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ABSTRACT 

An experimental inves t iga t ion  of the mechanism 

by which a flame spreads over the sur face  of i g n i t i n g  

composite s o l i d  propel lant  cons t i t uen t s  has been 

conducted i n  the Combustion Laboratory of the Mechanical 

Engineering Department. The mechanism underlying 

this  phenomenon is unknown, although i t  is of in te res t  

t o  designers  of s o l i d  propel lant  rocket motor 

i g n i t i o n  systems . 
The v e l o c i t y  of flame spreading over the sur face  

of two thermoplastics,  polystyrene (PS), and polymethyl- 

methacrylate (PMM) i n  quiescent,  oxidizing-gas 

environments, and over t h e  sur face  of ammonium per- 

ch lora te  (AP) i n  a quiescent,  fuel-gas environment, 

w a s  measured as a funct ion of pressure l e v e l ,  chemical 

nature and r e a c t i v i t y  of the surrounding environment, 

and specimen sur face  conditions.  

The e f f e c t  of surface geometry on flame spreading 

ve loc i ty  w a s  s tud ied  by employing tes t  specimens of 

loose ly  packed beads,  hydraul ica l ly  pressed beads, 

chemically bonded beads, and smooth-surfaced s o l i d s .  

T e s t  specimens were prepared and mounted i n  a r e l a t i v e l y  



l a rge ,  vacuum t i g h t ,  chamber. Following i g n i t i o n  by 

means  of a n  e l e c t r i c a l l y  heated w i r e ,  the v e l o c i t y  of 

flame spreading w a s  measured cinematographically.  

Flame spreading v e l o c i t i e s  w e r e  found t o  vary 

d i r e c t l y  w i t h  pressure l eve l ,  and f o r  the smooth- 

surfaced s o l i d  specimens tes ted ,  the experimental  

results agree q u a l i t a t i v e l y  w i t h  a s impl i f ied ,  

gas-phase theory of flame spreading t h a t  has been 

developed i n  this laboratory.  When sur face  geometry 

f a c t o r s  are Introduced, houever, t he re  is a marked 

increase i n  flame spreading v e l o c i t y  and a departure  

from the predic t ions  of t h i s  theory.  

Visual observation of the flame spreading phe- 

nomenon over the sur face  of loose ly  packed PS beads 

r evea l s  a "jumping" forward of some elements of' the 

flame, producing i g n i t i o n  a t  s i t e s  ahead of the  

p r i n c i p a l  flame f r o n t .  

From these r e s u l t s ,  i t  is postulated t h a t  va r i -  

a t ions  i n  sur face  geometry probably r e s u l t s  i n  a n  

i n t e n s i f i c a t i o n  of the  l o c a l  h e a t  t r a n s f e r  rate,  and 

a net increase i n  the overa l l  r a t e  a t  which hea t  

is t r ans fe r r ed  forward. 

A more complex formulation of the gas-phase 



V. 

flame spreading mechanism w i l l  be necessary before  it  

becomes poss ib le  t o  p red ic t  flame spreading v e l o c i t i e s  

over rough sur faces ,  s i n c e  no simple mathematical 

m o d e l  can adequately t r e a t  th is  process.  I n  p a r t i c u l a r ,  

the complex geometries s tud ied  i n  this inves t iga t ion  

l ed  t o  such massive complications of the energy 

equation that it w a s  precluded from a n a l y t i c a l  

so lu t ion  w i t h i n  the scope of the present  work. 

The f ind ings  of increased flame spreading v e l o c i t y  

dependence on pressure l e v e l  as a funct ion of su r face  

geometry may be of p r a c t i c a l  s ign i f icance  when 

applied t o  the design of' a c t u a l  rocket  motor i g n i t i o n  

systems. Recommendations f o r  fu ture  research  i n  this 

a rea  have been proposed i n  the hope that a more 

complete understanding of the mechanism of flame 

spreading may be obtained. 
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S E C T I O N  I 

INTRODUCTION 

During the pas t  decade there has heen considerable 

in te res t  exh ib i t ed  i n  s o l i d  propel lan t  rocket  motor 

i g n i t i o n  systems. Despite inoreased inves t iga t ion  i n t o  

this a rea ,  motor i g n i t i o n  systems a r e  s t i l l  developed 

according t o  ce r t a in  empirical, though not always re l i -  

able, guide l ines  which have been e s t ab l i shed  over the  

yeara.  Attempts a t  der iving a r a t i o n a l  basis f o r  design 

have been prevented by a lack  of knowledge of the prec ise  

mechanism by which propel lan t  i g n i t i o n  takes place, and  

of the mechanism by which the conbustion flame spreads 

from the igni ted  t o  the unignited port ion of the sur face  

of the propel lan t  charge. 

Sol id  propel lan t  motor i g n i t i o n  can be considered 

the t r a n s i e n t  condition which r e s u l t s  i n  de f l ag ra t ion  

of the e n t i r e  propel lan t  surface and development of 

the operating chamber pressure. The o v e r a l l  motor 

i g n i t i o n  process can be divided i n t o  three  p r i n c i p a l  

phases : 

The f i r s t  phase cons i s t s  of a process by which 

the i g n i t e r  suppl ies  energy t o  the propel lan t  sur face  

and i g n i t i o n  of a port ion of the sur face  is  achieved. 
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I n  the second phase, heating of the unigni ted port ion 

of the propel lan t  surface oontinues,  ae the flame 

f r o n t  spreads t o  the unignited ama, W S n g  the third 

phase, the  motor cha&er continues t o  f i l l  w i t h  propel-  

l a n t  co&ustion products u n t i l  the f i n a l  equi l ibr ium 

cha&er pressure is reached. 

The f i r s t  phase has received considerable a t t e n -  

t i o n  during the last  few gears  and it is  genera l ly  

bel ieved that it can be described on the  basia of 

e i t h e r  of t w o  pos tu la ted  models. The gas phase theory 

of s o l i d  propel lan t  i g n i t i o n  (Reference 1) pos tu la tes  

that propel lan t  vaporizat ion,  produced by surface 

heat ing,  leads t o  exothermic chemical r eac t ion  i n  the 

gas  phase which r e s u l t s  i n  a temperature run-away a t  

a n  i g n i t i o n  s i t e  i n  the gas phase. The hypergol ic  

theory of i gn i t i on  (Reference 2), however, is based 

upon hea t  re lease  from exothermic heterogeneous 

reac t ion  between a n  oxidizing f l u i d  and s o l i d  f u e l  

components; when  an "autoigni t ion temperaturen is 

reached, s t a b l e  conibustion proceeds without addi- 

t i o n a l  ex te rna l  hea t  addi t ion.  

On the b a s i s  of cur ren t  information, i t  i s  

impossible t o  determine which of these two theor ies  
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is more va l id .  There is considerable evidence 

(Reference 3),  however, which refutes the much o lder  

assumption that composite s o l i d  propel lan t  i g n i t i o n  

is  completely con t ro l l ed  by processes occuring i n  

the s o l i d  phase. 

During the t h i r d  phase following flame spreading, 

the motor chaniber f i l l s  w i t h  conibustion products u n t i l  

the equi l ibr ium pressure is reached. A simple mass 

balance between the r a t e  a t  which gas is being generated 

i n  the motor and the r a t e  a t  which i t  is  being expel led 

very accura te ly  descr ibes  this phase of the motor 

i g n i t i o n  process.  

The second phase of motor i g n i t i o n ,  the  flame 

spreading phenomenon, represents  the least  understood 

and perhaps the most important segment of the o v e r a l l  

motor i g n i t i o n  process.  A t  present ,  i g n i t e r  designs 

are governed by what l i t t l e  experimental  data has 

been obtained from a c t u a l  rocket  motor tests. Attempts 

have been made by some t o  apply numerical teuhniques 

(Reference 4 ) ;  i .e . )  the use of h igh  speed e l e c t r o n i c  

computers f o r  generat ing motor pressure h i s t o r i e s  

during ign i t ion .  These methods evolve from so lu t ions  

of the conservation equations w i t h  c e r t a i n  terms 
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i n se r t ed  that are q u i t e  a rb i t r a ry .  Such r e s u l t s ,  

however, are of only academic concern, f o r  they r e v e a l  

l i t t l e  or no understanding of the a c t u a l  physical  

processes occuring. 

Recently, experimental inves t iga t ions  i n t o  this 

area have r e s u l t e d  i n  s eve ra l  t heo r i e s  of flame 

spreading over a n  i gn i t i ng  propel lan t  surface i n  

dynamic flow environments (References 5 ,6 ) .  W i t h  

the r e a l i z a t i o n  that the ign i t ion  process i t se l f  is 

extensively oomplex, however, a more fundamental 

experimental  approach t o  the problem w a s  undertaken 

i n  this laboratory.  Preliminary t o  a n  o v e r a l l  inves- 

t i g a t i o n  of this phenomenon, including the e f f e c t s  of 

a dynamic flow environment, i nves t iga t ion  of the ind i -  

v idua l  influences of seve ra l  parameters governing flame 

spreading w a s  undertaken. 

A study of the e f f e c t s  of pressure l e v e l  and 

chemical r e a c t i v i t y  of the surrounding atmosphere 

(Reference 7 )  conducted i n  this labora tory  r e su l t ed  

i n  a proposed theory of flame spreading over a n  i g n i t i n g  

s o l i d  propel lan t ,  based upon a one-dimensional, gas 

; has8 mechanism of flame spreading (see Appendix). I n  

the l imi t ed  range of experimental parameter v a r i a t i o n  
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employed, the theory w a s  q u a l i t a t i v e l y  supported by 

the results of c r i t i c a l  experiments conducted w i t h  

double base (nitrocellulose-nitroglycerine) propel- 

l a n t s  (Reference 7 ) .  

I n  a program designed t o  inves t iga t e  further the 

parameters influencing flame spreading over the sur face  

of i g n i t i n g  composite propellants,  an experimental  s tudy 

w a s  undertaken by the author i n  the Combustion Laboratory 

of the Mechanical Engineering Department . 
A s e r i e s  of flame spreading experiments w e r e  con- 

ducted employing seve ra l  composite propel lan t  c o n s t i t -  

uents  i n  d i f f e r i n g  gaseous environments. It w a s  hoped 

that  by obtaining an understanding of the  flame 

spreading phenomenon of the ind iv idua l  components, a 

basis f o r  a meaningful a t t ack  on the composite system 

could be generated.  Flame spreading over the sur face  

of i g n i t i n g  thermoplastic fuels i n  a n  oxidizing 

environment, and conversely, flame spreading over the 

sur face  of a s o l i d  oxidizer  component i n  a f u e l  envi- 

ronment w a s  s tudied.  Also  inves t iga ted  were the 

flame spreading c h a r a c t e r i s t i c s  of mixtures of varying 

proportions of f u e l  and oxidizer  components, c lo se ly  

approximating ac tua l  composite propel lan ts .  
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The v a l i d i t y  of a one-dimension model f o r  flame 

spreading was  t e s t e d  by varying the sur face  condi t ions 

of the tes t  samples as an important parameter. Studies  

over a wide range of surface geometry were made by 

varying the packing dens i ty  and the p a r t i c l e  s i z e  of 

the propel lan t  cons t i tuents  t e s t ed .  Thus, by inves- 

t i g a t i n g  the influence of these fundamental parameters 

on the flame spreading phenomenon, i t  w a s  hoped t h a t  

a keener in s igh t  i n t o  this important phase of rocket 

motor Ign i t ion  could be obtained. 



7 

SECTION I1 

DESCRIPTION OF APPARATUS Al'?D TEST PROCEDUES 

The ve loc i ty  of flame spreading over the surface 

of two thermoplastics , polystyrene (PS) and poly- 

methylmethacrylate (PMM) i n  quiescent ,  oxidizing-gas 

environments, and over the sur face  of ammonium 

perchlorate  (AP) i n  quiescent,  fuel-gas environments, 

w a s  measured a t  atmospheric and a s e r i e s  of subatmos- 

pheric  pressures .  

A l a rge ,  s t e e l ,  vacuum-tight vesse l  (8%" ID x 18") 

equipped wfth a n  observation window (4" x 6 " )  w a s  

employed as a t e s t  chaniber, so that the flame spreading 

phenomenon could be observed and recorded cinemato- 

graphica l ly .  The t e s t  specimens were ign i t ed  by means 

of a n  e l e c t r i c a l l y  heated w i r e ;  the  energy being 

suppl ied through e l e c t r i c a l  lead-ins by a n  autotrans-  

former. Connected t o  the  charriber w a s  a mercuq  f i l l e d  

manometer and a Model KC-8 Kinney vacuum pump. 

surge tank w a s  a l s o  attached t o  the t e s t  chamber i n  

order  t o  minimize pressure f luc tua t ions  during the tes t .  

A diagram of the system is shown i n  Figure 1. 

A l a r g e  

I n  conducting a test, the specimen w i t h  a small 

1" reference marking fastened t o  the s i d e  w a s  mounted 



i n  the t e s t  chamber, which was then sealed, evacuated, 

and f i l l e d  w i t h  the selected t e s t  gas.  Evacuation 

and charging w a s  repeated t o  insure t h a t  the sample 

was i n  i n t i m a t e  contact  w i t h  the t e s t  gas.  The 

pressure i n  the cha&er was t h e n  brought t o  the de- 

s i r e d  l e v e l  and the specimen w a s  i pn i t ed ,  

Generally,  measurement of the flame spreading 

ve loc i ty  w a s  accomplished by the use of a cinernato- 

graphic technique. However, i n  cases where the flame 

spreading v e l o c i t y  w a s  reasonably s l o w  (approx. 0.1 

in . /sec) ,  v i s u a l  observation was mado arid spreading 

times were measured by means of a manually operated 

s t opwat ch. 

A Bell and Howell, 16 mm 70-DL movie camera, 

loaded w i t h  Kodak T r i - X  16 mm motion p i c tu re  f i l m  

w a s  used t o  record the flame sprcadinp process.  The 

f i l m  was analyzed using a Vanguard, model M-16, 

motion analyzer,  permitt ing the flame propagation 

d is tance  during a f ixed time i n t e r v a l  t o  be obtained. 

I n  order t o  allow time for the i n i t i a l  i gn i t i on  t r a n -  

s i e n t  t o  decay, and for the s teady  flame spreading rate 

t o  be es tab l i shed ,  only the v e l o c i t y  over the second 

half of the specimen w a s  measured. 
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I n  order  t o  s tudy the e f f e c t  of sur face  oonditions 

on flame spreading ve loc i ty ,  specimens of PS, PMM, and 

AP were prepared w i t h  a number of d i f f e r e n t  sur face  

c h a r a c t e r i s t i c s .  Sol id  specimens of the thermoplastics 

w e r e  prepared by c u t t i n g  samples (l&'? x &") from *" 
t h i ck  s h e e t s  of PS and PMM. The two s i d e s ,  end f aces ,  

and l/1bW width  s t r i p  on each s i d e  of the top sur face  

were inh ib i t ed  w i t h  a n  inorganic cement comprised of 

water g l a s s  and either powdered asbestos o r  powdered 

porcelain,  so that the flame was constrained t o  spread 

only along the l e n g t h  of' the t op  sur face ,  and m a i n t a i n  

a flame f r o n t  that w a s  normal  t o  the d i r e c t i o n  of 

spread. A c a l i b r a t e d  d is tance  reference w a s  e s t ab l i shed  

by fas ten ing  a small 1" marking t o  the s i d e  of each 

specimen. An e l e c t r i c a l l y  heated ign i t i on  wire w a s  

f i rmly  fastened a t  one end of the top  surface t o  

i n s u r e  uniform and simultaneous ign i t i on .  

Surface g e o m t r y  effects were studied by meas- 

uring flame spreading ve loc i t i e s  over the  sur face  of 

loose ly  packed beads of PS, PMM, and AP, as w e l l  as 

mlxtures of these composite propel lan t  cons t i t uen t s .  

A l u m i n u m  s tock  w a s  cu t  (l$" long x &" w i d e )  and 

formed i n t o  a small container (3/S' '  depth)  by mi l l ing .  
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The specimsn, i n  p a r t i c l e  form, w a s  poured i n t o  this 

aontainer  and  l i g h t l y  pressed t o  form a l e v e l  surface.  

One inch markings were attached t o  the container  and 

a n  i g n i t i o n  w i r e  i n s e r t e d  i n t o  the sample a t  one end .  

I n  order  t o  obtain data  f o r  varying condi t ions of 

sur face  geometry, a hydraulic press  w i t h  a s p e c i a l l y  

designed hardened s t e e l  mold w a s  used t o  f a b r i c a t e  

1 cm x 8 cm s t r a n d s  of the t e s t  mater ia l  from loose 

p a r t i c l e s .  By subject ing the  loose ly  poured beads 

w i t h i n  the mold t o  hydraulic pressures  up t o  16,000 

psi f o r  10 minutes  ( i n  order t o  r e l i e v e  i n t e r n a l  

stresses ) , a s o l i d  s t r a n d  was obtained . U n d e r  

magnifioation, however, d i scon t inu i t i e s  i n  the sur face  

were revealed. Although approximately 90% of the 

sur face  appeared t o  be s o l i d ,  there  s t i l l  ex i s t ed  

l a r g e  voids; i .e.,  c r a t e r - l i ke  indentat ions along 

the sur face  of the order of magnitude of the p a r t i c l e  

diameter. By varying the p a r t i c l e  size and the 

hydraul ic  pressure,  varying conditions of sur face  

geometry were obtained. These samples w e r e  then 

inh ib i t ed  and prepared f o r  t e s t i n g  in the same 

manner as the s o l i d s .  

Flame spreading da ta  w a s  obtained f o r  8 d i d  PS 
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and PMM, for beads and pressed s trands  of PS (350-420,W 

p a r t i c l e  s i z e ) ,  and for crystals  and pressed strands 

of AP (297-500p part i c l e  size ) . 
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SECTION 111 

EXPERIMENTAL RESULTS 

In a program designed t o  rsveal fundamental 

knowledge of the mechanism of' flame spreading over 

the surface of s o l i d  propel lan ts ,  preliminary exper- 

iments uere  conducted w i t h  typical  composite s o l i d  

propel lan t  components : polystyrene (PS), polymethyl- 

methaorylate (PMM), and ammonium perchlora te  (a). 
Flame spreading v e l o c i t y  was measured as a func t ion  of 

pressure l e v e l ,  chemioal nature and r e a c t i v i t y  of the 

surrounding environment, as wel l  as s o l i d  specimen 

sur face  c h a r a c t e r i s t i c s  . 
The flame spreading v e l o c i t i e s  f o r  PS and f o r  PMM 

were obtained i n  100% oxygen t e s t  gas a t  a s e r i e s  of 

pressures  ranging between 10 and 30 i n .  Hg. A t  each 

t e s t  condition a rimer of r u n s  were made and each 

data poin t  reported herein represents  acceptable runs--  

those which exhib i ted  both a s teady  flame velooi ty  and 

a uniform flame f r o n t .  

The data f o r  PS samples i n  100% oxygen (Pig.  4) 
exhibited a n  i n t e r e s t i n g  c h a r a c t e r i s t i c .  A p l o t  of 

flame spreading ve loc i ty  ( V )  as a func t ion  of chamber 

pressure (P) l e v e l  exhibits a func t iona l  dependenae of' 



the  form: (V-V,) = (P-PR)~ where "n" i s  a constant  

and VR and PR are  convenient reference values i n  the 

neighborhocd o f  the lower  l i m i t  of sus ta ined  flame 

spreading. For so l id  PS specimens, a pressure exponent 

less than 1 (Fig, 5)  was exhibi ted.  This r e s u l t  agreed 

w i t h  previous f ind ings  from the study of double base 

propel lan ts  (Reference 7).  However, f o r  a l l  samples 

w i t h  rough surfaces; i . e . ,  bonded, pressed,  and loosely 

packed beads, the pressure exponent is  g r e a t e r  than 

1 ( F i g .  5 ) .  
For PMM samples, the same genera l  t rend is exhib- 

i t e d ;  as surface conditions are  v a r i e d ,  the pressure 

exponent changes from a number less  than 1, t o  a 

nuniber g r e a t e r  than 1. I n  all cases ,  the PMM flame 

spreading v e l o c i t i e s  a re  l e s s  than corresponding 

PS r a t e s .  

These f ind ings  i n d i c a t e  that sur face  c h a r a c t e r i s t i c s  

have a n  important e f f e c t  on the flame spreading 

phenomenon. I n  order  t o  examine this e f f e c t  f u r t h e r ,  

another s e r i e s  of expe r imnt s  was  conducted using 

AP i n  100% methane t e s t  gas; i .e. ,  a n  oxidant mater ia l  

i n  a gas- fue l  atmosphere. Thus, by interchanging the 

phys ica l  phases of the fuel and oxid izer  components, 
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and vast ly  changing the chemical nature of the system 

i t  vas hoped thst the e s s e n t i a l  nature  of the inf luence 

of surface condition on flame spreading ve loc i ty  

could be i so l a t ed .  

The results of these tests were remarkably s i m i l a r  

t o  those described above-- they exhib i ted  pressure 

exponents g r e a t e r  than 1 for non-smooth surf aces 

i.e., loose  AP c r y s t a l s ,  and exponents approaching 1 

as the l imi t ing  case of' a s o l i d  w a s  approached w i t h  

pressed s t r ands  of AP c r y s t a l s .  

Also invest igated was the c h a r a c t e r i s t i c s  of two 

component systems which  c lose ly  approximate a c t u a l  

composite propel lan ts ;  i .e. ,  loosely packed PS and AP 

mixtures of varying proport!ons. When t e s t ed  i n  a n  

oxygen atmosphere, the AP re ta rded  the flame spreading 

of the pure PS i n  an amount propor t iona l  t o  the M/ps 

mixture r a t i o .  I n  a methane atmosphere, for m i x t u r e  

r a t i o s  ranging from one t o  three,  n o  flame spreading 

could be sustained.  Experiments dea l ing  w i t h  the 

de f l ag ra t ion  process of t h i s  system have shown that 

"p/ps mixture r a t i o s  must  be g r e a t e r  than those 

s tud ied  i n  order t o  obtain s table ,  s teady  state 

de f l ag ra t ion  (Reference 8 ) .  Thus, i t  appears that 



the l imi t ing  condi t ions fo r  flame spreading might be 

r e l a t e d  t o  the l imi t ing  conditions f o r  s teady de f l a -  

gra t ion .  

Variat ions i n  p a r t i c l e  size of the t e s t  specimen 

w a s  found t o  be a n  i n f l u e n t i a l  f a c t o r  i n  flame spreading. 

Experimental r e s u l t s  from PS s t u d i e s  ind ica t e  t h a t  

flame spreading v e l o c i t i e s  vary inverse ly  w i t h  p a r t i c l e  

diameter i n  the loosely packed sample, When smaller  

p a r t i c l e s  a re  pressed,  however, they more c lose ly  

resenble a uniform s o l i d  s t r u c t u r e  than do l a r g e r  

p a r t i c l e s ,  and experiment f i n d s  t h a t  these flame 

spreading v e l o c i t i e s  a re  correspondingly slower. 

The use of a cinematographic technique f o r  

recording the flame spreading phenomenon proved t o  

be a valuable t o o l  f o r  observing the flame s t r u c t u r e .  

A comparison of the s t ruc tu re  of flames spreading 

over PMM and PS surfaces i n  oxygen (Fig. 2 )  showed a 

well-defined leading edge immediately followed by 

a l a rge  t r a i l i n g  flame plume f o r  the PMM sample, 

whereas the PS flame w a s  much c l o s e r  t o  the sur face  

and exhib i ted  a secondary flame plume which follows 

approximately * I t  behind the primary flame f r o n t .  

The most important physical  observation is the 
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apparant "jumping" of the flame f r o n t  forward from 

p a r t i c l e  t o  p a r t i c l e  i n  samples composed of loose ly  

packed beads. This phenomenon is  r e a d i l y  observable 

f o r  pure PS beads (Fig,  3 )  and is a l s o  very evident  

f o r  mixtures of PS and AP i n  100% oxygen. 

l a t t e r  case,  the spreading flame seems t o  "jump" 

around, searching f o r  PS beads. The AP c r y s t a l s  begin 

to ign i te  only a f t e r  the flame f r o n t  has passed t h e m .  

This is evidenced by the appearance of a secondary 

flame, which is much b r igh te r ,  and i s sues  many 

"streamers1' i n t o  the gas phase, a c h a r a c t e r i s t i o  

of f u l l - s c a l e  AP composite propel lan t  de f l ag ra t ion .  

I n  the  

l'hese previously unsuspected r e s u l t s  shed new 

l i g h t  on the mechanism of flame spreadjllg, providing 

evidence f o r  the need of a more complex model i n  

order  to descr ibe adeqyately the phenomenon of flame 

spreading over the surface of i gn i t i ng  composite 

s o l i d  propel lan ts .  



SECTION IV 

DISCUSSION OF RESULTS 

A theory of flam spreadicg mer the  sicface 

of i g n i t i n g  s o l i d  propel lants ,  which is intimately 

r e l a t e d  t o  the gas  phase theory of propel lant  

i g n i t i o n ,  has been developed i n  this labora tory  

(Reference 7). 
I n  i ts  s implest  form, this gas phase theory of 

flame spreading i s  based upon a continuous ignition 

process of the propel lan t  sur face  exposed t o  the 

advancing flame. As the flame approaches a given 

sur face  of the propel lan t ,  i t s  e f f e c t s  become 

i n f l u e n t i a l  and t he re  is a heating-up and vaporiza- 

t i o n  of the surface l a y s r .  As d i f fus ion  of these 

vapors away from the surface takes  place,  they 

undergo rapid exothermic chemical r eac t ion  with 

the environment. A temperature1 runaway results,  

which leads t o  ign i t i on  i n  the gas phase a t  the 

i n s t a n t  the flame passes that loca t ion  of the 

surface.  I n h e r e n t  within this theory a r e  seve ra l  

major assumptions: (1) The d is tance  ahead of the 

flame that i s  a f fec ted  by the presence of the ap- 

proaching flame (thermal layer  thickness ) i s  
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assumed constant;  (2 )  Igni t ion  takes place i n  the gas  

phase a t  a constant d i s tance  above the sur face ;  (3) The 

d i f fus ing  vapor concentration a t  the i g n i t i o n  s i t e  is 

proport ional  t o  a n  exponential  va r i a t ion  w i t h  t i m e ;  

(4) To a f irst  approximation, gas-phase hea t  t ransfer  

a t  the reac t ion  s i te  is neglected,  e - g - ,  the  heat 

generation r a t e  pe r  unit  mass, Qchem, i s  the only 

source of heat  generation. 

For flame spreading over the sur face  of double 

base s o l i d  propel lants ,  t h i s  ana lys i s ,  based on the 

above assumptions , agrees q u a l i t a t i v e l y  w i t h  experi-  

men ta l  results (Reference 7 ) ;  i .e.,  by predic t ing  

a flame spreading pressure exponent less t h a n  1. 

I n  f a c t ,  as a r e s u l t  of the present  inves t iga t ion  

of flame spreading over the surface of i e n i t i n g  

composite s o l i d  propel lant  cons t i t uen t s ,  i t  has been 

found that f o r  s o l i d  thermoplastic specimens (PS,PMM) 

i n  a n  oxygen environment this ana lys i s  is supported 

by experiment. Thus, it appears that the s impl i f ied  

gas-phase theory of flame spreading agrees w i t h  

experimental  f ind ings  as  long as the t e s t  specimen 

i s  a smooth-surfaced s o l i d ;  i .e . ,  when the specimen 

surface is one-dimensional i n  the d i r e c t i o n  of 

flame spreading. 



When the surface conditions a re  changed, however, 

and the flame spreading ve loc i ty  is measured as a 

function of the varying surface geometries f o r  

composite s o l i d  propel lant  components, the experi-  

m e n t a l  results do not agree w i t h  the t h e o r e t i c a l  

p red ic t ions  of this s implif ied theory.  

Pressure exponents g r e a t e r  than 1 f o r  a l l  

experimental  m o d e l s  (PS, PMM i n  oxygen and AP i n  

methane) w i t h  varying surface geometries i nd ica t e s  

that i n  such cases ,  the one-dimensional m o d e l  may 

be an  oversimplif icat ion and that a more complex 

mechanism must be proposed. Observing t h a t  a 

flame w i l l  spread f a s t e r  across rough surfaces  than 

across  smooth-surfaced so l id  specimens, i t  i s  postu- 

l a t e d  that sur face  geometry probably r e s u l t s  i n  an 

i n t e n s i f i c a t i o n  of the loca l  hea t  t r a n s f e r  ra te ,  o r ,  

i n  the large, a n  increase i n  the ove ra l l  r a t e  a t  

which heat is  t r ans fe r r ed  forward. 

Experimental evidence i n  support  of this postu- 

l a t e d  increase of the l o c a l  hea t  transfer r a t e  a r i s e s  

from observing the flame spreading phenomenon by 

photographic techniques (Fig. 3 ) .  When PS beads were 

pressed i n t o  s t rands ,  and flame spreading d a t a  recorded, 
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i t  was noticed tha t  the flame f r o n t  moves discontinuously 

ovep the sample; i.e., the flame appears t o  "jump" 

along the surface.  The photographic record of this 

phenomenon shows the flame f r o n t  "jumping" forward 

and ign i t ing  p a r t i c l e s  well ahead of the p r i n c i p a l  

flame f r o n t ,  producing a flame d i scon t inu i ty  along 

the sample. The flame then appears t o  propagate 

forward and a l s o  backward toward the s t i l l  unignited 

region, eventual ly  reuni t ing  i n t o  a continuous flame 

f r o n t  (Pig. 3 ) .  By observing the "jumping" of the 

flame f r o n t  i t  is postulated that there  is  a n  

i n t e n s i f i c a t i o n  of the heat t r ans fe r r ed  i n  the 

forward d i r e c t i o n  by one of two mechanisms: 

(1) Thermal r ad ia t ion  t ravers ing  the sur- 

f ace d i scon t inu i t i e s ,  thereby increasing 

the flame spreading ve loc i ty ;  i .e.,  

the flame "jumps" across the voids i n  

the sur face  before i t  has a n  oppor- 

t u n i t y  t o  conduct downward i n t o  them; 

(2)  An extension of the "edge e f feo t"  

observed when the top  edge of a s o l i d  

propel lan t  is not i nh ib i t ed  (Reference 9 ) ;  

i .e., the flame conducts along the sharp 
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edges of the d i s c o n t i n u i t i e s  at  a speed 

g r e a t e r  than over a plane surface,  thereby 

increasing the overall flame spreading 

v e l o c i t y  . 
The increased importance of r ad ia t ion  heat transfer 

effects i n  flame spreading over non-smooth sur faces  

has been postulated from observing the photographic 

record of this phenomenon (Fig.  3 ) .  Environmental 

f a c t o r s  also  favoring the i n t e n s i f i c a t i o n  of thermal 

energy r a d i a t i o n  are the increased surface area 

and geometrical  configurat ions present when smaller 

p a r t i c l e  s i z e s  are employed, as wel l  as the increase 

i n  f lam emiss iv i ty  aa  a funct ion of pressure l e v e l  

(Reference 6)  . 
Supporting evidence for the l a t t e r  hypothesis 

may be found i n  the l i t e r a t u r e  wherein i t  is  noted 

that when burning s o l i d  propel lant  s t rands  contain 

s t r u c t u r a l  imperfections,  oftentimes the flame seems 

t o  "wormhole" down these  s t r u c t u r a l  cracks.  I n  a n  

attempt t o  v e r i f y  this pos tu la te ,  s eve ra l  samples 

of s o l i d  PMN were indented w i t h  a '/16" deep groove 

along the length  of i t s  flame spreading surface.  

It w a s  observed that the i g n i t i n g  flame propagated 
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faster along the grooved edge than across a smooth- 

surfaced specimen of the same material, and i n  turn,  

seemed t o  induce higher  v e l o c i t i e s  of the flame f r o n t  

spreading over the smooth por t ion  of the surface.  

Acknowledgement that surf ace geometry probably 

r e s u l t s  i n  a n  i n t e n s i f i c a t i o n  of the l o c a l  hea t  

transfer r a t e  w i l l  now require  the formulation of a 

two-dimensional model f o r  flame spreading s ince a 

simple one-dimensional model cannot adequately treat  

this  process.  For smooth-surf aced s o l i d s ,  the 

l o c a l  h e a t  t r a n s f e r  r a t e  is  a monotonically decreasing 

funct ion of pos i t ion  w i t h i n  the thermal l aye r  thick- 

ness ( the  d is tance  ahead of the flame which is s i g n i f i -  

can t ly  a f fec ted  by its presence).  For  rough sur faces ,  

however, i t  is pot l og ica l  t o  expect such a s impl i f ied  

va r i a t ion ;  indeed, v i s u a l  observation of the flame 

spreading process revea ls  i gn i t i on  ahead of the  flame 

f ron t .  This is  a n  indicat ion that such s i t e s  have been 

exposed t o  a n  i n t e n s i f i c a t i o n  of thermal energy, 

probably due t o  l o c a l  geometric f a c t o r s ,  and that the 

flame spreading phenomenon requi res  a two-dimensional 

mathematical formulation f o r  a n  adequate descr ip t ion .  
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By inspec t ion  of the  ana lys i s  f o r  smooth-surfaced 

specimens (see Appendix) it is poss ib le  t o  iden t i fy  

the expression t h a t  would be ef fec ted  by surface 

geolnetry c h a r a c t e r i s t i c s .  The r a t e  a t  which the 

d i f fus ing  vapor concentration, Cf , bui lds  up a t  any 

given d is tance  above the specimen sur face  is  a 

func t ion  of the surface vaporizat ion r a t e .  This, in 

t u r n ,  depends upon the surface hea t ing  i n t e n s i t y ,  

which as s t a t e d  above, is a strong f u n c t i o n  of 

sur face  geometry. Therefore, the  complex surfaue 

geometries s tud ied  i n  this inves t iga t ion  lead t o  

complications of the energy equation descr ib ing  

the phenomenon t h a t  precluded i t  from a n a l y t i c a l  

so lu t ion  w i t h i n  the scope of the present  work. 

Further invest igat ion must be undertaken t o  

determine the exact e f f ec t s  of geometry upon the 

surface heat-up and vaporization process which 

leads t o  the gas-phase react ion.  
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SECTION V 

SUMMARY AND CONCLUSIONS 

An i nves t iga t ion  of the flame spreading phenom- 

enon over the s w f a c e  of i g n i t i n g  composite ao l id  

propel lan t  cons t i t uen t s  has been conducted on a 

fundamental l eve l .  The veloc i ty  of flame spreading 

over the sur face  of two thermoplastics,  polystyrene (PS) 

and polyme thylme thacry la te  (PMM) i n  quiescent ,  oxidizing- 

gas environments, and over the sur face  of ammonium 

perchlora te  (AF') i n  a quiescent,  fuel-gas environment, 

w a s  measured as a function of pressure l e v e l ,  chemical 

na ture  and r e a c t i v i t y  of the surrounding environment, 

and specimen sur face  c h a r a c t e r i s t i c s .  

are t 

(1) 

The experimental  r e s u l t s  of' th i s  inves t iga t ion  

For smooth-surfaced s o l i d  specimens, the flame 

spreading pressure exponent i s  l e s s  than 1, i n  

agreement w i t h  general  r e s u l t s  obtained for 

other  s o l i d  surf aces. 

When sur face  geometry f a c t o r s  a re  introduced 

by  means of bonded, pressed, and  loosely packed 

bead sur faces ,  there is a n  increase i n  pressure 

exponent t o  a nunibep g r e a t e r  t h a n  1. 



( 3 )  For a given surface condition, flame spreading 

ve loc i ty  v a r i e s  inversely w i t h  p a r t i c l e  s i z e  

of the t e s t  samples. 

(4) When mixtures of PS and AP are  t e s t ed  i n  oxygen, 

sustained flame spreading occurs only i n  the 

range of mixture r a t i o s  where s teady de f l ag ra t ion  

of these substances has been recorded, and 

flame spreading ve loc i ty  v a r i e s  inverse ly  w i t h  

the @/ps mixture weight r a t i o .  

( 5 )  Visual observation of the flame spreading 

phenomenon reveals  a "jumping" flame f r o n t  

over the sur face  of loosely packed PS beads 

and i g n i t i o n  a t  s i t e s  ahead of the flame f r o n t .  

Based upon these experimental r e s u l t s ,  s e v e r a l  

conclusions may be drawn: 

(1) For smooth-surfaced so l id  specimens, the one- 
I 

dimensional gas-phase theory of flame spreading 

(Reference 7 ) ,  which predic t s  a simple func t iona l  

dependence of flame spreading ve loc i ty  on pres- 

sure  l e v e l ,  agrees w i t h  experimental  f ind ings .  

( 2 )  Pressure exponents e r e a t e r  than 1 for a l l  experl-  

mental models w i t h  varying sur face  geometries 

ind ica tes  t h a t  a more complex formulation of 
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the  gas-phase flame spreading mechanism w i l l  

be necessary before i t  becomes poss ib le  t o  

p r e d i c t  flame spreading v e l o c i t i e s  over 

rough surf aces.  

( 3 )  It is  postulated that sur face  geometry probably 

r e s u l t s  i n  a n  i n t e n s i f i c a t i o n  of the  l o c a l  heat 

t r a n s f e r  rate,  and a n  increase i n  the o v e r a l l  

r a t e  a t  which  heat is t r ans fe r r ed  forward, 

probably due t o  l o c a l  geometric f a c t o r s .  

(4) I n  order  t o  account f o r  these geometric f a c t o r s ,  

a two-dimensional mathematical m o d e l  must be 

formulated and a re-evaluation of the assumptions 

regarding thermal l a y e r  thickness and i g n i t i o n  

s i t e  loca t ion  must be understaken. 

The increase i n  flame spreading ve loc i ty  as a 

func t ion  of surface geometry may be of g r e a t  p r a c t i c a l  

s ign i f i cance  when applied t o  rocket  motor i g n i t i o n  

systems. The flame spreading phenomenon i s  a n  

intermediary s tage i n  the ove ra l l  motor i g n i t i o n  process 

and high flame spreading v e l o c i t i e s  a re  des i red  i n  

order  t o  more r ap id ly  a t t a i n  the f i n a l  equi l ibr ium 

chamber pressure.  i f  the e f f e c t s  of surface geometry 

can be sus ta ined  a t  h i ehe r  pressure l e v e l s ,  i n  the 



region of actual motor igniter operation, designers 

of practical  ignit ion systems w i l l  have a deeper 

insight into  this phenomenon, and an important 

guideline f o r  design of' these systems. 
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SECTION V I  

RECOMMENDATIONS FOR FUTURE RESEARCH 

irEi peportee here in ,  an experirintal  inves t iga t ion  

of the gas-phase theory of flame spreading on a 

f u n d a m e n t a l  l e v e l  w a s  conducted, and a two-dimensional 

mechanism of flame spreading proposed. An exact ,  

q u a n t i t a t i v e  analysis of t h i s  mechanism requ i r e s  

the so lu t ion  t o  a sophis t icated mathematical 

formulation. A t  p resent ,  the nonl inear i ty  of these 

equations,  coupled w i t h  the complex geometry and l ack  

of knowledge of the a l l  important boundary condi t ion 

governing the response of propel lan t  vaporizat ion t o  

sur face  heat ing,  prove t o  be a formidable problem. 

Hence, extensive research  must be undertaken i n  order 

t o  gain a complete understanding of this  two-dimensional 

phenomenon. 

A l o g i c a l  extension of the present  i nves t iga t ion  

would be t o  study the e f f e c t s  of sur face  geometry over 

a wider range of s o l i d  propel lan ts  and composite 

propel lan t  components. Standards for surface geometry 

should be formulated i n  order t o  provide a convenient 

parameter f o r  c o r r e l l a t i n g  heat t r a n s f e r  e f f e c t s .  For 

instance,  photomicrographs of the sur face  should be 
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taken and some c h a r a c t e r i s t i c  measure of surface 

pornsi ty ,  such RS bead size-to-void diameter could 

be used f o r  co r re l a t ing  experimental  results. 

High speed, close-up photography provides an 

exce l l en t  means for recording the flame spreading 

phenomenon. Cinematographic analys is  has provided 

evidenae of important heat t r a n s f e r  e f f e c t s  (Fig.  3 ) ,  

and i t  is an t i c ipa t ed  tha t  a s e n s i t i v e  parameter t o  

study would be the propel lant  sur face  temperature. 

Hence, add i t iona l  instrumentation for advanced s t u d i e s  

should include rapid response hea t  f lux  gauges t o  

measure the hea t  t r a n s f e r  h i s t o r y  produced a t  the 

propel lan t  surface as i t  is engulfed by the spreading 

Plams. I n  addi t ion,  the propel lant  sur face  could be 

heated by thermal rad ia t ion  o r  cooled by r e f r i g e r a t i o n ,  

w i t h  miniature thermocouples (Reference 10)  inbedded 

i n  the sur face  t o  produce an accurate measurement of 

the temperature h i s t o r y  during exposure t o  the 

spreading flame. Resul ts  of these measurements 

should revea l  the proper unsteady-state sur face  

vaporizat ion boundary condition, and provide the 

stepping stones t o  an exact quant ia t ive  treatment 

of the problem. 



I n  p rac t i ce ,  rocket  motor i g n i t i o n  takes  place 

a t  elevated pressures ,  t y p i c a l l y  from 50 t o  500 p s i .  

I n  order t o  determine whether the highly s i g n i f i c a n t  

e f f e c t s  of sur face  geometry, causing a marked increase 

i n  flame spreading ve loc i ty ,  are a l s o  present  i n  this 

range of pressures ,  i t  is proposed that a n  apparatus 

be f ab r i ca t ed  which i s  suitable f o r  t e s t i n g  i n  th is  

range. If surface geolaetyy e f f e c t s  can be exhibi ted 

I n  the range of a c t u a l  motor i g n i t e r  performance, i t  

may be poss ib le  t o  design more e f f i c i e n t  i g n i t i o n  systems. 

Forced conveution of ho t ,  conbustion gases  p a s t  

the  propel lan t  surface occurs i n  a c t u a l  rocket  motors 

and  s i g n i f i c a n t l y  a f f e c t s  the flame propagation. Any 

s tudy  of flame spreading must u l t ima te ly  include 

these e f f e c t s  and fu tu re  inves t iga t ions  should lead 

i n  the d i r e c t i o n  of dynamic flow experiments where 

the flame spreading ve loc i ty  may be measured as a 

func t ion  of gas ve loc i ty ,  gas  temperature, chamber 

pressure,  e t c .  This would c o n s t i t u t e  a n  o v e r a l l  

ana lys i s  of the problem, but  a t  present  i t  is  f e l t  

t h a t  more fundamental inves t iga t ions ,  as descr ibed 

above, be performed and these results understood 

before  the o v e r a l l  problem is approached. 

I 



The present  s tudy was conducted under quiescent  

condi t ions,  using a s implif ied phys ica l  m o d e l ,  and 

the results ind ica t e  a highly complex, two-dimensional 

mode of flame spreading involving i n f l u e n t i a l  h e a t  

transfer e f f e c t s .  The continued inves t iga t ion  of the 

r e l a t i v e  importance of the seve ra l  fundamental 

parameters governing the flame spreading phenomenon 

should eventual ly  make i t  possible t o  produce a n  

exac t  ana lys i s  of this important phase of s o l i d  rocket  

motor i gn i t l on .  
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APPENDIX 

ONE-DIMENSIONAL MODEL O F  FLAME SPREADING 

Presanted herefn is t he  s i q , l i f i e d ,  gas-phase 

theory of flame spreading developed i n  this labora tory  

t o  descr ibe this phenomenon on a fundamental l e v e l .  

Assumptions : 

(1) The dis tance  ahead of the flame which i s  a f f ec t ed  

by the presence of the approaching flame (thermal 

l aye r  thickness)  is assumed constant.  

(2 )  A temperature runaway leading t o  ign i t i on  takes 

place i n  the gas phase a t  a d is tance ,  X i g ,  above 

the sur face  (assume X i g  is  cons tan t ) .  

( 3 )  Assume that the concentration of the tes t  gas i s  

unaffected by the d i f fus ing  propel lan t  vapor. 

(4) From the d i f fus ion  equation, a f t e r  Crank  (Reference 

ll), assume tha t  the d i f fus ing  vapor concentration 

a t  X i g  is proportional t o  t n ,  where t is the time 

and n i s  a p o s i t i v e  constant.  

(5) The reac t ion  between propel lan t  vapors and t e s t  

gas is  second order. 

( 6 )  Neglect hea t  t r a n s f e r  i n  the gas phase, s o  t h a t  

the quant i ty ,  Qchem, the hea t  generation/ un i t  

mass is the only source of h e a t  generation t o  



the sur face .  

The energy equation governing the heat f l a w  

ir. the gas neay %he nut8face at *he sits of i g n i t i o n  

becomes : 
319 ycps 36 = QCkCM 

where : 

9 
Cp 

is  the dens i ty  (mass/unit volume) 

is  the hea t  capacity/unit  volume 

The chemical hea t  generation ra te  p e r  u n i t  mass, 

for the postulated second order  reac t ion  may &chem' 

where : 

qf is t h o  hea t  of combustion of the fue l /un i t  mass 

is  the f u e l  vapor concentration a t  the  s i t e  of 

i g n i t i o n  i n  the gas phase (mass/unit volume) 

is  the t e s t  gas concentration ( m a s s / u n i t  v o l . )  

is the Arrhenius pre-exponential  f a c t o r  

(mass/unit volume )-2/unit  t i m e  

is  the ac t iva t ion  energy f o r  the gas phase 

r e a c t  ion 

(cF)Gfj 

cg 

Ee 



A- 3 

is the gas temperature 

R I s  the  un ive r sa l  gas constant 
Tg 

For x a constant,  (e&. is proport ional  t o  

tn (Referenue ll), where n is a p o s i t i v e  constant ,  

and hence, Qchem I s  a funct ion of time only. 

5fJ "9 

and noting that Cg = ZgQq where Z is the  mole f r a c t i o n ,  

Subs t i t u t ion  of Eq. (3) i n t o  the energy equation (1) 

Assuming per fec t  gas behavior,  $!g= 

where P is the surrounding gas  pressure l eve l ,  Eq. (4)  
may t hen  be w r i t t e n  as: 

Since qf, k ,  and Eg are physioal constants ,  the 

expression i n  b racke ts  is a funct ion of Tg, only. 

This simple first order d i f f e r e n t i a l  equation may 

be in tegra ted  between temperature limits of T i n  and 



T i g ,  and over a time i n t e r v a l  0 t o  tig, o r  z. 
where : 

i s  the i n i t i a l  gas temperature 

is the  ":@nition temperature" 

is  the i g n i t i o n  delay 

T i n  

Tit3 

Eq. ( 5 )  becomes, following i n t e g r a t i o n  and s u b s t i t u t i o n  

The expression on the l e f t  depends only upon the 

i n i t i a l  and f i n a l  gas  temperatures and the s e v e r a l  

phys i ca l  parameters involved i n  the  Arrhenius Law, 

a l l  of which may be assumed cons tan t .  

Therefore i f  P remains cons tan t ,  
/ -- 

n + I  zs'zy 
and i f  2 is  cons tan t ,  - / 

g - n t l  

2 5 0  

( 7 )  

A-4 

However, s ince  the thermal l a y e r  thickness  i s  cons tan t ,  

and s u b s t i t u t i o n  of Eqs. ( 7 )  and ( 8 )  i n t o  this 
/ 

ddF 
r e l a t i o n  y i e l d s :  

8 ._ 
nt l  

V N  'P where n)O 

This s impl i f i ed  ana lys i s ;  i . e .  , one-dimensional, 

neglect ing hea t  t r a n s f e r  e f f e c t s  a t  the gas phase r eac t ion  

sit9 p r e d i c t s  pressure  exponents less than uni ty .  
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