyration. 

EMERSON ELECTRIC COMPANY 

(11) L. J .  MANDA: "Spin Ef fec t s  on Rocket Nozzle Performance"; A I M  Journal 
of Spacecraft and Rockets; Volume 3,  No. 11; November 1966; pp. 1695- 
1696; ( V I .  

An idea l i zed  ana lys i s  of t h e  flow from a spinning end-burning g ra in  
through a nozzle ind ica t e s  t h a t  t h e  sp in  e f f e c t s  considerable r a d i a l  
va r i a t ions  i n  gas proper t ies  at t h e  nozzle t h r o a t .  These dens i ty  
and ve loc i ty  grad ien ts  cause a reduction i n  t h e  flow capacity of 
t h e  nozzle. 
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EMERSON ELECTRIC COMPANY (con td . )  

(12) L. J. MANDA: "Reply by Author t o  M . . K .  King"; A I M  Journa l  of Spacecraft  
and Rockets; Volume 3, No. 12; December 1966; pp. 1813-1814; ( U ) .  

A discussion of t h e  discrepancies between t h e  au tho r ' s  ana lys i s  of 
sp in  e f f e c t s  on nozzle performance and t h a t  o f f e red  by King ( 4 )  
ind ica tes  t h a t  King's ana lys i s  fa i l s  t o  s a t i s f y  t h e  requi red  r a d i a l  
momentum balance. 

(13) L. J. MANDA: "Compilation of Spin Data Program Technical Summary No. 2 - 
Reference Bibliography"; Eherson E l e c t r i c  Report No. 2122-2; 31 May 1967; (U). 

This r epor t  a b s t r a c t s  more than  200 documents dealing with acce lera t ion  
e f f e c t s  and presents  d e t a i l e d  reviews of a number of t h e  more s i g n i f i -  
cant s tud ie s .  An add i t iona l  100 references t o  vor tex  flow phenomena 
a re  a l s o  included. 

HERCULES INCORPORATED 

(14) M. D. E I R I C H :  "Acceleration Ef fec t s  on Propel lan t  Burning"; ABL/QPR-27; 
Apr i l  1961; Page 79; AD-322640; ( C ) .  

A program t o  study cent r i fuge  - induced acce le ra t ion  e f f e c t s  on double- 
base and CMDB propel lan ts  w a s  i n i t i a t e d  with t h e  f a b r i c a t i o n  of 6" 
diameter end-burning g ra ins .  A quench system i s  incorporated t o  allow 
p a r t i a l  burning s tud ie s .  

M. D. E I R I C H  and A. M. JACOBS: "Acceleration Ef fec t s  on Propellant Burning"; 
ABL/QPR-29; Ju ly  1961; Page 115:  AD-324111; ( 6 ) .  

Centrifuge f i r i n g s  under a 40-G acce le ra t ion  d i r ec t ed  i n t o  t h e  pro- 
pe l l an t  sur face  produced neg l ig ib l e  va r i a t ions  i n  ARP and A R W  burning 
c h a r a c t e r i s t i c s .  
increase i n  operating pressure (12-13% i n  burning r a t e )  with DQO 
propellant . 

However, comparable acce lera t ions  produced a 9-13% 

(16)  M. D. E I R I C H :  "Acceleration Ef fec t s  on Propellant Burning"; ABL/QPR-33; 
January 1962; Page 17; AD-331078; ( C ) .  

Centrifuge f i r i n g s  of CYH propel lan t  r e s u l t e d  i n  more severe t h r o a t  
erosion than t h a t  noted i n  s t a t i c  tests.  
with acce lera t ion  d i r ec t ed  i n t o  t h e  surface y ie lded  average pressures 
100% higher than those measured i n  s t a t i c  t e s t s .  

Tes ts  of BPY propel lan t  
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HERCULES INCORPORATED 

(17) M. D. EIRICH: 
Powder Company 

RESEARCH REF'ERENCES 

(contd. ) 

"Acceleration Ef fec t s  on Propel lan t  Burning"; Hercules 
Report No. ABL/EPA-8; October 1962; ( C ) .  

Seven double-base and composite-modified double-base propel lan ts  
were t e s t e d  i n  t h e  ABL cent r i fuge  a t  acce lera t ions  of 40 G ' s  
d i rec t ed  both i n t o  and away from t h e  6 I N  diameter end-burning pro- 
p e l l a n t  surface.  E f fec t s  noted with acce lera t ion  toward t h e  sur face  
var ied  from none t o  severe overpressur iza t ion ,  depending upon t h e  
type of propel lan t .  No s i g n i f i c a n t  e f f e c t s  were apparent with 
acce le ra t ion  away from t h e  sur face .  

(18) J. A. SUTPHIN: "The Ef fec t s  of High Acceleration on t h e  B a l l i s t i c  
Parameters of a Typical CMDB Propellant";  Hercules Powder Company 
(Kenvil) F ina l  Report U9413; Apr i l  24, 1963; ( U ) .  

Centrifuge t e s t s  of a composite-modified double-base propel lan t  
(DDP-80) at 150 G ' s  a x i a l  and 50 G I s  lateral  acce lera t ion  ind ica ted  
e s s e n t i a l l y  no e f f e c t  of acce lera t ion  on t h e  performance of a f ive-  
spoke wagonwheel g ra in  configuration. 

(19)  E. J .  SKURZYNSKI: "Effects of Acceleration on Propel lan t  Burning Rate"; 
P r iva t e  Correspondence; 28 May 1964; ( C ) .  

Various acce lera t ion  s t u d i e s  performed by ABL and o thers  a r e  
summarized without conclusions. I n  many ins tances ,  t h e  l a r g e  
e f f e c t s  repor ted  at low acce lera t ion  l e v e l s  ( l e s s  than 50 G I s )  
would seem t o  ind ica t e :  ( A )  poor d a t a  acqu i s i t i on ;  ( B )  inadequate 
i s o l a t i o n  of s i g n i f i c a n t  va r i ab le s  ; or ( C )  t h a t  double-base propel- 
l a n t s  a r e  much more s e n s i t i v e  t o  acce lera t ion  e f f e c t s  than are t h e  
composites. 

(20)  B. B. DICKINSON and R. H. LECHELT: " Inves t iga t ions  i n t o  t h e  Effec t  of  
High Radial Accelerations on t h e  B a l l i s t i c s  of Double-Base Propellants";  
Hercules Powder Company (Kenvil) F ina l  Report R I  703; Apr i l  13, 1965; ( U ) .  

Spin tests of ARP propel lan t  i n  end-burning, internal-burning, and 
internallexternal-burning gra in  configurations a t  r a d i a l  accelera- 
t i o n s  up t o  8000 G I s  (23,400 RPM) genera l ly  ind ica t e  no e f f e c t  of 
t h e  sp in  environment on propel lan t  performance. 
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HERCULES INCORPORATED ( contd , ) 

(21) "x-258 Propel lant  Character izat ion Study Fina l  Report"; (Contract No. NASW- 
1241); May 1966; NASA CR 66096; ( C ) .  

Propel lant  charac te r iza t ion  s tudies  performed f o r  t he  X-258 ( type  A )  , 
X-259 (type B )  , and an experimental propel lant  ( type C )  indicated 
t h e  following: 

(22) R. R. MILLER: 

The burning r a t e  increased. about 5% under a 5-10 G r a d i a l  
acce le ra t ion ,  but rever ted  t o  s t a t i c  values when a 25-G 
axial  acce lera t ion  WES superimposed on t h e  r a d i a l .  
Mo effect ,s  of r a d i a l  acce le ra t ion  were evident i n  t h i s  
tes t  series, which used more f i n e l y  ground AP p a r t i c l e s  
than ( A ) .  
This propel lant  , using more f i n e l y  ground A1 p a r t i c l e s  
than ( A ) ,  exhibi ted a s ign i f i can t  increase i n  burn ra te ,  
and decrease i n  operating pressure,  under r a d i a l  accelera- 
t i on .  This anomaly i s  a t t r i b u t e d  t o  a decrezse i n  A1 
combustion e f f ic iency  r e s u l t i n g  i n  a degradation of 
c h a r a c t e r i s t i c  ve loc i ty .  The m a s s  of me ta l l i c  res idue 
obtained from spinning t e s t  motors i n  t h i s  s e r i e s  w a s  
approximately four t i m e s  t h a t  obtained with propel lant  ( A ) .  

P" 

.. 

"Some Factors  Affecting t h e  Combustion of Aluminum i n  
Sol id  Propel lants";  ICRPG Second Combustion Conference; CPIA Publica- 
t i o n  No. 105; May 1966; AD-484561; ( V I .  

This study of aluminum agglomerate s i z e  and combustion e f f i c i ency  
has yielded a model for t he  agglomerization mechanism which gives  
an agglomerate d i s t r i b u t i o n  equation found t o  be i n  good agreement 
with experimental d a t a  f o r  both composite and double-base propel- 
l a n t s .  Agglomerate s i z e  i s  found t o  be a funct ion of both propel lan t  
composition and combustion pressure.  

JET PROPULSION LABORATORY 

(23) J. COY: "Influence of S t r a i n  on Burning Rate"; JPL Quarterly Summary 
Report 38-4; 15 Ju ly  1961; ( C ) .  

Polyurethane propel lan ts  subjected t o  s t r a i n s  of 5 and 10% were 
found t o  exhibit increases  i n  1000 PSI burn rate of 7.4 and 11.6%, 
respec t ive ly ,  i n  one ins tance ,  and 4.2 and 8.5% i n  another.  
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JET  PROPULSION LABORATORY (contd. ) 

(24)  LANDSBAUM and SPAID: "Experimental Studies  of Unstable Combustion i n  
Solid-Propellant Rocket Motors" ; JPL Technical Report No. 32-146 ; 
4 August 1961; ( U )  . 

Motors with case-bondea tubular  gra ins  were found t o  r o t a t e  i n  the  
t es t  s tand during combustion i n s t a b i l i t y  experiments, thus indica- 
t i n g  t h e  presence of l a r g e  t angen t i a l  gas v e l o c i t i e s  a t  t h e  pro- 
p e l l a n t  surface during periods of unstable  burning. 

(25) P. F. MASSIER: "Heat Transfer t o  Convergent-Divergent Nozzles from 
Ionized Argon"; JPL Space Programs Summary No. 37-24; Volume I V ;  
31 December 1963; pp. 105-108; ( U )  . 

Nozzle heat ing r a t e s  obtained with t angen t i a l  i n j ec t ion  of argon 
are compared t o  those r ea l i zed  wi-th r a d i a l  i n j ec t ion .  The s w i r l  
component induced by t angen t i a l  i n j ec t ion  w a s  found t o  increase 
t h e  heat ing r a t e ,  with t h e  e f f e c t s  thus produced diminishing along 
t h e  length  of t h e  nozzle. 

(26) G,  A. FLANDRO: "Roll Torque and Normal Force Generation i n  Accousti- - 
tally Unstable Rocket Motors"; A I M  Journal ;  Volume 2,  No. 7 ;  J u l y  1964; 
pp. 1303-1306; ( u ) .  

I n  order  t o  estimate r o l l  torques generated during combustion 
i n s t a b i l i t y ,  acoust ic  streaming theory i s  used t o  ca l cu la t e  vortex 
s t rength  f o r  t h e  f i r s t  t r ave l ing  t a n g e n t i a l  mode. Although qual i -  
t a t i v e  agreement between theory and experiment i s  claimed, measured 
torques are usual ly  severa l  t i m e s  l a r g e r  than predicted.  

(27) P. F. MASSIER: "hisymmetr ic  Steady Flow of a Swirling Compressible 
F lu id  Through a Convergent-Divergent Nozzle With 
Transfer";  JPL Space Programs Summary No. 37-33; 

External Heat 
lune I V ,  30 Juhe 

1965 ; pp. 133-41; (U) . 
The combination of ana lys i s  and experimental r e s u l t s  i nd ica t e  t h a t  t h e  
swir l ing flow es tab l i shed  i n  a "combustion chamber'' by t angen t i a l  
i n j ec t ion  of t h e  gas cons i s t s  of a r o t a t i o n a l  core surrounded by a 
p o t e n t i a l  vortex.  Measurements taken a t  t h e  head closure ind ica ted  
increases  i n  both s tagnat ion pressure (7 .5: l )  and s tagnat ion temper- 
a tu re  (1 .05: l )  from t h e  cen te r l ine  out t o  a rad ius  equal t o  t h e  
nozzle t h r o a t  rad ius .  
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JET PROPULSION LABORATORY (contd. ) 

(28) P. F. MASSIER: "Swirling Flo'n of Argon Through an Axisymmetric Conver- 
gent-Divergent Nozzle" ; JPL Space Programs Summary No. 37-34-; Volume I V Y  
31 August 1965; pp. 149-57 ; (U) 

The work i n i t i a t e d  i n  (2'7) w a s  extended t o  include measurements at 
a (head closure w a l l )  s tagnat ion pressure of 2.0 PSIA i n  addi t ion  t o  
those obtained a t  15.2 PSIA. S ign i f i can t  reductions i n  s w i r l  angle ,  
c i r cu la t ion ,  and angular momentum were measured along t h e  length 
of t h e  nozzle. I n  addi t ion ,  m a s s  flow rates with swirl were 
reduced t o  about 75% of those obtained without s w i r l ,  based upon 
s tagnat ion pressure measurements at t h e  outer chamber rad ius .  

(29) P. F. MASSIER: "Thrust Comparisons f o r  Swirling and Non-Swirling Flows 
of Argon Through a Convergent-Divergent Nozzle as Determined From W a l l  
Pressure Measurements'f ; JPL Space Programs Summary No. 37-35 ; Volume I V ;  
3 i  October 1965; pp. 161-65; (U). 

- The s t a t i c  pressure d i s t r i b u t i o n  along the  length of a converging- 
diverging nozzle w a s  in tegra ted  t o  a sce r t a in  t h e  t h r u s t  developed. 
With a t angen t i a l  ve loc i ty  9.2 times t h e  axial ve loc i ty  at t h e  w a l l  
of t h e  nozzle i n l e t ,  t h e  t h r u s t  developed with swir l ing flow w a s  
approximately 80% of t h a t  developed without s w i r l .  

(30) P. F. MASSIER: "S ta t i c  Pressure Drop Along the  W a l l  of a Constant- 
Diameter Duct Which Contains a Decaying Swirling Flow of Argon". 9 -  JPL 
Space Programs Summary N o .  37-36; Volume IV; (u). 

Experimental r e s u l t s  obtained f o r  a pressure-drop parameter as a 
function of Reynolds number based on dis tance of f l u i d  t r a v e l  
ind ica te  t h a t  t h e  pressure loss i s  a funct ion o f :  
( B )  shear s t r e s s e s  i n  t h e  mainstream r e s u l t i n g  from the  vortex 
ve loc i ty  d i s t r i b u t i o n ;  ( C )  t h e  mainstream ve loc i ty  change r e s u l t i n g  
from t h e  developing boundary l aye r ;  and ( D )  t h e  nozzle configurat ion.  

( A )  w a l l  f r i c t i o n ;  

(31) E.  J. ROSCHKE: "Flow Visual izat ion Studies  of a Confined, Jet-Driven 
Water Vortex"; JPL Technical Report No. 32-1004; September 1966; (U) . 

Dye-injection s tud ie s  performed i n  a 4 I N  diameter vortex tube 
c l e a r l y  ind ica t e :  (1) t h e  pronounced three-dimensional nature  of 
t he  flow; ( 2 )  t h e  s t rong inf luence of tube L/D on t h e  flow pa t t e rns ;  
(3)  t h e  s ign i f icance  of end-wall configuration and boundary l aye r  
e f f e c t s ;  and ( 4 )  t h e  s ign i f i can t  disturbances a r i s i n g  from i n s e r t i n g  
probes i n  t h e  flow. 

i.. 
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NASA-LANGLEY RESEARCH CENTER 

(32)  C.  W .  MARTZ and R. L. SWAIN: "Experimental and Analyt ical  Study of 
Rolling-Velocity Amplification During t h e  Thrusting Process f o r  Two 
10 Inch-Diameter Spherical  Rocket Motors i n  Free F l igh t" ;  NASA TM X-75; 
September 1959; ( C ) .  

Two spher ica l  motors were f l i ,gh t  t e s t e d  t o  measure "spin-up" or 
roll rate amplif icat ion due t o  t r a n s f e r  of angular momentum from 
t h e  swir l ing exhaust gases t o  t h e  i n t e r i o r  gra in  surfaces .  A 
heavywall motor showed an increase i h  sp in  r a t e  of about lo%, 
while a l ightweight motor showed an increase of 19%. 
model f o r  predict ing t h e  spin-up i s  a l s o  presented. 

A t h e o r e t i c a l  

(33) G. B.  NORTHAM: "An Inves t iga t ion  of t he  Effec ts  of Acceleration on t h e  
Combustion Charac te r i s t ics  of an Aluminized Composite Sol id  Propellant";  
Master 's  Thesis;  Department of Mechanical Engineering; Virginia  Poly- 
technic  I n s t i t u t e ;  June 1965; ( U ) .  

Slabs of 16% aluminized PBAA propel lant  were t e s t e d  on t h e  Langley 
centr i fuge under acce lera t ions  as high as 300 G ' s  d i rec ted  a t  angles 
of O o ,  30°, 60°, and 90' i n t o  t h e  propel lant  surface.  A t  90° and 
500 PSI, t h e  burn rate increased about 25% over t h e  0-300 G accel- 
e r a t ion  spectrum, as d id  t h e  amount of pos t - f i r ing  residue.  No 
e f f e c t s  on e i t h e r  burn r a t e  or residue w e r e  noted at accelerat ions 
up t o  200 G ' s  or iented at angles other  than 90' i n t o  t h e  propel lant  
surf ace. 

(34)  G. B .  NORTHAM: "An Experimental Invest igat ion of t he  Effec ts  of Accel- 
e r a t ion  on the  Combustion Charac te r i s t ics  of an Aluminized Composite 
Sol id  Propellant";  1CRPGIAIA.A Sol id  Propulsion Conference, Washington, 
D . C . ;  Ju ly  1966; CPIA Publ icat ion No. 111, Volume 11; AD-3'73908; ( C ) .  

A condensation of t h e  r e s u l t s  presented i n  Northam's M. S. t h e s i s  (33) .  

(35) M. H.  LUCY and G. B. NORTHAM: "On t h e  Effec ts  of Acceleration Upon 
Sol id  Rocket Performance"; ICRPG/AIAA Sol id  Propulsion Conference, At lan t ic  
Ci ty ,  J.J. ; June 4-6, 1968. 

T e s t s  performed with double-base, polyurethane, and polybutadiene 
propel lants  t o  determine t h e  influence of  binder type,  percent 
aluminum, and aluminum p a r t i c l e  s i z e  on propel lant  s e n s i t i v i t y  t o  
acce lera t ion  are discussed, along with t h e  r e s u l t s  of interrupted-  
burning tests performed a t  various acce lera t ion  l eve l s  and orien- 
t a t i o n s  t o  t h e  burning surface.  
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NASA-LANGZY RESEARCH CENTER (contd, ) 

(36) M. H. LUCY: "NASA-Langley Centrifuge Acceleration Data"; Unpublishe'd. 
I 

Numerous cent r i fuge  tes ts  of t h e  3% aluminized BUU double-base pro- 
pe l l an t  a r e  cur ren t ly  being analyzed t o  quant i fy  observed e f f e c t s  of 
acce lera t ions  up t o  300 GIs on burn r a t e .  Preliminary r e s u l t s  ind i -  
c a t e  t h a t  t h e  burn rate ampl i f ica t ion  under acce lera t ion  i s  apparently 
time-dependent. 

NASA-LEWIS RESEARCH CENTER 

(37) S. H.  MASLEN and F. K. MOORE: "On Strong Transverse Waves Without Shocks 
4n a Ci rcu lar  Cylinder"; Journa l  of t h e  Aeronautical Sciences;  Volume 23; 
June 1956; pp. 583-593; ( U )  . 

This study of large-amplitude t a n g e n t i a l  pressure waves i n  a c i r c u l a r  
cy l inder  i nd ica t e s  t h a t  s t rong  shock-free waves can occur i n  t r a n s -  
verse modes, contrary t o  r e s u l t s  obtained f o r  a plane mode, wherein 
acous t ic  waves progressively steepen i n t o  shocks. 
strong t a n g e n t i a l  waves suggests t h a t  extremely v i o l e n t  waves may 
be produced by i n t e r a c t i o n  with a s u i t a b l e  energy source (combustion). 

The p o s s i b i l i t y  of 

(38) C. FEILER, M. HEIDMANN, and L. POVINELLI: "Experimental Inves t iga t ion  of 
Transverse-Mode Solid-Propellant Combustion I n s t a b i l i t y  i n  a Vortex Burner"; 
NASA TN D-3708; November 1966; ( U ) .  

The onset and cessa t ion  of transverse-mode combustion i n s t a b i l i t y  
induced by t a n g e n t i a l  gas i n j e c t i o n  i n  a two-dimensional c i r c u l a r  
combustor w a s  charac te r ized  by t h e  t a n g e n t i a l  Mach number and chamber 
pressure.  The t a n g e n t i a l  flow caused pressures 2-3 times higher than 
would be an t i c ipa t ed  simply from t h e  increased m a s s  addi t ion ,  indica- 
t i n g  t h a t  t h e  swi r l ing  flow caused s i g n i f i c a n t  nozzle blockage. These 
experimental resul ts  were explained by ca l cu la t ions  f o r  t he  propel lan t  
response based on a wave-amplification mechanism a r i s i n g  from prefer- 
e n t i a l  energy addi t ion  with flow b ias ing .  

(39) L. P0VINEL;LI: "Pa r t i cu la t e  Damping i n  Solid-Propellant Combustion Ins ta -  
b i l i t y " ;  NASA TM X-52252; AIAA F i f t h  Aerospace Sciences Meeting; January 
1967; ( V I .  

Transverse-mode i n s t a b i l i t y  tests performed i n  t h e  vor tex  burner of 
(38) with aluminum added t o  both t h e  primary propel lan t  and t h e  
i n j e c t a n t  gases ind ica t e  t h a t  aluminum suppresses i n s t a b i l i t y  by 
ac t ing  as a sound a t t enua to r  i n  t h e  gas phase r a t h e r  than by a l t e r i n g  
t h e  dr iv ing  or  response of t h e  propel lan ts .  
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A. D.  LITTLE 

(40) D. S. ALLAN, E. I , BASTRESS, and D. A. KNAPTON: Des,gn Studies of a 
105mm Gun-Boosted, Rocket; Report No. C-64868; January 1963; AD-336539; ( C ) .  

This attempt t o  employ a r o t a t i n g  coordinate system t o  analyze t h e  
flow from a spinning end-burning g r a i n  through a nozzle fa i ls  t o  
s a t i s f y  t h e  r e q u i s i t e  energy balance between t h e  g r a i n  sur face  and 
nozzle th roa t .  

( 4 1 )  E. K .  BASTRESS: " In t e rna l  B a l l i s t i c s  of Spinning Solid-Propellant 
Rockets"; A I M  Journa l  of Spacecraft and Rockets; Volume 2,-No. 3; May-. 
June 1965 ; pp. 455-457; ( U )  . 

A condensation of t h e  r e s u l t s  presented i n  (40 ) .  

LOCKHEED PROPULSION COMPANY 

(42) C .  W.  BERNARD: "Lockheed Propulsion Company Spin Ef fec t s  Experience"; 
Symposium on t h e  Behavior of Propel lan ts  Under Acceleration F ie lds ;  
NOTS TP3770; June 1965; AD-363903; ( C ) .  

Test motors with s i n g l e  nozzles f ired under sp in  rates up t o  11,000 
RPM evidenced considerable erosion of t h e  head c losure ,  p ropor t iona l  
t o  sp in  rate. However, fu l l - s ca l e  f l i g h t  t e s t s  of motors with nine 
nozzles experienced no eros ion  though spinning at 25,000 RPM. 

NAVAL POSTGRADUATE SCHOOL 

(43)  J. B. ANDERSON: "An Inves t iga t ion  of t h e  Effec t  of Acceleration on t h e  
Burning Rate of Composite Propellants";  Ph.D. Thesis f o r  Naval Post- 
graduate School; NPS-57RV707l-A; August 1966; AD-819847; ( U ) .  

P rope l lan ts  with polyurethane, CTPB, and PBAN binder systems were 
examined i n  cent r i fuge  strand-burning t e s t s  at acce lera t ions  up t o  
2000 G's.  The burning rates of a l l  compositions w e r e  a f f ec t ed  by 
acce le ra t ion ,  and i n  many ins tances  by t h e  presence of t h e  nichrome 
i g n i t i o n  wire. Ef fec ts  ranged from a four fo ld  increase  i n  burning 
rate t o  extinguishment immediately a f t e r  i g n i t i o n .  
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NAVAL POSTGRADUATE SCHOOL (contd . )  

(44)  J. B. ANDERSON and R. E. REICHENBACH: 'IAn Inves t iga t ion  of t h e  Ef fec t  of 
Acceleration on t h e  Burning R a t e  of Composite Propellants";  ICRPG/AIW 
Second Sol id  Propulsion Conference; June 6-8, 1967; ( U ) .  

Es sen t i a l ly  a condensed vers ion  of Anderson's Ph.D. t h e s i s  ( 4 3 ) .  

(45)  E. J .  STURM: "A Study of t h e  Burning Rates of Composite So l id  Propel lan ts  
i n  Acceleration Fields";  Ph.D. Thesis f o r  NPS; March 1968; ( U ) .  

Centrifuge s t r and  tes ts  a t  pressures  o f  500, 1000, and 1500 PSI and 
acce lera t ions  up t o  1000 G I s  i n d i c a t e  t h a t  p ropel lan t  s e n s i t i v i t y  t o  
acce lera t ion  depends upon t h e  bas i c  burn r a t e  of t h e  formulation and 
t h e  oxid izer  and aluminum weight percentages and p a r t i c l e  s i z e s .  I n  
addi t ion ,  a t h e o r e t i c a l  model w a s  developed which successfu l ly  cor- 
relates t h e  d a t a  obtained f o r  non-metallized propel lan ts  operating 
i n  acce lera t ion  environments. 

i 

NAVAL WEAPONS CENTER (formerly Naval Ordnance T e s t  S t a t i o n )  

(46)  D. D. ORDAHL: "Some Problems Inherent i n  t h e  Design and Development of 
Small Sol id  Propellant Auxiliary Power Units"; B u l l e t i n  of 11 th  JANAF 
So l id  Propellant Group (Volume I I ) ,  May 1955; ( C ) .  

Centrifuge t e s t s  of f i v e  double-base propel lan ts  a t  acce lera t ions  up 
t o  50 G I s  ind ica ted  widely varying e f f e c t s  on motor performance. 

(47)  J. E. CRUMP: "Photographic Survey of Aluminum Combustion i n  So l id  Propel- 
lants";  Proceedings of t h e  F i r s t  ICRPG Combustion I n s t a b i l i t y  Conference; 
CPIA Publication No. 68 (Volume I ) ;  January 1965; AD-458060; ( U ) .  

From t h e  aluminum agglomeration observed during t h e  combustion 
process,  it i s  concluded t h a t  t h e  s i z e  of t h e  agglomerates formed 
should be a function of t h e  s i z e  of t h e  binder pockets i n  t h e  propel- 
l a n t ,  and the re fo re  of t h e  s i z e  of t h e  ammonium perchlora te .  

. 1  
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NAVAL WEAPONS CENTER (contd. ) 

(48) J. E. GRUMP: "Surface Charac t e r i s t i c s  of Quenched Samples of Composite- 
Aluminum Propellants";  Proceedings of t h e  F i r s t  ICRPG Combustion Ins ta -  
b i l i t y  Conference; CPIA Publication No. 68 (Volume I ) ;  January 1965; AD- 
4.58060; (U) . 

High-speed motion p i c tu re s  of t h e  propel lan t  quenching process 
ind ica t e  t h a t  t h e  expansion wave crea ted  during quench removes 
almost a l l  aluminum agglomerates from t h e  propel lan t  sur face .  
Subsequent stero-microscopic s t u d i e s  of t h e  propel lan t  sur face  
after quench ind ica t ed  t h a t  t h e  sur faces  of a l l  propel lan ts  
s tud ied  were almost completely covered with aluminum, i n  a form 
apparently i d e n t i c a l  t o  t h a t  i n  t h e  unburned propel lan t .  From 
t h i s  observation, it is concluded t h a t  t h e  binder and ammonium 
perchlora te  pyro l ize  away, leaving t h e  aluminum behind t o  i g n i t e  
l a t e r .  
found t o  be very rough, with t h e  roughness increasing with com- 
bus t ion  pressure.  

I n  addi t ion ,  t h e  sur face  of t h e  quenched samples w a s  

(49)  C. W. ABERNATHY and C. R. RODGERS: "Fluorocarbon Propellant Perform- 
ance i n  an Acceleration Field"; Symposium on t h e  Behavior of Propell-  
ants Under Acceleration F ie lds  : NOTs TP3770 ; June 1965 ; AD-363903 ; (C) a 

Tests of various fluorocarbon propel lan t  formulations a t  sp in  
rates up t o  15,000 RPM yie lded  pos t - f i r ing  res idue  deposits of 
as much as 30% of t h e  i n i t i a l  p rope l lan t  weight, depending upon 
metal addi t ive .  
noted. 

Comparable degradations i n  impulse were a l s o  

(50) K .  H .  BISCHEL: "Propellant S t r u c t u r a l  Problems i n  Spinning Motors"; 
Symposium on t h e  Behavior of Propel lan ts  Under Acceleration F ie lds  ; 
NoTS TP3770; June 1965; AD-363903; ( C >  

Various propel lan t  formulations i n  end-burning g r a i n  configura- 
t i o n s  w e r e  sp in- tes ted  without f i r i n g  t o  determine s t r u c t u r a l  
adequacy. Although f a i l u r e s  were i n i t i a t e d  at d i f f e r e n t  spir'. 
rates depending upon t h e  p rope l l an t ,  t hese  f a i l u r e s  generally 
cons is ted  of cracks s t a r t i n g  a t  t h e  center  of t h e  g ra in  and 
spreading r a d i a l l y .  
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(contd. ) 

(51)  R.  B ,  DILLINGER and R.  W. FEIST: "Spin Ef fec t s  on t h e  I n t e r n a l  B a l l i s t i c s  
of So l id  Propel lan t  Rocket Motors"; Symposium on t h e  Behavior of Propel- 
lants Under Acceleration F ie lds  ; NOTs TP3770; June 1965 ; AD-363903; ( C )  . 

End-burning and internal-burning motors incorporating a v a r i e t y  of 
propel lan ts  were t e s t e d  at sp in  rates up t o  12,000 RPM. Recovered 
g ra ins  and x-ray movies taken during t h e  tests gave evidence of 
both cen te r l ine  coning and edge rounding under spin.  Coning and 
b a l l i s t i c  anomalies experienced under sp in  were reduced or e l i m i -  
nated by various nozzle modifications.  

(52) "Aluminum P a r t i c l e  Combustion Progress Report for 1 Apr. 1964 - 30 June 
1965"; Technical Progress Report No. 415; Apr i l  1966; AD-632606; ( U ) .  

The r e s u l t s  of a number of t h e o r e t i c a l  and experimental investiga- 
t i o n s  of aluminum p a r t i c l e  combustion a re  compiled i n  t h i s  review 
of t h e  cur ren t  (1966) state of knowledge i n  t h i s  f i e l d .  

(53) J .  E. CRUMP: "Aluminum Combustion i n  Composite Propellants";  ICRPG Second 
Combustion Conference; Los Angeles, Ca l i fo rn ia ;  November 1966; CPIA Publi- 
ca t ion  No. 105; pp. 331-353; ( U )  . 

This study shows t h a t  t h e  s i z e  of aluminum agglomerates formed during 
t h e  combustion of composite propel lan ts  i s  determined by t h e  s i z e  of 
t h e  oxid izer  p a r t i c l e s  r a the r  than by t h e  o r i g i n a l  s i z e  of t h e  aluminum. 
However, t h e  agglomerate s i z e  i s  found t o  decrease as t h e  aluminum 
concentration decreases. I n  add i t ion ,  t h e  agglomeration i e  apparently 
unaffected by t h e  type of binder.  

I 

OLIN-MATHIESON 

( 5 4 )  P. G.  BUTTS and J .  C. BARR: "Developments i n  t h e  Application of Rubber 
Base Ammonium Ni t r a t e  Propellants t o  So l id  Propellant G a s  Generation"; 
B u l l e t i n  of t h e  15th Meeting of t h e  JANAF So l id  Propellant Group (Volume V ) ;  
June 1959; ( C ) .  

Some problems a t tendant  t o  t h e  operation of gas generators at 
pressures below 650 PSI with acce lera t ions  of 75 G I s  a r e  b r i e f l y  
noted . 
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PICATINNY ARSENAL (IJ. S. Army Munitions Command) 

( 5 5 )  R.  VECCHIO and S. HARNETT: " S t a t i c  Spin Testing of So l id  Propel lan t  
Rockets"; Bu l l e t in  of t h e  F i r s t  Meeting of ICRPG Working Group on 
S t a t i c  Testing; CPIA Publication N o .  24; 16-18 October 1963; ( C ) .  

This desc r ip t ion  of a test  s t and  used f o r  sp in  t e s t i n g  s m a l l -  
diameter motors a t  rates up t o  30,000 RPM includes a l imi t ed  
number of t h e  r e s u l t s  obtained with end-burning g ra ins  of 
d i f f e r e n t  composition. 
d i f f i c u l t i e s  were evidenced i n  some tests under sp in ,  but no 
e f f e c t s  were noted i n  o thers .  

Both cen te r l ine  coning and i g n i t i o n  

(56)  S. HARNETT and M. OLSTEIN: "The Effec t  of Spin on t h e  I n t e r n a l  B a l -  
l i s t i c s  of End-Burning Rocket Propellants";  Picatinny Arsenal Tech- 
nic:al Memo Report No. 1555; October 1964; AD-357261; ( C ) .  

Dynamic t e s t s  of a 3 I N  diameter end-burner a t  sp in  rates up t o  
12,000 R P M  y ie lded  l a r g e  deviations from s t a t i c  t es t  r e s u l t s .  
Various b a f f l e  arrangements were subsequently examined i n  ari e f f o r t  
t o  e l imina te  cen te r l ine  coning and pressure  va r i a t ions .  

(57)  S. HARNETT and M. OLSTEIN: "Effects of Spin on End-Burning So l id  Double- 
Base Propel lan t  Grains"; Symposium on t h e  Behavior of Propel lan ts  Under 
Acceleration F ie lds  ; NOTs TP3770 ; June 1965 ; AD-363903 ; ( C )  . 

Essen t i a l ly  a r e p r i n t  of (56) .  

(58) W. G .  CLARK and F. C.  FEMIA: " In te r rupted  Burning of Rocket Propellants 
Under High Spin Rates"; Bu l l e t in  of t h e  F i f t h  Meeting of t h e  Sol id  Pro- 
p e l l a n t  Rocket S t a t i c  T e s t  Working Group; CPIA Publ ica t ion  No. 161; 
December 1967; ( C ) .  

Primarily concerned with tes t  equipment and methods, t h i s  quali-  
t a t i v e  discussion of t h e  r e s u l t s  achieved with internal-burning 
motors operating at 9600 R P M  ind ica t e s  a d e f i n i t e  time-dependent 
pocking of t h e  gra in  sur face  with some g ra ins ,  apparently t h e  
r e s u l t  of l ead  deposit ion.  I n  azddition, t h e  interrupted-burning 
technique i s  shown t o  be a va luable  means of determining sur face  
progression i n  a sp in  environment. 
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PURDUE UNIVERSITY (Jet  Propulsion Center) 

(59) J. D. HOFFMAN e t  al :  "Invest igat ion of High Acceleration on the  I n t e r i o r  
B a l l i s t i c s  of So l id  Propel lant  Rocket Motors"; Monthly Progress Reports 
on Contract NOS. DA-01-021-AMC 428 ( Z )  D4-13612, DA-01-021-AMC 12864 ( Z ) ,  
DA-01-021-AMC 15257 ( Z )  , and DA-AH01-67-C-2215; Ju ly  1964 t o  Present ;  (U) . 

This combined a n a l y t i c a l  and cold-gas experimental study has attempted 
t o  def ine t h e  e f f e c t s  of sp in  on t h e  gas dynamics associated with simu- 
l a t e d  end-burning and cylindrical-burning g ra in  geometries. 

(60) J. D. HOFFMAN: "Invest igat ion of Acceleration Effec ts  i n  Spinning Motors"; 
Symposium on the Behavior of Propel lants  Under Acceleration F ie lds ;  
MOTS TP3770; June 1965; AD-363903; ( C )  . 

Outlines t h e  t a sks  t o  be performed f o r  (59) .  

(61) D. J. NORTON: "An Analytic Study of t h e  Effec ts  of Rotation on t h e  Per- . .  
formance of Sol id  Propei lant  Rocket Motors"; Report No. TM-66-8; 6 Apri l  
1966; pp. 293-316; (u) . 

The i n i t i a l  t h e o r e t i c a l  models developed t o  analyze t h e  r o t a t i o n a l  
flow from an end-burning g ra in  a r e  discussed. Preliminary r e s u l t s  
obtained with these  models i nd ica t e  a d e f i n i t e  reduction i n  nozzle 
e f f l u x  capab i l i t y  . 

(62) B. W .  FARQUHAR: "An Experimental Study of t h e  Effec ts  of Rotation on 
Spin S tab i l i zed  Rocket Motors"; Report No. TM-66-8; 6 Apri l  1966; 
pp. 317-334; (U). 

The design and fabr ica t ion  of a 6 I N  diameter cold gas ( a i r )  t e s t  
motor i s  described, including an t ic ipa ted  modifications t o  extend 
t h e  current  3500 RPM r o t a t i o n  speed capab i l i t y  t o  12,000 RPM. 

(63) B. W. FARQUHAR, J. D. HOFF'MAN, D.  J .  NORTON: "Invest igat ion of High 
Acceleration on t h e  I n t e r i o r  B a l l i s t i c s  of So l id  Propel lant  Rocket 
Motors" ; Report No. F-66-10; December 1966 ; AD-651110 ; ( U )  . 

This updated summary of t h e  work previously reported i n  (61) and 
(62) discusses:  
f i e d  t h e o r e t i c a l  models, and the  b a s i s  f o r  a more comprehensive 
a n a l y t i c a l  approach; and ( B )  t h e  problems at tendant  t o  t h e  f ab r i -  
ca t ion  of t he  experimental t e s t  motor and instrrumentation. 

( A )  t h e  a n a l y t i c a l  r e s u l t s  obtained using simpli-  
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PURDUE UNIVERSITY (contd.)  

(64)  D.  J. NORTON, B. W. FARQUHAR, and J. D. HOFFMAN: "Analytical  Studies  of 
t h e  I n t e r i o r  B a l l i s t i c s  of Spin S tab i l i zed  Rocket Motors - A Literature 
Survey"; Report No. TM-67-1; January 1967; ( U )  . 

This repor t  presents  a survey of l i t e r a t u r e  per t inent  t o  contained 
r o t a t i n g  flows, with emphasis on appl icat ions t o  t h e  study of t he  
i n t e r n a l  b a l l i s t i c s  of spinning rocket  motors. Analyt ical  models 
descr ibing acce lera t ion  e f f e c t s  on s o l i d  propel lant  burning rates 
are also reviewed. 

(65)  B. W .  FARQUHAR, D. J. NORTON, and J. D.  HOFFMAN: "Experimental Studies  
of t he  I n t e r i o r  B a l l i s t i c s  of Spinning Rocket Motors"; Purdue University 
Jet Propulsion Center Report No. TM-67-2C; January 1967; ( C ) .  

Complementing JPC Report No. Td-67-1, t h i s  document reviews : experi- 
mental s tud ie s  of various types of (cold-gas) swir l ing flows; r e s u l t s  
obtained i n  sp in  t e s t s  of a v a r i e t y  of s o l i d  propel lants  (composite, 
double-base, e t c . )  i n  d i f f e r e n t  motor configurations;  and a few of 
t h e  f a c i l i t i e s  cu r ren t ly  ava i lab le  for sp in  t e s t i n g .  

(66) D. J. NORTON: "The Analysis of Rotating Flow i n  Sol id  Propel lant  Rocket 
Motors"; Report No. TM-67-33 pp. 52-60; Apr i l  1967; ( U ) .  

An a n a l y t i c a l  method for determining r e q u i s i t e  nozzle th roa t  s i z e  
f o r  end-burning rocket motors i s  presented, along with an ou t l ine  
f o r  an t i c ipa t ed  s tudies  of a simulated internal-burning gra in  
geometry. 

(67) B. W. FARQUHAR: "An Experimental Cold-Flow Study of t h e  In t e rna l  B a l -  
l i s t i c s  of Spinning Sol id  Propel lant  Rocket Motois" ; Report No. TM-67-3; 
pp. 61-67 ; Apri l  1967; ( U )  . 

Data obtained with a simulated end-burning gra in  operating a t  rota- 
t i o n a l  speeds up t o  13,000 RPM indicated t h a t  t h e  mass flow reduction 
experienced i n  a sp in  environment i s  pr imari ly  a function of t he  
r a t i o  of t h e  angular ve loc i ty  of t h e  gas t o  t h e  axial ve loc i ty  of 
t h e  gas i n  t h e  motor chamber. 
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PURDUE UNIVERSITY (contd. ) 

(68) B. W. FARQUHAR, D. J. NORTON and J. D. HOFFMAN: "An Experimental Inves t i -  
ga t ion  of Swirling Flow i n  Nozzles"; Report No. TM-67-8; January 1968; (U). 

The r e s u l t s  presented ind ica t e  t h a t  "vortex choking" (mass flow 
reduction i n  a sp in  environment) i s  influenced by: 
generated i n  t h e  chamber; t he  nozzle cont rac t ion  r a t i o ;  and the  ro ta -  
t i o n a l  speed of t h e  motor. However, t h i s  choking phenomenon appears 
t o  approach a l imi t ing  va lue ,  beyond which t h e  m a s s  flow remains 
e s s e n t i a l l y  constant.  

t he  type of vortex 

REDEL 

* -  

(69) "An Inves t iga t ion  of t he  Effects  of Acceleration on t h e  Burning Character- P 

i s t i c s  of Sol id  Propellants";  Report No. KPR-1; 1 February 1960; AD-315309 ( C ) .  

A program t o  inves t iga t e  t h e  e f f e c t s  of acce lera t ions  up t o  100 G I s  
on s o l i d  propel lant  burning i s  out l ined.  Sample propel lan t  types are 
t o  include composite, double-base, and CMDB, with and without aluminum. 

(70)  "An Inves t iga t ion  of t h e  Effec ts  of Acceleration on t h e  Burning Character- 
i s t i c s  of So l id  Propellant";  Report No. KPR-2; 1 May 1960; ( C )  . 

In te r rupted  burning t e s t s  of a polysulf ide propel lant  (Thiokol BF 117) 
gave inconclusive r e s u l t s .  

(71) " A n  Inves t iga t ion  of t h e  Effec ts  of Acceleration on t h e  Burning Character- 
4 s t i c s  of Sol id  Propel lants";  Report N o .  KPR-3; 1 August 1960; AD-318830; ( C ) .  

Tests  of an OMAX gas generator  propel lant  y ie lded  considerable va r i -  
a t ions  from s t a t i c  behavior under cent r i fuge  and coaxial  sp in  accel-  
e ra t ions  of 100 G I s .  Both i g n i t i o n  and equi l ibr ium burning were 
s i g n i f i c a n t l y  a f fec ted  by both t h e  magnitude and d i r ec t ion  of t h e  accel-  
e r a t ion  vector with respec t  t o  t h e  propel lan t  surface.  
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REDEL (contd. ) 

(72) "An Inves t iga t ion  of t h e  Effects of Accelkra-bion on t h e  Burning Character- 
i s t i c s  of Sol id  Propellants";  Report No. KPR-4; 1 November 1960; AD- 
321063; ( c ) .  

Limited centr i fuge tes t s  of a double-base propel lant  at 50 and 100 G I s  
indicated reductions i n  burn rake with acce lera t ion  toward t h e  surface 
and increased r a t e s  with the  acce lera t ion  away from t h e  surface.  
Additional t e s t s  of a polysulf ide composite propel lant  yielded 
increased burning r a t e s  with accelera.tion t o  e i t h e r  d i rec t ion .  

(73) "An Inves t iga t ion  of t h e  Effec ts  of Acceleration on t h e  Burning Character- 
i s t i c s  of Sol id  Fropellants";  fieport No. KPR-5; 1 February 1961; ( C ) .  

Tes t s  of' an a lminizef i  :mmonium perchlorate  propel lant  (GCR-524) 
ind ica te  t h a t  t h e  burn r a t e  i s  increased by accelerat ion away from 
t h e  burning surface and decreased by acce lera t ion  i n t o  t h e  surface.  
Ign i t i on  and r epea tab i l i t y  problems encountered during these  tests 
render the  r e s u l t s  somewhat questionable.  

(-'4) "An Inves t iga t ion  t o  Characterize t h e  Effec ts  of Acceleration on t h e  
Burning of Gun-Boosted Rocket Propellant";  Report No. VML-6; May 1963; 
AD-345926; ( C )  . 

Accelerations of 100 G ' s  were shown t o  influence both t h e  ign i t i on  
and equilibrium burning of a double-base propel lant .  
measurements obtained while f i r i n g  perforated gra ins  under sp in  
and end-burning grains  at various or ien ta t ions  t o  t h e  acce lera t ion  
vector  w e r e  cons is ten t ly  7-22% higher than those measured s t a t i c a l l y .  

Pressure 

(75) "An Inves t iga t ion  t o  Characterize t h e  Effects of Acceleration on t h e  
Burning of Gun-Boosted Rocket Propellant" ; Fina l  Report No. VML-14 ; 
1 March 1964; AD-356358; (C) . 

Tests of t h e  HX-12 and JPN double-base propel lants  under 100-G 
accelerat ions indicated t h a t  higher chamber pressures amplify t h e  
increase i n  burning rate measured with acce lera t ion  away from t h e  
surface.  On t h e  other  hand, increased pressure tended t o  reduce 
t h e  decrease i n  burning rate evidenced with accelerat ion i n t o  t h e  
surface.  

(76) "An Inves t iga t ion  t o  Characterize t h e  Effects of Acceleration on t h e  
Burning of Gun-Boosted Rockets"; Rede; Corporation VML-15; May 1964; ( C ) .  

Cyl indrical ly  perforated gra ins  of N-5 propel lant  exhibi ted l a rge  
increases  i n  combustion pressure ,  (approximately 2 : l )  when sp in  
t e s t e d  a t  10,000 RPM. I 
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REDEL (contd. ) 

(77) "An Investigation to Characterize the Effects of Acceleration on the 
Burning of Gun-Boosted Rocket Propellants"; Report No. VML-21; 15 December 
1964; AD-358267; (C) . 

Two double-base propellants (N-4 and Nm5) were tested at 10,000 RPM 
in grain configurations which provided for: 
(B) dual end burning with an inhibited cylindrical port. Following 
nozzle ejection due to excessive chamber pressures under spin, nozzle 
(throat) size was varied to allow operation at normal pressure. In 
some instances of nozzle ejection with the dual end-burning grains, 
propellant/inhibitor structural failure was noted along the internal 
port. 

(A) radial burning; and 

(78) J. W. DE DAPPER and W. DROBOT: "Experimental Investigation of the Influence 
of High Spin Rates (10,000 rpm) on the Combustion of N-4 and N-5 Propellants"; 
Symposium on the Behavior of Propellants Under Acceleration Fields: NOTs 
TP3770; June 1965 ; AD-363903 ; ( C) . 

Essentially a reproduction of (77). 

(79) J. W. DE DAPPER and W. DROBOT: 
Rates of Selected Propellants"; CPIA Publication No. 83; August 1965; 
pp. 101-127; (C) . 

"The Effect of Acceleration on the Burning 

The results presented in (69)-(77) are summarized, indicating widely 
variant responses to acceleration environments up to 200 GIs. Double- 
base propellant testing was emphasized, with large differences in per- 
formance noted among the various formulations. The inconsistent results 
obtained precluded any generalization of these results to deduce causal 
mechanisms. 

REDSTONE ARSENAL (U. S. Army Missile Command) 

'(80) W. D. GUTHRIE and E. C. M. CHEN: "Effects of Acceleration on Burning Rates 
of Solid Propellants"; Report RK-TR-63-22; 1 October 1963; (C). 

A semi-empirical method of estimating the effects of acceleration on 
motor performance uses experimental burn rate/acceleration data in 
combination with "zoned" surface area regression to estimate chamber 
pressure histories. 
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REDSTONE ARSENAL (contd. ) 

(81) T. E .  MARTIN and E. J. PALM; "The Effect  of Acceleration on t h e  Combustion 
of Propellants";  Fourth Meeting of TCCP Panel 0-6, A Review of t h e  Work 
i n  t h e  United S ta t e s  on t h e  Effec t  of Acceleration on Propellant Combustion; 
August 1964; ( C ) .  

This brief review of t h e  Army/Na.sy /Air  Force accelerat ion wc'rk p r io r  
t o  1964 a l s o  includes t h e  r e s u l t s  of a MICOM t e s t  program tc- i nves t i -  
ga te  t h e  e f f e c t s  of i nh ib i t i ng  varying amounts of propel lant  surface 
on motor pepformance under spin.  

(82) W. D. GUTHRIE: "Some Techniques t o  Design Rocket Motors t o  Spinning 
EnQironment"; Symposium on the  Behavior of Propel lants  Under Acceleration 
F ie lds ;  NOTs TP3770; June 1965 ; AD-363903; ( C )  . 

This q u a l i t a t i v e  discussion of t h e  sp in  e f f e c t s  noted with th ree  
d i f f e ren t  rocket systems indica tes  t h e  p o s s i b i l i t y  of po ten t ia l ly  
severe overpressurizat ion when operating i n  a sp in  environment. 

(83) W .  D. GUTHRIE and D. R.  ULLOTH: "A Study of Vortex Effec ts  i n  Spinning 
Rocket Motors" ; Report RK-TR-66-8 ; Apri l  1966 ; AD-374624 ; ( C )  . 

Spin t e s t s  of a 40mm end-burning motor a t  r a t e s  up t o  12,000 RPM 
indica te  severe cen te r l ine  coning of gra ins  extinguished at nozzle 
e j e c t i o n ,  with t h e  amount of coning proport ional  t o  sp in  rate. 
Various nozzle ba f f l e s  were inves t iga ted  t o  reduce the  vortexing 
phenomena. 

SHEFFIELD UNIVERSITY 

(84) G. SOTTER and J. SWITHENBANK: "Vortex Generation i n  Sol id  Propellant 
Rockets"; AIAA Journal ;  Volume 2, No. 7 ;  Ju ly  1964. 

Acoustic streaming theory i s  modified and used t o  pred ic t  t he  
e f fec ts  a r i s i n g  from vor t i ce s  generated i n  s o l i d  propel lant  
rocket motors during geriods of combustion i n s t a b i l i t y .  With 
a q u a l i t a t i v e  ConsidePation of combustion heat r e l ease  on vortex 
generation, it i s  shown t h a t  l a rge  torques are possible  within 
propel lant  c a v i t i e s  and t h a t  s ign i f i can t  r a d i a l  pressure gradients  
w i l l ' b e  experienced with the  presence of t h e  vo r t i ce s .  
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THIOKOL CHEJKICAL CORPORATION (ELKTON DIVISION) 

(85) "Chemical Approaches t o  Rapid Burning Propellants";  Report No. E71-63, 
Volumes I ,  11, and 111; 7 June 1963; AD-338226, -338248, and -338198; ( C ) .  

Volume I1 (ADm338248) : Limited ambient-pressure cen t r i fuge  tests of 
medium-- and fast-burning p rope l l an t s  i n d i c a t e  125% and 50% increases  , 
r e spec t ive ly ,  i n  burning r a t e s  a t  acce le ra t ions  of approximately 
750 G ' s .  I n  add i t ion ,  an ana lys i s  of acce le ra t ion  e f f e c t s  on one- 
dimensional gas dynamics concludes t h a t  motor performance w i l l  be 
s l i g h t l y  improved under acce le ra t ion .  

(86) "Evaluation of Sol id  Rocket Motor B a l l i s t i c  P rope r t i e s  Under High ' G I  

Environments"; Volumes I and 11; Report E93-63; (RTD-TDR-63-1054) 
June 1963; Volume I1 AD-337640; ( C )  . 

Volume I: Not ava i l ab le .  
Volume 11: Class i f i ed  propel lan t  p rope r t i e s  are presented i n  t h i s  

volume i n  order t h a t  Volume I may be unc la s s i f i ed .  

(87) "A Research Study t o  Advance the  State-of-the-Art of So l id  Propel lan t  Grain 
Design" ; Summary Report E92-63 ; (RTD-TDR-63-1049) October 1963 ; AD- 
420826; ( U )  . 

S t r a i n  l e v e l s  up t o  12% were used t o  evaluate t h e  e f f e c t  of s t r a i n  on 
t h e  burning r a t e  of an HA/MAPO, an HB/Epoxy, a polyurethane, and a 
p l a s t i s o l  p ropel lan t .  E f fec t s  were found t o  vary considerably with 
formulation, with increases as high as 39% (a t  500 PSI) and 26% 
(at  1000 PSI) measured with one composition a t  a 10% s t r a i n  l e v e l .  
I n  addi t ion ,  t h e  burn r a t e  pressure  dependency (exponent) a l s o  
appeared t o  vary from s t a t i c  values under s t r a i n .  

' 

(88) D .  SAYLAK: "The Ef fec t s  of S t r a i n  on t h e  Burning R a t e  of Sol id  Propel- 
l an t s " ;  Bu l l e t in  of t h e  Second Meeting of t h e  ICRPG Working Group on 
Mechanical Behavior; CPIA Publ ica t ion  No. 27; October 1963; p. 423; ( U ) ,  

A condensation of t h e  r e s u l t s  repor ted  i n  (87) .  

(89) J .  G. HORTON: "Experimental Evaluation of Sol id  Propellant Rocket Motars 
Under Acceleration Loads"; AIAA P rep r in t  No. 64-133; Presented a t  t h e  A I M  
Sol id  Propel lan t  Rocket Conference, Palo Alto,  Ca l i fo rn ia ;  29-31 January 
1964; ( u ) .  

Centricuge tests of both star and c y l i n d r i c a l l y  per fora ted  PBAA gra ins  
ind ica ied  no e f f e c t s  of a x i a l  acce le ra t ions  as high as 100 G I s  on 
propel lan t  performance. 
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THIOKOL ELKTON (contd. ) 

(90) J. G. HORTON: "Experimental Evaluation of So l id  Propel lan t  Rocket Motors 
Under Acceleration Loads"; AIAA Jou rna l  of Spacecraft  and Rockets; Volume I,  
No. 6; November-December 1964; pp-.' 673-5';' (U-)'.' " - - . - 

A condensation of r e s u l t s  repor ted  i n  (89).  

(91) W .  G. ANDREWS, J. W .  EDWARDS, and D. R .  REED: "Some Observations on 
B a l l i s t i c  Anomalies and Spin S tab i l i za t ion" ;  Proceedings of t h e  American 
Ast ronaut ica l  Society 1967 National Meetings; June 1967; ( U ) .  

The deviations from s t a t i c  performance usua l ly  experienced i n  a spin 
environment are b r i e f l y  discussed. 

THIOKOL CHEMICAL CORPORATION (HUNTSVILLE DIVISION) 

(92) R. H.  WALL: " I n t e r i o r  B a l l i s t i c  and Grain Design Studies of a Spin- 
S t a b i l i z e d  Gun-Boosted Rocket Using a Polysulfide Perchlorate Propellant";  
Bu l l e t in  of t h e  11 th  JANAF Sol id  Propel lan t  Meeting; May 1955; ( C ) .  

Gun-launched rounds with four  d i f f e r e n t  non-aluminized propel lan t  
g ra in  designs were used t o  eva lua te  t h e  e f f e c t s  of high r a d i a l  and 
a x i a l  acce le ra t ions  on motor performance. Data obtained from a 
reduction of vehic le  d is tance  - t i m e  measurements ind ica ted  a 135-165% 
increase  i n  burn rate under acce le ra t ion ,  with no apparent change i n  
propel lan t  pressure exponent. 

(93) J. M. MURPHY and R .  H. WALL: "Effects of Grain Configuration Upon t h e  
Burning Rate of a Spinning Rocket Motor"; AIAA Journa l  of Spacecraft 
and Rockets; Volume 3 ,  No. 2;  February 1966; ( U )  . 

The r e s u l t s  of Wall's 1955 study (92) a re  I t  

burn r a t e  augmentation with a measure of g ra in  configuration complexity. 
a n t i f i e d "  by co r re l a t ing  

(94)  R .  L. GLICK: "An Analy t ica l  Study of t h e  Ef fec t s  of Radial  Acceleration 
Upon t h e  Combustion Mechanism of So l id  Propellant";  Thiokol Rpt. No. 42-66; 
NASA Rpt. No. 66218; December 1966; (U) . 

This t h e o r e t i c a l  study of sp in  e f f e c t s  on t h e  i n t e r n a l  b a l l i s t i c s  of 
a rocket motor containing a c y l i n d r i c a l l y  per fora ted  g r a i n  concludes 
t h a t  motor performance i s  primarily a function of s w i r l  e f f e c t s  on 
nozzle gas dynamics and acce lera t ion  e f f e c t s  on propel lan t  burning 
rate. 
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THIOKOL HUNTSVILLF: (contd.)  
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j 

(95)  L. H .  CAVENY, R.  L. GLICK,  and B. K. IIODGE: "Effect of Acceleration on 
t h e  Burning Rate of Composite Propellants";  Reprint of a paper presented 
a t  the  A I M  Third Propulsion J o i n t  Spec ia l i s t  Conference, Washington, D . C . ;  
17-21 Ju ly  1967; (Control No. U-67-4465); ( U ) .  

Es sen t i a l ly  a condensation of t he  r e s u l t s  presented i n  (94) .  
t h e  theory f o r  non-metallized propel lants  has been modified s l i g h t l y  
t o  allow b e t t e r  pred ic t ion  of e f f e c t s  noted at high acce lera t ion  
levels. 

However 

(96) R .  L .  GLICK and M. S.  KILGORE: "Effect of Specif ic  Heat Rat io  on Mass 
Flow f o r  Swirling Nozzle Flow"; AIAA Journa l  of Spacecraft  and Rockets; 
Volume I V ,  No. 8; August 1967; pp. 1098-1099;' (U) . 

The numerical r e s u l t s  presented i n  Mager's ana lys i s  ( 3 )  a r e  expanded 
t o  include values f o r  spec i f i c  heat r a t i o s  varying from 1.10 t o  1.28. 

7 
I 

(97) G. F. MAGNUM: "A Study of t h e  Ef fec t s  of Radial  Acceleration Upon the  
Combustion Mechanism of Sol id  Propellants";  F i r s t  Quarterly Technical 
Summary Le t t e r ,  Contract NAS1-7034; April-June 1967; (U). 

I" 

This repcrrt ind ica tes  t h a t  t h e  four  phases of t h i s  study f o r  NASA- 
Langley w i l l  include:  
s l o t s  under sp in ;  ( B )  a g ra in  regression ana lys i s  t o  pred ic t  burning 
surfac6 under sp in ;  ( C )  a t h e o r e t i c a l  study of t h e  heat t r a n s f e r  
at t h e  head closure of a spinning motor; and (E) review and r ev i s ion  
of t h e  burning r a t e  models presented i n  (94 ) .  
menting some of t h e  preliminary r e s u l t s  obtained i n  programs ( A ) ,  
( B ) ,  and ( D ) ,  t h i s  repor t  a l s o  presents  a review o f  t h e  current  
technology ava i lab le  f o r  pred ic t ing  the  i n t e r n a l  b a l l i s t i c s  of 
spinning rocket motors. 

( A )  an ana lys i s  of t h e  flow i n  circumferent ia l  

I n  addi t ion  t o  docu- 
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THIOKOL HUNTSVILLE (kontd.)  

(98) G. F. MAGNUM: "A Study of t h e  Effec ts  of Radial  Acceleration Upon t h e  
Combustion Mechanism of Sol id  Propellants";  Second Quarterly Techriical 
Summary Letter,  Contract NAS1-7034; July-September 1967; ( U )  . 

( A )  

( B )  

A computer program t o  pred ic t  t h e  state of t h e  gas a t  t h e  
s l o t  e x i t  i s  being wr i t ten .  
A computerized technique f o r  ca lcu la t ing  t h e  regression of a 

has been developed using Northam's r e s u l t s  f o r  acce lera t ion  
s e n s i t i v i t y  as a funct ion of t h e  angle of t h e  acce lera t ion  
vector  with respect  t o  t h e  propel lant  surface (33) .  
An ana lys i s  of nozzle convective heat ing i s  being developed 
using a semi-empirical approach r a t h e r  than an i n t e g r a l  
boundary layer  method. 
Data obtained from Anderson's study (43)  ind ica tes  t h a t  t h e  
p i t t i n g  parameter of (94) must be modified f o r  metal l ized 
propel lan ts .  

star" gra in  and r e s u l t i n g  chamber pressure h i s to ry  under spin 11 

( C )  

(D) 

(99) 6. F. MAGNUM: "A Study of t h e  Effec ts  of Radial Acceleration U:on the  
Combustion Mechanism of Sol id  Propel lants";  Third Quarterly Technical 
Summary Le t t e r ,  Contract NAS1-7034; October-December 1967; ( U ) .  

( A )  A computer program i s  being wr i t t en  t o  study t h e  e f f e c t s  of 
sp in  rate,  s l o t  geometry, p a r t i c l e  s i z e ,  p a r t i c l e  dens i ty ,  
and i n i t i a l  loca t ion  of t h e  p a r t i c l e  on t h e  r e t en t ion  of 
metal  (oxide) i n  a s l o t  under spin.  
The nozzle heating ana lys i s  pred ic t s  increased heating rates 
under sp in ,  with those ca lcu la ted  for  a sample case a t  10,000 
RPM apprQxinately th ree  times higher than t h e  s t a t i c  r e s u l t s  
at t h e  nozzle th roa t  sec t ion .  
A modification of t h e  p a r t i c l e  r e t en t ion / r e j ec t ion  c r i t e r i o n  
for t h e  m e t a l l i z e d  burn r a t e  model of (94) ind ica tes  a marked 
improvement i n  a b i l i t y  t o  co r re l a t e  t h e  r e s u l t s  of Anderson's 
experiments ( 43 ) . 

( C )  

(D) 

(100) B. K. HODGE and R.  H. WHITESIDES: "Theoretical  Study of B a l l i s t i c s  and 
Heat Transfer i n  Spinning Sol id  Propellant Rocket Motors"; F ina l  Report , 
Contract NAS1-7034; NASA CR 66639; Ju ly  1968; ( U )  . 

83 



RESEARCH REFERENCES 

UNITED AIRCRAFT CORPORATION 

(101) R. W. HALZ, B.  V. JOHNSON, F. S. OWEN,and A. TRAVERS: "Experimental 
Inves t iga t ion  of Charac t e r i s t i c s  of Confined Jet-Driven Vortex Flows"; 
UAC Research Laboratories Report R-2494-2; November 1961; AD-328502; ( C ) .  

Experimental measurements of both w a t e r  and a i r  flows i n  a vor tex  
tube ind ica t e :  ( A )  good agreement with t h e o r e t i c a l l y  pred ic ted  
r a d i a l  flow i n  t h e  end-wall boundary l aye r ;  and ( B )  t h a t  t h e  secondary 
r a d i a l  flow i n  t h i s  boundary l aye r  i s  of t h e  same magnitude as t h e  
t o t a l  flow. 

UNITED TECHNOLOGY CENTER 

(102) J ,  FEEMSTER: "High Acceleration Rocket Motor Development Program"; UTC 
Report No. 2034-FR; 6 May 1963; AD-338916; ( C )  . 

Tests  of two d i f f e r e n t  composite propel lan ts  under cent r i fuge  
acce lera t ions  as high as 800 G ' s  p a r a l l e l  t o  t h e  burning sur face  
y ie lded  no s i g n i f i c a n t  devia t ions  from s t a t i c  behavior. 

(103) B. L. IWANCIOW, W ,  J .  LAWRENCE, and J .  MERTENS: "The Effec t  of Accel- 
e r a t i o n  on So l id  Composite Propel lan t  Combustion"; AIAA Paper No. 64-227; 
presented at t h e  F i r s t  AIAA Annual Meeting, Washington, D . C . ;  29 June - 
2 Ju ly  1964; (U) . 

Micromotors with c y l i n d r i c a l  po r t  g ra ins  were f i r e d  on a cent r i fuge  
with t h e  acce le ra t ion  vec tor  a l igned  with t h e  t h r u s t  a x i s .  The 
acce lera t ion  had no apparent e f f e c t  on t h e  burning r a t e  f o r  e i t h e r  
t h e  aluminized or t h e  non-aluminized composites s tud ied .  However, 
a degradation i n  c h a r a c t e r i s t i c  v e l o c i t y  with increas ing  acce lera t ion  
w a s  noted f o r  both p rope l l an t s .  This degradation could not be 
a t t r i b u t e d  t o  combustion ine f f i c i ency ,  and w a s  t he re fo re  assumed 
t o  be t h e  r e s u l t  of Cor io l i s  acce le ra t ion  fo rces  ac t ing  on t h e  
nozzle e f f lux .  

(104) B. L.  IWANCIOW and W. J. LAWRENCE: "The Ef fec t s  of Acceleration on 
Sol id  Propellant Combustion" ; Symposium on t h e  Behavior of Propel lan ts  
Under Acceleration F ie lds  ; NOTs TP3770 ; June 1965 ; AD-363903 ; ( C )  . 

I 

I 
The r e s u l t s  of t h e  axial acce le ra t ion  t e s t s  repor ted  i n  (102) 
a r e  summarized, along with l imi t ed  r e s u l t s  obtained with an 
a l m i n i z e d  PBAN formulation spun t o  900 RPM (45 G ' s ) .  
sp in  tests ind ica ted  more thaq  100% increases  i n  burn rate a t  a 
r a d i a l  acce le ra t ion  of 45 G I s .  

These 
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UNITED TECHNOLOGY, CENTER (contd.)  

(105)  C. T .  CROWE and P. G. WILLOUGHBY: " Inves t iga t ion  of P a r t i c l e  Growth 
and B a l l i s t i c  E f fec t s  on Solid-Propellant Rockets"; UTC 2 1 2 8 - ~ ~ 1 ;  
30 Apr i l  1965; AD-462937; ( U )  . 

I n  addi t ion  t o  presenting a b r i e f  review of t h e  e f f e c t s  of 
r o t a t i o n  on motor c h a r a c t e r i s t i c s ,  an ana lys i s  of sp in  e f f e c t s  
on nozzle flow concludes t h a t  t h e  gas  flow i n  a t y p i c a l  rocket 
nozzle i s  not s i g n i f i c a n t l y  a f f ec t ed  by ro t a t ion .  

(106) C. T .  CROWE and P. G.  WILLOUGHBY: " Inves t iga t ion  of P a r t i c l e  Growth 
and B a l l i s t i c  E f fec t s  on Solid-Propellant Rockets";.UTC 2128-QT2; 
28 J u l y  1965; AD-467102; ( U )  . 

From a preliminary ana lys i s  of acce lera t ion  e f f e c t s  on t h e  heat 
t r a n s f e r r e d  between t h e  flame zone and t h e  propellant sur face ,  
it i s  concluded t h a t  acce lera t ion  w i l l  not a f f e c t  t h e  gas-phase 
heat t r a n s f e r .  
of r o t a t i o n  on t h e  nozzle e f f l u x  from a c y l i n d r i c a l l y  per fora ted  
g ra in .  

Mager's ana lys i s  ( 3 )  i s  used t o  estimate t h e  e f f e c t s  

(107) C .  T.  CROWE and P. G. WILLOUGHBY: " Inves t iga t ion  of P a r t i c l e  Growth 
and B a l l i s t i c  E f fec t s  on Solid-Propellant Rockets"; LTC-2128 - QT3; 
October 29, 1965; AD-473426; ( U )  . 

Spin tests performed with both aluminized and non-aluminized 
PBAN formulations ind ica ted  no burn rate augmentation with t h e  
non-aluminized composition at r a d i a l  acce le ra t ions  up t o  100 G ' s ,  
and a 110% increase  i n  burn rate with t h e  aluminized propel lan t .  
A s ign i f i can t  reduction i n  burn r a t e  ampl i f ica t ion  i s  noted with 
a reduction i n  aluminum p a r t i c l e  s i z e .  

(108) C.  T .  CROW and P. G. WILLOUGHBY: " Inves t iga t ion  of P a r t i c l e  Growth 
and B a l l i s t i c  E f fec t s  on Solid-Propellant Rockets"; UTC-2128-FR; 
1 5  June 1966; AD-486262; ( U )  . 

Spin tests of PBAN formulations with various combinations of 
aluminuin and ammonium perchlora te  p a r t i c l e  sizes ind ica t e  t h a t  
acce le ra t ion  e f f e c t s  on burn r a t e  may be s i g n i f i c a n t l y  more 
s e n s i t i v e  t o  AP s i z e  than  t o  Al. 

(109) C. T. CROWE and P. G. WILLOUGHBY: "Effect of Spin on t h e  I n t e r n a l  
B a l l i s t i c s  of a Solid-Propellant Motor"; AIAA Paper No. 66-523; 
June 1966; ( U )  . 

A condensation of t h e  sp in  acce lera t ion  s tud ie s  presented i n  
(105) - (108). 
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UNITED TECHNOLOGY CENTER ( cont d. ) 

(110) C .  T .  CROWE and P. G. WILLOUGHBY: "A Study of P a r t i c l e  Growth i n  a 
Rocket Nozzle"; A I M  Paper No. 66-639; June 1966; ( U ) .  

A condensation of t h e  p a r t i c l e  growth s t u d i e s  repor ted  i n  (107) - (108) .  I 

(111) D. R .  MATTHEWS: "Analytical  and Experimental Program t o  Determine Effec t  
of Spin on Hybrid Rocket I n t e r n a l  B a l l i s t i c s " ;  UTC 2189 MLR 6 ;  1 0  August 1966. 

Experimental da ta  obtained with a spinning hybrid motor 
i nd ica t e s  t h a t  t h e  e f f e c t s  of acce le ra t ion  on ( f u e l )  regress ion  
rates may be e i t h e r  p o s i t i v e  or  nega t ive ,  depending upon t h e  
acce le ra t ion  l e v e l .  

(112) J. K .  BURCHARD and P. G.  WILLOUGHBY: " Inves t iga t ion  of Performance Losses 
and B a l l i s t i c  Ef fec ts  i n  Sol id  Propel lan t  Rockets"; UTC 2197-QTR1; 
30 June 1966; ( u ) .  

An a n a l y t i c a l  and experimental program t o  study t h e  i n t e r n a l  bal-  
l i s t i c s  of spinning rocket motors i s  out l ined .  The r e s u l t s  of 
experiments t o  measure t h e  dependence of acce lera t ion  e f f e c t s  on 
propel lan t  composition ind ica t e  t h a t  t h e  use of f i n e r  ox id izer  
powder reduces t h e  burn r a t e  s e n s i t i v i t y  t o  acce le ra t ion .  It i s  
a l s o  shown t h a t  t h e  burning r a t e  of a fast-burning propel lan t  
containing ac i cu la r  aluminum i s  not a f f ec t ed  by acce lera t ions  as 
high as 75 G I s .  

(113) J .  K. BURCHARD and P ,  G .  WILLOUGHBY: " Inves t iga t ion  of Performance Losses 
and B a l l i s t i c  E f fec t s  i n  So l id  Propel lan t  Rockets"; UTC-2197-QTR-2; 
30 September 1966; AD-804186; ( U )  . 

A consideration of -the e f f e c t s  of v i s c o s i t y  on t h e  degradation of 
angular momentum ind ica t e s  neg l ig ib l e  viscous e f f e c t s .  However, 
a cold-gas experimental program i s  recommended t o  f u l l y  reso lve  
t h e  complex in t e rac t ions  of chamber/nozzle gas dynamics i n  an 
end-burning rocket raotor. I n  add i t ion ,  an experimental evaluation 
of t h e  e f f e c t s  of chamber pressure  on burn r a t e  augmentation 
under sp in  ind ica t e s  t h e  p o s s i b i l i t y  of a s i g n i f i c a n t  change i n  
t h e  combustion mechanism a t  higher pressure l e v e l s .  

(114) J. K. BURCHARD and P. G. WILLOUGHBY: " Inves t iga t ion  of Performance Losses 
and B a l l i s t i c  Ef fec ts  i n  Sol id  Propel lan t  Rockets"; UTC-2197-QTR-3; 
30 December 1966; AD-804925; ( U ) .  

Important discrepancies i n  experimental da t a  obtained with cy l indr i -  
c a l l y  per fora ted  g ra ins  raise doubt as t o  t h e  v a l i d i t y  of t h e  r e s u l t s  
repor ted  he re in ,  as wel l  as those  reported previously i n  (108) and (113).  
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UNITED TECHNOLOG3 CENTER (contd.)  

(115)  J. K.  BURCHARD and P. G. WILLOUGHBY: "Invest igat ion of Performance Losses 
and B a l l i s t i c  Ef fec ts  i n  Solid-Propellant Rockets"; UTC-2197-FR; (Contract 
No. NOW 66-0444-C) ; 1 4  Apr i l  1967; AD-815115; ( U )  . 

The e f f e c t s  of propel lant  formulation pqameters  (oxidizer  p a r t i c l e  
s i z e ,  s t a t i c  burning rate,  binder formulation, and t h e  form and 
type of aluminum) on t h e  propel lant  response t o  an acce lera t ion  
environment are enumerated. I n  addi t ion ,  an ana ly t i ca l  inves t i -  
gat ion of t h e  vortex flow i n  spinning end-burning motors ind ica tes  
t h a t  viscous e f f e c t s  are of l i t t l e  importance i n  determining t h e  
nature  of t h e  s w i r l  motion. 

(116) P, G. WILLOUGHBY: "Invest igat ion of I n t e r n a l  B a l l i s t i c s  Ef fec ts  i n  
Spinning Rocket Motors"; UTC-2281-QTR1; 30 August 1967; ( U ) .  

The t h i r d  U T C / N a v y  program inves t iga t ing  sp in  e f f e c t s  on propel lant  
combustion i s  out l ined.  The s tudies  performed under t h i s  contract  
w i l l  include: photographing a burning propel lant  surface under 
acce lera t ion ;  motor ex t inc t ion  t e s t s ;  examination of t h e  e f f e c t s  
of base burn rate on acce lera t ion  s e n s i t i v i t y ;  and cold-gas s tud ies  
of simulated end-burning gra ins .  An analysis  of cold-gas flow 
s i m i l a r i t y  parameters ind ica tes  t h a t  a chamber pressure of 65 PSI 
and sp in  r a t e  of 3000 RPM can be used t o  simulate a motor operating 
at 1000 PSI and a sp in  r a t e  of 12000 R P M .  I n i t i a l  r e s u l t s  of a 
number of cold-gas experiments i nd ica t e  t h a t  a p o t e n t i a l - t ~ e  
vortex i s  apparently formed i n  the  chamber above t h e  surface of 
t h e  "grain". 

(117) P. G. WILLOUGHBY: "Invest igat ion of I n t e r n a l  B a l l i s t i c s  Ef fec ts  i n  
Spinning Rocket Motors"; UTC-2281-QTR2; 30 November 1967; ( U ) .  

Previous r e s u l t s  obtained by UTC and other sources a re  reviewed 
i n  a "state-of-the-art" summary of observed propel lant  performance 
s e n s i t i v i t y  t o  acce lera t ion  vector  d i r ec t ion ,  burning t i m e ,  pressure 
l e v e l ,  base burn rate,  metal  loading, oxidizer  s i z e ,  and binder 
type.  I n  addi t ion ,  ana ly t ic  models cur ren t ly  proposed fo r  deter-  
mining acce lera t ion  e f f e c t s  on combustion a re  discussed. Smoke 
t r a c e r  photographs obtained i n  t h e  simulated end-burner cold-gas 
experiments seem t o  confirm previous indicat ions of t h e  exis tence 
of a potential-type vortex above t h e  surface of t h e  "grain". 
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UNITED TECHNOLOGY CENTER (contd. ) 

(118) P. G.  WILLOUGHBY: " Inves t iga t ion  of I n t e r n a l  B a l l i s t i c  E f fec t s  i n  
Spinning Rocket Motors"; UTC-2281-QTR3; 29 February 1968; ( U )  . 

A new t h e o r e t i c a l  model f o r  burn rate augmentation presented i n  t h i s  
r epor t  i s  seen t o  provide a t  l e a s t  a q u a l i t a t i v e  explanation for 
many of t h e  phenomena observed i n  an acce le ra t ion  environment, 
including t h e  reduct ion  i n  burn rate ampl i f ica t ion  experienced a t  
some of t h e  higher acce le ra t ion  levels. 

(119) P. G. WILLOUGHBY: " Inves t iga t ion  of I n t e r n a l  B a l l i s t i c  E f fec t s  i n  
Spinning Rocket Motors"; UTC-2281-FR; t o  be published i n  June 1968. 

MISCELLANEOUS SOURCES 

(120) M. SUMMERFIELD, G. S. SUTHERLAND, M. J. WEBB, H.  J .  TABACK, and K. P. HALL: 
"Burning Mechanism of Ammonium Perchlora te  Propellants";  Progress i n  
Astronautics and Rocketry: Solid-Propellant Rocket Research; Academic 
Press ;  New York; 1960; pp. 227-259; (LJ). 

Using a one-dimensional combustion model t o  develop t h e  "granular 
d i f fus ion  flame" theory of composite propel lan t  burning, a two- 
component burn r a t e  dependence on combustion pressure  i s  i d e n t i f i e d .  
Comparison of t h e o r e t i c a l  r e s u l t s  with measurements obtained with 
an ammonium perchlora te /  polystyrene propel lan t  i nd ica t e s  good 
agreement with t h e  pred ic ted  pressure  dependence. (Three add i t iona l  
papers on steady-state burning mechanisms a r e  a l s o  presented i n  t h i s  
volume. ) 

(121) W. M. FASSEL, C. A.  PAPP, D. L .  HILDENBRANK and R.  P. SERNKA: "The Experi- 
mental Nature of t h e  Combustion of Meta l l ic  Powders"; Progress i n  Astro- 
naut ics  and Rocketry: Solid-Propellant Rocket Research; Academic Press ;  
New York; 1960; pp. 259-269; (U). 

Combustion products gathered from m e t a l  burning s t u d i e s  of a 
v a r i e t y  of metals and a l loys  ind ica ted  t h a t ,  regard less  of i n i t i a l  
p a r t i c l e  shape, t h e  products formed were predominantly hollow spheres 
of oxide, sometimes containing sphe r i ca l  d rop le t s  of t h e  o r i g i n a l  
metal. Droplet s i z e  w a s  found t o  decrease with more complete com- 
bustion. (Four add i t iona l  papers on t h e  combustion of metals a r e  
a l s o  presented i n  t h i s  volume.) 

88 



RESEARCH REFERENCES 

MISCELLANEOUS SOURCES (contd. ) 

(122) J ,  B.  FENN: "A Phalanx Flame Model for t h e  Combustion of Composite 
Sol id  Propellants" ; Projec t  Squid Technical Report No. PR-114-P ; 
University of Virginia;  Apri l  1967; ( U )  . 

A new model f o r  t h e  combustion of composite propel lants  represents  
t h e  flame as burning at t h e  i n t e r f a c i a l  rdgion between streams of 
f u e l  and oxidant generated by t h e  vaporizat ion of each of these  
s o l i d  components. The in t e r f ace  between t h e  two s o l i d  phases 
receives  t h e  g rea t e s t  heat  f l u x  from t h e  reac t ion  zone, and vapori- 
za t ion  occurs most rap id ly  near t h e  i n t e r f a c e ,  The reac t ion  zone 
i s  a "phalanx" which spearheads the  a t t ack  of hot r eac t ion  gases 
on t h e  so l id .  This model provides a r a t i o n a l  physical  explanation 
f o r  many q u a l i t a t i v e  observations of s o l i d  propel lant  combustion, 
and successful ly  co r re l a t e s  t h e  pressure dependence of burning r a t e s .  

(123) W. S .  KING: "On Swirling Nozzle Flows"; A I M  Journal  of Spacecraft  and 
Rockets ; Volume I V ,  No. 10; October 1967; pp. 1404-1405; ( U )  . 

This examination of t he  equations of motion f o r  t h e  axisymmetric, 
i nv i sc id  flow of an i d e a l  gas swir l ing through a nozzle concludes 
t h a t  t h e  m a s s  f l u x  under spin can be e i t h e r  grea te r  or l e s s  than 
t h e  s t a t i c  flow r a t e ,  depending upon t h e  s tagnat ion conditions 
se lec ted  f o r  comparison. 

(124)  G. K .  BATCHELOR: "An Introduct ion t o  Fluid Mechanics"; Chapter 7 ;  
Cambridge University Press ; 1967 ; ( U )  . 
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