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I 

1 
I. ABSTPACT , 

Hydrazine p e r c h l o r a t e ,  l i k e  ammonium p e r c h l o r a t e ,  is  a molecule 

conta in ing  w i t h i n  i t s e lE  the  elements  o f  a f u e l  and an o x i d i z e r .  It should,  

t h e r e f o r e ,  l i k e  ammonium p e r c h l o r a t e ,  be capable  o f  s e l f - d e f l a g r a t i o n .  This 

paper descr ibes  s t u d i e s  of  hydrazine perchlora te  d e f l a g r a t i o n  and o f  var ious  

p r o p e r t i e s  of  hydrazine p e r c h l o r a t e  p e r t i n e n t  t o  t h e  ques t ion  of i t s  s e l f -  

d e f l a g r a t i o n .  I 

It has been found t h a t  hydrazine p e r c h l o r a t e  w i l l  d e f l a g r a t e  re- 

producibly i f  a fe!i p e r  c e n t  of  f u e l  i s  present .  Def lagra t ion  rates have 

been measured photographica l ly  with c y l i n d r i c a l  s t r a n d s  pressed t o  95-93sb 

c r y s t a l  dens i ty  f o r  ambient p r e s s u r e s  from 0.26 t o  7 . 7  atmospheres. A l i q u i d  

l a y e r  vas observed a t  the s u r f a c e  i n  these experiments. Steady d e f l a g r a t i o n  

could n o t  be a t t a i n e d  o u t s i d e  these pressure l h i t s .  Def lagra t ion  exper inents  

were also performed w i t h  hydrazine p - r c h l o r a t e - c a t a l y s t  mixtures .  

In a d d i t i o n  t o  the  above exper inents ,  v a p o r i z a t i o n  rate measurements, 

measurements of the temperature  p r o f i l e  0; a d e f l a g r a t i o n  wave a t  one atmo- 

sphere by means o f  f i n e  thermocouples, and spec t roscopic  measurements of the  

flame temperature above a d e f l a g r a t i n g  st;:aiid were a l s o  made. 

The temperature  p r o f i l e  measurements i n d i c a t e  temperatures  as high 

as 45OOC i n  the condensed phase and a r e  c o n s i s t e n t  w i t h  l i t t l e  h e a t  r e l e a s e  

i n  t h e  condensed phase. The vapor iza t ion  measurements are c o n s i s t e n t  with a 

d i s s o c i a t i v e  v a p o r i z a t i o n  of  hydrazine p e r c h l o r a t e .  The flame temperature 

found vas 2275 5 5OoK i n  s a t i s f a c t o r y  agreement w i t h  the  value o f  2224OK calcu-  

l a t e d  on the basis O P  thermodynamic equi l ibr ium ir. +he products .  

The above r e s u l t s  are discussed i n  terms o f  the  mechanism of  the 

d e f l a g r a t i o n  process .  

, 
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11. IETRODUCTIGC 

!:e are cn2a:cl i n  a ;enera1 p;:o;za.; 0 2  r e s e a r c h  r.:hose goa l  is ::?e 

IixJerstandin; ol t:!e :actors t h a t  g0ve-i; t'x a n t u r e  of the  d e f l a z r a t i o e  3f  

composite . s o l i d  propel la i i t s .  

the o x i d i z e r  a l o z e ,  ever  since e a r  1;' okscirvations t h a t  ammoniun p e r c 2 1 x a t e  

dcZla2rated as a r:ioiiopropellarit a t  rate:: canpa-_-able t o  those Eound for pi-0- 

p e l l a n t  2orrwlat ions containin;: it ( 2 ) .  Z a z l i e r  work i n  t h i s  ? a t o r a t o r y  

& a l t  :,;ith the s e l f - d e ? l a g r a t i o n  of arimoi&c; i jcrchlorate  ( 3 ) .  \.;e zepor t  

;:ere on s t u d i e s  ,:it!: t:ic r e l a t e d ,  > u t  norc eziexgetic, inaterial--i-i;.Iraziix 

pei-c:.?lorate. 

h i -  effori:.; i:ave heen devoted t o  s t u d i e s  OL 

ii::drasine p e r c h l o r a t e  is  a !.kite ci.;rstalline s o l i d  mel t ing  a t  240- 

142°C. 

under vacuum. It Tias k e n  repor ted  ( 4 )  t:.lat dry hydrazine p e r c h l o r a t e  can 

Le d e t o n a t e l  by s;iock o r  f r i c t i o n  and tl;at i t  has  a shock sensitivit:r com- 

parable  t o  t h a t  o f  i n i t i a t i n g  explos ives .  iie have observed t h e  usua l  per -  

cau t ions  i n  handl ing t h i s  m a t e r i a l  and Iiave experienced explos ions  wi th  it 

only under extreme condi t ions ,  i.e., i n  c e r t a i n  d e f l a g r a t i o n  experiments .  

;!owever, it is  a very e n e r g e t i c  material and m u s t  be handled vitl; Treat care  

It foins  a Iiemiiiydi-ate r:;iich can r e a d i l y  be dehydrated at  64.5"::  

-. 

The t h e a r a l  decomposition o f  :Ly:;:',razine p e r c h l o r a t e  has been i n -  

v e s t i z a t e d  and azaoniur.i p e r c h l o r a t e  found t o  be a major product  (5) .  

\!e know 0 2  no s t u d i e s  o f  the  s e i 5 - d e f l a z r a t i o n  o f  hydrazine pcr- 

c h l o r a t e .  The r e s u l t s  r e p o r t e d  here  are co-icerned with s t u d i e s  o f  pure 

ilydrazine perchlora te  and hydrazine percll1o::ate conta in ing  small amounts of 

a d d i t i v e s .  

A .  Prepara t ion  0: Xidrazine Perchlora te  

llydrazine p e r c h l o r a t e  vas  p r e p a x d  Ly t i t r a t i n g  a s o l u t i o n  oE Gib 
1:ydiazine hydrate  t o  a p!. o f  3 . 2  w i t h  42," p e i c h l o r i c  ac id .  

s tock  s o l u t i o n  1:hich could be s t o r e d  i n d e - i n i t e l y .  Hydrazine p e r c h l o r a t e  

vas  p r e c i p i t a t e d  by pouiitig a volume o f  tl:is s o l u t i o n  i n t o  f i v e  volumec of 

isopropanol  a t  O O C .  The hydrazine p e r c h l o r a t e  \7as f i l t e r e d ,  washed w i t h  

co ld  isopropanol  and vacuum d r i e d  a t  8OOC. 

This y i e l d e d  r, 

The matecia1 17as anal-jzed iodometr ica l ly  ( 6 ) .  P u r i t i e s  > 9YL, as 

The mel t ing  p o i n t  w a s  142-143°C. i n d i c a t e d  by t h e  a n a l y s i s ,  were obta ined .  

i 
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3 .  Processing oE IZydi-azine Perchlora te  

T h e  hydraz ine  p e r c h l o r a t e  used Tor t h e  d e f l a g r a t i o n  measurements 

vas prepared i n  the  Lcoi?i? of  small s p h e r i c o l  p a r t i c l e s  of  f a i r l y  uniform 

s i n e  d i s t r i b u t i o n  by means of  a melt-sl:.ot appara tus  copied from one i n  the 

l i t e r a t u r e .  In t h i s  appara tus ,  s o l i d  hy6;azine p e r c h l o r a t e  is  fed i n t o  8 

sp inninz  a l m i n c m  d i s h  a a l n t a i n e d  a t  a tcinperature above t h e  melt ing p o i n t  

of  hydrazine p e r c h l o r a t e  and f i t t e d  wit:] a small lateral hole i n  t h e  s i d e  

riliich permi t ted  the  e j e c t i o n  of  the  molten spiieres which cool  as they f l y  

through the a i r .  It iyas Cound t h a t  160°C vas a s a t i s f a c t o r y  temperature 

ior t h e  d ish .  Kit!; ti-:e d i s h  spinning a t  2[:.00 Xl.1 t h e  p a r t i c l e  s i z e s  of t h e  

spheres  o'iitained, as determined Ly microscopic examination of a randon 

s e l e c t i o n ,  v a r i e d  from 50-30%. 

i n d i c a t e d  t h a t  no decomposition occurred durin; the  s h o t t i n g  process .  

Analys is  0 5  material prepared i n  t h i s  way 

C. Strand P r e p a r a t i o n  

S t rands  vert e i t h e r  tamped o r  pressed.  Tamped s t r a n d s  were prepared 

by pouring s m a l l  i n c r e n e n t s  o f  material  into a tube and tamping each incre-  

ment gent ly  w i t h  a T e f l o n  rod. 

by means of a h y d r a u l i c  p r e s s .  

95-98X of c r y s t a l  d e n s i t y  which was considered adequate. 

v e r e  performed remotely.  

Pressed s t -ands were prepared i n  a s t e e l  mold 

Pressures  0 2  - 40,000 p s i  gave s t r a n d s  01 

Press ing  opera t ions  

The mixtures  of  hydrazine p e r c h l o r a t e  and the  f u e l s  or c a t a l y s t s  

r e r e  prepared by miXing t h e  hydrazine perchloyate  shot  wi th  t h e  f inely-grcund 

o ther  i n g r e d i e n t s  i n  a n  ord inary  vee mixer f o r  s e v e r a l  hours .  The u n i f o m  

d e f l a g r a t i o n  rates observed wi th  the  v a r i o u s  mixtures  a t t e s t  to the homogeneity 

or' s t r a n d s  prepared i n  t h i s  way. 

D. Subl imat ion Exper inents  

Tiie subl imat ion  experiments  viere per fo ined  w i t h  a convent ional  cold- 

f i n g e r  vacuum subl imat ion  appara tus ,  w i t h  a removable co ld  f inger .  

p a r a t u s  was evacuate6  by a n  o i l  pump t o  about. 5 microns, Towered i n t o  a thermo- 

stat  and the timer s t a r t e d .  

"lie ap- 
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n;o s u b l i v a t i o n  appara tuses  were used. A t  f i r s t  a f a i r l y  siaall 

one k-ith a c r o s s  s e c t i o n a l  area of 0.S.cn2 vas used t o  keep t h e  amount of  

hydrazine perci l lozate  x q u i r e d  down t o  about  0.5 g .  Subsequently a lal-yer 

appara tus  having a c r o z s - s e c t i o n a l  a r e a  o f  4.?0 cm2 was used wi th  anounts 

of hydrazine perc; i lorate  of  t h c  order  o f  1.5 - 2.0 g.  

A t  the  conclusion of  tile expeiLient  the  subl imate  w a s  c a r e i ' u l l j  

renoved from the cold I inger  and weighed. The m i g h t  of  the  r e s i d u e  vas 

found b;f treighing the o u t e r  tube, vash ins  o u t  the  r e s i d u e  and re-weighin;: 

the tube. The ana lyses  l'ere performed L-; iodometry. 

E.  Tile Y'larie Tempcrature Fieasurements 

A tungsten ribboil f i lament  lamp t h a t  had been c a l i b r a t e d  by t h e  

f la t iona l  Bureau o€ Standards for the temperatuse range 1100 - 2300'C ::as 

used f o r  these  neasurenents ,  which were perKcrimxl i n  t h e  conventiona 1 

manner (7) .  

IV. RESULTS 

The experiment performed i n  t h i s  program ar grouped i n t o  ( a )  

experiments  i n  which vapor iza t ion  rates 01 pure hydrazine p e r c h l o r a t e  vere 

measured; ( b )  d e I l a g r a t i o n  rate measurements; ( c )  temperature  p r o f i l e  measure - 
i ments; and (d)  flame temperature measurements. 

A. Vaporizat ion Rate Keasurements ,a 
These experiments  were performed i n  the g l a s s  subl imat ion  appara- 1 

J 

( 

t u s e s  descr ibed  i n  the  Experimental Par t .  The sur face  area of t h e  l i q u i d  

vas q u i t e  undis turbed by bubbles  dur inz  these  experiments and i t s  magnitude 

vas cons tan t  dur inz  an experiment. 

t o  be t h a t  of  t h e  b a t h  i n  which the appara tus  vas immersed. The r e s u l t s  are 

g iven  i n  Table I. 

The temperature o f  the l i q u i d  w a s  assumed 

. 
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4 5 3  4 . 9 0  

r:53 0.59 

473 4 . 9 0  

45?2 0 .50  

508 4 .90  
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TAELE I 

Vapor iza t ion  Rates  o f  Eydrasine Perchlora te  

Duration T'eights i n  Grams 
( s e c )  C:iar,ed Sublimed Rcsiciue 

18,900 1.55 0.22 1.32 

21,240 0.244 0.073 0.163 

15,900 1.70 0.54 1 . 14. 
2 , 2 2 0  0.239 0.034 0.200 

2,400 1 - 6 5  0.83 0.79 

c' 

% 3 iiydrazine lo5  :: Kate of , 
recov. Perchlora te  Vapori a t i o n  

i n  (g/cm'-sec 

Sublimate Zesiidue __. 

99 99.8 99.4 2.35 ~ 

97 6.85 

99  95 .0  99.0 5.84 

99 32.4 

98 99.0 100.0 70.5 

/ 

The r e l a t i o n  lxtween vapor iza t ion  rate and vapor pressure  i s  given 

bY 8 = cYPJ* (8). 

-2 = v a p o r i z a t i o n  r a t e  i n  ciil s e c - I  

r/ = e v a p o r i z a t i o n  c o e f f i c i e n t  

P = vapor  pressure  i n  dynes cm 

1.1 = molecular  weight of  vaporizing s p e c i e s  

T = a b s o l u t e  temperature 

R = zas c o n s t a n t  i n  e r g s  mole deg 

-2 

-1 -1 

This express ion  can be v r i t t e n ,  

For many l i q u i d s  (Y has  been found t o  be uni ty .  However a very low 

value f o r  this quant i t -1  has  been c a l c u l a t e d  ( 9 )  f o r  ammonium c h l o r i d e  and, 

s i n c e  very fev s p e c i e s  t h a t  are c h e m i c a l b  s i m i l a r  t o  hydrazine p e r c h l o r a t e  

have been i n v e s t i z a t e d ,  ve do not  f e e l  j u s t i f i e d  i n  ass igning  a value of uni ty  

f o r  i n  the present. case.  
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1 

It i s  oE i n t e r e s t  t o  see ha:  t h e  parsmeter g fT v a r i e s  v i t b  T. Since 

i t  i s  p r o p o r t i o n a l  t o  P, Ire would expect  a Clausius-Clapeyron r e l a t i o n s h i p  t o  

hold,  i f  C/ were cons tan t ,  and i n  Fig. 1 Ire p l o t  log ( e  b ) v s  1/T. The data a r e  

f a i r l y  l i n e a r  and the l i n e  i n  Fig. 1, vhicl-. v a s  drawn v i s u a l l y ,  corresponds t o  

t h e  equat ion:  

5475 10ZlO (. fi) = 10.0 - - T 

The s lope o f  the  l i n e  i s  a measure o f  t h e  h e a t  of vapor iza t ion  ,$ITv and 

leads  t o  a value of 29.6 kcal/mole f o r  t h i s  q u a n t i t y .  The cor responding-va lue  

f o r  ammonium p e r c h l o r a t e  i s  29 kcal/mole ( L O ) .  It is o f  i n t e r e s t  t o  compare the 

above value f o r  AI! t o  t h a t  c a l c u l a t e d  f o r  t h e  vapor iza t ion  process .  I f  v7e con- 

s i d e r  t h a t  hydrazine p e r c h l o r a t e  vapor izes  wi th  d i s s o c i a t i o n ,  as i s  be l ieved  t o  

be t r u e  f o r  ammonium p e r c h l o r a t e ,  t h e  equi l ibr ium is 

The enthalpy change f o r  t h i s  process  would be 2A1.I o r  59.2 k c a l h o l e .  The h e a t  

of  formation of  c r y s t a l l i n e  hydrazine p e r c h l o r a t e  i s  -42.5 kcal/mole (11) and 

a value of  3.84 kcal/mole has  been r e p o r t e d  €or t h e  h e a t  of  fus ion  (12) .  The 

h e a t  of  formation Cor t h e  l i q u i d  is  thus  -38.7 kcal/mole. The va lues  f o r  gaseous 

p e r c h l o r i c  a c i d  and saseous hydrazine are -1.1 (13) and 22.75 kcal/mole (14)  

r e s p e c t i v e l y .  Eiese values  y i e l d  60.4 kcal/mole as the  en tha lpy  change i n  t h e  

above equi l ibr ium.  The agreeGent with the  experimental  va lue  suppor ts  our be- 

l i e f  t h a t  the  vapor iza t ion  rates are propor t iona l  t o  the  vapor pressure  and 

t h a t  the  vapor iza t ion  process  i s  d i s s o c i a t i v e .  

V 

E.  Def lagra t ion  Rate ileasurements 

Def lagra t ion  rates were measured from motion p i c t u r e  r e c o r d s  of t h e  

d e f l a z r a t i o n  experiments. 

2 .0  cm. I n  a l l  cases  t h e  l i n e a r  d e f l a g r a t i o n  rate rras determined from the  s lope 

of  t h e  curve of  l e n z t h  d e f l a g r a t e d  vs. time. These curves were a l l  l i n e a r ,  i . e . ,  

the  d e f l a g r a t i o n  r a t e s  were cons tan t  over  the  length  of  the  s t rand .  I n  a l l  the 

d e f l a g r a t i o n  experiments a molten layer  could be seen  a t  t h e  sur face  of the de- 

f l a g r a t i n g  s t rand .  

l i q u i d  layer  never appeared t r a n s p a r e n t  b u t  r a t h e r  l i k e  a foam. 

i n t e r f a c e  rras d i s t i n c t  however and the rate measurements were made by measuring 

t h e  regress ion  rate oE t h i s  i n t e r f a c e .  

The lengths  of  s t r a n d s  used were i n  the  range of  1.5 - 

Gas e v o l u t i o n  ~ i t h i ~ l  the l a y e r  was s o  vigorous t h a t  the  

The l i q u i d - s o l i d  
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Figure 1. The Rate of Vaporization of Hydrazine Perchlorate. 
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no a d d i t i v e s ,  

1.3 g / c c )  and 

6 3  

De f lazrat ion  of Pure Hydrazine Perchlora te  

behavior  of pure hydrazine perchlora te ,  i .e. ,  material conta in ing  

vas  unreproducible .  

p ressed( ,  = l . S  - 1.9)g/cc s t r a n d s  o f  hydrazine perchlora te  vas  

Smooth de %;ration of  tamped (p = 1.1 - 

a t t a i n e d  f o r  pressures  from 0.25 t o  4.3 atnospheres  b u t  a t  a subsequelit time 

s t r a n d s  prepared and Fgnited i n  t h e  same v a y  d i d  not  propagate  d e f l a g r a t i o n .  

:hen t h i s  was o lserved ,  experiments were performed wi th  s t r a n d s  preheated t o  

JOOC. Smooth d e f l a g r a t i o n  was a t t a i n e d  a t  two, four  and six atmospheres b u t  

these  r e s u l t s  too were n o t  reproducib le  a t  a later da te .  

2. The Def lagra t ion  of  Hydrazine Perchlorate-Addit ive Mixtures  

a. Fuel  Addi t ives  

In the  case oi ammonium p e r c h l o r a t e ,  it has  been found (15) t h a t  a t  

pressures  below t h a t  a t  vliich pure ammonium p e r c h l o r a t e  w i l l  s u s t a i n  d e f l a g r a t i o n ,  

aiimonium p e r c h l o r a t e - i u e l  mix tures  conta in ing  of t h e  o r d e r  o f  5% f u e l  do d e f l a -  

g r a t e  smoothly. Paraformaldehyde w a s  the most e f f e c t i v e  of  the f u e l  a d d i t i v e s  

i n  promoting d e f l a g r a t i o n  and f o r  t h a t  reason experiments w e r e  performed v i th  

mixtures  of  hydrazine p e r c h l o r a t e  and var ious  formaldehyde polymers. 

Experiments r j i th  paraformaldeh,idc tiere unsuccessfu l  because it vas 

found t h a t  when these  a d d i t i v e s  were m i x e d  wi th  hydrazine p e r c h l o r a t e  the  mixture  

became yellow and the consis tency changed from t h a t  of  the o r i g i n a l  powders t o  

t h a t  of  a dough. S- t r ioxane ,  a more s t a b l e  formaldehyde polymer than paraformal- 

dehyde, gave a l e s s  r e a c t i v e  mixture  than paraformaldehyde, b u t  t h e  r e s u l t s  were 

s t i l l  u n s a t i s f a c t o r y .  Del-rin", a s t a b i l i z e d  formaldehyde polymer, proved even 

less r e a c t i v e  than S-tr ioxane.  Magnesium oxide was added to hydrazine perchlora te -  

Del - r in  mixtures  on the theory t h a t  a c i d i t y  i n  the  hydrazine p e r c h l o r a t e  might be 

respons ib le  f o r  t h e  r e a c t i o n  occurr ing .  It 17as found t h a t  mix tures  of  94.5% 

hydrazine p e r c h l o r a t e  - 0.5% MgO - 5% Del-r in  were s t a b l e  and a series o f  e x p e r i -  

ments XIas performed w i t h  t h i s  mixture. 

Other fue l - type  a d d i t i v e s  were e f f e c t i v e  i n  promoting t h e  d e f l a g r a t i o n  

o f  hydrazine perchlora te .  Experiments have been performed w i t h  t h i o u r e a  and 

naphthalene. The r e s u l t s  o f  t h e  d e f l a g r a t i o n  experiments f o r  prehea ted  pure 

hydrazine p e r c h l o r a t e  and f o r  t h e  hydrazine p e r c h l o r a t e - f u e l  mix tures  a r e  s m -  

marized i n  Table I1 and Fig. 2 .  

o f  the c r y s t a l  dens i ty ,  i.e., t o  a d e n s i t y  o f  about  1.85 g/cc. 

The s t r a n d s  used were a l l  pressed  t o  about 95% 

* DuPont t r a d e  name 
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TABLE I1 
D e f l a g r a t i o n  Rates f o r  Hydrazine Perchlora te  

NO. Composition 

5% Del-Rin 0.5% I Q O  

52 Del-Rin 0.5% I l g O  

pure HP preheated to  69OC 

5;; Del-Rin 0.5% IQO 

5% Del-Rin 0.5% iIg0 

27* Thiourea 

5-L Naphthalene 

207’7 Thiourea 

prehea ted  t o  5 u o C  

1.87 

1.85 

1.87 

1.85 

1.85 

1.86 

1.53 

1.79 

1.91 

0.26 

0.52 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

2.0 

0.01-0.02 

0.11 

0.24 

0.22 

0.22 

0.17 

0.21 

0; 18 

0.52 

ri: 

(g/Cm2-sec) 

0.02-0.04 

0.21 

0.45 

0.41 

0.41 

0.32 

0.35 

0.32 

0.98 

10 5% Del-Kin 0.5% M g O  1.85 3.0 0.56 1.0 

11 5% Del-Rin 0.5% M g O  1.85 4.3 0.90 ~ 6 7  

12 preheated t o  5OoC 1.91 6.0 1.29 2.48 

13 5% Del-Rin 0.5% PIgO 1.85 7.0 1.39 2.5 

14 5X Thiourea 1.82 7.7 1.73 3.18 

15 la Thiourea 1.81 7.7 1.21 3.1 

D e f l a g r a t i o n  rates are given f o r  p r e s s u r e s  ranging from 0.26 atmo- 

spheres  t o  7.7 atmospheres. The experiment a t  0.26 atmospheres y ie lded  a 
curve o f  length-def lagra ted  vs .  time t h a t  has somewhat concave upward. The 

rate c i t e d  i s  thus  a rather crude value b u t  is of  i n t e r e s t  because of  the low 

pressure .  A l l  the o t h e r  rates were cons tan t .  Attempts t o  measure r a t e s  a t  

h igher  pressures  than 7.7 atmospheres r e s u l t e d  e i t h e r  i n  a complete l a c k  of 

i g n i t i o n  o r  i n  a d e f l a g r a t i o n  t h a t  proceeded down the  s i d e s  of  the s t r a n d s  

leav ing  a c e n t r a l  unburned core. 

Fig.  2 sliovs that a l l  t h e  d a t a  f a l l  f a i r l y  w e l l  around a s i n g l e  l i n e ,  

? = 0.22 P, where ? is i n  cm/sec and P is i n  atmospheres. 

b .  i’he E f f e c t s  of C a t a l y s t s  

i 

It has  been found that  copper chromite, potassium dichromate, and 

magnesium oxide promote the  d e f l a g r a t i o n  o f  hydrazine perchlora te .  Since none I 

o f  t h e s e  a d d i t i v e s  has any f u e l  conten t ,  they must be considered t o  be catalysts. 

The r e s u l t s  of exper iments  w i t h  these  a d d i t i v e  s p e c i e s  are shown i n  Table 111. 

Experiments were performed both  w i t h  pressed  ( p  

s t r a n d s .  

,- 

1.9 g / c c )  and tamped ( m  1.1 g/cc)  
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TABLE 111 

No. 

1 

2 

3 
4 
4a 

5 
6 
7 
8 
9 

10 

11 

d The Effec t  o f  C a t a l y s t s  on t h e  Def lagra t ion  of Hydrazine P e r c h l o r a t e  

P 
( g / c c )  
1.13 
1.10 

1.93 
1.95 
1.93 
1.17 
1.19 
1.90 
1.91 
1.89 
1.86 
1.31 

P 
(atm) 

1 

1 

1 

0.52 

2 

1 

1 

1 

1 

1 

1 

1 

2 f i 
(cm/sec) (g/cm / s e c )  

d i d  not  d e f l a g r a t e  

1 .22 1.32 

0.71 1.37 
0.36 0.69 

exploded 

d i d  not  d e f l a g r a t e  

0.75 0.89 

0.26 0.50 

0.21 0.59 

0.35 0.66 

0.12 0.16 
p a r t i  a1 de f 1 agra t  ion  

J 

i 
I It may be noted t h a t  f o r  copper chromite and potassium dichromate a mini- 

mum of around 5% c a t a l y s t  w a s  necessary i n  order  t o  a t t a i n  s teady  def lagra t ion ;  

however when d e f l a g r a t i o n  d i d  occur  t h e  r a t e  w a s  high compared t o  t h e  case f o r  

fuel-promoted d e f l a g r a t i o n .  It may be  noted too,  t a b l e  e n t r i e s  2 and 3, t h a t  

f o r  s t rands  c o n t a i n i n g  5% copper chromite but  having d i f f e r e n t  d e n s i t i e s ,  t h e  

1 
4 
, 
A 

I 

mass d e f l a g r a t i o n  rates a g r e e  w e l l  whi le  t h e  l i n e a r  rates do not .  It thus 1 
4 seems s a t i s f a c t o r y  t o  compare mass rates f o r  s t r a n d s  of  d i f f e r e n t  d e n s i t i e s .  

A comparison of t h i s  type  shows t h a t  potassium dichromate i s  a powerful c a t a l y s t  

b u t  not  as powerful as copper chromite. t 
,, 

Magnesium oxide  e x e r t s  q u i t e  a d i f f e r e n t  e f f e c t  than do t h e  above 

c a t a l y s t s .  Thus less of  i t ,  Z$, i s  requi red  t o  promote s teady  d e f l a g r a t i o n ,  

b u t  i t  i s  not capable  o f  producing as s p e c t a c u l a r  a r a t e  as copper chromite 

o r  potassium dichromate,  even i n  amounts a s  g r e a t  as 10%. 

The e f f e c t  o f  calcium oxide  was b r i e f l y  examined s i n c e  i t  i s  chemically -: 
2 

s i m i l a r  t o  magnesium oxide .  

g i v e  a somewhat lower r a t e ,  i .e . ,  as compared to t h e  curve of  Fig.  2. Calcium 

A tamped s t r a n d  d e f l a g r a t e d  at 1 atmosphere to  

oxide  i s  q u i t e  de l iquescent  and t h e r e  were i n d i c a t i o n s  i n  t h i s  experiment + 

o f  some moisture  absorp t ion .  

F 
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I n  a s i d e  experiment t o  see  i f  t h e r e  w a s  any g e n e r a l i t y  t o  t h e  

e f f e c t  of  magnesium oxide,  a tamped s t r a n d  o f  hydrazine n i t r a t e  containing 

2$ magnesium oxide  w a s  found 

(p = 0.93 g/cc,rh = 0.037 g/cc sec) while  pure hydrazine n i t r a t e  would not 

propagate d e f l a g r a t i o n .  

t o  d e f l a g r a t e  s t e a d i l y  a t  0.04 cm/sec 

3. The Temperature P r o f i l e  Measurements 

Temperature p r o f i l e s  o f  t h e  d e f l a g r a t i o n  wave have been made using 

bermocouples of 0.0005-inch P t  - P t ,  lo$ Rh wires jo ined  i n  a fused bead of  

approximately 0.001-inch diameter .  The v o l t a g e  changes were recorded by a 

Vis icorder  which r e g i s t e r s  v o l t a g e  changes by t h e  d e f l e c t i o n  of  a l i g h t  po in t  

on a moving f i lm.  T k  d e f l a g r a t i o n  r a t e s  w e r e  measured s imultaneously so t h a t  

i t  was p o s s i b l e  t o  convert  temperature-time records  t o  temperature-dis tance 

records.  

r a t e  measurements i n d i c a t e d  that  one could not  expect  a smooth temperature-time 

record. F igures  3 and 4 i l l u s t r a t e  the  type of record  obtained.  There are 

some i r r e g u l a r i t i e s  i n  t h e  curves,  but  t h e  d a t a  a r e  not  too erratic f o r  a n a l y s i s .  

The turbulence  of  t h e  l i q u i d  l a y e r  as  observed i n  t h e  d e f l a g r a t i o n  

Fig.  3 shows t r a c i n g s  o f  t h e  records obtained a t  0.5 atmospheres wi th  

a pressed s t r a n d  of 94.5% hydrazine perchlora te ,  5$ Del-Rin. 0.5$ Magnesium 

Oxide, p = 1.85 g/cc and Fig. 4 shows t h e  t r a c i n g  of  t h e  record obtained 

f o r  a tamped s t r a n d  of  t h e  same composition, p = 1.24 g/cc, a t  one atmosphere. 

In Fig. 5 and 6 a r e  shown t h e  experimental d a t a  converted to  a temperature- 

d i s t a n c e  func t ion  by means of  t h e  measured d e f l a g r a t i o n  r a t e s .  

The s o l i d  curves  i n  Figs .  5 and 6 are t h e  t h e o r e t i c a l  curves  

obtained f o r  i n d i c a t e d  v a l u e s  of thermal d i f f u s i v i t y  of  t h e  s o l i d .  The 

fol lowing t reatment  has  been appl ied .  

the zone bounded by t h e  d e f l a g r a t i n g  s u r f a c e  on t h e  one hand and ambient 

temperature on t h e  o t h e r  can be w r i t t e n  

The temperature  g r a d i e n t  wi th in  

where 

k = c o e f f i c i e n t  of h e a t  conduction 

c = s p e c i f i c  h e a t  

p = d e n s i t y  

qc = h e a t  produced w i t h i n  t h e  zone 

T = temperature  a t  p o i n t  x 

r = d e f l a g r a t i o n  r a t e  
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I f  qc = 0, t h e  above on i n t e g r a t i o n  y i e l d s  

T2 - Tu r 

T1 - TU 

I n  - - -  - K (x* - xl) 

k 
CP 2 

where K = - = thermal d i f f u s i v i t y ,  T2 and T1 a r e  t h e  temperatures  a t  po in t  x 

and xl, and T i s  t h e  ambient temperature. 

I t  is p o s s i b l e  t o  eva lua te  K f o r  t h e  p a r t i c u l a r  experimental d a t a  and 

t o  f i t  a T - x curve to  t h e  p o i n t s .  

t h a t  g ive  the b e s t  f i t s  a r e  0.0012 cm / s e c  f o r  t h e  pressed (p = 1.85 g/cc)  

s t r a n d  and 0.0018 cm / s e c  f o r  t h e  tamped (p = 1.24 g /cc)  s t r a n d .  

can be compared to  t h e  va lue  of  0.00285 cm / s e c  which can be c a l c u l a t e d  f o r  

ammonium p e r c h l o r a t e  o f  c r y s t a l  d e n s i t y ,  from repor ted  va lues  (16) of heat  

c a p a c i t y  and thermal conduct iv i ty .  

of  t h e  r i g h t  o r d e r  o f  magnitude. 

As F i g s .  5 and 6 show, t h e  va lues  f o r  K 
2 

2 These values  
2 

The va lues  found h e r e  thus  appear t o  be  

The curves of  F igs .  5 and 6 f i t  t h e  d a t a  f a i r l y  wel l .  Thus Fig. 5 
g ives  no i n d i c a t i o n  of hea t  release i n  the  condensed phase below 456C.  
Fig.  6 shows t h e  same r e s u l t  a t  least  t o  40Cf'C. 

t h a t  a t  0.5 a t m ,  f o r  t h e  pressed s t r a n d ,  Fig.  5, t h e  condensed phase reac t ion  

zone was about 0.5 mm t h i c k  while  at one atmosphere, f o r  t h e  tamped s t r a n d ,  

i t  was about 0.3 mm t h i c k .  

It may be  f u r t h e r  noted 

4. Temperature P r o f i l e s  f o r  Catalyzed St rands  

Fig.  7 shows t h e  temperature-time records  of  a hydrazine perchlorate-  

2$ MgO s t r a n d  a t  one atmosphere. 

the  r e a c t i o n  zone -1.6 mm. 

perchlorate-5% Del-Rin-O.5$ MgO s t r a n d  where ambient pressure  was a l s o  one 

atmosphere b u t  t h e  zone th ickness  was  about 0 . 3  mm. 

The d i s t i n c t i v e  f e a t u r e  i s  t h e  th ickness  of 

T h i s  may be  compared t o  Fig. 4 f o r  t h e  hydrazine 

5. Flame Temperature Measurements 

Thermodynamic c a l c u l a t i o n s  of  t h e  n a t u r e  o f  t h e  products  of hydrazine 

perchlora te  s e l f - d e f l a g r a t i o n  a t  a s e r i e s  of processes  were performed by an 

IBM-7090 computer program. 

were made assuming cons tan t -pressure  a d i a b a t i c  combustion t o  give equi l ibr ium 

products .  

t h i s  i s  about 808 higher  than t h a t  f o r  ammonium p e r c h l o r a t e  (2b). 

The resul ts  are shown i n  Table  I V .  The c a l c u l a t i o n s  

As Table  IV shows t h e  flame temperature  a t  1 atmosphere i s  2245.PK; 

, 
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I 19°C 

S t r a n d  Compos1 t i o n '  9 4 . 5 %  H y d r a z i n e  P e r c h l o r a t e  
5 %  D e l - R i n ,  0 . 5 %  Magnesium O x i d e  
D e n s i t y  = 1 . 8 5  g / c c  
P r e s s u r e  = 0 . 5  A t m o s p h e r e  
D e f l a g r a t i o n  R a t e  = 0 . 0 9  Cm/SeC 

Figure 3. Tracing of Thermocouple Record of Hydrazine 
Perchlorate Deflagration Wave. 



9 36 
m m  

S t r a n d  Composi t ion:  9 4 . 5 %  Hydraz ine  P e r c h l o r a t e  
5 %  Del -Rin ,  0 . 5 9 ,  Magnesium Oxide 
Dens i ty  = 1 . 2 4  g ' cc  
P r e s s u r e  - 1 Atmosphere 
D e f l a g r a t i o n  Rate  = 0 . 3 0  cm/sec 

Figure 4. Tracing of Thermocouple Record of 
Hydrazine Perchlorate  Deflagration Wave. 

-t 
r 
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S t r a n d  Conpos i  t i o n  9 4 .  57, H y d r a z i n e  P e r c h l o r a t e  
54: D e l - R i n ,  0 . 5  Magnesium O x i d e  
D e n s i t y  - 1 . 8 5  g:cc 
P r e s s u r e  0 .  5 A t m o s p h e r e  
D e f l a g r a t i o n  R a t e  0 . 0 9  Cm/SeC 
- 1 l i e o r e t i c a l  C u r v e  f o r  T h e r m a l  

D i f f u s i v i t y  - 0 . 0 0 1 2  crn2/sec  

0 E x p e r i m e n t a l  P o i n t s  

I I I 
I 0.02 0.04  0.06 

DISTANCE ( cm) 

Figure 5.  Temperature Profile of a Hydrazine Perchlorate Deflagration Wave. 
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I 1 I 

Strand Compos1 t i o n :  9 4 .  5 %  Hydrazine P e r c h l o r a t e  
57, Del-Rin, 0 . 5 %  Magnesium Oxide 
Density 1 . 2 4  g /cc  
Pressure  1 . 0  Atmosphere 

- Theore t ica l  Curve f o r  'Thermal 

Def lagra t ion ,  Rate  0 . 3  cm/seC 0 

D i f f u s i v i t y  = 0 . 0 0 1 8  cm2/sec 
0 

0.01  0.02 
DISTANCE (cm) 

0 . 0 3  

Figure 6. Temperature Profile of a Hydrazine Perchlorate Deflagration Wave. 
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326°C 

S t r a n d  Composi t ion :  989, Hydrazine P e r c h l o r a t e  
29;; Magnesium Oxide 
Dens i ty  = 1 . 0 5  g / c c  
P r e s s u r e  = 1 Atmosphere 
D e f l a g r a t i o n  R a t e  = 0 . 4 6  cm'sec 

169 "C 

18°C 

I I 
I_ 1.6 m m  --o 

1 Second 

Figure 7. Tracing of Thermocouple Record of Hydrazine 
Perchlorate Deflagration Wave. 
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TABLE IV. 
HYDRAZINE PERCHLORATE 

Constant-pressure adiabatic combustion. I n i t i a l  temperature 25' C 

(AH = -42.5 kcal/mole) f 

P (atm) - 1 10 68.05 100 

T (OK) 
Total moles 
per  100 gm 

Species 
(Moles/100 gm) 

3. 
H 
0 

N 
c1 

H2 
H2° 

O2 

N2 

N02 
N2° 
c12 

HC 1 

OH 

NO 

2245.5 2291.6 ,2318.7 

3.815 3.798 3.787 

1.008 x lom3 2.606 X 0.766 x 
5.871 X 2.456 X 1.103 X 

0 0 0 

0.940 x lo-' 6.146 x 4.112 x 
5.369 x 10-3 2.204 x 10-3 0.982 x 10-3 
1.526 1.523 1.524 
0.659 0.688 0 699 
0.705 0.715 0 * 719 
4.872 X 3.262 X lo-* 2.231 X 

0.741 0.740 0.739 
2.606 x 2.889 x 3.062 X 

2.698 X 0.898 X 2.410 X 

0 2.354 x 6.512 x 
7.932 x 2.588 x 6.764 x 

2323.2 

3.784 

5.949 x 10-5 
9.341 x 
0 

3.774 x 

1.525 
8.313 X 

0.700 
0.720 
2.060 x 

0.739 
3.090 X 

2.933 X 

0.796 x 
0.816 x loe2 
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The s to ich iometry  corresponds c l o s e l y  t o  

N H CIOq+ N2 + HC1 + 2 H  0 + O2 2 5  2 

Since i t  has  been found t h a t  t h e  s e l f - d e f l a g r a t i o n  o f  ammonium 

p e r c h l o r a t e  does not  lead  t o  t h e  products  c a l c u l a t e d  on the  b a s i s  o f  thermo- 

dynamic equi l ibr ium, we f e l t  i t  d e s i r a b l e  t o  measure t h e  flame temperature  

f o r  hydrazine perchlora te .  A flame temperature  apprec iab ly  d i f f e r e n t  from 

t h a t  c a l c u l a t e d  would i n d i c a t e  a non-equilibrium d i s t r i b u t i o n  o f  products  

which would r e q u i r e  i n v e s t i g a t i o n .  

Pre l iminary  experiments were performed i n  which l e n g t h s  o f  one m i l  

p la t inum wire were s t r e t c h e d  through the  c e n t e r  o f  tamped s t r a n d s  of  hydrazine 

perchlora te .  

o f  t h e  flame had melted it .  

h e a t  l o s s  by r a d i a t i o n  w a s  es t imated  a t  about 48K. 
temperature  a t  somewhere above 2082~. 

Examination of  t h e  w i r e  a f t e r  d e f l a g r a t i o n  showed that t h e  passage 

The mel t ing  poin t  of  platinum i s  2042K and t h e  

This  p laced  t h e  flame 

Flame temperature measurements by t h e  sodium l i n e  r e v e r s a l  method 

were made with hydrazine p e r c h l o r a t e  s t r a n d s  conta in ing  * t h i o u r e a  and 2$ 

sodium chlor ide .  It w a s  found t h a t  t h i s  amount o f  sodium c h l o r i d e  was necessary 

t o  achieve a s u f f i c i e n t  i n t e n s i t y  of  emission of t h e  sodium D l i n e  for these  

experiments. It may be  poin ted  o u t  t h a t  i n  oxygen-rich, ch lor ine-conta in ing  

flames, as t h i s  one is, t h e  concent ra t ion  of  sodium atoms is decreased 

because t h e  equi l ibr ium 

H + N a C l  z? HC1 + Na 

i s  s h i f t e d  t o  t h e  l e f t  because t h e  hydrogen atom concent ra t ion  i s  so low. 

Thermodynamic c a l c u l a t i o n s  f o r  t h e  composition conta in ing  2$ 

t h i o u r e a  and 2% sodium c h l o r i d e  were made and t h e  t h e o r e t i c a l  flame tempera- 

t u r e  was found t o  b e  2224'K. 

r e v e r s a l  method gave a f i g u r e  of  

T h i s  i s  c l o s e  enough agreement so t h a t  we f e e l  t h a t  thermodynamic e q u i l i -  

brium i s  achieved i n  t h e  flame and t h e  r e a c t i o n  products  are as w r i t t e n  

above. This  d i f f e r s  markedly from t h e  r e s u l t s  with ammonium p e r c h l o r a t e  

where a s u b s t a n t i a l  f r a c t i o n  of  t h e  n i t r o g e n  was p r e s e n t  as oxides  o f  n i t r o -  

gen even a t  e l e v a t e d  p r e s s u r e s  (3). 

A series o f  measurements by t h e  sodium l i n e  

5 5 8 K  f o r  t h e  flame temperature. 
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V. DISCUSSION 

A. A General D e s c r i p t i o n  o f  t h e  Hydrazine P e r c h l o r a t e  Def lagra t ion  Process  

L e t  u s  f i r s t  assemble a d e s c r i p t i o n  of t h e  d e f l a g r a t i o n  process  f o r  

hydrazine perchlorate from the above r e s u l t s .  It i s  a process  charac te r ized  

by t h e  formation of  a molten zone which i s  q u i t e  t u r b u l e n t  and foamy; i t  

i s  a very e r r a t i c  process ,  p a r t i c u l a r l y  f o r  t h e  pure material and i t  i s  subjec t  

t o  very potent  c a t a l y s i s  by  copper chromite  and potassium dichromate and t o  

moderate c a t a l y s i s  by magnesium oxide.  The process  i s  comparatively repro- 

d u c i b l e  i n  t h e  presence  of  s m a l l  amounts o f  f u e l ,  and t h e  r a t e  obtained i s  

apparent ly  not  dependent on t h e  n a t u r e  o f  t h e  f u e l  bu t  o n l y  on t h e  ambient 

pressure .  

atmospheres. T h i s  corresponds t o  a r a t e ,  a t  one atmosphere, some 15 times 

that  c a l c u l a t e d  by e x t r a p o l a t i o n  f o r  ammonium p e r c h l o r a t e  (3). 
process  i s  u n s t a b l e  a t  pressures  above about 7 atmospheres and s teady  def la -  

g r a t i o n  cannot b e  a t t a i n e d  above t h i s  pressure .  

It i s  e x p r e s s i b l e  by k = 0.2- where t i s  i n  cm/sec and P i n  

However the  

The temperature  p r o f i l e  i n  uncatalyzed s t r a n d s  i s  such as t o  i n d i c a t e  

l i t t l e  heat  product ion  i n  t h e  condensed phase, and a l i q u i d  l a y e r  thickness  of 

0.3 mm a t  one atmosphere and 0.56 mm a t  h a l f  an atmosphere. 

much t h i c k e r  f o r  magnesium oxide-catalyzed s t rands .  

This l a y e r  i s  

F i n a l l y ,  from t h e  measured flame temperature, we conclude t h a t  

thermodynamic e q u i l i b r i u m  i s  a t t a i n e d  i n  t h e  d e f l a g r a t i o n  products .  

B.  The Mechanism o f  Def lagra t ion  Hydrazine P e r c h l o r a t e  

One approach t o  t h e  c o n s i d e r a t i o n  of  t h e  mechanism o f  hydrazine 

p e r c h l o r a t e  d e f l a g r a t i o n  i s  t o  cons ider  whether i t  f i t s  t h e  c l a s s i f i c a t i o n  of  

a vapor iza t ion  t y p e  process  l i k e  ammonium p e r c h l o r a t e ,  i .e . ,  where t h e  m a t e r i a l  

vapor izes  wi thout  decomposition and exothermic gas-phase r e a c t i o n s  occur  with 

r e s u l t a n t  h e a t  t r a n s f e r  t o  t h e  condensed phase. The a l t e r n a t i v e  t o  a process 

o f  th i s  type  i s  one wherein h e a t  product ion occurs  i n  the molten zone as a 

r e s u l t  o f  condensed phase r e a c t i o n s .  

Here i t  i s  o f  i n t e r e s t  t o  cons ider  t h e  vapor iza t ion  r a t e  measurements. 

The d a t a  obta ined  corresponded t o  t h e  express ion  
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I n  the  temperature p r o f i l e s  o f  t h e  d e f l a g r a t i o n  experiments bo th  at  one 

atmosphere, Fig.  6 ,  and one-half atmosphere, Fig.  5, temperatures  of the 

o r d e r  o f  4 5 8 C  were a t t a i n e d .  

express ion  y i e l d s  a v a p o r i z a t i o n  r a t e  of 0.4 gm/cm2 -sec. 

r a t e  

atmosphere was 0.18 gm/cm*-sec. 

thus  not  i n c o n s i s t e n t  with a vaporizat ion-type mechanism f o r  hydrazine 

p e r c h l o r a t e  d e f l a g r a t i o n .  

I n s e r t i o n  of  t h i s  temperature  i n  t h e  above 

The d e f l a g r a t i o n  

found a t  one atmosphere was 0.36 gm/cm2 -sec while t h a t  a t  h a l f  an 

The vapor iza t ion  ra te  measurements a r e  

I f  t h i s  is considered as one poin t  i n  favor  of  a vaporizat ion-type 

mechanism, a second p o i n t  i n  favor  of i t  i s  t h e  observa t ion  that  t h e  shape 

of t h e  temperature p r o f i l e  i n  t h e  condensed phase was t h a t  expected f o r  the  

c a s e  where t h e r e  i s  no hea t  r e l e a s e  i n  t h e  condensed phase. A t h i r d  point  

c o n s i s t e n t  with t h i s  p i c t u r e  i s  t h e  i n c r e a s e  o f  d e f l a g r a t i o n  r a t e  with 

pressure ,  a r e l a t i o n  t h a t  can be  explained on t h e  b a s i s  that ,  a s  t h e  pressure  

i s  increased,  t h e  exothermic gas-phase r e a c t i o n s  occur  e v e r  c l o s e r  t o  t h e  

condensed phase r e s u l t i n g  i n  a h igher  r a t e  of  hea t  t r a n s f e r .  

The main f e a t u r e s  of our  r e s u l t s  which are i n c o n s i s t e n t  with the  

above p i c t u r e  are t h e  v e r y  erratic n a t u r e  o f  t h e  d e f l a g r a t i o n  of  pure hydrazine 

p e r c h l o r a t e  and t h e  turbulen t  behavior  of  the molten zone. 

t o  see  how, f o r  example, small amount o f  i m p u r i t i e s  could a f f e c t  t h e  vapori-  

za t ion  process  from t h e  t u r b u l e n t  molten l a y e r .  

g r a t i o n  were dependent on vapor iza t ion  i t  appears t h a t  i t  should be more 

reproducible .  Contrar iwise,  i f  condensed phase r e a c t i o n s  a r e  important ,  then 

t h e  presence of  small  amounts o f  i m p u r i t i e s  which could c a t a l y z e  these  

r e a c t i o n s  could e a s i l y  be importa.it i n  dec id ing  whether d e f l a g r a t i o n  occurred 

o r  not .  The t u r b u l e n t ,  foaming appearance o f  t h e  molten zone a l s o  suggests  

It is d i f f i c u l t  

I n  o t h e r  words i f  the  def la -  

t h a t  gas  evolu t ion ,  i.e., r e a c t i o n ,  i s  occurr ing  w i t h i n  t h e  body o f  t h e  

molten l i q u i d .  

The most p l a u s i b l e  d e s c r i p t i o n  of  t h e  process  i s  one i n  which 

t h e  mechanism i s  predominantly a Vaporizat ion process  but  where t h e r e  i s  
a small (because t h e  temperature  p r o f i l e  does n o t  show i t )  b u t  necessary  

c o n t r i b u t i o n  from condensed-phase reac t ion .  

We f e e l  t h a t  t h e  e r r a t i c  d e f l a g r a t i o n  behavior  o f  pure  hydrazine 

p e r c h l o r a t e  i s  a t t r i b u t a b l e  t o  t h e  presence o r  absence of small amount of  

i m p u r i t i e s  t h a t  ca ta lyzed  t h e  condensed-phase process ,  which i m p l i e s  t h a t  - 



7 8  

when t h e  condensed phase process  d id  not  occur ,  d e f l a g r a t i o n  would not 

propagate .  

ox ida t ion- reduct ion  r e a c t i o n s  to occur i n  t h e  condensed-phase t h a t  w u l d  

l i k e w i s e  promote d e f l a g r a t i o n .  The f a c t  t h a t  t h e  d e f l a g r a t i o n  rates 

observed depended o n l y  on  ambient pressure ,  i r r e s p e c t i v e  of whether the  

s t r a n d  was pure hydraz ine  perchlora te ,  whether it w a s  preheated,  o r  what 

t h e  n a t u r e  o f  the f u e l  w a s ,  sugges ts  t h a t  although a condensed-phase 

r e a c t i o n  is a s i n e  qua non f o r  s t a b l e  d e f l a g r a t i o n ,  t h e  a c t u a l  rate is 
determined by the ambient pressure.  

The f u n c t i o n  of  t h e  f u e l s  then would be t o  a l low exothermic 

W e  a t t r i b u t e  the e f f e c t s  of  copper chromite, potassium dichromate 

and magnesium o x i d e  t o  c a t a l y s i s  of condensed-phase r e a c t i o n s ,  of  t h e  

c a t a l y s i s  o f  t h e  p y r o l y s i s  r e a c t i o n  by s p e c i e s  of  th i s  type (12). 

F i n a l l y  we cons ider  t h e  apparent upper pressure  l i m i t  o f  def la -  

g r a t i o n  occurr ing  at about seven atmospheres. A similar phenomenon was 

observed f o r  ammonium p e r c h l o r a t e  a t  p r e s s u r e s  near  2300 p s i .  This was 

found t o  b e  due t o  convec t ive  cool ing  and was el iminated by a l t e r a t i o n  o f  

t h e  strand geometry or  b y  wrapping t h e  s t r a n d  with asbestos .  It does not  

appear  t h a t  convec t ive  c o o l i n g  i s  o c c u r r i n g  here ,  s i n c e  c e s s a t i o n  of  d e f l a -  

g r a t i o n  occurs  even when t h e  material i s  contained w i t h i n  a g l a s s  tube, 

which should minimize convec t ive  e f f e c t s .  

t h a t  a t  pressures  o f  t h e  o r d e r  o f  seven atmospheres, t h e  l i q u i d  l a y e r  becomes 

t o o  t h i n  t o  suppor t  t h e  c o n t r i b u t i o n  o f  condensed-phase r e a c t i o n  necessary 

f o r  s t a b l e  d e f l a g r a t i o n  and i t  i s  f o r  t h i s  reason that t h e  upper l i m i t  i s  

observed. 

A t  p resent  we can only  conclude 

:I 
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