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ABS TRACT 

Diffusion flames between a body of ammonium p e r c h l o r a t e  (AP) and 

va r ious  f u e l  sources--solid polybutadiene-acrylic-acid copolymer o r  

gaseous methane o r  hydrogen--were i n v e s t i g a t e d  s p e c t r o s c o p i c a l l y  over  

a wavelength range of 0 . 3  t o  5.511 wi th  a Warner-Swasey Model 501 

Mil l isecond Scanning Spectrometer.  

With gaseous f u e l s ,  t h e  flame w a s  approximately i n  t h e  c e n t e r  of 

t h e  gap between t h e  f u e l  source and t h e  s u r f a c e  of t h e  AP. An AP-us. 

AP flame w a s  produced, b u t  i t  w a s  t o t a l l y  n o n v i s i b l e  t o  t h e  eye. The 

polymer flames w e r e  very c lose  t o  t h e  f u e l  su r f ace .  Spectrograms are 

publ ished f o r  t h e  hydrogen-Us.-AP, methane-vs.-AP, AF'-vs.-AP, and 

polymer-Us.-AP flames i n  t h e  1.9- to-4.7~ range. 

For t h e  methane-us.-AP flame, temperatures of about 2400°K were 

measured by a sodium-D-line-height-comparison technique as a s u b s i d i a r y  

study. N o  s i g n i f i c a n t  v a r i a t i o n  i n  t h e  temperature ac ross  t h e  gap w a s  

revealed by t h i s  technique. 

C 0 2 ,  H 2 0 ,  H C 1 ,  CH4,  and probably N20 w e r e  de t ec t ed  i n  t h e  flames. 

N o  evidence of CO w a s  found. HC1 emission w a s  observed as nea r  t h e  

s u r f a c e  of t h e  polymer as it  w a s  p o s s i b l e  t o  observe; however, i t  w a s  

no t  de t ec t ed  n e a r  t h e  AP su r face .  S imi l a r  r e s u l t s  were obtained i n  t h e  

gaseous-fuel flames. It i s  concluded t h a t  HC1 w a s  n o t  a primary product 

of t h e  g a s i f i c a t i o n  of AP. 

Since C02 emission w a s  observed as n e a r  t h e  s u r f a c e s  of  t h e  f u e l  

sources  as could be  observed, t h e r e  must be reactive o x i d i z e r  s p e c i e s  

v i i i  



which s u r v i v e  t h e  flame and d i f f u s e  t o  t h i s  l o c a t i o n  t o  r e a c t  wi th  t h e  

f u e l .  The C02- and HC1-emission d i s t r i b u t i o n s  ac ross  t h e  gap a r e  

explained by p o s t u l a t i n g  t h a t  a chlorine-oxygen compound, perhaps C 1 0  

o r  C102 ,  w a s  a product of t he  g a s i f i c a t i o n  of  AP and t h a t  a po r t ion  of 

it d i f fused  t o  t h e  f u e l  s u r f a c e ,  where i t  oxid ized  t h e  g a s i f i e d  f u e l .  

I n  t h e  polymer-us .-AP flame, t h i s  compound may have p a r t i c i p a t e d  i n  t h e  

degradat ion of t h e  f u e l .  

i x  



CHAPTER I. INTRODUCTION. 

Engineers have had remarkable success  i n  designing so l id -  

p rope l l an t  rocket  engines by s o p h i s t i c a t e d  equiva len ts  of cut-and-try 

methods, inc luding  f u l l - s c a l e  f i r i n g s .  However, t hese  methods are 

c o s t l y  and,slow. 

combustion mechanism s o  t h a t  p rope l l an t s  may be t a i l o r e d  t o  m e e t  

p r e c i s e l y  def ined mission requirements.  

Research i s  necessary t o  provide knowledge of t h e  

The ob jec t ive  of such rocket-propel lant  research  i s  t o  develop 

equat ions o r  o t h e r  r e l a t i o n s h i p s  from which one can c a l c u l a t e  t h e  

thrust- t ime curve f o r  a motor, given t h e  important va r i ab le s ;  such as, 

p rope l l an t  composition, s i g n i f i c a n t  f e a t u r e s  of t h e  rocket-case shape 

and g ra in  design, nozzle  parameters,  i n i t i a l  temperature and pressure ,  

etc. 

even f a r  enough t o  have i d e n t i f i e d  a l l  of t h e  important v a r i a b l e s .  

Charac te r iz ing  t h e  combustion of t h e  p rope l l an t  is  one of t h e  more 

important s t a g e s  i n  a t t a i n i n g  t h e  u l t ima te  ob jec t ive .  

A t  t h e  present  t i m e ,  work toward t h i s  o b j e c t i v e  has  no t  progressed 

This Utopian goa l  is beyond immediate a t ta inment .  However, 

research  on combustion mechanisms w i l l  l e ad  t o  means of providing 

t h e  designer  wi th  more r e l i a b l e  and accura te  information f o r  design 

purposes; such as, r a t i o n a l  bases  f o r  choosing between a l t e r n a t i v e  

p rope l l an t  systems and development of s tandard ized  small-scale experi-  

ments which would permit choice of an optimum system. 

However, d e s p i t e  t h e  apparent conceptual,  manufacturing, and 

ope ra t iona l  s i m p l i c i t y  of so l id- rocket  engines and t h e i r  p rope l l an t s ,  

1 
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a comprehensive d e s c r i p t i o n  of t h e i r  i g n i t i o n  and burning phenomena is  

very d i f f i c u l t .  One encounters no t  only t h e  complicated k i n e t i c s  and 

t h e  s t e e p  concentrat ion and temperature g r a d i e n t s  u sua l ly  a s s o c i a t e d  

with flames b u t  a l s o  t h e  p o s s i b i l i t y  ( o r ,  i n  ou r  case, t h e  p r o b a b i l i t y ,  

s i n c e  w e  d e a l  with composite p r o p e l l a n t s )  of  time-dependent combustion- 

zone he te rogene i ty ,  induced by t h e  n a t u r e  of  t h e  p rope l l an t .  O f  

paramount importance is i d e n t i f i c a t i o n  of t h e  r a t e - c o n t r o l l i n g  process 

o r  processes .  H a l l  and Pearson [16]  d i scuss  s e v e r a l  t h e o r e t i c a l  

t r ea tmen t s  of t h e s e  phenomena and r e fe rence  many o t h e r s .  

This r e sea rch  p r o j e c t  w a s  i n i t i a t e d  i n  o r d e r  t o  a i d  i n  d i s p e l l i n g  

t h e  controversy and confusion over  t h e  proper a n a l y t i c a l  t reatment  of 

p r o p e l l a n t  combustion. A d i f f u s i o n  flame between l a r g e  bodies of  t h e  

two major components of one type  of rocket  p r o p e l l a n t  w a s  i n v e s t i g a t e d .  

To t h i s  arrangement of s p a t i a l l y  sepa ra t ed  components w i th  a flame 

loca ted  between them, w e  g ive  t h e  d e s c r i p t i v e  name, "chemical arc." 

I n  t h i s  i n v e s t i g a t i o n ,  t h e  d i f f u s i o n  flame w a s  produced between a 

body of  ammonium p e r c h l o r a t e  (AP) and a f u e l  source.  The l a t t e r  

cons i s t ed  of e i t h e r  a body of s o l i d  polybutadiene-acrylic-acid copolymer 

(PBAA) o r  a s t a i n l e s s - s t e e l  f r i t t e d  d i s k ,  through which flowed hydrogen 

o r  methane. I n  some runs ,  copper chromite, which i s  a burning-rate  

and i g n i t i o n  c a t a l y s t ,  w a s  added t o  t h e  ammonium p e r c h l o r a t e  o r  t o  t h e  

polymer. 

The goa l s  of t h i s  p r o j e c t  were (1) t o  i d e n t i f y  r e a c t i v e  s p e c i e s ,  

(2)  t o  discover  t h e i r  s p a t i a l  d i s t r i b u t i o n  and t h e  rates of g a s i f i c a -  

t i o n  of  t h e  i n i t i a l  components, and ( 3 )  t o  determine whether hetero-  

geneous p y r o l y s i s  of t h e  i n d i v i d u a l  components i n  t h i s  chemical arc 

is p o s s i b l e ;  t h a t  is ,  whether t h e  p y r o l y s i s  of one component may be 
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inf luenced by chemical spec ie s  o r i g i n a t i n g  from t h e  o t h e r  component. 

The major p ieces  of equipment obtained t o  accomplish these  t a sks  

are a Warner-Swasey Model 501 Mil l isecond Scanning Spectrometer with 

a r a d i a t i o n  source u n i t  [29];  a P rec i s ion  Instrument 60-ips s ing le -  

extended-range 

Honeywell 906A 

mechanism were 

FM tape  recorder ,  a Tektronix 564 oscilloscope;.-and a 

Visicorder .  Also, a test burner  and a t r a v e r s i n g  

constructed.  

I n  each experiment, approximately 180 s p e c t r a l  scans were taken 

wi th  t h i s  equipment i n  success ive  p o s i t i o n s  across  t h e  gap between 

t h e  AP p e l l e t  and t h e  f u e l  source.  The scans taken were recorded on 

tape  f o r  every traverse i n  each run. S p a t i a l  r e so lu t ion  w a s  about 0 .1  

inch; and s p e c t r a l  r e s o l u t i o n  w a s  about 0.03~ i n  t h e  middle I R  region 

(1.9 t o  4.711) , which w a s  t h e  most u se fu l  region. 

I 



CHAPTER 11. REVIEW OF P R E V I O U S  WORK 

ON AMMON I UM-PERCHLO RATE- S U P P O  RTE D COMB U S T I  ON. 

"The key r o l e  of AP [ammonium pe rch lo ra t e ]  i n  t h e  combustion 

This is  i l l u s t r a t e d  by process has  been apparent  f o r  some years .  

t h e  f a c t  t h a t  AI? alone e x h i b i t s  a number of t h e  burning p rope r t i e s  

of composite p rope l l an t s  based upon it" [16]. However, d e s p i t e  

technologica l  interest i n  ammonium pe rch lo ra t e  because of i t s  extens ive  

use i n  so l id-propel lan t  rocke ts ,  t he  mechanism of t h e  decomposition is  

not  w e l l  understood at t h e  present  t i m e "  [21] .  

I t  

While i n  t h i s  work our  a t t e n t i o n  is focused mainly on AP reac- 

t i o n s ,  w e  do n o t ,  i n  genera l ,  assume t h a t  t h e  f u e l  n e c e s s a r i l y  plays 

a minor ro l e .  For example, w e  consider  t h e  work of  Cheng [6 ]  on 

ox ida t ive  decomposition of PBAA (polybutadiene-acrylic-acid copolymer) 

very s i g n i f i c a n t .  H e  found t h a t  a very important r e a c t i o n ,  probably 

heterogeneous , occurs between AP o r  i t s  decomposition products and t h e  

polymer o r  i t s  decomposition products.  H e  observed a s i g n i f i c a n t  

reduct ion  i n  polymer decomposition temperature when AP w a s  added. 

Cheng a l s o  found t h a t  copper chromite expedi ted t h e  decomposition bu t  

not  t o  t h e  ex ten t  obtained wi th  AP. Clear ly ,  t h e  work of Cheng and 

o the r s  on t h e  polymeric f u e l s  is  important ,  e s p e c i a l l y ,  f o r  example, 

as i t  p e r t a i n s  t o  an underoxidized p rope l l an t  t o  be  decomposed as a 

f u e l  source i n  a s taged  combustion system. On t h e  o the r  hand, Cheng 

a l s o  impl ies  t h a t  AP should be  assigned a dominant r o l e  i n  t h e  i g n i t i o n  

and burning of f u l l y  oxidized p rope l l an t s  and thereby encourages us ,  a t  

4 
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least f o r  l i m i t e d  purposes,  t o  concent ra te  on AP r eac t ions .  

D i f f e r e n t i a l  thermal  a n a l y s i s  of AP y i e l d s  an endotherm at 240°C 

and two exotherms a t  300°C and 44OoC, r e spec t ive ly  [16]. The endotherm 

accompanies a c r y s t a l  t r a n s i t i o n  from orthorhombic t o  cubic  [3 ,16] ,  and 

t h e  exotherms are a t t r i b u t e d  t o  the  r'low"- and "high"-temperature 

thermal  decomposition of AP [16].  The low-temperature thermal decom- 

p o s i t i o n  i s  thought t o  begin a t  cen te r s  i n  t h e  c r y s t a l  [13,22] and t o  

develop i n  an a n i s o t r o p i c  manner. Raevski i  [42] o f f e r s  confirmation; 

he e tched  c r y s t a l s  and noted t h e  s i m i l a r i t y  between t h e  p a t t e r n s  he  

obta ined  and t h o s e  obta ined  i n  AP decomposition. 

In vacuo subl imat ion combined wi th  decomposition has been found 

[16] t o  s tar t  at 130OC. This process ,  however, w a s  n o t  complete, t h e  

amount sublimed inc reas ing  monotonically from 4.4% a t  226OC t o  86% a t  

331OC. Rec rys t a l i za t ion  from water of t he  r e s i d u a l  material r e s u l t e d  

i n  a material whose f r a c t i o n  of decomposition w a s  t h e  same as t h a t  of 

f r e s h  material [31. 

Bircumshaw and Newman [3 ,4 ]  f i r s t  repor ted  t h a t  decomposition i n  

an iner t -gas  stream o r  in vacuo proceeds only t o  2 8  t o  30% consumption 

of t h e  s o l i d  i n  t h e  temperature  range of 220 t o  280OC. 

exposed t o  water vapor o r  being ground up, t h e  r e s i d u e  decomposed again 

t o  about t h e  same ex ten t  as f r e s h  material. They a t t r i b u t e d  t h i s  t o  

the  formation of a new c r y s t a l l i n e  l a t t i ce ,  f r e e  from voids  amounting 

t o  about 30%. 

Af te r  being 

I n  support  of Raevski i ' s  t h e s i s  and i n  con t r ad ic t ion  t o  a r i v a l  

sugges t ion  E131 that t h e  30% decomposed material began as i n t e r s t i t i a l  
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material, Kraeu t l e  [22] r e p o r t s  t h a t  s i n g l e  l a r g e  c r y s t a l s  e x h i b i t  t h e  

s a m e  p a r t i a l  decomposition behavior.  

Osada and Kakinouchi [31] r e p o r t  t h a t  t h e  c r y s t a l  s t r u c t u r e  of AI? 

a f f e c t s  i t s  decomposition v e l o c i t y .  The more r e g u l a r  t h e  c r y s t a l  

s t r u c t u r e ,  t h e  h ighe r  t h e  v e l o c i t y .  

The complexity of AP decomposition is  manifest .  Depending on t h e  

experimental  cond i t ions  they imposed, i n v e s t i g a t o r s  have apparent ly  

found a t  least t h r e e  modes of decomposition; and t h e r e  is no agreement 

as t o  whether subl imat ion is  a necessary p a r t  of any of them. The 

fol lowing summary of  p a s t  work i l l u s t r a t e s  t h e  s i t u a t i o n .  

For t h e  low-temperature (below 300OC) decomposition, Bircumshaw 

and Newman [3] r e p o r t  t h e  following o v e r a l l  r eac t ion :  

4NJ&+C104 +- 2C12 + 302 + 8H2O + 2N20. 

Seve ra l  experimenters [3 ,16]  have noted t h a t  t h e  high-temperature (above 

300°C) decomposition proceeds t o  completion, does n o t  e x h i b i t  an induc- 

t i o n  per iod,  and is  descr ibed by t h e  fol lowing o v e r a l l  r eac t ion :  

2NH4ClO4 + 4H20 + C12 + 02 + 2NO. 

A t  temperatures i n  o r  above t h e  range 440 t o  450°C, however, ammonium , 

p e r c h l o r a t e  w i l l  explode a f t e r  an induct ion per iod [16].  

From t h e i r  s t u d i e s ,  Heath and Majer [17]  concluded t h a t  AP decom- 

p o s i t i o n  does n o t  occur i n  t h e  gas phase a f t e r  subl imat ion b u t ,  r a t h e r ,  

occurs at t h e  su r face .  This w a s  i n d i c a t e d  by t h e  appearance of NO, N 0 2 ,  

0 2 ,  and C 1 2  under very low p res su re  condi t ions i n  a mass spectrometer.  

They a l s o  concluded t h a t  "ammonium p e r c h l o r a t e  sublimes by d i s s o c i a t i o n  

over  t h e  range 120-SOO'C, corresponding t o  a vapour p re s su re  range of 

3.7 x l ov6  t o  760 m Hg and is thus s imilar  i n  behaviour t o  t h e  ammonium 

h a l i d e s .  'I 



7 

I n  h i s  mass-spectrographic i n v e s t i g a t i o n  of AP which had been 

f l a s h  pyrolyzed wi th  laser l i g h t ,  P e l l e t t  [33]  r epor t ed  t h a t  proton- 

t r a n s f e r  d i s s o c i a t i o n  of AP i n t o  NH3 and HC104 appeared t o  be t h e  f i r s t  

s t e p  and t h a t  C 1 0 2  and H C 1  w e r e  major products.  HOC1 w a s  formed by a 

s lower secondary process .  P e l l e t  concluded t h a t  6102 i s  an important 

reactive in t e rmed ia t e  i n  t h e  heterogeneous decomposition of HC104 at 

high temperatures and p o s t u l a t e d  t h a t  i t  might be one of t h e  r e a c t i v e  

c h l o r i n e  oxides sought by Pearson and Sutton [32 ]  i n  o r d e r  t o  e x p l a i n  

t h e  r o l e  of HClo4 vapor i n  so l id -p rope l l an t  i g n i t i o n .  (See s e c t i o n  on 

perchloric-acid-supported flames,  page 12. ) 

Reject ing t h e  i d e a  t h a t  s e v e r a l  g ross ly  d i f f e r e n t  decomposition 

mechanisms need be  invoked, Jacobs [21]  p re sen t s  a u n i f i e d  mechanism 

of proton t r a n s f e r  f o r  both high- and low-temperature decomposition and 

f o r  s ub 1 i m a t  i on  : 

NH~(ads)  + R(g) 5 P(g> I I .  + -  
NH4 C 1 0 4  ( c )  --a. NH3(ads) + HClOq(ads) 

where R and P r ep resen t  r a d i c a l  i n t e rmed ia t e s  and products ,  r e spec t ive ly .  

Path I i s  t h e  low-temperature mechanism, I1 is t h e  high-temperature 

mechanism, and I11 is t h e  subl imat ion process .  Surface accumulation 

of t h e  adsorbed ammonia i s  suggested as t h e  reason why t h e  low-tempera- 

t u r e  process  s t o p s  a t  30% consumption of r e a c t a n t .  I f  t h e  temperature 

i s  r a i s e d ,  t h e  ammonia desorbs;  and t h e  high-temperature r e a c t i o n  

proceeds t o  completion. The subl imat ion process  (which is s i g n i f i c a n t  

only a t  low p res su re )  is j u s t  t h e  r e a s s o c i a t i o n  of t h e  ammonia and 

p e r c h l o r i c  acid.  



8 

This pro ton- t ransfer  mechanism and t h e  subsequent alternative 

processes  seem t o  f i t  t h e  experimental  observa t ions  b e t t e r  than any 

o the r .  However, work on slow thermal  decomposition only pravides  a- 

background f o r  d e f l a g r a t i o n  which is more nea r ly  r e l a t e d  t o  t h e  process  

s t u d i e d  i n  t h i s  work. The relevance of Jacobs '  explana t ion  of thermal  

decomposition t o  t h e  f a s t e r  d e f l a g r a t i o n  process  is  s t i l l  t o  be shown, 

bu t  t h e  assumption t h a t  i t  does apply is  a good f i r s t  working hypo- 

t h e s i s .  

B. DEFLAGRATION OF AMMONIUM PERCHLORATE 

Under c e r t a i n  cond i t ions ,  AP w i l l  support  a d e f l a g r a t i o n  flame. 

Arden e t  aZ. (11 found t h a t  t h e  products  of d e f l a g r a t i o n  w e r e  H20 ,  

O,, NO, HC1,  N 2 ,  C 1 2 ,  N20, CO2,  and CO. Such spec ie s  as NOC1,  C 1 0 ,  

C 1 0 2 ,  and HClO may be present  as in te rmedia tes  t oo  shor t - l i ved  t o  

i d e n t i f y .  Flame zones are extremely t h i n ,  and t h e  temperature g rad ien t  

may be  thousands of degrees p e r  m i l l i m e t e r  [ 4 0 ] .  The burning rate has 

been found [16] t o  inc rease  wi th  t h e  dens i ty  of t h e  AP; b u t ,  i n  t h e  

absence of a d d i t i v e s  such as N a  
- + 

o r  Mn04- o r  of h igh  p res su res ,  

d e f l a g r a t i o n  occurs  without  a t t endan t  mel t ing.  

Ammonium pe rch lo ra t e  by i t s e l f  w i l l  no t  support  a d e f l a g r a t i a n  

flame under normal condi t ions  (STP); a source  of a d d i t i o n a l  energy o r  

a reduct ion  i n  hea t  l o s s e s  is requi red .  Higher p re s su re ,  p rehea t ing  

of t h e  o r i g i n a l  material, r a d i a t i v e  hea t ing  of t h e  burning s u r f a c e ,  

add i t ion  of var ious  c a t a l y s t s  o r  small amounts of f u e l  t o  t h e  AP 

matrix, and p lac ing  AP i n  a f u e l  atmosphere have proven e f f i c a c i o u s  i n  

supplying t h i s  energy. Levy and Friedman [25]  found t h a t  A€', pure and 

unheated, w i l l  support  a decomposition flame i f  t h e  p re s su re  is above 
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22 a t m .  Reports of an upper p re s su re  l i m i t  [25] ,  based on experiments with 

s m a l l  s t r a n d s ,  are apparent ly  mistaken; f o r  s t r a n d s  of s u f f i c i e n t  s i z e ,  

no l i m i t  ha s  been found up t o  1000 a t m  [16,25]. AI? w i l l  s u s t a i n  com- 

b u s t i o n  at atmospheric p re s su re ,  however, i f  s u f f i c i e n t  energy is 

supp l i ed  t o  raise t h e  flame temperature t o  a minimum of about 9 3 O O C  

[1,16]. For example, Powling and Smith 1401 observed spontaneous 

i g n i t i o n  of AP i n  a stream of h o t  a i r  a t  360°C; and Horton [20] noted 

t h a t  extremely s m a l l  amounts of f u e l  were s u f f i c i e n t  t o  s u s t a i n  com- 

b u s t i o n  at p re s su res  below those  a t  which pu re  AI? w i l l  n o t  d e f l a g r a t e .  

For ammonium p e r c h l o r a t e  t o  burn at atmospheric p re s su re ,  at which 

considerable  q u a n t i t i e s  of  t he  endothermic n i t r i c  oxide are formed, t h e  

a d d i t i o n  of about 107 c a l / g  of extra h e a t ,  i n  t h e  form of a v o l a t i l e  

f u e l ,  is  r equ i r ed ,  while ,  at high p res su res ,  t h e  e x t r a  h e a t  a v a i l a b l e  

i f  oxides  of n i t r o g e n  are not  present  i n  t h e  products  i s  about 124 c a l / g  

[ 11.  The only e f f e c t  of t h e  catalyst  w a s  t o  reduce t h e  N 2 0  [25]. 

Friedman e t  aZ. [12,25] found t h a t  a radiant-energy f l u x  of  10 cal/cm2 

sec (equal  t o  102 ca l /g )  w a s  r equ i r ed  t o  support  combustion. The 

d e f l a g r a t i o n  rate w a s  e s s e n t i a l l y  l i n e a r  i n  r a d i a t i o n  f l u x .  

Flame-zone s t r u c t u r e  i n  a methane atmosphere appears t o  be  

. . an o x i d i z e r  decomposition flame w i t h i n  a few 
microns of each ammonium p e r c h l o r a t e  p e l l e t ,  i n t o  which a 
small f r a c t i o n  of t h e  f u e l  might d i f f u s e  and react, followed 
by t h e  f i n a l  flame a few hundred microns from t h e  s u r f a c e ,  
which is  s u s t a i n e d  by r e a c t i o n  between t h e  o x i d i z e r  decompo- 
s i t i o n  products  and t h e  l a r g e  remaining f r a c t i o n  of t h e  
f u e l  vapors [27]. 

Arden e t  aZ. [l] s a i d  t h a t  t h e  l i m i t i n g  flame temperature,  93OoC,  

is n o t  s i g n i f i c a n t l y  inf luenced by t h e  chemical n a t u r e  of t h e  f u e l ,  

e s p e c i a l l y  i n  t h e  case of  f u e l s  which are reasonably v o l a t i l e .  Para- 

formaldehyde, metaldehyde, and polystyrene a l l  f a l l  on t h e  same curve 
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of burning rate vs. flame temperature;  however, f o r  preheated AP (with- 

ou t  f u e l ) ,  t h e  curve is much s t eepe r .  

burning-rate ,  temperature curves are very c l o s e  at about 0.023 cm/sec 

and 930°C.  I' . . . The h e a t  generated by t h e  ammonium pe rch lo ra t e  

su r face  decomposition flame, s l i g h t l y  augmented by a very s m a l l  quan- 

t i t y  of f u e l ,  is t h e  p r i n c i p a l  source of  energy f ed  back t o  t h e  

s u r f a c e  t o  produce d e f l a g r a t i o n  of t h e  ammonium pe rch lo ra t e  burner" [27],  

bu t  " the l i m i t i n g  rates of burning a t  atmospheric pressure  are a l l  

wi th in  t h e  range 0.02 t o  0.03 cm/sec, i r r e s p e c t i v e  of  t h e  manner i n  

which t h e  h e a t  is added" [l]. High pressures  (1000 p s i )  i nc rease  t h e  

flame temperature about 8OoC by reducing t h e  formation of NO 11,161, 

while  c a t a l y s t s  work by reducing t h e  N 2 0  [16]. 

The s t a r t i n g  po in t s  of  t h e  

It seems p l a u s i b l e  t h a t  s m a l l  amounts of f u e l  promote AP deflagra-  

t i o n  by r a i s i n g  t h e  r eac t ion  temperature and, t h e r e f o r e ,  t h e  energy 

feedback; however, t h e  i n t e r p r e t a t i o n s  of t h e  e f f e c t s  of p re s su re  and 

c a t a l y s t  m u s t  b e  taken as educated specu la t ion  a t  b e s t .  

t h a t  causes a n e t  i nc rease  i n  t h e  r eac t ion  rate relative t o  t h e  heat-  

l o s s  rate acts i n  t h e  d i r e c t i o n  of  producing a s t a b l e  flame. 

Any change 

Barr'ere e t  aZ. [2],  i n  working wi th  pressed AP sphe res ,  found 

t h a t  t h e  exponent i n  t h e  rate equat ion changed f o r  some f u e l s .  They 

ascr ibed  t h i s  e f f e c t  t o  d i f f e r e n t  d i f f u s i v i t i e s  of t h e  f u e l s .  

Using, as f u e l s ,  paraformaldehyde, stearic a c i d ,  paraformaldehyde 

and NHkC1, polystyrene,  benzoic  ac id ,  and n i l  (AP prehea ted) ,  Arden et 

aZ. [ l ]  ob ta ined  s u r f a c e  temperatures of 450 k 3OoC f o r  a l l  f u e l s  and 

compositions examined (only l ean  f u e l  r a t i o s  w e r e  used) and burning 

rates between 3 and 10 cm/sec. I n  t h e i r  experiments a t  atmospheric 

pressure  with pure AP (prehea ted) ,  AP i n  hydrogen-nitrogen r a t i o s  of 
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0.36/1 and 1/0, AP i n  CH4, and AP with 11% (CHz),, Powling and Smith 

[40] found t h a t  t h e  s u r f a c e  temperature of AP w a s  c l o s e  t o  490°C and 

d i d  not  i n c r e a s e  s i g n i f i c a n t l y  with t h e  rate of burning, which they 

hypothesized t o  be  governed by t h e  temperature g rad ien t  e s t a b l i s h e d  

by t h e  gas-phase flame readt ion.  This hypothesis  i n d i c a t e s  t h a t  h e a t  

feedback is rate control l i r ig .  They a l s o  found t h a t  such c a t a l y s t s  as 

copper chromite a f f e c t e d  only t h e  burning rate. Surface temperatures 

were n o t  only unaffected by t h e  add i t ion  of c a t a l y s t  b u t  a l s o  d i f f e r e d  

only s l i g h t l y  when p r a c t i c a l  composite p r o p e l l a n t s  were used i n  p l a c e  

of weak fuel-AP mixtures.  

Powling and Smith 1411 a l s o  observed t h a t  f u e l  concen t r a t ion ,  at 

any given p res su re  (25 t o  760 mm Hg), had l i t t l e  e f f e c t  on s u r f a c e  

temperature,  concluding from t h e i r  observat ions t h a t  "thermodynamic 

equ i l ib r ium between s o l i d  ammonium p e r c h l o r a t e  and i ts  d i s s o c i a t i o n  

products , ammonia and p e r c h l o r i c  a c i d ,  e x i s t s  a t  t h e  burning surface. ' '  

The s u r f a c e  temperature w a s  found, however, t o  i n c r e a s e  with p re s su re ;  

and, f o r  weak mixtures of f u e l  and AP, t h e  p re s su re  exponent of  t h e  

burning rate f e l l  suddenly a t  about 1000 p s i ,  which Powling and Smith 

hypothesized t o  b e  t h e  r e s u l t  of a change of t h e  l o c a t i o n  of t h e  rate- 

c o n t r o l l i n g  process  r e a c t i o n s  from t h e  gas phase t o  t h e  s o l i d  su r face .  

From t h e i r  work, they concluded t h a t  t h e  " su r face  temperature of t h e  

ammonium p e r c h l o r a t e  . . . is  only of  i n c i d e n t a l  importance a t  

moderate pressures ."  

ments, 420 t o  480"C, would, with an a c t i v a t i o n  energy of 30 kcal/mole, 

produce a r a t i o  of  burning rates of over  s i x  t o  one, which i s  above t h e  

range of  burning rates Powling [39] i n v e s t i g a t e d .  Thus, Powling's 

experiment apparent ly  seems t o  l ack  s u f f i c i e n t  p r e c i s i o n  t o  j u s t i f y  

The p o s s i b l e  temperature range i n  t h e s e  experi-  
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h i s  conclusions.  

Powling [39],  a f t e r  f i r s t  espousing i t ,  now rejects t h e  concept-of  

d i s s o c i a t i o n  equi l ibr ium a t  t h e  sur face .  H e  sugges ts  t h a t  experimental  

d a t a  on t h e  g a s i f i c a t i o n  process ,  f o r  AF' burning over a wide v a r i e t y  of  

condi t ions ,  i n d i c a t e  t h a t  d i s soc ia t ion  is  gene ra l ly  b e t t e r  represented 

by a k i n e t i c  decomposition l a w  having an a c t i v a t i o n  energy of about 

30 kca l /  mo le. 

C. PERCHLORI C-ACID-SUPPORTED FLAMES 

Since work with AP decomposition i n d i c a t e s  t h a t  t he  ammonia 

sepa ra t e s  from t h e  pe rch lo ra t e  i n  some manner, flame inves t iga t ions  i n  

which p e r c h l o r i c  ac id  serves  as t h e  ox id ize r  have been conducted. 

Heath and Pearson [19] inves t iga t ed  premixed methane-perchloric-acid 

flames,  f i nd ing  t h a t  ch lo r ine  w a s  formed i n  t h e  r eac t ion  zone but  

decayed t o  H C 1  downstream. I n  a l l  chlorine-in-acid-flame analyses ,  t h e  

ch lo r ine  w a s  found t o  b e  i n  excess of t h e  equi l ibr ium value.  Thei r  

r e s u l t s  i nd ica t ed  t h a t  " the burning v e l o c i t y  of methane-acid flames i s  

about t h r e e  t i m e s  t h a t  of an oxygen flame at t h e  same flame temperature' '  

and t h a t  , i n  methane-rich ac id  flames , "only two molecules of methane 

are consumed pe r  molecule of ac id ,  excess methane a c t i n g  as a d i luent . "  

I n  h i s  s t u d i e s ,  Levy [ 2 4 ]  found t h a t  p e r c h l o r i c  ac id  decomposed on 

a h o t  w i r e  goes t o  0.5 H20  + 0.5 C 1 2  + 1.75 02 at 200°C. 

10 mm) p ressure ,  perch lor ic -ac id  vapor explosions w e r e  noted at 170 t o  

250°C. A f i r s t - o r d e r  r eac t ion  rate w a s  reported.  

A t  low (ea. 

Cummings and H a l l  [ 7 ]  found t h a t  t h e  add i t ion  of oxygen o r  a i r  t o  

a low-pressure, fue l - r i ch  methane-acid flame caused t h e  formation of a 

second luminous zone downstream of t h e  one a s soc ia t ed  with t h e  ac id .  
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The f i r s t  zone gave t h e  acid-flame spectrum, wh i l e  t h e  second gave t h e  

oxygen-flame spectrum. Relative t o  methane-oxygen flames of  a similar 

temperature,  methane - perchlor ic-acid flames have an inc reased  rate of 

C02 formation e a r l y  i n  t h e  flame; and consumption of  methane i n  t h e  

r e a c t i o n  zone i s  enhanced [18]. These phenomena have been a sc r ibed  

t o  o x i d i z e r  s p e c i e s  from H C 1 0 4 ,  which are more r e a c t i v e  than  those  

from 0 2 .  Heath and Pedrson [18] then proposed a mechanism which would 

u t i l i z e  C 1 0  r a d i c a l s .  

While Heath and Pearson s t a t e d  t h a t  "pe rch lo r i c  a c i d  does n o t  act 

i n  flames simply as a source of  oxygen," Cummings and H a l l  [ 7 ]  

concluded t h a t  "pe rch lo r i c  a c i d  o r  i t s  decomposition products are more 

reactive o x i d i z e r s  than molecular oxygen." I n  t h e i r  s tudy ,  Cummings 

and H a l l  noted t h a t  a l l  t h e  flames w e r e  colored blue--though a white- 

b l u e  i n  t h e  cases of methane and ethane--at atmospheric p re s su re  , 

whereas pink,  green, and b l u e  flames w e r e  noted a t  low p res su res .  

They found t h a t  , f o r  a s t o i c h i o m e t r i c  methane-perchloric-acid flame 

which had been d i l u t e d  with t h r e e  moles of n i t r o g e n ,  OH-line reversal 

produced a temperature of 2350 f 20'K. 

concluded t h a t  acid-molecule d i s s o c i a t i o n  is n o t  t h e  rate-determining 

s t e p .  

From t h e i r  r e s u l t s ,  they 

Studying p e r c h l o r i c  a c i d  and i ts  r e a c t i o n s  o r  e s s e n t i a l l y  pure 

ammonium p e r c h l o r a t e  as a means of l e a r n i n g  about t h e  combustion of  

AP-oxidized p r o p e l l a n t s  is a reasonable  s c i e n t i f i c  gamble. However, 

i t  does n o t  s e e m  t o  b e  a r o u t e  t o  i n s p i r e  g r e a t  expec ta t ions .  

example, compared with perchloric-acid-methane flames , complicated as 

they are, the AP-polymer-fuel r e a c t i o n s  are v a s t l y  more complex. This 

work has  s t r i v e n  t o  make a lesser depa r tu re  from t h e  f u l l  complexity 

For 
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of  p rope l l an t  combustion by concent ra t ing  on AP as t h e  oxid izer .  It 

has  concentrated l a r g e l y  on gaseous f u e l s  b u t  has a l s o  devoted some 

a t t e n t i o n  to  a t y p i c a l  f u e l  polymer--polybutadiene-acrylic-acid 

copolymer. 



CHAPTER 111. EXPERIMENTATION. 

A, APPARATUS 

The experimental  o b j e c t i v e  w a s  t o  e s t a b l i s h  a d i f f u s i o n  flame, t h e  

chemical arc, between a p lane  s u r f a c e  of AP and a p lanar  source  of 

f u e l ,  then spec t roscop ica l ly  t o  traverse t h e  zone between t h e  two 

r eac t an t  sources .  Accordingly, t h e  e s s e n t i a l s  of t h e  equipment were 

t h e  spectrometer  wi th  i ts  rad ian t  source,  a windowed chamber f o r  con- 

t a i n i n g  and d i sp lay ing  t h e  combustion process ,  and provis ion  f o r  t he  

beam of t h e  spectrometer  system t o  t r a v e r s e  t h e  r e a c t i o n  zone. 

1 i s  a schematic of t h e  apparatus .  

Figure 

1. Spectrometer and Auxiliary Equipment 

A Warner-Swasey Mi l l i second Scanning Spectrometer,  Model 501 S/N 

1004, wi th  a synchronized source u n i t  [ 2 9 ]  w a s  used t o  analyze t h e  

r a d i a t i o n  from t h e  flame zone. Radiat ion from t h e  source  i n  t h e  source 

u n i t  passes  through a v e r t i c a l  s l i t  and leaves t h e  u n i t  through a 

casagranian condenser, which w a s  ad jus t ed  t o  focus t h e  beam a t  a 

d i s t a n c e  of 30 inches  from t h e  u n i t .  The diverging beam i s  gathered 

by a matched casagranian o b j e c t i v e  and passed through an a d j u s t a b l e  

v e r t i c a l  s l i t  i n t o  t h e  spectrometer .  

’ I n  t h e  work repor ted  he re ,  t h e  source  u n i t  and t h e  spectrometer 

were sepa ra t ed  by 60 inches.  The e f f e c t i v e  en t rance  a p e r t u r e  of 

t h e  casagranian w a s  4.5 inches.  

t he  beam w a s  8.5 degrees.  

Thus, t h e  angle  of convergence of 

15 
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With a flame th ickness  of 1.5 inches ,  t h e  beam width a t  t h e  edge of t h e  

flame due t o  t h e  divergence of t h e  beam w a s  0.28 cm (0.11 inch) .  The 

width of t h e  spectrometer  en t rance  s l i t ,  0.5 mm, p ro j ec t ed  t o  t h e  flame 

would be  a d d i t i v e  with t h e  above beam width; bu t  i t s  con t r ibu t ion  w a s  

i n s i g n i f i c a n t  . 
The spectrometer  is  a modified Czerny-Turner monochromator, i n  

which a scan wheel car ry ing  corner  mir rors  is  mounted such t h a t  t h e  

mir rors  pass  through t h e  focus zone and perform t h e  scanning func t ion .  

Due t o  t h e  symmetry of t h e  corner  mir ror  arrangement, two monochromatic 

beams are r e f l e c t e d  and pass  ou t  two e x i t  s l i ts  i n t o  two d e t e c t o r s  

s e l e c t e d  f o r  t h e  wavelength band scanned. Thus, t h e  instrument scans 

two wavelength regions simultaneously.  

be va r i ed  incremental ly  such t h a t  one- t o  one-hundred-millisecond scan 

t i m e s  (800 t o  8 scans p e r  second) may be obtained.  

The speed of t h e  scan wheel can 

I n  t h i s  s tudy ,  t h e  spectrometer  w a s  used a t  a scan t i m e  of  t e n  

msec i n  fou r  s p e c t r a l  ranges: 0.3 t o  0 .65~1,  0.65 t o  1 . 9 ~ 1 ,  1.9 t o  4 .7~1 ,  

and 3.1 t o  5.511. 

photomul t ip l ie rs  (IP28 and 4473) w e r e  used a t  a s l i t  width of 0.5 mm. 

I n  t h e  second range, an 86.01-line/mm g r a t i n g  and l-mm s l i ts  were used 

with a 7102 photomul t ip l ie r  and a NZ(R)-cooled InAs I R  de t ec to r .  

I n  t h e  f i r s t  range, a 258.03-line/mm g r a t i n g  and two 

I n  t h e  t h i r d  range, a 35-line/mm g r a t i n g  w a s  used with N2(R)-cooled 

InAs, InSb I R  d e t e c t o r s ,  and 0.5-mm slits. I n  t h e  fou r th  range,  

N2(R)-cooled InSb de tec to r s  w e r e  used wi th  0.2-mm sli ts  and a 11.58- 

line/mm gra t ing .  

A chopper i n  t h e  source  u n i t ,  synchronized wi th  t h e  scan wheel, 

blocked t h e  beam during alternate s p e c t r a l  scans.  Thus, absorpt ion and 

emission spectra were taken  a l t e r n a t e l y .  Only t h e  emission s p e c t r a  
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contained u s e f u l  information,  due t o  t h e  low pressure-path-length 

product i n  t h e  burner .  

The output  from t h e  spectrometer w a s  i n  t h e  form of t h r e e  elec- 

t r o n i c  s i g n a l s ,  two of which contained t h e  s p e c t r a ,  whi le  t h e  o t h e r  

w a s  a t iming s i g n a l  used t o  t r i g g e r  t h e  osc i l loscope .  The s i g n a l s  from 

t h e  spectrometer  w e r e  displayed on an osc i l l o scope  sc reen  and were, 

thus ,  continuously monitored. U s e  of t h e  memory f e a t u r e  of t h e  scope 

o r  a camera permit ted recording a s i n g l e  s p e c t r a l  scan o r  t h e  envelope 
J-’ 

of t h e  traces. I n  add i t ion ,  t h e  s i g n a l s  were recorded a t  60 IPS  by a 

P rec i s ion  Instrument P I  2100 FM tape  recorder  s o  t h a t  t h e  s p e c t r a  could 

be reproduced a t  convenience and analyzed i n  d e t a i l .  A s p e c i a l l y  

designed t r i g g e r i n g  device f o r  t h e  osc i l l o scope  allowed a success ive  

p a i r  of absorp t ion  and emission traces f o r  each of t h e  p a i r  of s p e c t r a l  

i n t e r v a l s  to be recorded on each photo. Sequences of photographs of 

t h e  s p e c t r a  w e r e  taken as t h e  gap between t h e  AP and t h e  f r i t  w a s  

t raversed .  For a l imi t ed  number of runs, t h e  t ape  recorder  w a s  played 

back a t  a speed of 7.5 inches per  second; and t h e  s p e c t r a  were recorded 

by a Visicorder  osc i l lograph .  

graph, t h i s  procedure d id  no t  prove t o  be  very usefu l .  

Due t o  excessive n o i s e  i n  t h e  o s c i l l o -  

2. Combustian Chamber 

The combustion chamber w a s  machined from an aluminum block,  with 

provis ion  made f o r  mounting viewing windows and f o r  i n s e r t i n g  and 

l o c a t i n g  an AP p e l l e t  and e i t h e r  a corresponding polymer p e l l e t  o r  a 

fr i t  f o r  t h e  in t roduc t ion  of a gaseous f u e l .  The exhaust w a s  vented 

t o  t h e  atmosphere (12.5 p s i a  i n  S a l t  Lake Ci ty)  v e r t i c a l l y  out  t h e  top  

and bottom. Figure 2 is an exploded-view ske tch  of t h e  tes t  sec t ion .  
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The gap between t h e  AP and the  f r i t  o r  t h e  polymer s u r f a c e  w a s  one- 

h a l f  inch. The flame w a s  i g n i t e d  by an e l e c t r i c a l l y  heated c o i l  of  

nichrome w i r e ,  which touched t h e  AP at i t s  upper edge. This c o i l  w a s  

placed out  of t h e  v i e w  of t h e  spectroscope i n  o rde r  t h a t  i t s  thermal 

r a d i a t i o n  would not  complicate t h e  flame spec t r a .  

A s  discussed i n  Chapter I ,  AP w i l l  not  b u m  by i t s e l f  a t  low 

pressure  unless  a d d i t i o n a l  energy is  suppl ied .  This c h a r a c t e r i s t i c  

made i g n i t i o n  d i f f i c u l t .  

gap, even burning of a s l u g  of p rope l l an t  which f i l l e d  t h e  gap would 

not  i g n i t e  a se l f - sus t a ined  chemical arc. Preheat ing of t he  test 

s e c t i o n  w a s  t h e  method found e f f i c a c i o u s  as an i g n i t i o n  a i d .  The body 

of t h e  test s e c t i o n  w a s  hea ted  by e l e c t r i c a l  hea t ing  c a r t r i d g e s  t o  

32OoC, as measured i n  t h e  body of t h e  chamber. The f i n a l  temperature 

of t h e  AP was j u s t  under t h e  c r y s t a l  t r a n s i t i o n  temperature of 240OC. 

Thus, a t  i g n i t i o n ,  t h e  AP , which w a s  preheated,  w a s  be ing  subjec ted  t o  

r ad ian t  and convective hea t  f luxes .  Depending on t h e  wavelength range 

of i n t e r e s t ,  e i t h e r  I r t r a n - 3  o r  fused-quartz windows, purged by a flow 

of n i t rogen ,  w e r e  provided f o r  passing r a d i a t i o n  through o r  from t h e  

combus t i o n  zone. 

For example, i n  a polymer-AP run a t  0.5-iach 

3. Traversing Mechanism 

The sheer  bu lk  of t h e  spectrometer  system, combined wi th  its very 

s e n s i t i v e  o p t i c a l  alignment,  ru l ed  out  t h e  p o s s i b i l i t y  of  moving i t  t o  

cause t h e  beam t o  traverse t h e  combustion zone. In s t ead ,  t h e  combustion 

chamber w a s  moved back and f o r t h ,  p resent ing  d i f f e r e n t  p o s i t i o n s  i n  t h e  

combustion zone t o  t h e  spectrometer  view as t h e  chamber moved. 

The chamber w a s  dr iven by a screw which w a s  powered through a gear  
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t r a i n  by a three-phase synchronous electric motor. A t  t h e  end of i ts  

travel, t h e  chamber t r i pped  a microswitch,  which a c t i v a t e d  r e l a y s  t o  

reverse t h e  r o t a t i o n  of  t h e  motor and, t hus ,  t o  reverse t h e  d i r e c t i o n  of 

travel. These events  w e r e  repeated at t h e  o t h e r  extreme of chamber 

travel. 

motion. 

Two t r a v e r s e s  were thus made during each cyc le  of chamber 

The t i m e  requi red  f o r  one t r a v e r s e  of t h e  gap w a s  2.5 seconds,  and 

t h e  speed of t h e  chamber during t h e  e f f e c t i v e  t i m e  of s p e c t r a l  scanning 

was 0.51 cm pe r  sec ( .2  IPS) .  During a s i n g l e  scan (0.01 sec)  , there-  

fo re ,  t h e  chamber moved 0.0051 cm,  o r  0.02 t i m e s  t h e  beam width.  The 

l i n e a r  displacement i n  t h e  combustion chamber of t h e  beam w a s  0.006 cm 

(0.0025 inch-) between a given absorp t ion  spectrum and t h e  success ive  

emission spectrum. Thus, t h e  displacement of t h e  test s e c t i o n  during a 

s p e c t r a l  scan and between scans w a s  n e g l i g i b l e  compared with both t h e  

gap width and t h e  spectroscope beam width. While t h e  chamber motion 

was slow enough t h a t  i t  w a s  no t  a f a c t o r  i n  space r e s o l u t i o n ,  i t  

y ie lded  about 90 s p e c t r a  of each kind i n  each of t h e  many t r a v e r s e s  

made during an experiment. The i n d i s t i n g u i s h a b i l i t y  of success ive  

emission ( o r  absorpt ion)  s p e c t r a  ind ica t ed  a r e p r o d u c i b i l i t y  t h a t  

permit ted s e l e c t i o n  of f i v e  t o  t e n  scans ,  spaced across  t h e  gap, f o r  

d e t a i l e d  ana lys i s .  

B. FUELS AND AMMONIUM PERCHLORATE 

The gaseous f u e l s  were de l ive red  v i a  p re s su re  r egu la to r s  and Dwyer 

rotameters  from cyl inders .  The methane w a s  Matheson t e c h n i c a l  grade,  

f r e e  from mercaptan. 

The l i q u i d  polybutadiene-acrylic-acid copolymer w a s  suppl ied  by 
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t h e  Thiokol Chemical Corporation. 

with twenty pe rcen t  by weight of S h e l l  Epon 828 r e s i n ,  cast as a f i l m  

and cured seven days a t  8OOC. The cured f i lm ,  5-mm (0.2 inch)  t h i c k ,  

w a s  c u t  i n t o  d i s c s  38 mm (1.5 inches)  i n  diameter.  

It w a s  mixed thoroughly by s t i r r i n g  

Some polymer samples contained one percent  by weight of  copper 

chromite, Harshaw Cu-0202 P ,  by ana lys i s  supp l i ed ,  approximately 82 

percent  CuO and 17 percent  C r 2 O 3 .  Weight average p a r t i c l e  s i z e  w a s  

3.711. 

The t o p  sieve f r a c t i o n  (-48 mesh, 400+ 1-1) of ammonium p e r c h l o r a t e ,  

supp l i ed  by t h e  American Potash and Chemical Company, w a s  formed i n t o  

20-gram p e l l e t s  (9 x 39.3 mm) i n  a d i e  whose i n t e r n a l  p re s su re  w a s  

taken up t o  17.5 tons p e r  squa re  inch. The d e n s i t y  of t h e  p e l l e t s  w a s  

19 .3  g/cc,  o r  99% of t h a t  of t h e  c r y s t a l .  

made by mechanically mixing copper chromite wi th  t h e  g ranu la r  AP p r i o r  

t o  pressing.  

Catalyzed AP p e l l e t s  were 

C.  EXPERIMENTAL PROCEDURE 

While t h e  spectrometer  w a s  running and w i t h  t h e  t e s t - s e c t i o n  

temperature at about 200°C, t h e  AP-pellet ho lde r  (and polymer h o l d e r ,  

i f  app l i cab le )  w a s  loaded i n t o  t h e  burner .  J u s t  be fo re  t h e  i g n i t i o n  

temperature w a s  reached, t h e  t a p e  recorder  w a s  s t a r t e d ;  and, as t h e  

potent iometer  i n d i c a t e d  320°C, t h e  i g n i t i o n  cu r ren t  and t h e  f u e l  flow 

were turned on. 

I g n i t i o n  phenomena were s i m i l a r  i n  a l l  cases observed. A s h o r t  

t i m e  a f t e r  t h e  i g n i t i o n  cu r ren t  (and f u e l  flow, i f  app l i cab le )  w a s  

turned on, i g n i t i o n  commenced suddenly a t  t h e  p o i n t  where t h e  i g n i t i o n  

c o i l  touched t h e  AP p e l l e t .  (It w a s  found t h a t  i g n i t i o n  w a s  easiest i f  
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the  c o i l  w a s  i n  contact  wi th  t h e  AP.) 

AP s u r f a c e  and moved away from i t ,  s t a b i l i z i n g  a t  i ts  f i n a l  p o s i t i o n  

a f t e r  l e s s . t h a n  t e n  seconds. The d i f f i c u l t y  i n  i g n i t i o n  va r i ed  g rea t ly .  

The f lames-involving polymer f u e l s  w e r e  t h e  most d i f f i c u l t ,  methane 

and hydrogen-being much easier and s imilar  t o  each o the r .  Ca ta lys t  

The flame then spread over t h e  

(copper-chromite ,  0.1%) i n  t h e  AP p e l l e t  made i g n i t i o n  much easier, 

but  i n  t h e  polymer (1.0%) i t  had l i t t l e  no t i ceab le  e f f e c t .  



CHAPTER I V. RESULTS. 

A. METWANE;VS.-AMMONIUM-PERCHLORATE FLAME 

1.. . Description of Flame 

Figure 3 shows a sequence o f  t h r e e  photographs of an experiment i n  

which t h e  AP p e l l e t  w a s  opposed by a s t a i n l e s s - s t e e l  f r i t ,  through 

which methane w a s  introduced. Photograph (a) shows t h e  back-lighted 

chamber b e f o r e  i g n i t i o n ,  AP d i s c  on the l e f t ,  f r i t  on t h e  r i g h t .  

Photos (b) and ( c )  are i l l umina ted  by t h e  flame i t s e l f .  

Photograph (b) shows t h e  d i f f u s e ,  i r r e g u l a r  flame s h o r t l y  a f t e r  

t h e  i g n i t i o n  process  w a s  complete. Photograph (c) shows t h e  edge-on 

view of t h e  very sharp,  s teady flame with i t s  d i f f u s e  h a l o  t h a t  w a s  

observed during most of t h e  f i r i n g .  To t h e  l e f t  of t h e  flame, r e f l e c t -  

i n g  l i g h t  from i t ,  can be seen t h e  AP su r face .  I n  c o l o r  and b r i g h t n e s s ,  

t h e  flame resembled a candle o r  o t h e r  hydrocarbon-air d i f f u s i o n  flames. 

However, s p e c t r a l  measurements i n d i c a t e  t h a t  t h e  v i s i b l e  r a d i a t i o n  i s  

due almost e n t i r e l y  t o  sodium-D-line emission. Traces of sodium 

contaminant i n  t h e  AP provide t h e  co lo r ,  r a t h e r  than carbon-part ic le  

continuum, as i n  a candle flame. 

I n  t h e  test dep ic t ed  i n  Figure 3, f o r  which t h e  l i n e a r  burning 

rate of  t h e  AP w a s  .01 cm/sec, 0.145 mole of CHI, w a s  introduced i n t o  

t h e  chamber and 0.17 mole of AE' w a s  consumed--a CH4/AP mole r a t i o  of  

0.85. I f ,  f o r  t h e  sake of r e fe rence ,  w e  assume r e a c t i o n  t o  t h e  

products C02 ,  H20 ,  N 2 ,  C 1 2 ,  w e  see t h a t  s t o i c h i o m e t r i c  products  cal l  

f o r  a r a t i o  of 0.50, t h e  minimum value c o n s i s t e n t  with absence of 0 2  

o r  oxides of  n i t r o g e n  i n  t h e  products.  It is  i n t e r e s t i n g  t o  n o t e  t h a t  

22 
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t h e  r a t i o  r equ i r ed  t o  produce exc lus ive ly  COY H20 ,  N 2 ,  and H C 1  is 0.83, 

a va lue  equal ,  w i t h i n  e r r o r s  of measurement, t o  t h a t  observed. For 

reasons given below, t h i s  agreement i s  regarded as shee r  coincidence. 

The s t o i c h i o m e t r i c  r a t i o  f o r  a r e a c t i o n  y i e l d i n g  C 0 2 ,  N2, H20, and HC1, 

products observed spectroscopical ly ,would b e  0.625, compared with t h e  

observed va lue  of  0.85. I f  25% of t h e  CH4 bypassed t h e  flame, t h e  

o b s e r v e d - r a t i o  i s  compatible with t h e  products  observed. It is 

presumed t h a t  t h e  CH4 flow requ i r ed  t o  s u s t a i n  and s t a b i l i z e  t h e  flame 

w a s  i n  excess of r e a c t i o n  needs,  t h e  excess  escaping v i r t u a l l y  unreacted. 

Meaningful o v e r a l l  material balances cannot b e  made f o r  t h e  

r e a c t i o n  c a r r i e d  ou t  h e r e ,  where geometry i s  d i c t a t e d  by t h e  spectro-  

meter. The s e l f - r e g u l a t i n g  s toichiometry of t h e  flame zone i t s e l f  

i s  of g r e a t  s i g n i f i c a n c e  bu t ,  as y e t ,  is  beyond our  power t o  determine 

i t .  

2 .  F1 ame Temperature 

The AP-disc-frit gap w a s  t r a v e r s e d  i n  an experiment i n  which a 

g r a t i n g  (258.03 lines/mm) and d e t e c t o r s  s u i t a b l e  f o r  t h e  v i s i b l e  range 

were employed, and t h e  AF' contained 0 .1  weight percent  NaC104.  Tempera- 

t u r e s  were computed from peak-height measurements by t h e  sodium-D-line- 

comparison method, as descr ibed i n  Appendix A. Figure 4 d i s p l a y s  t h e  

r e s u l t s .  A l l  experimental  condi t ions w e r e  t h e  s a m e  as those  f o r  t h e  

experiment photographed (Figure 3 ) .  

The f a c t  t h a t  t h e r e  w a s  no g r e a t  d i f f e r e n c e  i n  t h e s e  temperatures 

is  of s i g n i f i c a n c e  i n  t h e  i n t e r p r e t a t i o n  of  t h e  s p e c t r a  obtained from 

t h i s  flame. 
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3.  The Spectra 

Photographs and f 1 ame- t emper at u r e  me as uremen t s are i n t e r e s t i n g  prelim- 

ina ry  s t u d i e s ,  b u t  t h e  h e a r t  of t h i s  i n v e s t i g a t i o n  w a s  t h e  spec t roscop ic  

f ind ings .  To sum up t h e  experimentation, t h e  v e r t i c a l l y  o r i e n t e d  beam of 

t h e  spectrometer ,  i n  e f f e c t ,  t r a v e r s e d  t h e  0.5-inch gap between t h e  f a c e  of 

t h e  AP p e l l e t  and t h e  f r i t  from which t h e  methane evolved. The s p e c t r a  of 

i n t e r e s t  were i n  t h e  1 .9 - to -4 .7~  region,  where a 35-line/mm g r a t i n g  and 

0.5-mm s l i t s  were used. The region w a s  scanned i n  two ranges,  1.9 t o  3.0  

and 3.0 t o  4 . 7 ~ ~  simultaneously.  A d e t a i l e d  cons ide ra t ion  of  t h e  s p e c t r a  

i n  t h i s  region,  based on previous work, and a complete a n a l y s i s  of a typ i -  

cal  s p e c t r a l  scan are t o  be found i n  Appendix B. 

temperature of t h e  r a d i a t i o n  source,  lower than t h e  flame temperature,  

absorpt ion measurements y i e lded  no s i g n i f i c a n t  information. 

Because of t h e  low 

I n  Figure 5,  numbered zero through s i x ,  are spectrograms obtained i n  

one traverse o f  t h e  gap a t  a methane rate of 2.5 l i t e r s / m i n u t e  (STP). 

trogram 0 is a c a l i b r a t i o n  trace taken through t h e  loaded burner  p r i o r  t o  

f i r i n g .  The absorpt ion s p e c t r a  observed are due t o  atmospheric C 0 2  and H 2 0  

i n  t h e  o p t i c a l  pa th  e x t e r n a l  t o  t h e  burner .  Of course,  t h e r e  w a s  no emission 

spectrum. 

Spec- 

I n  each of Spectrograms 1 through 6 ,  w e  f i n d  a t  1 .9 ,  2.5, 2.7, and 2.911 

the  peaks of f o u r  emissions,  which are p r imar i ly  H 2 0 .  A t  4 . 4 ~  i s  t h e  peak of 

an emission predominantly due t o  CO2.  A t  3.311 i n  Spectrograms 1 and 2 ,  super- 

imposed on t h e  upper wing of t h e  2 . 9 ~  water spectrum can be  seen an emission 

due t o  CH4.  A corresponding absorpt ion can a l s o  be  seen. It should be noted 

i n  Spectrogram 1, as c l o s e  t o  t h e  methane f r i t  as could be  observed with 

t h e  spectrometer ,  t h a t  H C 1  emission around 3 . 8 ~  is  c l e a r l y  ind ica t ed .  A t  an 

equal  d i s t a n c e  from t h e  AP f a c e  ( s e e  Spectrogram 6 ) ,  H C 1  emission could 

not be seen. It might be supposed t h a t ,  whatever t h e  E C l  d i s t r i b u t i o n  
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might have been, a h ighe r  temperature  near t h e  methane f r i t  could have 

accounted f o r  t h e  emission of H C 1  t h e r e  but  no t  n e a r  t h e  AP. However, 

measurements by t h e  sodium-D-line-comparison technique showed no g r e a t  

d i f f e r e n c e  i n  t h e  temperatures  at t h e  two l o c a t i o n s ,  as can be seen  i n  

Figure 4. It is e s p e c i a l l y  i n t e r e s t i n g  t h a t  c h l o r i n e  s p e c i e s ,  which 

must o r i g i n a t e  wi th  t h e  AP, d i f fused  so f a r  (0.5 cm, approximately) 

beyond t h e  flame and also t h a t  HC1 does not  seem t o  be a primary 

product of AP g a s i f i c a t i o n .  

I n  view of t h e  d iscuss ion  of s to ich iometry  i n  Sec t ion  A 1  of t h i s  

chapter ,  i t  is of i n t e r e s t  t o  seek  evidence of t h e  presence of CO. It 

is p a r t i c u l a r l y  a c t i v e  a t  4.511, bu t  very s t r o n g  C02 emission i n  t h i s  

reg ion  would mask CO emission. I n  p a r t s  of t h e  flame, Spectrograms 5 

and 6, i n  which C02 emission w a s  absent ,  a f a i n t  emission peak appears  

a t  about 4.5 t o  4.611. These p a r t s  of t h e  flame are those  i n  which any 

carbon p resen t  should be f u l l y  oxidized.  A s  w i l l  be  d iscussed  la ter ,  

emission a t  t h a t  wavelength and of about t h e  same i n t e n s i t y  is  present  

a l s o  when carbon i s  absent--in t h e  H2-vs .-AP and t h e  AP-Vs .-AP flames. 

Near 2.311, a region clear of o t h e r  r a d i a t i o n ,  CO emission has  been 

repor ted  137,431. N o  a c t i v i t y  w a s  observed at t h i s  wavelength i n  t h i s  

s tudy ,  even under condi t ions  which, f o r  t h e s e  f lames,  would b e  t h e  most 

f avorab le  f o r  formation of CO. 

weak, however; s o  some CO could have been p resen t  without being de tec ted .  

It is  concluded t h a t  CO is  probably no t  an important  spec ie s .  

The 2.311 emission of  CO is r e l a t i v e l y  

F igure  6 is comprised of a set  of p l o t s  of t h e  4.411 C02 and 2.911 

H20 peak h e i g h t s  and of t h e  r a t i o  of t h e  peak h e i g h t s  measured from 

spectrograms of t h e  CHQ-AP flame. A l l  p l o t s  are co r rec t ed  f o r  d i f f e r -  

ences i n  d e t e c t o r  s e n s i t i v i t y  and e l e c t r o n i c  ga in  f o r  t h e  two s p e c t r a l  
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ranges. The flame photos show t h a t  the v i s i b l e  flame corresponds 

approximately t o  t h e  maximum i n  t h e  p l o t s  of emission-peak he igh t s .  

The va lue  of p l o t t i n g  t h e  r a t i o  i s  due t o  t h e  s i m i l a r i t y  of t h e  var ia -  

t i o n s  wi th  temperature  of  t h e  emissions from each spec ie s .  I n  the  

r a t i o ,  t h e  temperature  e f f e c t  is  canceled ou t .  I n  the  p l o t s  of 

emission-peak h e i g h t s ,  t h e  temperature  e f f e c t  can obscure the  concen- 

t r a t i o n  e f f e c t .  

The p l o t s  of t h e  r a t i o  of  4 . 4 ~  C 0 2  t o  2.911 H 2 0  peak h e i g h t s  are 

i n t e r p r e t e d  as fol lows:  The r a t i o  i n c r e a s e s  with t h e  d i s t a n c e  from t h e  

s u r f a c e  of t h e  methane f r i t ,  going through a maximum and then f a l l i n g .  

This  maximum must be  due t o  formation of C 0 2  by r e a c t i o n  between f r e s h l y  

supp l i ed  methane and coun te rd i f fus ing  oxygen-carrying spec ie s ;  t h e  H 2 0  

concent ra t ion  remains more n e a r l y  cons tan t .  

a minimum i n  C 0 2 / H 2 0  r a t io - - i s  found a t  t h e  AP s i d e  of t h e  gap, where 

the  H 2 0  w a s  p r i n c i p a l l y  a decomposition product of AF', l i t t l e  C 0 2  

having d i f f u s e d  c l o s e  t o  t h e  AP su r face .  

The converse effect--<.e. ,  

B. METHANE (6.1 LITERS/l'4jNUTE)-VS.-AMMONIUM-PERCHLORATE FLAME 

The v i s u a l  appearance of t h e  flame w a s ,  as expected,  very s i m i l a r  

t o  t h a t  of t h e  2 .5- l i te rs /minute  methane-vs.-Al? flame. The flame w a s  

c l o s e r  t o  t h e  AP f ace ,  j u s t  h a l f  way across  t h e  gap. It would be 

expected a t  f i r s t  glance t h a t  t h e  l a r g e r  q u a n t i t y  of methane would 

favor  t h e  formation of CO; however, i t  w a s  no t  de tec ted .  This f a c t  

may be due t o  t h e  s e l f - r e g u l a t i n g  n a t u r e  of t h e  s to ich iometry  of t h e  

flame; ; . e . ,  t h e  manner i n  which an i n c r e a s e  i n  t h e  methane flow 

r e s u l t s  i n  an i n c r e a s e  i n  t h e  consumption rate of t h e  AF'. Also, t h e  

f r a c t i o n  of t h e  methane which d i d  not  react i n  t h e  flame w a s  undoubtedly 

l a r g e r .  
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The spectrograms w e r e  very similar t o  those  of t h e  2 . 5 - l i t e r s /  

minute methane flame. The methane absorpt ion w a s  much more pronounced 

nea r  t h e  f r i t : ,  probably because of t h e  lower temperature t h e r e  than i n  

t h e  other- experiment. The maxima of t h e  2 . 9 ~  H 2 0  and 4 . 4 ~  C02 emissions 

moved n e a r e r  t h e  AI?. Figure 7 d i sp l ays  t h e  4.4~-C02-to-2.9~-H20 peak- 

h e i g h t  r a t i o  and corresponds t o  Figure 6 f o r  t h e  lower methane flow 

rate .  There i s  l i t t l e  d i f f e r e n c e  between t h e  p l o t s  t h a t  can be a t t r i -  

buted t o  t h e  d i f f e r e n c e  i n  methane flow rates. 

C. METHAME (2 .5  LITERS/MIr.IUTE)-VS.-AMMOIIIIUM-PERCHLORATE (0.1% COPPER 

CtIROrl ITE FLAME 

The catalyzed-AP-with-methane flame w a s  t h e  most vigorous of t h e  

flames s t u d i e d .  The flame region w a s  more d i f f u s e  than t h a t  of t h e  

uncatalyzed flame and d id  not  exi”libit t h e  well-defined i n n e r  flame 

s h e e t .  

The gene ra l  f e a t u r e s  of t h e  s p e c t r a  are v i r t u a l l y  t h e  same as 

those of  t h e  uncatalyzed flame, w i th  t h e  except ion of  t h e  fact  t h a t  

methane absorpt ion w a s  n o t  observed, due probably t o  h i g h e r  tempera- 

t u r e s  n e a r  t h e  f r i t .  

The maximum of t h e  p l o t  of t h e  2.911 H2O peak h e i g h t s  moved c l o s e r  

t o  t h e  f u e l  s i d e  of  t h e  gap, bu t  t h e  4 . 4 ~  C 0 2  maximum moved t h e  o t h e r  

way. This r e s u l t e d  i n  a C 0 2 / H 2 0  r a t i o  which exh ib i t ed  less extreme 

v a r i a t i o n s  and had i t s  maximum and minimum c l o s e r  t oge the r .  See 

Figure 8. 
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D. HYDROGEN-VS .-AMMONIUM-PERCHLORATE FLAME 

The hydrogen (2 liters/minute)-vs.-AP flame c l o s e l y  resembles t h e  

methane-vs.-AP flame, t h e  only d i s t i n g u i s h i n g  f e a t u r e  being s l i g h t l y  

f a i n t e r  i n t e n s i t y .  

The s p e c t r a  obtained from t h i s  f lame, F igu re  9 ,  d id  n o t ,  of 

course,  e x h i b i t  any C02 emission a t  4.411. A t  4.5 t o  4.611, t h e  emission 

noted i n  t h e  CH4-AP flame is  seen i n  Spectrogram 4. Its e x i s t e n c e  i n  

t h i s  carbon-free flame is  t h e  b a s i s  f o r  a t t r i b u t i n g  i t  t o  s p e c i e s  o t h e r  

than CO. The o t h e r  s p e c t r a l  f e a t u r e s  of t h i s  flame are much t h e  same 

as those  of t h e  methane flame. 

E. AMMONI UM-PERCHLORATE-VS. -AMMONIUM-PERCHLORATE FLAME 

The AP-us.-AP flame w a s  t o t a l l y  n o n v i s i b l e  t o  t h e  eye. The only 

way t o  t e l l  t h a t  d e f l a g r a t i o n  w a s  occurr ing w a s  t o  no te  t h a t  t h e  AP w a s  

disappearing. The s u r f a c e  of t h e  k P  v i s u a l l y  resembled t h a t  of  dry ice  

when i t  vaporizes .  

I n  t h e  spectrograms of F igu re  10, t h e  4.5-to-4.611 peak ( see  

d i scuss ions  of  CH,-Us.-AP flame, page 25, and H2-vs.-AP flame, above) 

i s  q u i t e  l a r g e ,  e s p e c i a l l y  i n  comparison with t h e  o t h e r  peaks. It is 

l a r g e  a l s o  compared with t h e  corresponding emission peaks i n  t h e  spec- 

trograms f o r  t h e  CH4-AF' and H2-AP flames (Figures  8 and 9 )  even thcugh 

t h e  low temperature of t h i s  flame, 800 t o  900°C, would l e a d  one t o  

expect reduced emission levels. 

t h i s  emission could no t  be  CO, w e  n o t e  f u r t h e r  t h a t  i t  is n o t  due t o  a 

product of  combustion involving a f u e l .  Obviously, i t  is  a product of 

LD decomposition. N20 has  a very s t r o n g  absorpt ion l i n e  a t  4.511, while  

NO2 has  a very weak one at t h e  s a m e  p o i n t  1351. 

I n  a d d i t i o n  t o  t h e  observat ion t h a t  

Other probable  products-- 
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such as, C 1 0 2 ,  C 1 2 0 ,  and NOC1--had no absorpt ion l i n e s  which corres- 

ponded t o  t h e  u n i d e n t i f i e d  emission peak. 

F. POLYMER- VS .-AMMOFJ IUM-PERCHLORATE FLAME 

The polymer-0s . -AP flame w a s  q u i t  e d i f f e r e n t  i n  c h a r a c t e r  from t h e  

o the r s .  It w a s  b r i g h t  yellow i n  co lo r  but  w a s  opaque t o  t h e  source 

beam and very c l o s e  t o  t h e  f a c e  of t h e  polymer r a t h e r  than being i n  

t h e  middle of t h e  gap, as w e r e  t h e  gaseous-fuel flames. 

trace, Figure 11, approached t h e  absorpt ion t r a c e  as t h e  beam approached 

t h e  polymer face.  Spectrograms of t he  flame region i n  t h e  v i s i b l e  

The emission 

range showed both t h e  sodium-D emission and a continuum. 

and t h e  flame opac i ty  can both b e  explained by t h e  presence of incan- 

descent carbon p a r t i c l e s .  

The continuum 

A r a t h e r  l a r g e  amount of background (continuum) r a d i a t i o n  i s  

p resen t  i n  a l l  of t h e  spectrograms relative t o  t h e  flames with gaseous 

f u e l s .  The H C 1  emission is  de tec t ed  i n  Spectrograph 3 ,  which is  

as n e a r  t h e  polymer face as s p e c t r a  can b e  seen due t o  t h e  i n t e r f e r e n c e  

of t h e  flame. Even i n  t h i s  f lame, with glowing carbon p a r t i c l e s  

p re sen t ,  no h i n t  of CO is  de tec t ed  a t  2.31-1. 

P l o t s  of t h e  peak h e i g h t s  would no t  be expected t o  be l i k e  those 

f o r  t h e  gaseous-fuel flames because t h e  flame i s  very nea r  t h e  polymer 

and t h e  f u e l  s i d e  of t h e  flame cannot b e  scanned. 

H 2 0  peak-height-ratio p l o t  f u l f i l l s  expec ta t ions  , being low and no t  

e x h i b i t i n g  extrema, as observed i n  t h e  CH4-AP flame. However, both t h e  

C 0 2  and H 2 0  peak h e i g h t s ,  p l o t t e d  s e p a r a t e l y  i n  Figures  12 and 13, 

e x h i b i t  maxima i n  t h e  middle of t h e  gap. These maxima are probably due 

t o  a t t e n u a t i o n  of t h e  beam as t h e  beam approached t h e  flame and are n o t  

The 4.4v-CO2-to-2.9p- 
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b e l i e v e d  t o  i n d i c a t e  a maximum in e i t h e r  temperature o r  concentrat ion.  

G. POLYMER (1% COPPER CHROMITE)-VS .-AMMONIUM-PERCHLORATE FLAME 

Addition of  1% copper-chromite c a t a l y s t  t o  t h e  polymer d i d  no t  

change t h e  c h a r a c t e r i s t i c s  of t h e  flame i n  any observed way. 

phenomena, v i s u a l  appearance, and p l o t s  of peak h e i g h t s  are q u i t e  

s i m i l a r .  

I g n i t i o n  

H. POLYMER-VS.-AMMONIUM-PERCHLORATE (0.1% COPPER CHROMITE) FLAME 

This flame w a s  much l i k e  t h e  uncatalyzed flame. It w a s  opaque and 

very c l o s e  t o  t h e  polymer bu t  w a s  v i s i b l y  much more vigorous than t h e  

uncatalyzed flame. A s  i n  t h e  o t h e r  polymer flames,  t h e  C02 and H20 

p l o t s  have m a x i m a  i n  t h e  middle of  t h e  gap. 



CHAPTER V. CONCLUSIONS. 

The chemical arc o f f e r s  an approximately one-dimensional, quasi-  

s t eady  , space-dis t r i b u t  ed comb us t ion  s y s  t e m  convenfent f o r  spe  c t  ro- 

s c o p i c  study. It has  cer ta in  l i m i t a t i o n s ,  however; such as, i t  is  

impossible t o  vary independently a l l  of t h e  s t o i c h i o m e t r i c  v a r i a b l e s  

t h a t  can usua l ly  b e  v a r i e d  i n  p r o p e l l a n t  combustion s t u d i e s .  This  is 

due t o  t h e  f a c t  t h a t  t h e  AP consumption rate a d j u s t s  itself automati- 

c a l l y  t o  accommodate a change i n  the.gaseous-fuel flow rate. Burning 

rate can s t i l l  be  ad jus t ed  by an i n c r e a s e  i n  t h e  f u e l  flow rate. When 

a s o l i d  f u e l  i s  used, c o n t r o l  of t h i s  v a r i a b l e  is  l o s t  a l s o .  The arc 

is  a depa r tu re  from t h e  phys ica l  s i t u a t i o n  found i n  p rope l l an t .  

t h e  polymer and AP are i n  contact  o r  have, a t  most, a very s m a l l  gap 

between them. A l s o ,  t h e  flow p a t t e r n s  are n o t  s imple,  nor  are they 

e a s i l y  discerned.  

There, 

There are c e r t a i n  advantages t o  analyzing t h i s  phenomenon. The 

sources  of r e a c t a n t s  and t h e  zone of i n t e n s e  r e a c t i o n  are sepa ra t ed  i n  

space; t h u s ,  t h e  chemistry of  t h e  flame is conveniently d i s t r i b u t e d  i n  

a region l a r g e  compared with t h e  spectrometer view. 

I n  t h i s  work, t h e  absorpt ion s p e c t r a  w e r e  of l i t t l e  value,  a d i s -  

appointment because abso rp t ion  is gene ra l ly  p r e f e r r e d .  Most molecules 

are i n  t h e  ground s ta te  and respond t o  abso rp t ion ,  whereas emission i s  

a s s o c i a t e d  with t h e  s m a l l  f r a c t i o n  of  e x c i t e d  molecules and may be 

misleading as an index of concentrat ion.  The reason why absorpt ion 

measurements w e r e  no t  of much use i s ,  b a s i c a l l y ,  t h a t  t h e  path-length- 

31 
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pres su re  product 

r a d i a t i o n  source 

w a s  n o t  g r e a t  enough. Another problem w a s  t h a t  t h e  

w a s  no t  h o t  enough. Its temperature,  about llOO°C, 

w a s  a c t u a l l y  much less than  t h a t  of t h e  flame, above 20OO0C. 

S p a t i a l  r e s o l u t i o n  w a s  marginal,  of  t h e  o rde r  of  0 .1  inch, which 

i s  l a r g e  compared wi th  the th i ckness  of t h e  flame. I f  i n t e rmed ia t e s  

form and react again i n  a narrow band, they wcluld have t o  b e  i n  high 

concentrat ion t o  make t h e i r  presence known. A probe could be used t o  

withdraw samples , thus reducing t h e  s p a t i a l  r e s o l u t i o n  s i g n i f i c a n t l y ;  

bu t  t h e  spec ie s  have t i m e  t o  react a f t e r  being withdrawn. This pro- 

cedure would be  ques t ionab le  i n  t h i s  s i t u a t i o n .  It would, however, 

y i e l d  i n t e r e s t i n g  supplementary da t a .  

Even with t h e s e  l i m i t a t i o n s  and disadvantages , use of t h e  spectro-  

meter y i e l d e d  several i n t e r e s t i n g  r e s u l t s .  

Probably t h e  most i n t e r e s t i n g  r e s u l t  bea r ing  on chemical mechanisms 

is t h e  d i s t r i b u t i o n  of HC1,  t o  which t h e  saw-tooth s t r u c t u r e  near 3.81-1 

is a t t r i b u t e d .  I n  both t h e  CH4-M and the  H2-AE' systems, t h i s  spectro-  

g raph ic  f e a t u r e  w a s  observed near  t h e  f u e l  source of  t h e  d i f f u s i o n  

flame bu t  not  c l o s e  t o  t h e  AE'. Since sodium-D-line comparison i n d i c a t e d  

nea r ly  t h e  same temperatures on t h e  two s i d e s ,  w e  cannot exp la in  l a r g e  

d i f f e r e n c e s  i n  i I C l  emission by invoking a temperature e f f e c t .  W e  

conclude t h a t  H C 1  i s  n o t  a primary product of AP g a s i f i c a t i o n ,  whatever 

t h a t  process  may b e ,  and t h a t  t h e  c h l o r i n e  flows and d i f f u s e s  t o  t h e  

flame i n  another  molecular form, probably combined with oxygen. Strong 

i n d i c a t i o n s  of C 0 2  very nea r  t h e  f r i t  (CHQ-AP system) suggest  t h a t  

some reactive ox id iz ing  s p e c i e s  s u r v i v e  t h e  flame and f i n d  t h e i r  way 

c l o s e  t o  t h e  f u e l  source.  

Another very i n t e r e s t i n g  r e s u l t  is t h a t  CO w a s  not  de t ec t ed ,  even 
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on t h e  f u e l  s i d e  of t h e  cH4-Al? flame, although 602 appeared t o  be 

abundant t he re .  I f  CO is present  i n  s i g n i f i c a n t  concent ra t ions ,  i t  is 

present  i n  a zone very narrow compared with t h e  s p a t i a l  r e s o l u t i o n  of 

t h e  spectrometer.  (Emission i n  t h e  s p e c t r a l  region where CQ i s  t o  be  

sought,  4.5 t o  4.6v, i s  t e n t a t i v e l y  a t t r i b u t e d  t o  N20.) 

i s  t h a t ,  i f  CO i s  an in te rmedia te  i n  t h e  combustion process ,  i t  is 

shor t - l ived ,  as one would expect of C1-0 compounds are present  t o  

ox id i ze  i t .  

The in fe rence  

The presence of carbon p a r t i c l e s  i n  t h e  gas phase made spectro-  

s cop ic  observat ions very near  t h e  polymer impossible.  This d i f f i c u l t y  

w a s  a n t i c i p a t e d  a t  t h e  i n i t i a t i o n  of t h e  s tudy.  However, t h e  expecta- 

t i o n  t h a t  p a r t s  of t h e  d i s t r i b u t e d  flame zone would be f r e e  of s o l i d  

p a r t i c l e s  j u s t i f i e d  inves t iga t ion .  I n  these  zones, some i n t e r e s t i n g  

r e s u l t s  w e r e  noted. 

I n  t h i s  system, as i n  t h e  gaseous-fuel f lames,  HC1 w a s  no t  

de tec ted  nea r  t h e  ammonium pe rch lo ra t e  but  w a s  de tec ted  as near  t h e  

polymer as could be seen. Again, i t  i s  surmised t h a t  H C 1  is  no t  a 

primary g a s i f i c a t i o n  product bu t  i s  formed i n  a secondary r eac t ion  

i n  t h e  gas phase, probably from a chlorine-oxygen compound such as 

C10 o r  C102. Risking unsupported ex t r apo la t ion ,  w e  suggest  t h a t  

some of t hese  powerfully oxid iz ing  spec ie s  may surv ive  t h e  flame 

and reach t h e  polymer s u r f a c e  t o  p a r t i c i p a t e  i n  polymer decomposition 

i n  t h e  ox ida t ive  py ro lys i s  process discussed by Cheng [6]. 

I f  w e  extend specu la t ion  t o  composite-propellant combustion, we  

would p o s t u l a t e  t h a t  t h e r e ,  too ,  t h e  AP g a s i f i e s ,  no t  i n  t h e  decompo- 

s i t i o n  flame t o  t h e  u l t ima te  products repor ted  by some i n v e s t i g a t o r s  
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( see  Chapter 11) b u t ,  r a t h e r ,  t o  in te rmedia tes ,  inc luding  C1-0 

compounds. Some of t hese  spec ie s  a t t a c k  t h e  polymer su r face  t o  

gas i fy  t h e  f u e l .  

These f ind ings ,  based on t h e  HC1 d i s t r i b u t i o n ,  represent  t h e  

at ta inment  of one of t h e  major ob jec t ives  of t h i s  i n v e s t i g a t i o n ,  

F i n a l  r eac t ions  then occur i n  t h e  gas phase. 
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Distance from 
F r i t ,  inches 

TAGLE 1. PEAK-HEIGHT DATA FOR METHAIJE (2.5 LITERS/MINUTE) 

VS. AMMONIUM PERCHLORATE. 

C02 Peak H e i g h t  (4.411) 
w a t t s  sr-l 11-l 

.41 

.32 

.23 

.14 

.05 

0 . 4  
0.9 
4.8 
6 .6  
3 . 1  

I 

R u n  2 /12  
I 

.04 

.13 

.21 

.29 

.38 

.46 

3.47 
6.43 
5 .81  
2.65 

.41 

.51 
I 

I 
R u n  2 / 1 2  

.04 

.11 

.18 

.25 

.32 

.39 

.46 

5.40 
7.73 
8.06 
4.82 

90 
.67 
.56 

CO2 /H2C 
H20 Peak H e i g h t  (2.911) 

w a t t s  sr-1 1-1-l 

2 .o 
3.0 
6.9 
6.2 
3 . 1  

0.20 
0.30 
0.70 
1.1 
1.0  

4.08 
6.63 
8.16 
5 .41  
2.96 
2.86 

1.24 
1 .41  
1.03 

.71  

.2 

.26 

2 
1 

3.22 
5.47 
6 .83  
5.15 
2.49 
2 .01  
1.37 

1.39 
1.39 
1 .18  

.93 

.36 

.33 
40 
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TABLE 2.  PEAK-WEIGHT DATA FOR METHANE (6 .1  L I T E R S / M I N U T E )  

VS. AMMONIUM PERCHLORATE. 

Run 2 / 1 2  
102 Peak Height (4.411) 
w a t t s  cm-2 sr-l 11-1 

)is t ance from 
?rit ,. inches 

.5 

.41 

.32 

.23 

.14 

.05 

.oo 

09 

.18 

.27 

.36 

.45 

1.36 

1 .57  

3.87 

9 .o 

6.27 

3.24 

2 .3  

2.2 

5.85 

9.4 

5.44 

1.99 

1.36 

k 
I2O Peak Height (2.911) 
w a t t s  cm-2 sr-1 11-l 

2.03 

2.76 

5.30 

9 . 1  

5 . 4  

2.36 

1.79 

1.79 

4.47 

8 .93  

6.66 

3.17 

2.19 

C02/H2C 

.67 

.57 

.72 

.99 

1 .16  

1 .42  

1.29 

1 . 2 4  

1.29 

1.06 

.81 

.63 

.62 
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320 Peak Height (2.911) 
w a t t s  cm-’ sr-l 1-1”’ 

TABLE 3. PEAK-HEIGHT DATA FOR METHANE (2.5 LITERS/MIMUTE) 

VS. AMMONIUM PERCHLORATE (0.1% COPPER CHROMITE). 

GO2 / H 2 0  
l i s t a n c e  from] C02 Peak Height (4.411) 
Prit, inches]  w a t t s  cm-‘ s r - I  11-l 

Run 2/23 

. 00 . 11 

.22 

.33 

.44 

.44 

.33 

.22 . 11 . 00 

.42 

.32 

.21 

.ll 

.oo 

.05 
-16 
.26 
.37 
.47 

3.6 
6.2 
5.1 
2.8 
2.2 
1.9 
4.29 
5.0 
6.9 
2.8 

Run 2/23 

1.02 
.93 
.60 

6 . 1  
1.2 
2.7 
8.2 
3.2 
1.5 
1 .3  
1.0 

3.2 
5.1 
6 .1  
5.5 
4.18 
3.5 
6.12 
5.4 
5.7 
3.0 

4 

2.8 
2 .3  
5.8 
4.9 
1 . 6  
2 .7  
6 . 1  
4 .7  
3.2 
2.8 
1 .9  

1.1 
1.22 

.84 

.50 

.53 

.54 

.70 
-93  

1.20 
.93 

.37 

.28 
1.02 
1.27 

.76 

.98 
1.36 

.67 
1.46 

.47 

.53 
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TABLE 4. PEAK-HEIGHT DATA FOR POLYMER VS. AMMONIUM PERCHLORATE. 

I i s t a n c e  from) CO2 Peak Height (4.411) - 

?rit, inches1 w a t t s  cm-2 sr-l 11-l 
Run 2/27 

I 

I 1 4  
.23 
.32 
.41 
.50 
.41 
.32 
.23 
e 14  
.05 

6.26 
10.41 
2.41 
1.96 
1.66 
1.89 
2.64 
8.22 
6.33 
4.6 

Run 2/21 
I 

.44 

.33 

.22 

.ll 

.oo . 00 . 11 

.22 
m 33 
.44 

1.66 
2.56 
5.62 
2.04 

.77  
1 .28  
2.04 
7.03 
2.56 
1.92 

I 

15.45 
12.16 

5.2 
4.03 
3.2 
3.81 
5.57 

11.28 
15.31 
9.59 

.402 

.85 

.46 
,201 
.50 
.49 
.47 
.73 
.41 
.48 

I 

2 

2.84 
5.29 
9.7 
4.02 
1.47 
1.66 
4.7 

10.87 
5.39 
3.33 

.59 

.48 

.57 

.51  

.52 

.77 

.13 

.65 

.47 

.57 
I 



APPENDIX A: LINE-HEIGHT-COMPARISON TECHNIQUE 

FOR MEASUREMENT O F  FLAME TEMPERATURES. 

The method u t i l i z e s  measurements, a t  t h e  wavelength chosen, of t h e  

l i n e  he igh t  , hE , of t h e  f lame-emission-trace record above t h e  b a s e l i n e  

and measurements of the l i n e  h e i g h t ,  

p lus  source lamp) above t h e  he ight  of t h e  trace f o r  t he  source  lamp 

of t h e  absorp t ion  trace (flame ha' 

alone.  The f i r s t ,  hE,  i s  propor t iona l  t o  energy emit ted by t h e  flame; 

and t h e  second, h t o  flame emission p lus  t ransmi t ted  energy from the  a' 

source lamp less source-lamp energy: 

h a BF A -I- BRA ['FA - '1 ' 

Here TF is  t h e  t r ansmiss iv i ty  of t he  flame. I f  t h e  flame n e i t h e r  

r e f l e c t s  nor  scatters t h e  source-lamp beam [ 2 6 ] ,  

h 

7T = 1 - a  . 
F A  Fa 

Kirchoff ' s  l a w  i s  used t o  equate  the  f lame's  a b s o r p t i v i t y ,  aFA, t o  i t s  

emiss iv i ty ,  E F ~ .  The above r e l a t i o n s h i p s  can then be combined as 

B E  
a RA FA 

E BF, 

h 

h 
- -  - 1 -  

A 

The energy rates can be expressed by Wien's l a w ,  which app l i e s  

he re  : 
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where T 

I f  t h e s e  two expressions are s u b s t i t u t e d  i n t o  Equation (A- l ) ,  rearrange- 

ment produces 

and TF are t h e  sou rce  and flame temperatures,  r e spec t ive ly .  be 

- 1 - exp [- A + x] A TF ' 
a 

E A 

h 

h 
- -  

1 - -  - -  1 
(A-2 1 

I f  a variable-temperature source were used, could be  ad jus t ed  such 

t h a t  ha = 0; thus ,  

This i s  known as the l i n e - r e v e r s a l  temperature-measurement technique. 

The use of Equation (A-2) r e q u i r e s  knowledge of t h e  e f f e c t i v e  

black-body source temperature,  The. A source temperature,  T w a s  

measured a t  A = 0 . 6 5 3 ~  with a Leeds and Northrup Model 8632-C o p t i c a l  

pyrometer. I f  T is  t h e  source temperature,  Wien's l a w  g ives  

P Y  

P 

R 

thus d e f i n i n g  E: source e m i s s i v i t y ,  a t  A . S i m i l a r l y ,  a t  A D ,  
P Y  P 

Dividing one equat ion by t h e  o t h e r  gives  

Rn cD. D A A 
- = -  1 ' + J R n E  - -  

T p c2 P c2 
(A-3) 

Forsythe and Worthing [ll] have published emissivities f o r  tungsten.  

Combining Equations (A-2) and (A-3) y i e l d s  

Rn E ~ .  

A 1 
T c2 P c2 P 
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Subs t i t u t ing  t h e  va lues ,  

AD = 0.589 , 

A = 0.653 , 
P 

E = 0.44 , D 

E = 0.43 , 
P 

C2 = 1.439 c m  K O ,  

f o r  a l l  ca l cu la t ions  g ives  t h e  working equation: 

- -  - 0.4093 KO-' Rn 
P 

For a sample ca l cu la t ion ,  w e  use t h e  d a t a  from an experimental  

po in t  i n  t h e  cen te r  of t h e  gap, 

T = 1720°C = 1993"K, 
P 

h = 2.96, 

h = 3.32, 

a 

E 

t o  ob ta in  

TF = 2404°K. 

NOMENCLATURE 

b r igh tness  of flame (emission t r a c e )  a t  h 
BFA 

B b r igh tness  of r a d i a t i o n  source a t  A 

C 1  3.740 x j o u l e s  cm /sec 

62 1.439 cm K O  

l i n e  he igh t  above source t r a c e  a h 
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E 
h 

Tb e 

TF 

T 
P 

TR 

01 

D E 

E 

E 
P 

h 

X 
P 

11 

emissian l i n e  he igh t  above b a s e l i n e  

equ iva len t  black-body temperature of t h e  r a d i a t i o n  source a t  A 

temperature of t h e  flame 

temperature i n d i c a t e d  by pyrometer 

temperature  o f  r a d i a t i o n  source 

a b s o r p t i v i t y  of flanie a t  X 

D 

D emiss iv i ty  of pyrometer f i lament  a t  X 

e m i s s i v i t y  of flame a t  X 

emiss iv i ty  of pyrometer f i lament  [ l l ]  

wave length 

wavelength of sodium-D l i n e s ,  0.58911 

wavelength a t  which pyrometer ope ra t e s  [ 3 0 ] ,  0.65311 

microns 

permeabi l i ty  of flame a t  A 



APPENDIX 6. IDENTIFICATION OF SPECTRA. 

The only u s e f u l  s p e c t r a l  f e a t u r e s  l a y  i n  t h e  1.7-to-4.711 region. 

Therefore,  t h e  fol lowing d i scuss ion  w i l l  be  l i m i t e d  t o  t h e  s p e c t r a  i n  

t h i s  zone, w i th  a few except ions.  

The f i r s t  peak i n  t h i s  region is a t  about 1.911. This has  been 

r epor t ed  [ 3 6 ]  t o  be an overlapping of w a t e r  and CO;, peaks,  with water 

being t h e  major c o n t r i b u t o r  [ 3 7 , 3 8 ] .  E l l i s  [ 9 ]  r e p o r t s  t h e  water peak 

t o  be  a t  1.811 and t h e  C 0 2  peak t o  be a t  2 . 0 ~ .  Rossman and Wood [ 4 3 ]  

found a 60 emission a t  2.411 and i d e n t i f i e d  i t  as t h e  f i r s t  overtone of 

t h e  4.511 fundamental. This l i n e  w a s  a l s o  i d e n t i f i e d  by P l y l e r  and 

Humphreys [ 3 7 ]  i n  an acetylene-oxygen flame bu t  a t  a wavelength of  2.311. 

Ferris0 [ l o ]  has publ ished s p e c t r a  of rocket-nozzle gases which show an 

emission a t  2.311 which is  presumed t o  be  CO, b u t  he  d id  not  i d e n t i f y  i t .  

Water e x h i b i t s  r o t a t i o n a l  branch s p e c t r a ,  with t h e  R branch a t  

2.51.1, 0 a t  2.711, and P a t  2 . 9 ~ 1 [ 9 , 1 5 , 3 6 , 3 8 ] .  P l y l e r  and Humphreys [ 3 7 ]  

noted a p o s s i b l e  con t r ibu t ion  due t o  CO a t  2.511. Though CO2 [ 9 , 1 0 , 3 6 ]  

and, perhaps,  NO [ 5 ]  o r  OH [ 3 6 ]  might c o n t r i b u t e  t o  t h e  2.711 peak, i t  

is n e a r l y  a l l  water [ 3 8 ] .  The 2.911 peak is broad, extending as f a r  as 

3.611. Under high r e s o l u t i o n ,  f i n e  s t r u c t u r e ,  i nc lud ing  some OH ro t a -  

t i o n  l i n e s ,  may b e  seen [ 3 7 ] .  Emission from CH (CH2,  CH3, CH4) at 

about 3.3211 w a s  observed [ 3 6 ]  t o  b e  superimposed on t h e  water emission. 

Spec t r a  centered a t  about 3.711 are repor t ed  [ 2 8 ]  t o  b e  due t o  HC1. A 

band peaking a t  4.411 has been r epor t ed  [9 ,36 ,371  t o  b e  due t o  CO2, 

while ,  i n  t h e  absence of C 0 2 ,  a band peaking at 4.611 and due t o  CO is 

6 5  
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observed [43].  An NO peak a t  5.311 w a s  noted by Breeze and F e r r i s 0  [ 5 ] .  

Though numerous CZ-band, CN-band, and o t h e r  emission spectra have been 

repor ted  [8,14] i n  t h e  v i s i b l e  range, none w e r e  observed i n  t h i s  experi-  

ment. A s t r o n g  water emission is  repor ted  [36] a t  6 . 7 v ,  b u t  t h i s  is 

beyond the-range of t h e  spectroscope used. 

Spec t r a  taken i n  a rocket  nozz le  have been publ ished [ 2 8 , 4 4 ] ,  and 

t h e  i d e n t i f i c a t i o n  of peaks agrees  wi th  those  above. 


