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SECTION I  

INTRODUCTION

The phenomenon of d e to n a tio n  waves p ro p ag a tin g  in  exp lo 

s iv e  s o l id s  and ex p lo siv e  gas m ix tu res  has been observed and 

s tu d ie d  fo r  many y e a rs . A d e to n a tio n  wave i s  c h a ra c te r iz e d  

by a  h igh  speed shock wave which p ro p ag a te s  through a com

b u s t ib le  m ixture and i s  follow ed by a flam e . The shock wave 

i s  su s ta in e d  by th e  energy re le a s e d  in  th e  exotherm ic r e a c 

t io n s  in  the  flam e zone. The mechanism o f i n i t i a t i o n  of 

d e to n a tio n  in  homogeneous gas m ix tu res i s  s im ila r  to  th a t  of 

g e n e ra tin g  a  shock wave. The accep ted  model of shock wave 

g e n e ra tio n  was f i r s t  proposed by Becker^ who suggested  th a t  

shock waves r e s u l t  from a  coa lescence o f in f in i t e s im a l  p r e s 

su re  waves. The r e s u l t  o f many p re s su re  waves o v ertak in g  one 

an o th e r  i s  a wave of su p e rso n ic  v e lo c i ty  and f i n i t e  p re ssu re  

d if fe re n c e  between i n i t i a l  and f i n a l  s t a t e s .  The energy 

re q u ire d  to  produce shock waves may be su p p lied  by an 

e x te rn a l  source such a s  an a c c e le ra t in g  p is to n .  By c o n tra s t ,  

th e  d r iv in g  fo rc e  which produces a  d e to n a tio n  wave i s  the 

a c c e le r a t in g  flam e f r o n t .  Since a  d e to n a tio n  wave i s  su p e r- 

so p ic , ra p id  chem ical r e a c tio n s  a re  re q u ire d  to  s u s ta in  th e  

chem ical p ro c e s s . The normal flam e speed o f a system  i s  an 

in d ic a to r  of th e  o v e ra l l  r a te  of chem ical r e a c t io n s  of th a t
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system ; th a t  i s ,  system s having h igh  normal bu rn ing  r a te s  

have f a s t  r e a c t io n  r a t e s  and v is e  v e rs a .

Only r e c e n t ly  have heterogeneous l iq u id  fu e l-g a s  

o x id iz e r  m ix tu res  been s tu d ie d  w ith  re s p e c t  to  d e to n a tio n .

In  a l l  o f th e se  c a se s , the  s tu d ie s  were conducted by p ass in g  

h igh  energy shock waves th rough  th e  m ix tu re s . K ling and
p

Maman s tu d ie d  th e  k e ro s e n e -a ir  system . For a  s to ic h io m e tr ic  

m ix tu re , they  observed d e to n a tio n , b u t on ly  a f t e r  r e f le c t io n  

o f the  in c id e n t  shock. The observed v e lo c i t i e s  agreed  w ith  

th e o r e t ic a l  v a lu e s . C ra m e r^  re p o r te d  observ ing  "d e to n a tio n  

l ik e "  waves p ro p ag a tin g  th rough  DECH (d ie th y lcy c lo h ex an e , 

G10H20^ fu e l  spray-oxygen m ix tu re s . Frazer**’ was ab le  to  

d e to n a te  bo th  octane-oxygen and benzene-oxygen m ix tu res (a lso  

i n i t i a t e d  w ith  a  h ig h  energy shock w ave). N ich o ls , Dabora 

and Ragland-* a ls o  re p o r te d  "d e to n a tio n  l ik e "  waves in  h e te ro 

geneous DECH-oxygen m ix tu re s . While i t  i s  d i f f i c u l t  to  

produce d e to n a tio n s  in  th e  above heterogeneous l iq u id -g a s  

m ix tu re s , i t  would appear th a t  to  d e to n a te  powdered m etal 

fu e l-g a s  o x id iz e r  m ix tu res  would be even more d i f f i c u l t .

The com bustion o f m etal powders in  gaseous atm ospheres 

was f i r s t  s tu d ie d  by Hartman and Greenwald o f th e  Bureau of 

Mines in  19^5* They re p o rte d  th a t  f in e ly  d iv id ed  aluminum 

powder i s  easy  to  ig n i t e  and w i l l  r e a c t  in  gas atm ospheres 

of a i r ,  oxygen, carbon d io x id e  and in  s p e c ia l  c a ses , 

n i tro g e n . They a ls o  re p o r te d  th a t  th e  burn ing  o f aluminum
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o ccu rred  w ith  a  v io le n t  ex p lo s io n , C a s s e ll ,  Das Gupta and 

Guruswamy? measured th e  bu rn ing  v e l o c i t i e s  o f powdered 

aluminum in  v a r io u s  oxy g en -n itro g en  atm ospheres. For a  70 

p e rc e n t oxygen, 30 p e rc e n t n itro g e n  atm osphere, th ey  re p o r te d  

"tube" bu rn ing  v e l o c i t i e s  o f  approx im ate ly  kO cm /sec. 

B unsen-burner flame v e l o c i t i e s  o f aluminum powder-oxygen 

m ix tu res were measured e a r l i e r  a t  t h i s  la b o ra to ry  (Appendix 

I I I )  and found to  be app rox im ate ly  25 cm /sec. The low burn 

in g  v e l o c i t i e s  o f t h i s  system  r e s u l t  from th e  slow o v e ra l l  

r e a c t io n  r a t e s .  The i n i t i a l  su rfa c e  r e a c t io n  i s  b e lie v e d  to  

be th e  r a te  l im i t in g  mechanism. These low burn ing  r a t e s  

suggest th a t  i t  would be v ery  d i f f i c u l t  f o r  such a  system  to

s e l f - i n i t i a t e  a  d e to n a tio n  a s  w e ll a s  to  support a  d e to n a -
o

t io n  i f  i n i t i a t e d  by o th e r  m ethods. Grosse and Conway 

conducted a  study  o f some of th e  p ro p e r t ie s  o f com bustion o f 

aluminum-oxygen m ix tu res  w h ile  deve lop ing  a  h igh  tem pera tu re  

c u t t in g  to rc h . These to rc h e s  were su b seq u en tly  used to  cu t 

through co n cre te  b lo ck s se v e ra l f e e t  th ic k .  The continuum 

r a d ia t io n  em itte d  by th e  B unsen-bum er flam es o f t h i s  system  

was s tu d ie d  a t  t h i s  la b o ra to ry  and was found equal to  th a t  

o f a  carbon a r c  o p e ra tin g  a t  50 v o l t s  and 10 am peres.^

In  re c e n t y e a rs , th e  i n t e r e s t  in  aluminum powder combus

t io n  has in c re a se d  because o f i t s  u se fu ln e s s  as a  fu e l  

a d d i t iv e  and com bustion s t a b l i z e r  in  s o l id  ro c k e t p r o p e l la n ts .  

The p ro p e r t ie s  o f th e  ox ides o f aluminum have a ls o  been under



investiga tion^® *-1'^ and ta b le s  o f t h e i r  thermodynamic v a lu e s  

have been com piled.

I t  was g e n e ra lly  assumed th a t  th e  v e ry  low burn ing  

v e l o c i t i e s  (slow r e a c t io n  r a t e s )  o f th e  powder-gas m ix tu res 

p rec lu d e  th e  fo rm a tio n  o f d e to n a tio n  waves in  such m ix tu re s . 

However, in  th e  course o f th e  aluminum powder-oxygen Bunsen- 

b u rn e r flam e work a t  t h i s  la b o ra to ry  (Appendix I I I ,  E eference 

9 ) , th e re  was some evidence th a t  th e se  m ix tu res  d e to n a ted  

when t h e i r  flam es e n te re d  the  b u rn er tu b e s . The purpose of 

the  p re s e n t in v e s t ig a t io n  was to  e s ta b l i s h  w hether th e se  

m ix tu res  a re  d e to n ab le  and i f  so , to  study  t h e i r  p r o p e r t ie s  

ex p e rim en ta lly  and th e o r e t i c a l ly .



SECTION I I  

APPARATUS, INSTRUMENTATION AND METHOD 

In  an e f f o r t  to  e s ta b l i s h  d e to n a tio n  waves in  th e  h e te r 

ogeneous aluminum powder-oxygen m ix tu re s , flam es were allow ed 

to  p ropagate  th rough th e se  m ix tu res in  long  tu b e s . This 

techn ique has been used s u c c e s s fu l ly  f o r  th e  s tu d y  of the  

d e to n a tio n  p ro p e r t ie s  of homogeneous gas m ix tu re s . The 

equipment used f o r  th e se  experim ents in c lu d e s  a  long g la s s  

tu b e , a  system  to  f i l l  t h i s  tube w ith  th e  aluminum-oxygen 

m ix tu re , an  ig n i to r  a t  one end o f th e  tube and th e  n ecessa ry  

In s tru m e n ta tio n . A fte r  a  uniform  aluminum-oxygen m ixture has 

been e s ta b lis h e d  In  th e  tu b e , th e  ig n i t o r  i s  s e t  o f f .  With 

a  low energy ig n i t o r ,  a  com bustion wave i s  formed i n i t i a l l y .  

T his com bustion wave th en  speeds up and le a d s  to  a  d e to n a tio n  

wave a f t e r  i t  has tra v e rs e d  a c e r ta in  d is ta n c e  which i s  

c a l le d  th e  d e to n a tio n  in d u c tio n  d is ta n c e .

A pparatus

A sk e tch  of th e  ap p a ra tu s  i s  shown in  F igure  1 . For 

r e g u la t in g  and m etering  th e  oxygen gas flow , a  p re s su re  

reducing  r e g u la to r  and a  g la s s  wool flow  r e s t r i c t o r  elem ent 

were used in  co n ju n c tio n  w ith  a  B arton d i f f e r e n t i a l  p re ssu re  

in d ic a to r  and a  th r o t t i n g  v a lv e . A m etal powder fe e d e r

5
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a p p a ra tu s , which ha3 been d e sc rib ed  In  d e t a i l  in  Reference 12 , 

i s  used  to  add th e  d e s ire d  amount of aluminum powder to  th e  

oxygen gas stream  a t  a  c o n s ta n t r a t e .

S ince f la sh -b a c k  o f  th e  flam e from the  tube to  the 

supply  system  damages th e  fe e d e r  p a r t s ,  s p e c ia l  a t te n t io n  was 

g iven  to  th e  d es ig n  o f th e  flow  system  to  m inim ize the 

p o s s i b i l i t y  o f f la s h -b a c k . U n fo rtu n a te ly , f la sh -b a c k s  could  

n o t be p reven ted  com plete ly  s in c e  sp a rk s  from e l e c t r o s t a t i c  

charges were s u f f i c i e n t  to  ig n i t e  th e  m ix tu re e i t h e r  when th e  

flow s were being  a d ju s te d  o r when th e  d e to n a tio n  tube was 

being  f i l l e d .  A lthough th e  use o f  d ry  powder in c re a se s  th e  

tendency of th e  flow ing  heterogeneous m ix tu re  to  produce 

s t a t i c  ch a rg es , i t  was n e c e ssa ry  to  employ d ry  aluminum powder 

in  th e  fe e d e r  a p p a ra tu s  to  a s su re  un ifo rm  flow  r a t e s .  To 

p rev en t th e  flame from reac h in g  the  powder fe e d e r  mechanism 

d u rin g  an experim en t, a  s p e c ia l ly  designed  k n ife  valve was 

used to  p h y s ic a lly  se p a ra te  th e  d e to n a tio n  tube from the fe e d  

system  im m ediately  p r io r  to  ig n i t io n  o f  the  m ix tu re .

The c o n c e n tra tio n s  o f aluminum powder in  th e  m ixtures o f  

the  e a r ly  experim en ts were determ ined on th e  b a s is  of c a l ib r a 

t io n s  o f th e  fe e d e r  mechanism. The mass flow s o f aluminum

were l i n e a r  w ith  fe e d e r  speed and were i n i t i a l l y  accu ra te  to
12w ith in  1 p e rc e n t o f the  maximum flow . However, due to  w ear 

and warpage o f th e  te f lo n  m etering  g e a r , th e  mass flows would 

g ra d u a lly  s h i f t .  To guaran tee  more a c c u ra te  m ix tu re s , the
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mass flow s were determ ined p r io r  to  o r  fo llo w in g  each e x p e ri

m ent. A fte r  some exp erien ce  w ith  t h i s  p ro ced u re , i t  was 

d ec ided  to  c a l ib r a te  th e  flow  im m ediately  p r io r  to  an  e x p e r i

ment.

The v a r io u s  ty p es  of ig n i to r s  used to  i n i t i a t e  combus

t io n  of th e  heterogeneous m ix tu res in c lu d ed : 1) p re ssu re

g e n e ra tin g  sq u ib s , 2) d e to n a to r  caps and 3) exp lod ing  s i l v e r  

w ire s . The p re s su re  g e n e ra tin g  sq u ib s were su p p lied  by the 

Dupont M anufacturing Company and were of th e  S-68 v a r ie ty  

charged w ith  3 and 6 g ra in s  of powder. The b la s t in g  caps 

were of th e  No. 6 v a r ie ty  su p p lied  by th e  H ercu les Powder 

Company. The exploding  w ire ig n i to r s  were made from 0.0045" 

d iam eter s i l v e r  w ire and were 3 / l6 "  long . A ll of th e  above 

ig n i to r s  were i n i t i a t e d  e l e c t r i c a l l y  w ith  110 v ac .

The d e to n a tio n  tu b e s  used f o r  th e se  experim ents were 

ap p rox im ate ly  9 f e e t  long and were mounted v e r t i c a l l y .  The 

pow der-gas m ix tu res  e n te re d  a t  th e  top  to  g ive i t  downward 

flow . T his p rocedure reduced th e  problem s a s s o c ia te d  w ith  

g r a v i ta t io n a l  e f f e c t s .  Tubes w ith  in s id e  d iam ete rs  of 19.5 

mm, 26 .4  mm, 44 mm and 55*2 mm were used . Mbst of th e  

experim ents were conducted w ith  th e  26 .4  mm d iam ete r s iz e .  

The in d u c tio n  d is ta n c e  and the  d e to n a tio n  wave v e lo c i ty  were 

determ ined  from  pho to g rap h ic  re c o rd s  of the  flam e. A lthough 

th e  g la s s  tu b es  were s h a tte re d  by th e  ex p lo s io n s  in  th e  

experim en ts , th e  r e s u l t s  were n o t a f fe c te d  by th e  b reakage.
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G lass tu b es w ith  d i f f e r e n t  w all th ic k n e sse s  were t r i e d ,  

however, none were s u f f i c i e n t ly  s tro n g  to  w ith s tan d  th e  

p re ssu re  g en e ra ted  d u rin g  d e to n a tio n  o f the  m ix tu re s . Using 

a  nominal w a ll th ic k n e s s  o f approx im ate ly  1 .2  mm, a  w e ll-  

e s ta b lis h e d  heterogeneous d e to n a tio n  wave u s u a lly  f r a c tu r e d  

the 26.it- mm tube in to  v e ry  sm all p ie c e s .

The tu b e s  were wrapped w ith  an arm y-type c lo th  adhesive  

tape excep t fo r  a  narrow reg io n  which served  a s  a  window 

(approx im ately  1 /2 "  w ide) fa c in g  the camera. To determ ine 

w hether th e  s h a t te r in g  g la s s  had any e f f e c t  '6n th e  observed 

r e s u l t s ,  a  s e r ie s  o f experim en ts were made w ith  th e  g la s s  

tubes surrounded by a  heavy m eta l tube having a  window 3/ 1 6 " 

wide and 6 f e e t  lo n g  fa c in g  th e  camera. A m eta l tube w ith  

an in n e r  d iam ete r o f 27 mm was employed fo r  m easuring th e  

d e to n a tio n  p re s s u re s .

In s tru m e n ta tio n

The p ro p ag a tin g  flam e f ro n ts  were photographed w ith  a  

h igh -speed  s t r i p  f i lm  camera on Kodak 70 mm T ri-X  F ilm . 

S ynch ro n iza tio n  o f th e  camera s h u t te r  w ith  th e  p ro p ag a tin g  

flam e f r o n t  was accom plished by a  m odified d ro p -ty p e  s h u t te r  

ap p a ra tu s  which c o n tro l le d  the ig n i t io n  a p p a ra tu s .

The p re s su re  behind the  h igh -speed  d e to n a tio n  wave was 

measured w ith  K is t l e r  Model 603-A q u a r tz  p re s su re  t r a n s d u c e rs . 

The charge on th e  c r y s ta l ,  .produced by th e  fo rc e  on th e  

tra n s d u c e rs , was a m p lif ie d  and converted  to  a  v o lta g e  w ith



a  K is t l e r  Model 566 m u ltiran g e  e l e c t r o s t a t i c  charge am pli

f i e r .  T h is s ig n a l  was su b seq u en tly  reco rded  on a  T ek tro n ik  

Model 56^  S torage O sc illo sco p e  and a  T ekronik Model 555 Dual 

Beam O sc illo sc o p e . The p re s su re  tra n sd u c e r  was mounted 

f lu s h  w ith  th e  in s id e  w a ll o f th e  d e to n a tio n  tube and lo c a te d

a t  a  d is ta n c e  app rox im ate ly  7 .5  f e e t  d i s t a n t  from th e  p o in t
«

o f ig n i t io n .  The long d is ta n c e  betw een th e  ig n i t io n  p o in t 

and the  tra n sd u c e r  was n ec essa ry  to  g iv e  th e  d e to n a tio n  wave 

s u f f i c i e n t  d is ta n c e  to  s t a b i l i z e .  The m an u fac tu re r’ s s t a t i c  

t r a n s d u c e r  c a l ib r a t io n s  were used f o r  e v a lu a tin g  th e  p re s 

su re  d a ta .

Method

The o p e ra t io n a l p rocedure was a s  fo llow s*  (1) S et th e  

s t r i p  f i lm  camera to  th e  d e s ire d  speed f o r  m easuring th e  wave 

v e lo c i ty .  (2) S et f i r s t  th e  oxygen-gas flow  and th e n  th e  

aluminum powder flow  to  th e  d e s ire d  v a lu e s  w ith  th e  m ixture 

b e in g  exhausted  d i r e c t l y  to  th e  atm osphere. (3 ) A f te r  th e  

flow s were s ta b le ,  c a l ib r a te  th e  powder flow . (^) Plow th e  

t e s t  he terogeneous m ixture in to  th e  d e to n a tio n  tu b e .

(5) A fte r  the  m ix ture in  th e  tube  was un ifo rm , th e  synchron

iz in g  s h u t te r  ap p a ra tu s  was a c tu a te d . The l a t t e r  o p e ra tio n  

s im u ltan eo u sly  se p a ra te d  th e  feed  l in e  and powder fe e d e r  

a p p a ra tu s  from th e  d e to n a tio n  tube and ig n i te d  th e  m ix ture 

i n  th e  tu b e . The drop s h u t te r  exposed th e  f i lm  to  th e  

p ro p ag a tin g  flam e w hile  th e  o u tp u t s ig n a l  from th e  p re ssu re
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tra n sd u c e rs  was used to  t r i g g e r  th e  o s c illo s c o p e s  fo r  p r e s 

su re  m easurem ents.

Two b a s ic  ex p erim en ta l problem s were encoun tered !

(1) i t  was d i f f i c u l t  to  produce un ifo rm  and r e l i a b le  

aluminum-oxygen m ix tu res in  th e  d e to n a tio n  tu b es  and (2) 

sp u rio u s  ig n i t io n s  o f th e  m ix tu res by s t r a y  e l e c t r o s t a t i c  

d isc h a rg e s  o ccu rred . Uniform and r e l i a b l e  m ix tu res  were 

o b ta in ed  w ith  th e  powder fe e d e r  ap p a ra tu s  by fre q u e n t 

c le an in g  and c a l ib r a t io n  o f th e  equipm ent and by employing 

d ry  powder. In  a d d i t io n , th e  v e lo c i ty  of th e  m ixture in  th e  

tube had to  be m ain ta ined  above a  c e r ta in  l e v e l ,  o th e rw ise , 

th e  powder would te n d  to  c o l le c t  a lo n g  th e  tube w a lls  and 

produce d e n s i ty  v a r ia t io n s  b o th  a lo n g  the  tube le n g th  a s  

w e ll as  a c ro s s  th e  tube  d ia m e te r . The flow ing  d ry  powder 

tended  to  accum ulate e l e c t r o s t a t i c  charges when flow ing  in  

nonconducting tu b e s . Sparks r e s u l t in g  from th e se  charges 

o c c a s io n a lly  ig n ite d  th e  m ix ture and the r e s u l t in g  combus

t io n  caused e x te n s iv e  damage to  th e  powder feed  a p p a ra tu s . 

Damage of t h i s  type was k ep t to  a  minimum by u s in g  m etal 

supp ly  l in e s  w herever p o s s ib le .

The a p p a ra tu s , in s tru m e n ta tio n  and e v a lu a tio n  p ro ce

d u res  were checked by m easuring th e  d e to n a tio n  p r o p e r t ie s  of 

a  hydrogen-oxygen m ix ture a t  1 atm osphere p re s s u re .  The 

r e s u l t s  of th e se  experim en ts a re  re p o r te d  b r i e f l y  in  

Appendix I I .  The r e s u l t s  o f the  d e to n a tio n  v e lo c i t i e s
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agree w e ll w ith  b o th  th e o ry  and o th e r  ex p erim en ta l d a ta .  

Some d i f f i c u l t y ,  however, was encountered  in  read in g  th e  

p re ssu re  tra n sd u c e r  d a ta  because o f o s c i l l a t io n s  which 

r e s u l te d  from  th e  n a tu r a l  frequency  of th e  c r y s ta l  (175,000 

o p s). I t  was dec ided  to  use an  average v a lu e  o f th e  in d i 

ca ted  p re ssu re  which had to  be e x tra p o la te d  to  th e  wave 

f r o n t .  T his p rocedure  y ie ld e d  p re s s u re s  f o r  th e  hydrogen- 

oxygen m ix tu res  which were app rox im ate ly  8 p e rc e n t below 

th e  th e o r e t i c a l  v a lu e s  o b ta in ed  on th e  b a s is  of a  Chapmann- 

Jouquet d e to n a tio n  (Appendix I I ) .



SECTION III
EXPERIMENTAL RESULTS 

The experim ents were c a r r ie d  ou t w ith  th e  m ix tu res

i n i t i a l l y  a t  room tem peratu re  and atm ospheric  p re s s u re . The 

gaseous oxygen used f o r  th ese  s tu d ie s  was an  i n d u s t r i a l  grade 

su p p lied  by the  L iquid Carbonic Company, a  D iv is io n  of 

G eneral Dynamics C orp o ra tio n . The m anufactu rers  a n a ly s is  of 

t h i s  gas i s  g iven  as  minimum oxygen 99*6% p lu s  t r a c e s  of 

n i tro g e n , argon and helium . The a c tu a l  a n a ly s is  of th e  gas 

in  the  d e to n a tio n  tube was, however, somewhat d i f f e r e n t  from 

th a t  g iven  above sin ce  some a i r  was a s p ira te d  in to  th e  system  

a t  the ju n c tio n  where th e  aluminum powder was in tro d u ced  in to  

th e  gas stream . This a i r  flow  was employed to  f a c i l i t a t e  th e  

flow  of aluminum powder from th e  fe e d e r  a p p a r a t u s . T h e  

amount of a i r  in tro d u ce d  was a  fu n c tio n  of bo th  th e  oxygen 

flow  r a te  and th e  powder flow  r a t e .  The g r e a te s t  adm ixture 

of a i r  occurred  when th e  gas flow  r a t e s  were h igh  and powder 

flow  r a t e s  low. Chrom atographic a n a ly s is  o f th e  gas in d i 

ca ted  th a t  the  maximum a i r  In tak e  f o r  th e  normal o p e ra t io n a l 

range was le s s  th an  0 .5  p e rc e n t of th e  t o t a l  volume flow  of 

oxygen. This amount of a i r  in c re a se d  the  n itro g e n  co n ten t to  

a  maximum of 0 .3  p e rc e n t of th e  t o t a l  g as . This n itro g e n  

co n ten t was considered  sm all and th e re fo re  n eg lec ted  in  th e  

t h e o r e t i c a l  c a lc u la t io n s .
12
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S ev era l g rad es of f la k e  and g ra n u la r  aluminum powders 

were t r i e d  w ith  th e  r e s u l t  th a t  th e  f i n e r  powders gave more 

un ifo rm  heterogeneous m ix tu res th roughou t th e  d e to n a tio n  

tu b e s . The f la k e  aluminum powder was a  p y ro tec h n ic  grade 

(Magna F lake Dark P y ro -E x tra  P ine) su p p lied  by th e  V alley  

M anufacturing Company. Because of th e  method of m anufactu re, 

th e  im p u r i t ie s  in  t h i s  powder were unknown. The powder i s  

m anufactured from  sh e e t aluminum pounded in to  f la k e  form in  

a  b a l l  m il l  a p p a ra tu s . To p rev en t th e  f la k e s  from  fu s in g  

to g e th e r ,  s t e a r i c  a c id  i s  used a s  a  lu b r ic a n t .  To remove 

t h i s  a c id  th e  powder was th o ro u g h ly  washed in  e th y l  a lc o h o l 

p r io r  to  u se . While t h i s  p rocedure appeared  to  remove th e  

b u lk  of th e  s t e a r i c  a c id ,  th e  p u r i ty  of th e  aluminum powder 

cannot be s ta te d  s in ce  th e  t r e a te d  p ro d u c t was n o t an a ly sed . 

The average su rfa c e  d iam ete r of th e  f la k e  p a r t i c l e s  were 

measured from m icrophotographs of sam ples of th e  powder and 

found to  be app rox im ate ly  4-0 m icrons. The g ra n u la r  powder 

was grade A-lAO su p p lied  by th e  Aluminum Company o f America. 

I t  i s  m anufactured from in g o ts  by an a tom iz ing  p ro ced u re . 

Com position of th e  aluminum in g o ts  a s  g iv en  by th e  manufac

t u r e r  i s :  aluminum 99*5%* w hile maximum v a lu es  of im p u r it ie s

a re  i r o n  0,3%, copper 0,02%, s i l i c o n  0,2% and alum ina 0,2%, 

T h is powder- was a lso , ana lysed  by L yle , Tower and V r u g g in k 1 ^  

who re p o r te d  an oxide co n ten t e q u iv a le n t to  1 .1  p e rce n t of 

th e  t o t a l  p a r t i c l e  mass. The oxide la y e r  th ic k n e s s  depends
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g r e a t ly  on th e  te m p era tu re  and th e  atm osphere in  which th e  

powder i s  s to r e d .  The powder was h ea ted  to  95 to  120°K p r io r  

to  u se . I t  was th e re fo re  e s tim a ted  th a t  th e  powder used in  

th e se  s tu d ie s  had an oxide co n ten t o f 2 p e rc e n t. The average 

p a r t i c l e  d iam e te r  of t h i s  powder was g iven  by th e  manufac

tu r e r  a s  5 m icrons.

The speed of th e  m ix ture down th e  tube v a r ie d  w ith  

m ixture r a t i o  and tube d iam e te r  b u t n ever exceeded 1 m /sec. 

The maximum Reynolds number based  on th e  oxygen flow  r a t e  was 

approx im ate ly  1200. T h is v a lu e  i s  w ith in  th e  lam in ar flow
I

regime p a r t i c u l a r ly  s in c e  Doig and Roperx re p o r te d  th a t  the  

e f f e c t  of powder in  a  gas flow  i s  to  dampen th e  tu rb u le n c e . 

The com positions of th e  m ix tu res a re  g iven  a s  th e  p e rc e n t 

mass of aluminum in  th e  t o t a l  mass of th e  m ix tu re .

The flam e speeds of th e  m ix tu res  were o b ta in ed  by th e  

"tube method" (d iscu ssed  in  S ec tio n  I I  of t h i s  r e p o r t ) .  The 

s tu d ie s  were conducted over a  m ix ture r a t i o  range of 29 to  64 

p e rc e n t f u e l .  Two d i f f e r e n t  flam e f ro n t  s t r u c tu r e s  were 

observed to  p ropagate  th rough  th e se  m ix tu re s ; ty p ic a l  

examples of which a re  shown in  F igu re  2 . The type of flam e 

shown in  F igu re  2a was alw ays observed f o r  m ix tu res  le a n e r  

th an  46 p e rc e n t f u e l  and o c c a s io n a lly  f o r  r ic h e r  m ix tu res  

(when ig n i te d  w ith  a p re s su re  g e n e ra tin g  sq u ib ) . This type 

of flam e f ro n t  was a ls o  observed in  th e  i n i t i a t i o n  re g io n  

when m ix tu res were ig n i te d  by means of an exp lod ing  s i l v e r
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w ire . The s t r i a t l o n s  observed  a t  th e  v ery  f ro n t  o f th e  flam e 

su g g ests  t h a t  I n i t i a l l y  the  in d iv id u a l  p a r t i c l e s  burn  

p o s s ib ly  i n  a  su r fa c e - ty p e  r e a c t io n .  F u rth e r  beh ind  t h i s  

f r o n t ,  gas phase r e a c t io n s  become predom inant. A nother type 

oombustion f r o n t  observed i s  th a t  shown in  F igu re  2b. From 

s im ila r  p ic tu r e s  o b ta in ed  f o r  carbon monoxide-oxygen m ix tu res 

by Campbell and F i n c h , i t  can be s a id  th a t  th e  flam e 

p ro p ag a tes  down th e  tu b e  in  a  s p i r a l  manner. Moreover, th e  

com bustion f ro n t  of t h i s  type of flam e i s  v e ry  sh a rp , v e ry  

in te n s e  and p robab ly  in v o lv e s  only  a  gas-phase r e a c t io n .

Some flam es were observed to  change speed r a p id ly  when 

p ro p ag a tin g  th e  le n g th  of th e  d e to n a tio n  tube  (9 f t ) .  T h is 

change could  have been due to  a  v e ry  long in d u c tio n  p e r io d , 

nonuniform  m ix tu res in  th e  d e to n a tio n  tube o r to  an  i n i t i a l l y  

over d r iv e n  c o n d itio n . The re p o r te d  flam e speeds a re  f o r  

s tead y  s t a t e s .  These flam es had co n s ta n t speeds over a  

d is ta n c e  o f a t  l e a s t  1 .5  f e e t .

P ro p ag a tio n  of th e  le a n - ty p e , h igh -speed  flam es tended  

to  d ec rease  slow ly  w ith  d is ta n c e  from th e  i g n i t o r .  T h ere fo re , 

some s c a t t e r  of r e s u l t s  could be ex p ec ted . The flam e speeds 

measured f o r  t h i s  type of com bustion of g ra n u la r  and f la k e  

powder-oxygen m ix tu res  and f o r  v a r io u s  tube d iam e te rs  a re  

ta b u la te d  in  Table 1 and p lo t te d  in  F igure  3» T h is  graph 

in d ic a te s  th a t  th e  speed of th e se  flam es i s  dependent on 

tube  d iam ete r  a s  w e ll a s  on m ix ture r a t i o .  The p resen ce  of a
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shock wave p reced in g  th e  flam e f r o n t  and t r a v e l in g  long 

d is ta n c e s  may be surm ised from th e  photographs o f F igure  4 

which shows flam es of v e ry  le a n  aluminum powder-oxygen 

m ix tu re s  ig n i te d  by Dupont S68 p re s su re  g e n e ra tin g  sq u ib s .

The bu rn ing  of in d iv id u a l p a r t i c l e s  i s  seen  ahead of th e  

main flam e f r o n t .  I t  ap p ears  p o s s ib le  th a t  ig n i t io n  occurs 

a s  th e  shock wave p a sse s  over th e  p a r t i c l e s .  The d is ta n c e  

o f th e  bu rn in g  p a r t i c l e  p a th  between th e  p a r t i c l e  ig n i t io n  

p o in t  and th a t  of th e  main flam e i s  in te rp r e te d  a s  th e  

s e p a ra tio n  d is ta n c e  between th e  shock f ro n t  and th e  flam e 

f r o n t .  The speed of th e  flam e i s  seen to  d ec rease  w ith  

d is ta n c e  from th e  p o in t  of ig n i t io n .  The d ec rease  in  flam e 

v e lo c i ty  i s  caused by expansion  waves which d im in ish es  th e  

s tr e n g th  of th e  shock.

A photograph of a  ty p ic a l  r i c h  (48 to  68 p e rc e n t f u e l )  

aluminum powder-oxygen m ix ture bu rn ing  in  a  26 .4  mm d iam eter 

tu b e  and ig n i te d  w ith  an exp lod ing  s i l v e r  w ire ig n i to r  i s  

g iv en  in  F igu re  5» As seen from t h i s  pho tograph , the  m ixture 

b u rn s a t  i t s  normal r a te  f o r  a sh o r t p e rio d  a f t e r  ig n i t io n .  

T h e re a f te r ,  th e  flam e a c c e le r a te s  slow ly  (probably  due to  an 

in c re a s e  of th e  flam e bu rn ing  su rfa ce  a r e a ) .  F or t h i s  

p o r t io n  of th e  com bustion, th e  f r o n t  of th e  flam e i s  

s t r i a t e d  in d ic a t in g  in d iv id u a l  p a r t i c l e  su rfa c e  com bustion. 

T h e re a f te r ,  th e  flam e a c c e le r a te s  v ery  r a p id ly ,  p robab ly  due 

to  th e  m ixture ahead of th e  flam e becoming tu rb u le n t  and
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a ls o  to  In c re a s in g  s tr e n g th  of th e  shocks p reced in g  th e  

flam e. E v en tu a lly , some I g n i t io n  ahead of th e  main flam e 

occurs a f t e r  which th e  flam e a c c e le r a te s  v ery  r a p id ly .

S h o rtly  a f t e r  t h i s  ra p id  a c c e le r a t io n ,  th e  f ro n t  of th e  

flam e tran sfo rm s from  th e  s t r i a t e d  appearance to  a  v e ry  

in te n s e ,  sharp  wave f r o n t .  The i n t e n s i t y  of th e  r a d ia t io n  

o f th e  flam e i s  seen to  d ec re ase  r a p id ly  behind th e  wave 

f r o n t .  This d ec re ase  i s  caused by th e  d e p o s its  of oxide on 

th e  tube w a ll . The subsequent in te n s e  re g io n  th e r e a f te r  

i s  caused by breakage of th e  g la s s  tu b e .

The d is ta n c e  from  th e  p o in t  of ig n i t io n  to  th a t  p o in t 

where th e  com bustion f r o n t  tran sfo rm s to  a  gas-phase  re a c 

t io n  and where the  v e lo c i ty  f i r s t  exceeds th e  Chapman- 

Jouquet d e to n a tio n  v e lo c i ty  v a lu e  i s  c a lle d  th e  d e to n a tio n  

in d u c tio n  d is ta n c e .  A fte r  reach in g  th e  h igh  v e lo c i ty ,  th e  

flam e f ro n t  ta k e s  on a  sp in  appearance . I f  th e  m ix ture had 

a  s u f f i c i e n t ly  sh o r t in d u c tio n  d is ta n c e ,  th e  flam e would 

s t a b i l i z e .  C onstant speed of th e  sp inn ing  flam e f r o n ts  

were observed in  th e  9 -fo o t d e to n a tio n  tu b es  on ly  in  th e  

26 .4  and th e  44 mm d iam e te r tu b e s . The wave le n g th s  o f a 

sp in  cy c le  observed in  th e  26 .4  mm d iam ete r tube depended 

on th e  type o f aluminum powder. For v e ry  c lean  f la k e  powder, 

th e  o s c i l l a t i o n s  had n e a r ly  th e  same wave le n g th s  a s  th o se  

o f th e  g ra n u la r  powder-oxygen m ix tu re s , o th e rw ise , th ey  were 

s h o r te r  (co rrespond ing  to  h ig h e r  f re q u e n c ie s ) .  The frequency
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of the  sp in  of th e  m ix tu res  burned in  la rg e r  d iam ete r  tu b e s  

was low er (w avelengths of th e  sp in  cy c le s  were lo n g e r) .

The e f f e c t  of tube  d ia m e te r , p a r t i c l e  geometry and m ix tu re  

r a t i o  on th e  o s c i l l a t i o n  frequency  and w avelength a re  g iven  

in  T ables 2 and 3» F ig u re  6 shows photographs i l l u s t r a t i n g  

th e  e f f e c t  of tube d iam ete r  on th e  sp in  w avelength fo r  

d e to n a tin g  f la k e  powder-oxygen m ix tu re s .

The average flam e v e lo c i ty  a s  a  fu n c tio n  o f th e  d is ta n c e  

from th e  p o in t of ig n i t io n  f o r  th e  flam e shown in  F ig u re  5 

i s  p re se n ted  in  F ig u re  7 . As seen from the  l a t t e r  f ig u r e ,  

th e  flam e a c c e le r a te s  slow ly  a t  th e  o u ts e t .  The speed th en  

in c re a s e s  r a p id ly  u n t i l  th e  flam e f ro n t  reach es  a  peak v a lu e . 

F in a l ly ,  th e  flam e v e lo c i ty  d ec re a se s  to  a  c o n s tan t average 

value  (the  d e to n a tio n  v e lo c i ty ) .  D etonation  v e l o c i t i e s  f o r  

th e  f la k e  and granular-pow der-oxygen  m ix tu res a re  ta b u la te d  

in  T ables 2 and 3 r e s p e c t iv e ly  and p lo t te d  in  F igu re  8 . As 

seen from  th e  g ra p h ic a l r e p r e s e n ta t io n  of th e  d a ta ,  th e  

d e to n a tio n  v e l o c i t i e s  a re  independent of tube s iz e  and a re  

only  s l i g h t l y .h ig h e r  f o r  th e  g ra n u la r  powder. The low er 

v e l o c i t i e s  o f th e  f la k e  powder-oxygen m ix tu res a re  b e lie v e d  

to  r e s u l t  from  th e  im p u r i t ie s .  M ixtures r ic h e r  th an  64 

p e rce n t f u e l  could n o t be produced w ith  th e  a p p a ra tu s  u sed . 

The s c a t t e r  of th e  d a ta  i s  b e lie v e d  to  r e s u l t  from m ix ture 

r a t i o  v a r ia t io n s  a s  w e ll a s  from im p u r it ie s  on th e  powder.

The s tead y  d e to n a tio n  speeds f o r  th e  le a n e r  m ix tu res a re
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ap p ro x im ate ly  1550 m/seo and d ec re a se  slow ly  w ith  m ixture 

r a t i o .

The in d u c tio n  d is ta n c e s  f o r  th e  v a r io u s  d e to n a te a b le  

m ix tu res  ig n i te d  by exploding  s i l v e r  w ire s  a re  a ls o  given i n  

T ab les 2 and 3 and a re  p lo t te d  i n  F igure  9. The s c a t t e r  o f 

th e s e  d a ta  p robab ly  r e s u l t s  from th e  ig n i t io n  v a r ia t io n s  and 

th e  im p u r i t ie s  on th e  aluminum powder. The in d u c tio n  

d is ta n c e s  were found to  be s h o r te r  f o r  r i c h e r  m ix tu res  and 

lo n g e r  f o r  th e  l a r g e r  d iam ete r tu b e s .

A ty p ic a l  re co rd  of th e  p re s su re  behind  th e  d e to n a tio n  

wave f ro n t  a s  a  fu n c tio n  of tim e i s  g iven  in  F ig u re  10a.

As seen from  t h i s  photograph , th e  p re ssu re  r i s e s  v e ry  

r a p id ly .  The t r a c e  has a  h igh  frequency  o s c i l l a t i o n  super

imposed upon a  low frequency  o s c i l l a t i o n .  The h igh  frequency  

o s c i l l a t i o n  i s  t h a t  of th e  n a tu r a l  frequency  o f th e  q u a rtz  

tra n s d u c e r  (175»000  ops) and r e s u l t s  from  th e  sudden a p p l ic a 

t i o n  of th e  p re s su re  to  th e  tra n s d u c e r . The low er frequency  

o s c i l l a t i o n  re p re s e n ts  an  o s c i l l a t i o n  o f th e  p re s s u re  due to  

th e  sp in n in g  c h a ra c te r  of th e  flam e . I t  i s  I n te r e s t in g  to  

n o te  th a t  th e  low frequency  p re s su re  o s c i l l a t i o n s  from  two 

d ia m e tr ic a l ly  opposed tra n s d u c e rs  a re  180 d eg rees  o u t of 

phase (F igure 1 1 ). A fte r  s e v e ra l  damped low frequency  

p re s su re  o s c i l l a t i o n s ,  b o th  tra n s d u c e rs  y ie ld  approx im ately  

th e  same v a lu e  of p re s su re  (15 cm behind th e  wave f r o n t ) .

T h is  p re ssu re  d ec re ase s  slow ly  w ith  d is ta n c e  behind  the  wave
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a s  I s  shown by th e  low er sweep r a te  p re s su re - tim e  photograph 

g iven  in  F ig u re  10b (200 m icroseconds p e r  o e n tim e te r) . The 

d e to h a tlo n  p re s su re  was tak en  a s  th e  average v a lu e  behind 

th e  f i r s t  low frequency  p re s su re  p u ls e .  D e ta i ls  of th e  

p re s su re  e v a lu a tio n  a r e  p re sen ted  in  more d e t a i l  in  th e  

d is c u s s io n  of th e  hydrogen-oxygen p re s s u re  measurements made 

to  check out th e  ap p a ra tu s  (Appendix I I ) .  The tra n sd u c e r  

c a l ib r a t io n  v a lu e s  used  in  t h i s  e v a lu a tio n  were th o se  g iven  

by th e  m anufactu rer f o r  a  s t a t i c  c a l ib r a t i o n .  The r e s u l t s  

of th e  d e to n a tio n  p re ssu re  m easurements a re  ta b u la te d  in  

Table 4 and p lo t te d  i n  F igure  12 which shows th a t  the 

measured p re s s u re s  a re  approx im ately  31 a tm ospheres in  th e  

45 to  60 p e rc e n t f u e l  m ixture r a t i o  range s tu d ie d .



SECTION IV
THEOHETICAL CALCULATION OP DETONATION PARAMETERS

The d e to n a tio n  p aram ete rs  of th e  aluminum powder-oxygen 

system  were c a lc u la te d  acco rd in g  to  th e  methods d e sc r ib e d  in  

Appendix I .  Since th e  c a lc u la t io n s  invo lve  th e  s o lu t io n  of 

h ig h e r  degree e q u a tio n s , i t e r a t i o n  p rocedu res were employed. 

The c a lc u la t io n s  were programmed in  S ca tran  language and 

executed  on th e  IBM 709^ computing machine a t  The Ohio S ta te  

U n iv e rs ity  N um erical Computation L abora to ry . The p rocedure  

to  determ ine th e  com position  of th e  sp e c ie s  behind  th e  

d e to n a tio n  wave f r o n t  i s  id e n t ic a l  to  th e  method employed 

in  th e  flam e tem p era tu re  c a lc u la t io n s .  T h ere fo re , th e  flam e 

tem pera tu re  c a lc u la t io n  was programmed i n i t i a l l y  and t h i s  

b a s ic  program was used l a t e r  a s  a  su b ro u tin e  in  th e  d e to n a 

t io n  c a lc u la t io n .  M oreover, th e  r e s u l t s  of th e  tem p era tu re  

c a lc u la t io n s  could be checked a g a in s t  some p re v io u s ly  

unpublished  aluminum powder-oxygen flam e tem pera tu re  m easure

ments which a re  d isc u sse d  in  Appendix I I I .

Since th e  ex p e rim en ta l a p p a ra tu s  and in s tru m e n ta tio n  

was checked w ith  th e  hydrogen-oxygen system , i t  was decided  

to  check th e  g e n e ra l i t e r a t i o n  p rocedu res of th e  computer 

program by c a lc u la t in g  th e  d e to n a tio n  p ro p e r t ie s  o f th e  

hydrogen-oxygen system . The r e s u l t s  of t h i s  c a lc u la t io n

21
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a re  re p o r te d  in  Appendix I I  and were found to  ag ree  w ith  

p re v io u s ly  p u b lish ed  c a lc u la t io n s .

Flame tem pera tu re  o a lo u la tio n s

A d iab a tic  flam e te m p era tu res  a re  based  on th e  f a c t  th a t  

in  t h i s  case  th e  en th a lp y  of a  g iven  mass of th e  u n reac ted  

m ix ture i s  equal to  th e  en th a lp y  of th e  same amount o f mass 

o f th e  re a c te d  m ix tu re . C onsidering  a  u n i t  mass of th e  

m ix tu re , we can w r i te  t h i s  co n d itio n  a s

The d e te rm in a tio n  of th e  flam e tem p era tu re  r e q u ire s  an 

i t e r a t i o n  on th e  re a c te d  s ta te  te m p era tu re ; and f o r  each 

tem p era tu re  an i t e r a t i o n  to  determ ine th e  com position o f th e  

r e a c te d  s t a t e .  F o r known i n i t i a l  co n d itio n s  (p^, T- )̂ and 

f o r  an  es tim a ted  value  o f flame tem pera tu re  (T2 K th e  

com position  of th e  gaseous sp e c ie s  in  th e  re a c te d  s t a t e  may 

be c a lc u la te d  acco rd in g  to  th e  p ro ced u res  d esc rib ed  in

(1)

where* 07; ~ s p e c i f ic  m o la lity  of sp e c ie s  i

»#r
= h ea t o f fo rm ation  of sp e c ie s  i  a t  tem per

a tu re  T.

s u b s c r ip ts  1 and 2 r e f e r  to  th e  u n reac ted  

and th e  re a c te d  s t a t e s  r e s p e c t iv e ly .
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B eferences 15 and 16 . The accu racy  of th e  assumed flame 

tem p era tu re  (T2 ) may now be checked by s u b s t i tu t in g  th e  

c a lc u la te d  sp e c ie s  c o n c e n tra tio n s  In to  E quation  1 . I f  th e  

en th a lp y  d if fe re n c e  of th e  r e a c ta n ts  and th e  p ro d u c ts  i s  no t 

w ith in  th e  accu racy  d e s ire d , th e n  a  new re a c te d  s ta te  tem per

a tu re  must be assumed and th e  above s te p s  repeated*

Flame tem pera tu re  c a lc u la t io n s  of th e  aluminum powder- 

oxygen m ix tu res (T-̂  = 29 8* l6°K, p-  ̂ = 1 atm ) were made 

i n i t i a l l y  co n s id e rin g  on ly  gaseous sp e c ie s  In  th e  r e a c t io n  

zone. The two gas sp e c ie s  cases co n sid ered  were Case At 

seven gaseous sp e c ie s  (0, 02 , A l, Al2 , A10, A12 0» A1202 ) and 

Case Bs e ig h t gaseous sp e c ie s  (0 , 02 , A l, Al2 , A10, A120, 

A1202 , A1203 ) . The eq u a tio n s  used  f o r  th e  com position 

c a lc u la t io n s  of Case A a r e i

T o ta l p re s s u re t

' p = ^ > 0 + J p 0!i +  Jp f t e o + ^ 1, 0 + ( 1A)

R atio  of elem ents 1

N ac -pM *  ^  “Pa** ̂  'Paco ^ P n e xo  "4 ^  •‘pAel ox.
 ----------------------------------------------------------   (2A)
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E q u ilib riu m i

Chemical E eao tlon  E quation
a

o ^ a o  K °a = 4 r -
• K

%
A0X M  K a e , .-  (4A)

vaĉ .

M O ^ J U  + O  \ t M o= * 2 * L
**pAeo

(5A)

Af*0 ^  A«o 4 A* KM o= W f c « -  '  (6a)"
*

M%°*. ^ a  A €°  k fte 0 ^    (7A)
'J.'i

^'ae,.©,.

where* -^p = p re s su re  of m ix tu re .

^  = p re s su re  of sp e c ie s  L i n  m ix tu re .

N; = t o t a l  number o f atoms o f elem ent c in  a  g iven

mass o f m ix tu re .

= s p e c i f ic  m o la l i t ie s  of specie  1  •

ss e q u ilib r iu m  co n s tan t o f r e a c t io n  j  in  term s of

th e  r e s p e c tiv e  p a r t i a l  p re s s u re s  of th e  sp e c ie s .

O ther independent e q u ilib r iu m  eq u a tio n s  employing o th e r

com binations o f sp e c ie s  could a ls o  have been u sed . The

i t e r a t i o n  p rocedure  c o n s is te d  in  e s tim a tin g  th e  p re s su re  of 
»

sp e c ie s  t (pQ) in  th e  m ix tu re . The eq u a tio n  f o r  th e  r a t i o  o f
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elem ents was used to  check th e  q u a l i ty  of th e  e s tim a ted  

v a lu e  (see R eferences 15 o r 16 fo r  d e t a i l s ) .

The method of flam e tem pera tu re  c a lc u la t io n  o f Case B 

(e ig h t gaseous sp e c ie s  in  th e  r e a c t io n  zone) i s  s im ila r  to  

th a t  of case A. S ince fo r  t h i s  case an o th e r sp e c ie s  i s  

p re s e n t which in v o lv e s  no elem ents d i f f e r e n t  from th o se  

p re se n t in  th e  o th e r  s p e c ie s ,  one a d d i t io n a l  independent 

eq u ilib r iu m  eq u a tio n  i s  re q u ire d . T h is  eq u a tio n  ta k e s  th e  

form  of an  e q u ilib r iu m  e q u a tio n  in v o lv in g  th e  decom position  

and fo rm ation  o f A lgO ^tg). Moreover, th e  p resen ce  of t h i s  

a d d i t io n a l  sp e c ie s  w i l l  r e q u ire  a  m o d if ic a tio n  o f th e  t o t a l  

p re s su re  eq u a tio n  and th e  r a t i o  of e lem ents e q u a tio n . The 

m odified  and a d d i t io n a l  eq u a tio n s  f o r  th e  e ig h t sp e c ie s  case 

ta k e  the  form :

T o ta l p re s s u re :

R a tio  of e lem en ts:

0(, - i^ * = ^ ^  0̂4- 3. jpfie,03 2̂B )
P̂o4 a 'lPoa+-)pAet>4^pACx0+ a ^ Aex0#+Sp#uxo3

E q u ilib riu m :

X

^  a A€0 + 0  OB)
a 3 Tfte^o,
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The thermodynamic p ro p e r t ie s  of th e  gas sp e c ie s  0 , 02 , A l,

A lg , A10, A120, and AlgOg were tak en  from  NASA T ab les10 

w h ile  th e  p ro p e r t ie s  of th e  gaseous A^O^ sp e c ie s  were taken  

from  G eneral E le c t r i c  T a b le s .1^ The r e s u l t s  o f th e  atmo

sp h e r ic  p re s su re  aluminum powder-oxygen flam e tem pera tu re  

c a lc u la t io n s  f o r  th e  7 and 8 sp e c ie s  c a se s  and based on th e  

d u s t  p a r t i c l e s  co n ta in in g  2 p e rc e n t oxide c o a tin g  (by mass) 

a r e  ta b u la te d  In  T ables 5 and 6 r e s p e c t iv e ly  and rep re se n ted  

g ra p h ic a l ly  in  F igure  13»

C a lc u la tio n s  of th e  a d ia b a t ic  flam e tem p era tu res  of th e  

aluminum powder-oxygen system  were a ls o  made f o r  th e  case 

t h a t  th e  sp e c ie s  in  th e  r e a c t io n  zone in c lu d e  In  a d d i t io n  to  

th e  gaseous sp e c ie s  0 , 02 , A l, A l2 * A10, A120 , A1202 , th e  

l iq u id  sp e c ie s  A120^. The procedure to  c a lc u la te  th e  sp e c ie s  

c o n c e n tra tio n  f o r  t h i s  case d i f f e r s  from  th e  method d e sc rib ed  

above s in c e  th e  e q u ilib r iu m  between th e  l iq u id  sp e c ie s  and i t s  

gaseous p ro d u c ts  must be u sed . P h y s ic a l chem ists g e n e ra lly  

ag ree  th a t  th e  m olecule A120^ does no t e x i s t  in  th e  gaseous 

s t a t e . 1®*1^ The eq u a tio n s  employed in  th e  c a lc u la t io n  of th e  

sp e c ie s  in  th e  r e a c t io n  zone f o r  t h i s  case (Case C) a r e :

T o ta l p re s s u re :

+ * . . + -v ^  + 4 >„0 + ^ B + (1 0 )
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E a tio  o f elem ents*

z +'^neo-*27)ne1o 43^fl«toa>'/3*^fle,os

n .  ^ K + ^ ^ . V ^ n i ^ ' 3 ^

E quilibrium *

(2C)

R eac tion

o t ? a o  

A4 ^  a  A*

A £ 0 ^  A C + o

A €ao ^  A £ o +  AC

A ^ o a ^ 3 A c O

A ^a0 3( ^ ^ a A « 0 4 - O

E quation

K *iPox

1/ -  £ a£
K « v  r̂iae*. 

^Pftto

k Mlo=  f * * o £ s e
^ C x O

Wa» -  £ m s -•NA^o r~ -
<V«»Oa.

U ep a s ^ABO^Po
RV>* ~ —

a*4o3

(3C)

(40)

( 5 0

(6 C)

( 7 0

(8 C)

where* d ;  = a c t i v i t y  of sp e c ie s  C .
A/V\. *s s p e c i f ic  m o la lity  of sp e c ie s  C based  on a  u n i t  

mass of th e  t o t a l  gas .
•I Q

Brewer and Searcy  s tu d ie d  th e  v a p o r iz a tio n  o f AlgO^ by 

means o f the  Knudsen E ffu s io n  c e l l .  From c o n s id e ra tio n  of 

th e  observed p re s s u re s  and th e  h ea t o f v a p o r iz a tio n , th e



above a u th o rs  suggested  e q u ilib r iu m  eq u a tio n  (8 G) as  th a t  

r e a c t io n  in v o lv in g  th e  l iq u id  a lum ina . The chem ical a c t iv 

i t i e s  (a) of th e  sp e c ie s  when th a t  sp e c ie s  i s  a  p e r f e c t  gas 

i s  id e n t ic a l  to  th e  p a r t i a l  p re s su re  of th e  gas ( i . e .  

â  ̂s  P^)» The chem ical a c t i v i t y  o f th e  l iq u id  sp e c ie s  was 

equated  to  o n e .-^ * 2® For s im ila r  c a lc u la t io n s ,  Z elezn ik  and 

Gorden22 a l s o  used u n i t  a c t i v i t y  f o r  th e  l iq u id  sp e c ie s .

Note th a t  th e  r a t i o  of e lem ents e x p re ss io n  in  t h i s  system  of 

eq u a tio n s  i s  g iven  in  term s of th e  s p e c i f ic  m o la l i t ie s  of th e  

gaseous s p e c ie s , th e  u n i t  mass b e in g  th a t  of th e  t o t a l  

gaseous sp e c ie s  o n ly . T his s e t  of eq u a tio n s  i s  a ls o  solved 

i t e r a t i v e l y ,  s t a r t in g  by f i r s t  f in d in g  th e  com position  of 

th e  gaseous s p e c ie s . Assuming th e  p a r t i a l  p re s su re  of atom ic 

oxygen (pQ) and s u b s t i tu t in g  in to  eq u a tio n s  (8C), (5C)> (3C), 

(4C), (6c) ,  (70) in  th a t  o rd e r , th e  com position  of th e  

gaseous sp e c ie s  a t  a  g iven  p re s su re  and e s tim a ted  tem peratu re  

may r e a d i ly  be determ ined . A check of th e  assumed value can 

th e n  be made from th e  t o t a l  p re s su re  eq u a tio n  (which f o r  th e  

tem pera tu re  c a lc u la t io n  eq u a ls  th e  i n i t i a l  p r e s s u re ) .  The 

s p e c i f ic  m o la l i t ie s  of th e  gaseous sp e c ie s  in  th e  re a c te d  

zone (n^S) may th en  be c a lc u la te d  from th e  fo llo w in g  equa

t io n :
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Prom the  r a t i o  of elem ents eq u a tio n  (Equation 2C) we may now 

compute th e  gas s p e c i f ic  m o la li ty  of th e  l iq u id  alum ina 

sp e c ie s  (A ^ O ^ 'l iq )  a s  fo llow s*

With th e  gas s p e c i f ic  m o la l i t ie s  o f a l l  sp e c ie s , the  s p e c i f ic  

m o la l i t ie s  o f th e  e n t i r e  m ix ture (n^) may be c a lc u la te d  from 

th e  fo llo w in g  equation*

Having the  s p e c i f ic  m o la l i t ie s  of th e  com bustion p ro d u c ts  a t  

an es tim a ted  flam e tem p era tu re  and f o r  g iven  i n i t i a l  condi

t io n s ,  the  c o r re c tn e s s  of th e  e s tim a ted  flame tem pera tu re  may 

be checked by s u b s t i tu t in g  in to  E quation  1. I f  t h i s  eq u a tio n  

i s  n o t s a t i s f i e d  to  th e  d e s ire d  accu racy , th en  a  new tem per

a tu re  i s  e s tim a ted  and th e  c a lc u la t io n  re p e a te d . In  a tte m p t

ing  to  so lve t h i s  problem , i t  was n o t p o s s ib le  to  o b ta in  a 

s o lu t io n  when th e  flam e tem pera tu re  was g r e a te r  than  4005°K 

fo r  th e  atm osphere p re s su re  case when th e  d u s t p a r t i c l e  mass 

comprised o f 98 p e rc e n t aluminum and 2 p e rcen t alum ina ( s o lid  

AlgO^). Using a d i f f e r e n t  i t e r a t i o n  procedure (Newton Bapson 

Method) Z e lezn ic  and G o rd en ^  developed a  program  which was 

used to  c a lc u la te  th e  flam e tem p era tu res  of bu rn ing  pure

(4)
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aluminum-oxygen m ix tu res.. These a u th o rs  employed th e  same 

b a s ic  e q u ilib r iu m  r e l a t i o n s  as  was employed in  th e  p re s e n t 

c a lc u la t io n .  T heir program  f a i l e d  to  converge to  a  composi

t io n  a t  1 atm osphere p re s su re  a t  a  tem pera tu re  of ap p ro x i

m ately  4020°K. However, t h e i r  program gave alumlnum-oxygen 

flam e tem p era tu res  below t h i s  v a lu e . In  cases where th e  

p re s e n t program  worked th e  r e s u l t s  agreed  w ith  th o se  of 

Gorden a n d 'Z e le z n ic  f o r  p u re  aluminum. R e su lts  f o r  th e  Case 

C a d ia b a t ic  flam e te m p era tu re  c a lc u la t io n  a re  ta b u la te d  in  

Table 7 and p lo t te d  in  F ig u re  13.

D etonation  c a lc u la t io n s

The c a lc u la t io n  of th e  d e to n a tio n  wave p r o p e r t ie s  o f th e  

aluminum powder-oxygen system  fo llow ed  th e  g e n e ra l p ro ced u res  

o u tlin e d  in  Appendix I .  The only  d if fe re n c e  between th e  

p re se n t system  and th a t  d isc u sse d  in  th e  Appendix i s  th a t  

th e  m ix ture i s  i n i t i a l l y  heterogeneous and could  a ls o  be 

heterogeneous in  i t s  f i n a l  s t a t e .  The b a s ic  eq u a tio n s  used 

in  th e  c a lc u la t io n  a r e :

D etonation  wave v e lo c i ty :

U (5 )



Hugoniot equation*

P a r t ic l e  v e l o c i t i e s  "behind, th e  wave:

D ensity  o f u n reac ted  m ixture*

P =  - S - * *
v '  \ - oxide Ox idle ,  ,

f t  x & ,r fle *

V - W o t  0-c>xicie')C‘anV o x id e  C-rlk:^ /—- —  -------------------—-----------------------  OX(d?rw\Aet <*
D ensity  o f reacted , m ix tu re :

v
where t cl, = d e to n a tio n  v e lo c i ty  = wave v e lo c i ty  of th e  

f r o n t  of th e  wave.

ULZ= wave v e lo c i ty  of th e  r e a r  of th e  wave. 

ul^ = p a r t i c l e  v e lo c i ty  behind d e to n a tio n  wave. 

*VY\j. = m olecu lar w eight of sp e c ie s  I .

-|D = p re s s u re .

V  = volume p e r  u n i t  mass of t o t a l  m ix tu re .



d e n s ity .

s p e c i f ic  m o la l i t ie s  o f  sp e c ie s  c . 

mass.

h e a ts  o f fo rm atio n  o f sp e c ie s  <■ a t  tem p era tu re  T. 

p e rc e n t mass of oxide in  d u s t p a r t i c l e .

Na i _
No

number o f Al p a r t i c l e s  p e r  u n i t  mass o f m ixture 
number o f 0 p a r t i c l e s  p e r  u n i t  mass o f m ixture

S u b scrip ts*  1 = u n reao ted  s t a t e .

2 = re a c te d  s t a t e .

A lthough th e  experim ents were conducted w ith  th e  r e a c ta n ts  

having  an i n i t i a l  v e lo c i ty  of 1 m /sec, th e  t h e o r e t i c a l  c a lcu 

la t io n s  were c a r r ie d  out f o r  th e  case th a t  th e  i n i t i a l  gas 

was a t  r e s t .  This assum ption  has a  v e ry  sm all e f f e c t  on th e  

f i n a l  r e s u l t s  s in ce  th e  d e to n a tio n  wave v e lo c i t i e s  a re  much 

la r g e r  th an  th e  i n i t i a l  v e lo c i ty .  The s o l id  aluminum and 

l iq u id  alum ina p a r t i c l e s  were assumed to  be sm all ( le s s  than  

2 m icrons) so th a t  no s ig n i f ic a n t  r e l a t i v e  m otion between th e  

d i f f e r e n t  phase p a r t i c l e s  e x i s t e d . system  was f u r th e r  

assumed to  be in  thermodynamic and chem ical e q u ilib r iu m .

The d e to n a tio n  was co n sid ered  to  be of th e  Chapman-Jouquet 

type and th e  i n i t i a l  co n d itio n s  o f th e  m ix tu res were assumed 

to  be 1 atm osphere p re s su re  and 298.l6°K  tem p era tu re . In  

a d d i t io n , th e  gas sp e c ie s  were assumed to  be p e r f e c t  gases

£H4‘,T= 

oxide =

Ct =
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21and th e  l iq u id  alum ina d e n s i ty  co n s tan t a t  2 .7  gm /cc. 

D eto n a tio n  param eter c a lc u la t io n s  were made f o r  th e  same 

th re e  p ro d u c t sp e c ie s  com position cases considered  in  th e  

flam e tem p era tu re  c a lc u la t io n s .  A d is c u s s io n  of th e  p ro ce

dure f o r  th e  c a lc u la t io n  o f th e  d e to n a tio n  p ro p e r t ie s  i s  

g iven  in  Appendix I .  The c a lc u la t io n s  were made f o r  th e  

case th a t  th e  d u s t p a r t i c l e  mass was 98 p e rc e n t aluminum and 

2 p e rc e n t a lum ina.

R e su lts  of th e  d e to n a tio n  c a lc u la t io n s  of th e  aluminum 

powder-oxygen m ix tu res a re  ta b u la te d  in  T ables 8 th rough  10 . 

and re p re s e n te d  g ra p h ic a l ly  in  F ig u re  8 and 12. T h e o re tic a l 

s o lu t io n  of th e  Case C com bustion p ro d u c ts  case worked only

f o r  th e  m ix tu re r a t i o s  , 9 <  <*- <  .6 .  The program  of Z elezn ik  
22and Gorden which used th e  Newton Rapson i t e r a t i o n  method 

appeared  to  have th e  same b a s ic  problem . The rea so n s  f o r  

th e  la c k  of a  s o lu t io n  of t h i s  system  has no t been d e f in i t e ly  

e s ta b l is h e d  a s  y e t .



SECTION V 

DISCUSSION OP BESULTS 

The com bustion of th e  f in e  aluminum powders w ith  gaseous 

oxygen a t  one atm osphere p re s su re  was in v e s tig a te d  over th e  

m ixture r a t i o  range of 29 to  6^ p e rc e n t powder (by m ass).

When m ix tures le a n e r  th an  b6 p e rce n t f u e l  were ig n i te d  w ith  

exploding  s i l v e r  w ire s , th e  com bustion wave u s u a lly  a c c e le r 

a te d  c o n tin u a lly  over th e  le n g th  of th e  com bustion tu b e . F or 

th e se  ca se s , th e  com bustion was shown to  be th a t  of a  high 

speed flam e. I t  i s  p o s s ib le  th a t  in  tu b es  lo n g e r th a n  th o se  

employed in  t h i s  s tu d y  ( i . e .  longer th a n  9 f e e t )  a  s ta b le  

d e to n a tio n  co n d itio n  f o r  some of th e se  m ix tu res  could  have 

been reached . The aluminum powder-oxygen m ix tu res in  th e  48 

to  68 p e rcen t f u e l  range had in d u c tio n  d is ta n c e s  s h o r te r  th a n  

6 f e e t  and th e  p ro p ag a tin g  wave reached  a  co n s tan t speed . A 

summary of th e  im portan t ex p erim en ta l flame p r o p e r t ie s  in  

t h i s  m ixture r a t i o  range i s  g iven  below .

1) Using 26 .^  mm d iam ete r com bustion tu b e s  and ig n i t in g  

th e  m ix tures w ith  exp lod ing  s i l v e r  w ire s , th e  flam es a c c e le r 

a te d  du ring  th e  in d u c tio n  p e rio d  to  a  very  h igh  v e lo c i ty  

(F igure 7 ) .

2) The d e to n a tio n  in d u c tio n  d is ta n c e s  d ec rease  w ith  

in c re a s in g  m ixture r a t i o  (F igure 9 ) .

34
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3) The mechanism of com bustion in  th e  v i c i n i t y  of th e  

wave f ro n t  changes from a  com bination su rfa c e -g a s  phase r e a c 

t io n  in  th e  in d u c tio n  re g io n  to  a  p redom ina te ly  gas-phase 

r e a c t io n  th e r e a f t e r  (F igure 5)»

The wave i s  o v erd riv en  a t  th e  o nse t o f d e to n a tio n  

(F igure 7 ) .

5) The s ta b i l i z e d  flam e f r o n t  i s  nonp lanar and sp in s  a s  

i t  p ro p ag a tes  down th e  tu b e  (F igure 5)«

6 ) A fte r  th e  flam e re ac h es  th e  d e to n a tio n  in d u c tio n  

d is ta n c e ,  a  shock wave ( re to n a t io n  wave) p ro p ag a te s  back in to  

th e  in d u c tio n  re g io n  (F igure  5)»

7) The average d e to n a tio n  v e lo c i ty  of th e  le a n  m ix ture 

flam es i s  app rox im ate ly  1550  m /sec and d ec re a se s  w ith  

in c re a s in g  m ix ture r a t i o  (F igure 8 ) .

8 ) The p re s su re  behind  th e  s ta b i l i z e d  d e to n a tio n  wave 

f r o n ts  i s  app rox im ate ly  31  a tm ospheres over th e  m ix ture r a t i o  

range s tu d ie d  (F igure 1 2 ).

9) P re ssu re s  in d ic a te d  by d ia m e tr ic a l ly  opposed p re s su re

tra n sd u c e rs  y ie ld  p re s su re  peaks and tro u g h s th a t  a re  180

deg rees  ou t of phase (F igure 11 ).

10) The shape of th e  aluminum powder and th e  tube  diam

e t e r  in  g e n e ra l have v e ry  l i t t l e  e f f e c t  on th e  flam e v e lo c 

i t i e s  and d e to n a tio n  p re s su re  b u t do a f f e c t  th e  in d u c tio n  

d is ta n c e s  and th e  sp in  freq u en cy  of th e  flam e.
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11) The flam e sp in  param eter i s  approx im ately  3 *5 f o r  the 

f la k e  powder and ^ .1  f o r  th e  g ra n u la r  powder (T ables 2 and 3 

r e s p e c t iv e ly ) .

The purpose o f t h i s  study  was f i r s t  to  e s ta b l i s h  w hether 

heterogeneous aluminum powder-oxygen m ix tu res a re  d e to n ab le  

and i f  so , th en  to  measure th e  in d u c tio n  d is ta n c e s ,  th e  wave 

v e l o c i t i e s  and p re s su re  behind th e  wave f r o n t s .  F in a l ly  th e  

r e s u l t s  would be compared w ith  th e o r e t i c a l  v a lu e s .

Hydrogen-oxygen m ix tu res were used to  check ou t th e  

a p p a ra tu s , th e  in s tru m e n ta tio n  and th e  method of d a ta  ev a lu a 

t io n  (S ec tio n  I I ) .  I t  was q u ite  h e lp fu l  to  compare th e  s t r i p  

f i lm  photographs o f th e  aluminum powder-oxygen flam es to  

th o se  o f  hydrogen-oxygen m ix tu re s . F igure  14a i s  a  s t r i p  

f i lm  photograph o f a  ty p ic a l  hydrogen-oxygen m ix ture ig n ite d  

w ith  an exp lod ing  s i l v e r  w ire . This photograph shows th a t  

th e  com bustion wave a c c e le r a te s  in  th e  in d u c tio n  re g io n  and 

reach es  a  s tead y  s t a t e  v a lu e  a f t e r  i t  has been o v e rd riv en .

A shock wave i s  a l s o  seen to  p ropagate  from th e  p o in t  of 

i n i t i a t i o n  back in to  th e  in d u c tio n  reg io n  (a r e to n a tio n  

w ave). F ig u re  14b i s  a  s t r i p  f ilm  photograph of a  r ic h  

g ra n u la r  aluminum powder-oxygen m ixture a ls o  ig n i te d  w ith  an

exp lod ing  s i l v e r  w ire  ig n i t o r .  As seen from t h i s  f ig u r e ,
*

th e  heterogeneous flam e has a l l  th e  c h a r a c te r i s t i c s  of th a t  

of th e  hydrogen-oxygen flam e; th a t  i s ,  i t  has an  in d u c tio n  

p e rio d  w ith  an a c c e le r a t in g  flam e, a  r e to n a t io n  wave and a
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s te ad y  s ta te  flam e v e lo c i ty  v a lu e . The one b a s ic  d if fe re n c e

between th e  aluminum-oxygen flam e photograph and th a t  o f the

hydrogen-oxygen m ixture i s  th a t  th e  form er p ro p ag a tes  in  a

n o n p lan ar, o s c i l l a to r y  manner a f t e r  a t ta in in g  i t s  h igh  speed

s ta b le  s t a t e .  The c l a s s i c a l  example o f a  d e to n a tin g  m ixture

w ith  a  sp in n in g  flam e i s  th a t  o f carbon monoxide-oxygen

m ix tu re s , f i r s t  observed by Campbell and Woodhead. The

average d e to n a tio n  v e l o c i t i e s  of th e  l a t t e r  m ix tu res  a re

equal to  t h e i r  t h e o r e t i c a l  Chapmann-Jouquet v a lu e s . Lewis 
2 IIand Von Elbe r e p o r t  th a t  n ea r  th e  l im i t s  of d e to n a tio n  of 

a l l  gas m ix tu re s , th e  flam es a re  of th e  o s c i l l a to r y  ty p e . 

Edwards, W illiam s and B reeze2^ observed o s c i l l a to r y  flam es 

in  b o th  r ic h  and le a n  l im i t s  of d e to n a tin g  hydrogen-oxygen 

m ix tu re s . D e ta i ls  of th e  o s c i l l a t i n g  flame of th e  alumlnum- 

oxygen m ix tu res w i l l  be d isc u sse d  l a t e r .

A fte r  th e  flam e reached  th e  in d u c tio n  d is ta n c e ,  th e  h igh  

p re ssu re  beh ind  th e  wave caused th e  g la s s  d e to n a tio n  tu b e s  to  

s h a t te r  in to  v ery  sm all p ie c e s . The s h a t te r in g  of th e  g la s s  

occurred  ju s t  a f t e r  th e  flam e f ro n t  had passed  by a  few 

c e n tim e te rs . The o b se rv a tio n  th a t  th e  expansion  waves r e s u l 

t in g  from th e  breakage o f th e  tube had no e f f e c t  on th e  wave 

v e lo c i t i e s  se rv e s  a s  e x c e lle n t  ev idence th a t  th e  Chapman- 

Jouquet s t a te  behind th e  wave was e s ta b l is h e d . To support 

t h i s  co n c lu sio n , a  s e r i e s  of experim ents were made in  g la s s  

tu b es  surrounded by a  heavy m etal s h e l l  (except f o r  a
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3 /l6 - in c h  s lo t  in  th e  m e ta l tube and fa c in g  th e  camera)* The 

r e s u l t s  were found to  be id e n t i c a l .  In  re fe re n c e  to  th e  

g la s s  d e to n a tio n  tu b e , a p p a re n tly  th e  speed of th e  com bustion 

p ro d u c ts  behind th e  wave was so n ic , a  c o n d itio n  which would 

p rev en t expansion  waves from  re ac h in g  th e  wave f r o n t .  The 

l a t t e r  i s  a  requ irem ent f o r  a s t a b i l i z e d  Chapman-Jouquet 

d e to n a tio n  wave. Lean aluminum powder-oxygen m ix tu res which 

were ig n i te d  w ith  p re ssu re  g e n e ra tin g  sq u ib s f re q u e n tly  

r e s u l te d  in  very  h igh  flam e v e l o c i t i e s  which d ecreased  slow ly  

w ith  d is ta n c e  from th e  ig n i t io n  p o in t .  A pparen tly  th e se  

waves were o v erd riv en  and th e  com bustion p ro d u c ts  behind  th e  

wave f ro n t  were n o t so n ic  r e l a t i v e  to  th e  f r o n t  of th e  wave. 

T h e re fo re , expansion  waves due to  co o lin g  of th e  combusted 

m ix ture were ab le  to  t r a v e l  to  th e  wave f ro n t  and weaken i t .

Time h i s t o r i e s  of th e  p re s su re  behind th e  s ta b i l i z e d  

d e to n a tio n  waves in  th e  aluminum powder-oxygen m ix tures 

in d ic a te  th a t  th e  p re s su re  r i s e s  a b ru p tly  to  very  h igh  v a lu e s  

(F igure 1 0 ). The p re s su re  t r a c e s  a re  s im ila r  to  th o se  of 

d e to n a tin g  hydrogen-oxygen m ix tu res (Appendix I I )  su g g estin g  

f u r th e r  th a t  th e  h igh -speed  aluminum powder-oxygen com bustion 

i s  th a t  of a  d e to n a tio n . The heterogeneous m ixture p re ssu re  

t r a c e s  had an a d d i t io n a l  low frequency  o s c i l l a t io n  b e lie v e d  

to  r e s u l t  from th e  s p i r a l in g  wave p a th . O s c i l la to ry  flame 

p re s su re  t r a c e s  of t h i s  ty p e  have a ls o  been observed f o r
26carbon monoxide-oxygen d e to n a tio n s  by Mooradian and Gordens.
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From th e  ex p erim en ta l o b se rv a tio n s  of th e  a c c e le r a t io n  

of th e  flam e, th e  g e n e ra tio n  of a  r e to n a t io n  wave, the  

s ta b i l i z e d  h igh -speed  com bustion wave, th e  a b ru p t r i s e  and 

th e  h igh  v a lu e s  of p re s su re  behind th e  wave f ro n t  and th e  

s im i la r i t y  of th e se  c h a r a c te r i s t i c s  to  th o se  of known d e to n a 

t in g  homogeneous gas m ix tu re s , i t  can be s ta te d  th a t  th e  

aluminum powder-oxygen m ix tu res in  th e  m ixture r a t i o  range of 

48 to  64 p e rc e n t f u e l  a re  d e to n a b le .

Having e s ta b l is h e d  th a t  the  heterogeneous aluminum 

powder-oxygen m ix tu res  a re  d e to n a b le , i t  i s  d e s ira b le  to  

compare th e  measured d e to n a tio n  p r o p e r t ie s  of th e  m ix tu res 

w ith  t h e i r  th e o r e t i c a l  Chapman-Jouquet v a lu e s .

The a d ia b a t ic  flam e tem p era tu re  and com bustion gas 

com position  c a lc u la t io n  of th e  aluminum powder-oxygen system  

v a l id a te d  th e  d e to n a tio n  com position  c a lc u la t io n  p rocedures 

and p rov ided  some in s ig h t  in to  th e  r e l i a b i l i t y  of th e  therm o

dynamic p r o p e r t ie s  of th e  ox ides of aluminum. T his conclu

s io n  i s  t r u e  because th e  r e s u l t s  o f th e  th e o r e t i c a l  v a lu e s  

compared fa v o ra b ly  w ith  th e  experim en ta l B unsen-burner flam e 

tem p era tu re  work fo r  t h i s  system  which was conducted e a r l i e r  

a t  t h i s  la b o ra to ry  (Appendix I I I ) .  The em ission  spectrum  of 

th e  aluminum powder-oxygen B unsen-burner flam es showed th e  

p resen se  of 0 , 02 , A l, A10 sp e c ie s  p lu s  t r a c e s  of im puri

t i e s .  ^ A v ery  in te n s e  continuum was a ls o  observed , r e s u l t in g



from  th e  b la c k  body r a d ia t io n  of th e  l iq u id  alum ina s p e c ie s .
"18O ther aluminum oxide sp e c ie s  re p o r te d  by Brewer and Searcy 

and Drowart e t  a l* ^  in  t h e i r  s tu d ie s  of th e  vapor p re s su re  

and th e  decom position  o f sp e c ie s  above l iq u id  alum ina were 

gaseous AI2O and gaseous Al20 2 * Gaseous A^O^ h as no t been  

d e te c te d  by in v e s t ig a to r s  and i t  i s  g e n e ra lly  thought t h a t  

t h i s  sp e c ie s  does no t e x i s t .  In  t h e i r  a n a ly s is  o f th e  p o ss 

ib l e  r e a c t io n s  which produce l iq u id  alum ina (AI2O3 ) ,  Brewer 

and Searcy in d ic a te d  t h a t  th e  fo llo w in g  e q u ilib r iu m  re a c t io n s  

a s  most l i k e ly .

a  M O  +  O  A 4 O 3  ( -Lf )  <h6 )

M z Oz  + O  = ?  (r7)

The p a r t i c u la r  e q u ilib r iu m  re a c t io n  used in  th e  th e o r e t i c a l  

c a lc u la t io n  shou ld , however, have no e f f e c t  on jthe  f i n a l  

answ ers. M artin , Kydd and Browne2? in  t h e i r  s tu d y  of 

d ib o ra n e -a ir  (B2Hg-Air) m ix tu res found th a t  th e  le a n  m ix ture 

com bustion p ro d u c ts  c o n s is te d  only  o f gaseous p ro d u c ts  w hile  

th e  r ic h  m ix tu res  con ta ined  some l iq u id  B2O3 . I t  was th e r e 

fo re  d ec ided  to  c a lc u la te  th e  aluminum-oxygen d e to n a tio n  

p r o p e r t ie s  a ls o  f o r  th e  case th a t  th e  p ro d u c ts  a re  gaseous. 

C a lc u la tio n s  were made f o r  th e  fo llo w in g  th re e  p roduct 

sp e c ie s  cases  (see S ec tio n  IV fo r  d e t a i l s  o f c a lc u la t io n )



Case Gas S pecies
L iquid
S pecies

“A" 0) Og> A l, A l2 , A10, AlgO, A1202

0, Og > A l, A l2 , A10, AlgO, AlgOg, A120^

0 , Ogj A l, A lg» A10, A120 , AlgOg

HBW

«c«

R e su lts  of th e  c a lc u la t io n s  f o r  th e se  cases a re  ta b u la te d  in  

T ables 8 th rough  10. The th e o r e t i c a l  and ex p erim en ta l d e to n 

a t io n  wave v e l o c i t i e s  and d e to n a tio n  p re s s u re s  a re  p lo t te d  in  

F ig u re s  8 and 12 r e s p e c t iv e ly .  As seen  in  th e  above f ig u r e s ,  

th e  v e l o c i t i e s  and p re s s u re s  f o r  th e  Case ,,BH case a re  

app rox im ate ly  12 and 21 p e rc e n t above th e  ex p e rim en ta lly  

determ ined  v a lu e s . S ince th e  r e l i a b i l i t y  o f th e  therm ody

namic p r o p e r t ie s  of th e  gaseous A120^ sp e c ie s  could n o t be 

e s ta b l is h e d  and s in ce  gaseous A120«j i s  g e n e ra lly  though t not 

to  e x is t-1-® t h i s  case was d is re g a rd e d . T h e o re tic a l c a lc u la 

t io n s  of th e  d e to n a tio n  p ro p e r t ie s  of th e  aluminum-oxygen 

system  based on Case HA" com bustion p ro d u c ts  (gases on ly  and 

no gaseous A120^) gave v a lu es  which a re  app rox im ate ly  10 and 

22 p e rc e n t below th e  ex p erim en ta l d e to n a tio n  wave v e lo c i ty  

and p re s su re  v a lu es  r e s p e c t iv e ly .  A d ia b a tic  flam e tem per

a tu r e s  of t h i s  system  were a ls o  c a lc u la te d  (F igure 13 and 

Table 5) and were found to  be app rox im ate ly  27 p e rce n t below 

th e  ex p erim en ta l v a lu e s . S ince i t  i s  u n r e a l i s t i c  f o r  th e  

th e o r e t i c a l  v a lu es  to  be low er th an  th e  ex p erim en ta l v a lu e s  

when th e  c a lc u la t io n s  were made assum ing th a t  th e  system  was



in  thermodynamic and chem ical e q u ilib r iu m , th e  com bustion of 

th e  system  was com plete and th a t  th e  p ro cess  was a d ia b a t ic ,  

th e  Case MAW c a lc u la t io n  i s  considered  n o t c o r r e c t .  There

f o r e ,  l iq u id  alum ina must be considered  a s  a p ro d u ct sp e c ie s  

in  th e  c a lc u la t io n  (Case "C "). A lthough th e  Chapman-Jouquet 

d e to n a tio n  p ro p e r t ie s  f o r  th e  Case "C" p roduct sp e c ie s  case 

could no t be c a lc u la te d  over th e  e n t i r e  m ixture r a t i o  range 

(see S ec tio n  IV ), th e  d a ta  show th a t  th e  c a lc u la te d  Chapman- 

Jouquet d e to n a tio n  v e lo c i ty  and p re s su re  v a lu es  a re  ap p ro x i

m ately  10 and 15 p e rc e n t r e s p e c t iv e ly  above th e  measured 

v a lu e s  (F ig u res  8 and 1 2 ). Moreover, th e  a d ia b a t ic  flam e 

tem pera tu re  c a lc u la t io n s  based on Case "C" p ro d u ct sp e c ie s  

a re  on ly  a  few p e rc e n t above th e  measured v a lu e s  (F igure 1 3 ).

Since th e  c a lc u la te d  d e to n a tio n  v e l o c i t i e s  and p re s s u re s  

were h ig h e r  than  th e  measured v a lu e s  f o r  th e  Case WCM 

c a lc u la t io n ,  i t  i s  w e ll to  review  th e  assum ption  made fo r  

th e  t h e o r e t i c a l  c a lc u la t io n s  and to  an a ly se  them w ith  re g a rd s  

to  th e  a c tu a l  ca se . The assum ptions made were (1) pure 

p r o p e l la n ts ,  (2) com plete com bustion, (3 ) no h e a t lo s s e s  

from th e  system  and (4) thermodynamic and chem ical e q u i l ib 

rium . In  a d d i t io n ,  i t  was assumed th a t  th e  thermodynamic 

p ro p e r t ie s  of ox ides of aluminum a s  re p o r te d  by McBride e t  

a l 10 a re  r e l i a b l e ,  th e  g ases  a re  p e r f e c t  and th e  d e n s i ty  of 

l iq u id  alum ina i s  approx im ately  th e  same as  th a t  re p o rte d  

by Kirshenbaum and C a h ill  a t  2700°K .^ 1



The assum ption  o f pure p ro p e l la n ts  i s  n o t v a l id  s in ce  

s t e a r i c  a c id  was used in  th e  m anufacture of th e  f la k e  

aluminum powder. This p robab ly  acco u n ts  f o r  th e  f a c t  th a t  

th e  g ra n u la r  powder-oxygen m ix tu res  g e n e ra lly  had h ig h e r 

ex p erim en ta l d e to n a tio n  v e lo c i ty  v a lu e s  th an  th o se  of 

s im ila r  f la k e  powder-oxygen m ix tu re s . In  a d d i t io n ,  fo r  

sm a lle r  p a r t i c l e  s i z e s ,  th e  oxide c o a tin g  could re p re s e n t a  

g r e a te r  f r a c t io n  of th e  t o t a l  p a r t i c l e  mass. The oxide 

la y e r  th ic k n e s s  on sh e e t aluminum exposed to  a i r  a t  room 

tem p era tu res  and a tm ospheric  p re s s u re s  i s  re p o r te d  by 

G ulbranson and Wysong2^ to  be 100 £ . At h ig h e r te m p e ra tu re s , 

K e lle r  and Edwards-^0 re p o r te d  t h a t  S te in h e i l  measured oxide 

la y e r  th ic k n e s s e s  up to  1000 %, L y le , Tower and V ru g g in k ^  

re p o r te d  th a t  th e  g ra n u la r  A-140 powder used in  th e  p re se n t 

s tu d ie s  has an oxide c o a tin g  am ounting to  1 .2  p e rc e n t of th e  

t o t a l  powder mass. S ince th e  powders were hea ted  to  ap p ro x i

m ately  95 -  120°C f o r  extended p e r io d s  p r io r  to  u se , th e  

th e o r e t i c a l  c a lc u la t io n s  were made assum ing th a t  th e  oxide 

c o n s t i tu te d  2 p e rc e n t o f th e  t o t a l  p a r t i c l e  mass. A d d itio n a l 

th e o r e t i c a l  d e to n a tio n  c a lc u la t io n s  showed th a t  i f  th e  oxide 

co n ten t of th e  powder was app rox im ate ly  23 p e rc e n t of th e  

t o t a l  mass of th e  powder, th en  th e  th e o r e t i c a l  Chapman- 

Jouquet d e to n a tio n  v a lu e s  would ag ree  approx im ately  w ith  th e  

measured v a lu e s . C onsidering  th e  su rfa ce  a re a  of th e  

g ra n u la r  p a r t i c l e s ,  t h i s  oxide la y e r  would correspond to  a



th ic k n e s s  o f about 600 £ . A ccording to  G ulbranson and 

Wysong, a  tem p era tu re  of 450°C I s  re q u ire d  to  form a  la y e r  

of t h i s  th ic k n e s s . Since th e  tem p era tu res  a t  which th e  

powder was p rep ared  f o r  use  was co n s id e rab ly  below t h i s  v a lu e  

and s in c e  Ig n i t io n  o f th e  p a r t i c l e s  would be v ery  d i f f i c u l t  

w ith  such th ic k  oxide la y e r s ,  th e  p o s s i b i l i t y  of th e  oxide 

la y e r  cau sin g  th e  d if f e re n c e  between th e o r e t i c a l  and e x p e r i

m ental v a lu e s  i s  d isc o u n te d .

The assum ption of com plete com bustion i s  b e lie v e d  to  be 

r e l a t i v e l y  good s in c e  th e  te m p era tu res  behind th e  d e to n a 

t io n  f ro n t  a re  above the  m e ltin g  tem p era tu re  of aluminum 

(fo r  p = 1 atm , T jjg ^  = 932°K, TB0IL = 2700°K w hile  

T-ft.ame ^  ^ 0 0 0 ° K ).^  Of co u rse , some of th e  la rg e r  s iz ed  

p a r t i c l e s ,  p a r t i c u l a r ly  th o se  n ea r th e  w a ll of th e  d e to n a 

t io n  tu b e , may not have s u f f i c ie n t  tim e to  combust because of 

quenching e f f e c t s .  The h ig h  h ea t t r a n s f e r  r a t e s  to  th e  

p a r t i c l e s  r e s u l t  p r im a r i ly  from th e  su rfa c e  r e a c t io n  and 

r a d ia t io n  from  the  flam e. The r a d ia t io n  d s  b e lie v e d  impor

ta n t  because o f th e  h igh  in t e n s i t y  o f th e  normal f l a m e s ® *9 

and a ls o  because of th e  c lo se  p ro x im ity  of th e  aluminum 

p a r t i c l e s  to  th e  flam e zone. Grosse and Conway^ have 

re p o rte d  th a t  up to  70 p e rc e n t of th e  chem ical energy in  th e  

aluminum powder-oxygen flam e i s  l o s t  th rough r a d ia t io n .

Prom photographs of th e  d e to n a tin g  m ix tu res and th e  m icro- 

f in e  d u s t observed a f t e r  an experim ent, th e  mechanism of th e
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aluminum com bustion in  th e  d e to n a tio n  p ro ce ss  i s  b e lie v e d  to  

occur in  th e  gas p h ase . The assum ption o f com plete combus

t io n  i s  th e re fo re  g e n e ra lly  thought to  be v a l id .

The assum ption  o f no lo s s e s  of h e a t d u rin g  th e  d e to n a 

t io n  i s  co n sid ered  to  be good. Heat lo s s e s  would occur 

p r im a r i ly  th rough  convective  and r a d ia t iv e  p ro c e s s e s . The 

convec tive  lo s s e s  a re  p robab ly  of second o rd e r  because of 

th e  r e l a t i v e l y  sm all wave th ic k n e s s  and th e  h igh  flam e speeds. 

S ince th e  r a d ia t io n  em itted  from th e  aluminum-oxygen flam e i s  

v ery  h ig h , i t  would appear th en  th a t  r a d ia t iv e  h e a t lo s s e s  

may be s ig n i f i c a n t .  However, because o f th e  heterogeneous 

n a tu re  o f b o th  th e  r e a c ta n t s  and th e  p ro d u c ts , th e  r a d ia t io n  

mean f r e e  p a th  i s  v e ry  sm all th u s  th e  lo s s e s  could a ls o  be 

expected  to  be sm a ll. Moreover, i f  th e  r a d ia t io n  lo s s e s  were 

s ig n i f i c a n t ,  th e n  a  g r e a te r  d isc rep an cy  between th e  th e o r e t 

i c a l  and measured flam e tem pera tu re  v a lu e s  could be expected  

th a n  has been observed .

The assum ptions of thermodynamic and chem ical e q u i l ib 

rium  a re  good f o r  th e  hydrogen-oxygen system  (see Appendix

I I I ) .  F or th e  aluminum powder-oxygen system , th e  measured 

d e to n a tio n  wave v e l o c i t i e s  a re  much low er and th e  waves 

th ic k n e s s e s  appear g r e a te r  th an  th o se  of th e  hydrogen-oxygen 

system , th e r e f o r e ,  more tim e i s  a v a i la b le  f o r  p ro c e sse s  to  

o ccu r. Hence, th e  assum ption  of thermodynamic e q u ilib r iu m  

i s  p robab ly  good. The assum ption of chem ical e q u ilib r iu m  fo r



th e  heterogeneous system  i s  q u e s tio n a b le  because o f th e  

n e c e s s i ty  to  v ap o rize  th e  s o l id  aluminum and th en  to  form  the 

condensed alum ina s p e c ie s . The most l i k e ly  chem ical r e a c 

t io n s  in  th e  o v e ra l l  p ro cess  o f th e  Case WC" s i t u a t io n  a re  

th e  follow ing*

A-£(s c h j )  _— > A£
(HI)

O *  = 0 + 0 (H2 )

AC. + O r A€0 (B3)

A o o *  -= > A ( 0 + 0
(Hfr)

3  M O  -— >  AAO z (H5)

2A €0+ 0 = >  A t O ,  (-1^) (R6 )

A & o . + o  • A 4 Q  (■<%) (H7)

AZO + A-£ = >  A A O
(H8 )

Ae%o  4 O
(R9)

A A O  4 Oz M z 0 ^ 4 O
(RIO)

2 A - e = *  ke% . (R ll)

2 A J O A A O  + O
(R12)

While a l l  of th e se  chem ical r e a c t io n s  may appear in  th e  

com bustion p ro cess  o f aluminum w ith  oxygen, r e a c t io n s  (Rl)



th rough  (R6 ) would ap p ear more o f te n  f o r  le a n  m ix tu res  w hile  

r e a c t io n s  (HI) th rough  (R5) and (R?) th rough  (R12) would 

appear more o f te n  f o r  th e  r i c h  m ix tu re s . This co n c lu sio n  i s  

based on th e  t h e o r e t i c a l  c a lc u la t io n s  (Table 10) w herein  th e  

dom inant gas p roduct sp e c ie s  fo r  le a n  m ix tu res i s  A10 w hile  

f o r  r i c h e r  m ix tu res th e  dom inant g as  p roduct sp e c ie s  i s  

AI2O. Brewer and Searcy1® and Drowart e t  a l* ^  a l s o  re p o r te d  

th e  same co rrespond ing  dominance o f th e se  sp e c ie s  e x p e r i

m en ta lly . The chain  b ran ch in g  chem ical r e a c t io n s  producing  

a c t iv e  r a d l c a l s t (R l) th rough  (R^f), a re  common to  bo th  r ic h  

and le a n  m ix tu re s . While th e  t h e o r e t i c a l  c a lc u la t io n s  f o r  

th e  8 sp e c ie s  case i s  based on 6 independen t e q u ilib r iu m  

r e l a t i o n s ,  c e r ta in  o f th e  above chem ical r e a c t io n s  a re  more 

l i k e ly  to  occur th an  o th e r s .  For le a n  m ix tu re s , l iq u id  

alum ina i s  p robab ly  formed more o f te n  th rough  r e a c t io n  (R6 ) 

(because of th e  abundance of 0 and A10 s p e c ie s ) .  Brewer and 

Searcy  suggested  t h i s  reac tion*  a s  th e  most l i k e ly  one to  

produce th e  l iq u id  a lum ina . The A l202 sp e c ie s  was no t 

d e te c te d  in  th e  sp e c tro sc o p ic  a n a ly s is  o f th e  aluminum-oxygen 

B unsen-burner flam es^ and has been found in  on ly  v ery  sm all 

amounts above b o i l in g  alum ina by Brewer and S earcy . There

fo r e ,  r e a c t io n  (R7) p ro b ab ly  does n o t c o n tr ib u te  s i g n i f i 

c a n tly  to  th e  fo rm atio n  of a lum ina . R eaction  (R6 ) i s  a  

t r l -m o le c u la r  r e a c t io n ,  re q u ir in g  sim ultaneous c o l l i s i o n  of 

3 m olecules in  th e  p ro p er o r ie n ta t io n .  For u su a l 3-body



48

c o l l i s i o n s ,  th e  r a t e  of d isap p earan ce  of 2A10 (co rrespond ing  

r a t e  of fo rm a tio n  o f A l20^Liq)) i s  g iven  by th e  r a t e  eq u a tio n

—j i — = - a l?3 0\eo) (o) do)

w here: (A10) = A10 sp e c ie s  co n c e n tra tio n  (m oles/cc)

(0 ) = 0  sp e c ie s  c o n c e n tra tio n  (m oles/cc) 

t  = tim e

k j  = th ree -b o d y  r a t e  c o e f f ic ie n t .

B arth  re p o r te d  r a t e  c o n s ta n ts  f o r  id e a l  th ree -b o d y  c o l l i 

s io n s  a s  ap p ro x im ate ly  1.088 x 10^5 ( - ^ j  • Using t h i s

r a t e  c o e f f ic ie n t  and th e  i n i t i a l  c o n c e n tra tio n  a s  th a t  of 

th e  7 -gas sp e c ie  case (Table 8 ) , th e  tim e to  form h a l f  th e  

alum ina sp e c ie s  (the  h a l f  tim e , t ^ / 2 ) *s ap p rox im ate ly  37 

m icroseconds. Prom th e  p re s su re  and th e  s t r e a k  photograph  

t r a c e s ,  th e  wave th ic k n e s s  of th e  p ro cess  i s  app rox im ate ly  

3 cm (20 m icro seco n d s). In  view of th e  f a c t  th a t  th e  r a t e  

co n s tan t used in  th e  above c a lc u la t io n  i s  th a t  f o r  th e  03 o r 

N2 fo rm atio n  from t h e i r  elem ents ( in  c o l l i s i o n  w ith  a  th i r d  

body) and th a t  t h i s  r e a c t io n  a p p a re n tly  r e q u ir e s  no p re fe r re d  

c o l l i s i o n  o r ie n ta t io n ,  th e  p re se n t r e a c t io n  (H6 ) would have a 

s t e r i c  f a c to r  which would g ive lo n g er h a l f  tim e s . Moreover; 

th e  r e a c t io n  form s l iq u id  alum ina (A120^) and p robab ly  r e 

q u ire s  th a t  th e  r e a c t io n  occur on th e  su rfa c e  of a  l iq u id  

p a r t i c l e .  Hence, r e a c t io n  (R6 ) would p robab ly  re q u ire  even
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more tim e th u s  making i t  even l e s s  l i k e ly  th a t  a  s t a te  of 

chem ical e q u ilib r iu m  i s  reach ed , p a r t i c u l a r ly  f o r  r ic h  

m ix tu re s . Hence, in  a l l  p r o b a b i l i ty ,  th e  system  i s  n o t in  

chem ical e q u ilib r iu m .

In  summary, th e  assum ptions made in  th e  th e o r e t i c a l  

d e to n a tio n  c a lc u la t io n  would ten d  to  g ive v a lu e s  which a re  

h ig h e r  th an  ex p erim en ta l v a lu e s . The assum ptions of pure 

p r o p e l la n ts ,  com plete com bustion, p e r f e c t  g ases and h e a t 

lo s s e s  re p re s e n t  m inim al e f f e c t s  w h ile  th e  assum ption of 

chem ical e q u ilib r iu m , a t  l e a s t  w ith  re g a rd s  to  th e  l iq u id  

alum ina sp e c ie s  p ro d u c tio n , would c o n s t i tu te  a  m ajor d e v ia 

t io n  from th e  r e a l  ca se .

As seen  from F ig u re  8 and 12, th e  th e o r e t i c a l  v a lu e s  of 

v e lo c i ty  and p re s su re  v a lu e s  a re  app rox im ate ly  10 and 15 

p e rc e n t r e s p e c t iv e ly  above th e  ex p erim en ta l v a lu e s . I f  

chem ical r e a c t io n  (R6 ) i s  n o t in  e q u ilib r iu m , th e  v a lu e  of 

e q u ilib r iu m  co n s ta n t may be a l t e r e d  to  compensate fo r  t h i s  

d e v ia t io n . R e c a ll th a t  th e  chem ical e q u ilib r iu m  eq u a tio n  of 

r e a c t io n  (R6 ) can be w r i t te n  a s

(11)

w heret r p = forw ard  r e a c t io n  r a t e  

r R = re v e rs e  r e a c t io n  r a te
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The e q u ilib r iu m  c o n s ta n ts  f o r  t h i s  r e a c t io n  can he exp ressed  

a s  i

K = 4 ^ ~  <12>

w here: k = r a t e  c o n s ta n t.

In  th e  even t t h a t  t h i s  r e a c t io n  i s  n o t in  chem ical e q u i l ib 

rium , th e  c o n s ta n t g iv en  by th e  above eq u a tio n  would be 

g r e a te r  th an  th a t  of th e  e q u ilib r iu m  v a lu e . Because o f th e  

v a r ia t io n  in  te m p e ra tu re , p re s su re  and com position  w ith  

m ix tu re  r a t i o ,  i t  i s  expected  th a t  th e  n o n eq u ilib riu m  f a c t o r  

would change somewhat w ith  m ix ture r a t i o .  When a  n o n e q u ilib 

rium  f a c to r  of .002  was a p p lie d  to  th e  le a n  m ix tu re s , th e  

t h e o r e t i c a l  v a lu e s  approxim ated to  th e  ex p e rim en ta l v a lu e s . 

T h is v a lu e  corresponds to  a  r a t e  co n s tan t ^ ~ t h  o f th e  r a t e  

c o n s ta n t used in  th e  above h a l f  tim e c a lc u la t io n .  This low 

r a t e  co n s tan t su g g ests  th a t  th e  l iq u id  AI2O3 sp e c ie s  has v ery  

l i t t l e  chance o f a t t a in in g  i t s  e q u ilib r iu m  com position  v a lu e  

b e fo re  th e  ap p a ren t end of th e  wave and i s  p ro b ab ly  re sp o n 

s ib l e  f o r  th e  low ex p erim en ta l d e to n a tio n  v a lu e s .

Prom th e  s i m i l a r i t i e s  o f the  s t r i p  f i lm  pho tographs of 

th e  in d u c tio n  re g io n s  of th e  aluminum powder-oxygen and 

hydrogen-oxygen system s (F igure lA ), i t  i s  concluded t h a t  th e  

mechanism of d e to n a tio n  i n i t i a t i o n  o f th e  two system s i s



s im i la r .  The Becker model o f shock wave g en e ra tio n ^  can be 

used to  d e sc r ib e  th e  i n i t i a t i o n  of heterogeneous d e to n a tio n s . 

A fte r  i g n i t io n ,  th e  flam e bu rns no rm ally  u n t i l  th e  flam e 

f i l l s  th e  tu b e . Because o f f r i c t i o n  and co o lin g  a t  th e  tube 

w a ll ,  th e  flam e su rfa c e  a re a  In c re a s e s  causing  th e  flam e to  

be a c c e le r a te d .  The In c rea sed  com bustion r a t e  causes p r e s 

su re  waves to  be tra n s m itte d  in to  th e  u n reac ted  m edia. 

I n i t i a l l y ,  th e  waves t r a v e l  much f a s t e r  th a n  th e  flam e and , 

th e r e fo r e ,  s e p a ra te  from i t .  S uccessive waves t r a v e l  f a s t e r  

th an  th o se  p reced in g  them s in c e  th e y  a re  t r a v e l in g  in  a  

re g io n  of h ig h e r  tem p era tu re  and t r a v e l  w ith  re s p e c t  to  a  

gas t h a t  has a  v e lo c i ty  in  th e  d i r e c t io n  o f th e  p reced in g  

wave. The r e s u l t  b e in g  th a t  th e  p re s s u re  waves w i l l  ev en tu 

a l l y  o v ertak e  one a n o th e r  form ing a  shock wave. As th e  shock 

wave in c re a s e s  in  s tr e n g th ,  th e  gas v e lo c i ty  behind  th e  wave 

in c re a s e s ,  and e v e n tu a l ly  th e  flam e becomes tu rb u le n t .  At 

t h i s  s ta g e  of In d u c tio n , s e v e ra l  models have been p roposed . 

M artin  and W hite^1 have suggested  t h a t  th e  flam e a c c e le r a te s

v e ry  r a p id ly  a long  th e  tube w a lls .  Bone, P ra z e r  and 
32W heeler^ proposed th a t  th e  m ix ture between th e  flam e and 

th e  shock wave a u to ig n i te s .  Oppenheim e t  a l3 3  and l a t e r  

Laughrey, B o llin g e r  and E d s e ^  have observed I g n i t io n  ahead 

of th e  main flam e a long  th e  w a lls  o f th e  tu b e . S t r ip  f i lm  

photographs of th e  d e to n a tio n  in d u c tio n  re g io n  o f carbon 

monoxide-oxygen m ix tu res tak en  by Bone, P ra z e r  and W heeler
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lo o k  rem arkably  s im ila r  to  th o se  observed f o r  th e  h e te ro 

geneous d e to n a tio n s .  For th e  p re se n t s tu d ie s ,  a u to ig n i t io n  

was f re q u e n tly  observed ahead of th e  main f lam e , p ro b ab ly  a t  

th e  w a ll o f th e  tu b e .

The in d u c tio n  d is ta n c e s  o f th e  f la k e  and g ra n u la r  

powder-oxygen m ix tu res  a re  shown g ra p h ic a l ly  in  F ig u re  9.

The s c a t t e r  of th e  d a ta  i s  b e lie v e d  to  r e s u l t  from v a r ia t io n  

o f p re p a ra t io n  o f th e  aluminum powder a n d /o r  v a r ia t io n s  of 

th e  exp lod ing  w ire  ig n i t o r s .  I g n i to r  v a r ia t io n s  could  have 

r e s u l te d  from p a r t i a l  sh o r tin g  o f th e  e le c t ro d e s  due to  

d e p o s it  of m etal powder a t  th e  base o f th e  e le c t ro d e s .  

V a r ia t io n s  of th e  f la k e  powder p u r i ty  r e s u l te d  from  p o s s ib le  

i n s u f f i c i e n t  c le a n in g . When f la k e  powders were h ea ted  to  

120°C p r io r  to  u s e , th e  in d u c tio n  d is ta n c e s  were s h o r te r  

th a n  when h ea ted  to  95°C. The in d u c tio n  d is ta n c e s  o f g ran 

u l a r  powder-oxygen m ix tu res  were g e n e ra lly  lo n g e r  th a n  th o se  

o f f la k e  powder-oxygen m ix tu re s . The in d u c tio n  d is ta n c e s  

d ec reased  w ith  in c re a s in g  f u e l  c o n c e n tra tio n . A ccording to  

Fong, B o llin g e r  and Edse, ^ th e  in d u c tio n  d is ta n c e  o f homo

geneous gas system s i s  in v e r s ly  p ro p o r tio n a l to  th e  bu rn ing  

v e l o c i t i e s  and th e  energy re le a s e d  in  th e  chem ical r e a c t io n  

and d i r e c t l y  p ro p o r t io n a l  to  th e  sound speed. Systems w ith  

h ig h  bu rn in g  v e l o c i t i e s ,  low sound speeds and h igh  energy 

r e le a s e  r a t e s  p e r  u n i t  mass of th e  m ix ture w i l l  ten d  to  

d e to n a te  e a s i ly .  The normal flam e v e l o c i t i e s  of aluminum
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pow der-gas (70  p e rce n t oxygen, 30 p e rc e n t n itro g e n )  m ix tu res

app rox im ate ly  40 cm /sec. Using B unsen-burner flam es 

(Appendix I I I ) ,  normal bu rn in g  v e l o c i t i e s  o f ap p rox im ate ly  

25 cm /sec were measured f o r  th e  aluminum powder oxygen 

system . For such low bu rn in g  r a t e s ,  i t  would appear v e ry  

d i f f i c u l t  to  d e to n a te  such m ix tu res  even w ith  th e  la rg e  

amounts of h e a t re le a s e d  in  th e  chem ical r e a c t io n .  Gouse 

and Browne d e riv ed  ex p re ss io n s  f o r  th e  i s e n t r o p ic  v e lo c i ty  

o f sound in  two-component, tw o-phase system s. The ex p ress io n  

th e y  g ive f o r  a  p e r f e c t  g a s -in c o m p ress ib le  s o l id  i s

7
in  com bustion tu b es  was found by C a sse ll e t  a l  to  be

(13)

where* c  = v e lo c i ty  of sound

p  = d e n s ity

= s p e c i f ic  h e a t a t  co n s ta n t volume

Y = r a t i o  of s p e c i f ic  h e a ts

<w\ = mass

S u b sc rip ts*  g = gas

m = m ixture

s = s o lid
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This e q u a tio n  shows th a t  th e  sound speed in  a  heterogeneous 

m ixture i s  l e s s  th a n  th a t  o f th e  gas a lo n e  and f o r  in c re a s in g  

powder d e n s i ty  (mass r a t i o )  the m ixture sound speed d e c re a se s  

even more. T h e re fo re , th e  shock wave b u ild -u p  w i l l  be more 

ra p id  and th e  in d u c tio n  d is ta n c e s  sh o rt f o r  r i c h e r  m ix tu re s . 

This ag ree s  w ith  experim ent (F igure 9 ) . Dobbins and 

T e m p k i n ^  s tu d ie d  th e  a t te n u a t io n  of sound waves i n  tw o-phase 

media. T heir r e s u l t s  show th a t  v isc o u s  and th e rm al d i s s i 

p a t io n s  a re  independen t o f p re s s u re , in c re a se  w ith  p a r t i c l e  

s iz e  and th a t  th e re  i s  an optimum p a r t i c l e  s iz e  f o r  acous

t i c a l  im pedance. The a c o u s t ic a l  impedances a re  most impor

ta n t  f o r  long in d u c tio n  d is ta n c e ,  high a c o u s t ic a l  v e lo c i ty  

system s. C a rr ie r -^  s tu d ie d  the  passage of shock waves 

th rough  d u s ty  m ix tu re s . The r e s u l t  of h i s  s tu d y  showed th a t  

the  shock th ic k n e s s  i s  in c re a se d  f o r  l a r g e r  s iz e d  and la rg e r  

mass p a r t i c l e s .  In  th e  heterogeneous d e to n a tio n  p ro c e s s , i t  

i s  d i f f i c u l t  to  a s s e s s  th e  p a r t i c l e  e f f e c t  on th e  shock wave 

since  chem ical r e a c t io n s  on th e  p a r t i c l e  su rfa c e  w i l l  occur 

very  r a p id ly  because of th e  h igh  p re ssu re  and h igh  tem per

a tu re  of th e  oxygen behind th e  shock wave.

A fte r  th e  in d u c tio n  p e rio d  and a sh o r t o v e rd riv en  

c o n d itio n , th e  flam e f ro n t  of th e se  m ix tu res p ro p ag a tes  

down th e  tube  in  a  s p i r a l  manner (F igure 5)• The average 

v e lo c i ty  of th e  flam e f o r  a  g iven  r ic h  m ixture i s  co n s tan t
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a s  seen from  th e  p lo t  of v e lo c i ty  v e rsu s  a  d is ta n c e  (F igure

7 ) .  A h e l i c a l  p a t te r n  was d e p o s ite d  on th e  in s id e  w a ll of 

th e  m etal tu b e s  d u rin g  d e to n a tio n  of th e  r i c h  m ix tu re s .

T h is p a t te r n  corresponded to  th e  p ro p ag a tio n  of a  r o ta t in g  

com bustion head along  th e  p e r i f e r y  of th e  tu b e . The p r e s -  

su re - tim e  t r a c e s  of d e to n a tin g  aluminum powder-oxygen 

m ix tu res  were a ls o  shown to  be o s c i l l a to r y  (F ig u res  10 and 

1 1 ). The flam e o s c i l l a t i o n  frequency  (or w avelength  s in ce  

th e  flam e speed i s  alm ost c o n s ta n t)  f o r  a  g iven  powder-oxygen 

m ix ture was found to  be r e l a t i v e l y  independent of m ixture 

r a t i o .  F lake powders which were n o t washed p r io r  to  use had 

s h o r te r  sp in  w avelengths (h ig h e r f re q u e n c ie s ) .  The fre q u en 

c ie s  o f  o s c i l l a t io n s  in  th e  2 6 . ̂  mm d iam ete r d e to n a tio n  tu b es 

were app rox im ate ly  th e  same f o r  b o th  th e  g ra n u la r  and v ery  

c lean  f la k e  m ix tu re s . The w avelengths and f re q u e n c ie s  of 

flam e o s c i l l a t io n s  fo r  d e to n a tin g  aluminum powder-oxygen 

m ix tu res g iven  in  T ables 2 and 3 a re  summarized below.

Powder

Tube
D ia.
(mm)

Wavelength 
2  (cm)

Frequency
(1/s e o )

J L
d ia

F lake
(uncleaned ) Z6A 9.0 16200 3 .^1
F lake
(uncleaned) ^4 .0 15.2 9700 3 A 5
G ranular 26 A 1 0 .8 1^300 ^ .09

The o s c i l l a to r y  flam e f ro n t  observed in  th e  d e to n a tio n  o f the
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aluminum powder-oxygen m ix tu res i s  no t unique to  t h i s  system . 

Campbell and Woodhead f i r s t  observed t h i s  phenomena in  

d e to n a tin g  carbon monoxide-oxygen m ix tu re s . L a te r ,  Campbell 

and Flnch^® e s ta b l is h e d  from head-on ( a x ia l)  photographs 

th a t  th e  o s c i l l a t io n s  r e s u l te d  from a  h e l i c a l ly  t r a v e l in g  

flam e head . The head of th e  flam e propagated  in  a  s p i r a l  

fa sh io n  down th e  tu b e . Bone, P ra z e r  and W heeler^2 observed 

h ig h e r  sp in  f re q u e n c ie s  when sm all amounts of hydrogen were 

added to  carbon monoxide-oxygen m ix tu re s . The h ig h e r  

f re q u e n c ie s  a re  th e  r e s u l t  o f in c re a se d  r e a c t io n  r a t e s  of 

th e  system . The h ig h e r  f re q u e n c ie s  observed f o r  th e  

uncleaned  f la k e  powder-oxygen m ix tu res  over th e  cleaned  

powders may be r e la te d  to  in c re a se d  r e a c t io n  r a t e s  o r g r e a te r  

sound speeds behind  th e  wave a s  a  r e s u l t  of th e  s t e a r i c  a c id  

on th e  powder. Spinning d e to n a tio n s  can be e i th e r  s in g le  o r 

m u ltip le  headed s t r u c t u r e ,3® th e  m u ltip le  s tru c tu re d  cases 

o ccu rlng  in  la rg e  d iam ete r  tu b e s . The phenomena of sp in  

d e to n a tio n  and i t s  r e l a t i o n  to  t ra n s v e rs e  p re s su re  waves 

behind th e  shock f r o n ts  of homogeneous gas m ix tures was 

s tu d ie d  f i r s t  by Manson and l a t e r  by F a y . 39 u sin g  a  r o t a 

t in g  wave s o lu t io n  to  R a le ig h s p o te n t ia l  eq u a tio n  f o r  th e  

n a tu r a l  v ib r a t io n s  in  a  c y l in d r ic a l  duct and so lv in g  f o r  the  

approxim ate boundary c o n d itio n s , Pay showed th a t  f o r  th e  

low est mode, th e  sp in  p i tc h  (*) d iv id ed  by the tube  d iam ete r 

( d i a . ) i s  g iven  by n 17 U, ,
d f c u * /-SV/C. (1J+)
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The d e to n a tio n  v e lo c i ty  (u, )  d iv id e d  by th e  speed of sound 

(C) a t  th e  Chapman-Jouquet p o in t  i s ,  to  a  f i r s t  approxim a

t io n ,  g iv en  by

u. ^  Y+lc

where Y i s  th e  r a t i o  o f s p e c i f ic  h e a ts  a t  th e  C-J p o in t .  

For a  v a lu e  of Y = 1 *2 * I t  i s  found th a t

%
all<

= 3.13 <l6>

T his sp in  d e to n a tio n  param ete r ag reed  rem arkably  w e ll w ith

th e  ex p erim en ta l v a lu e s  f o r  th e  carbon monoxide-oxygen system

observed by Bone, F ra z e r  and W h e e le r .^  B a rre re ^0 d e riv ed

an a n a ly t i c a l  e x p re ss io n  fo r  th e  h ig h  frequency  com bustion

o s c i l l a t io n s  observed in  sm all le n g th  to  d ia m e te r  r a t i o

ro c k e t com bustion chambers ( - ^ - < . 3  ) . The o s c i l l a t io ncLta.
frequency  ( £ )  i s  g iven  by,

(17)4 -= 5 8 6 / 4=^
J a n

where* c = sound speed.

d ia  = chamber d ia m e te r .

T his frequency  e x p re ss io n  co rresponds to  t h a t  o b ta in ed  f o r
/j>oth e  f i r s t  ta n g e n t ia l  a c o u s t ic a l  mode and a ls o  th e  f i r s t

OQ |LT
r o ta r y  a c o u s t ic a l  mode. - '7 Berman and Cheney have showed 

th a t  th e  h igh  freq u en cy  com bustion o s c i l l a t io n s  in  ro c k e t
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m otors (scream ing) a re  o f th e  r o ta ry - ty p e .  The p re s su re  

t r a c e s  from opposed tra n s d u c e rs  and th e  s t r e a k  photographs 

observed in  th e  p re s e n t s tu d ie s  a re  v ery  s im ila r  to  th o se  

observed in  co rrespond ing  s tu d ie s  o f th e  carbon monoxide- 

oxygen d e to n a tio n s  by Mooradian and Gorden*0 and Bone,

F ra z e r  and W heeler-^ r e s p e c t iv e ly .

D eto n a tio n s w ith  o s c i l l a to r y  com bustion a re  c h a ra c te r 

i s t i c  of system s having  low chem ical r e a c t io n  r a t e s  o r in  th e  

d e to n a tio n  l im i t s  of o th e r  system s. For th e  l a t t e r  system s, 

th e  chem ical energy p e r  u n i t  mass o f th e  m ix ture i s  low er 

r e s u l t in g  in  low er tem p era tu re s  and slow er chem ical r e a c t io n  

r a t e s .  Systems w ith  low r e a c t io n  r a t e s  g e n e ra lly  have 

th ic k e r  wave f r o n t s .  T ransverse  p re s s u re  waves from  th e  

com bustion re g io n  can , in  such system s, b u ild  up nodal 

p o in ts .  These p o in ts  would depend on th e  v e s s e l  geometry 

(tube d iam ete r) and th e  a c o u s t ic a l  p ro p e r t ie s  of th e  m edia. 

The nodal p o in ts  would have h ig h e r  p re s s u re s  and h ig h e r 

tem p era tu res  and th u s  have h ig h e r  chem ical r e a c t io n  r a t e s .

The com bustion f ro n t  would th e re fo re  fo llo w  th e  h ig h -p re s su re  

nodal p o in t .

The speed of sound in  th e  gas behind a  norm al shock of 

v e lo c i ty  equal to  th a t  of th e  d e to n a tin g  aluminum powder- 

oxygen m ix tu res (speed = 1550 m /sec) i s  c a lc u la te d  to  be 

app rox im ate ly  680 m /sec. The p itc h -d ia m e te r  r a t i o  fo r  a 

r o ta t in g  tra n s v e rs e  p re s su re  wave f o r  t h i s  s i t u a t io n  i s
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g iv en  by E quation  17 a s  ^ .0 ;  approx im ate ly  th e  same a s  th a t  

observed f o r  t h i s  system  (Table 3)« The frequency  a s  given 

by th e  e m p iric a l ex p re ss io n  f o r  scream ing o s c i l l a t i o n s  of 

ro c k e t m otors (Equation 20) i s  16000 cy c le s  p e r  second; 

ap p rox im ate ly  th e  same a s  th a t  observed f o r  t h i s  system .

I t  should be remarked th a t  in  th e  above c a lc u la t io n  o f  the 

sound speed and shock p ro p e r ty  c a lc u la t io n ,  th e  s o l id  

p a r t i c l e s  were n o t tak en  in to  acco u n t.



SECTION VI 

SUMMARY

I t  has been shown th a t  f in e  aluminum powder-oxygen 

m ix tu res a re  d e to n a b le . The range o f d e to n ab le  m ix tu res f o r  

th e  9- fo o t  lo n g , 26 .4  mm d iam ete r com bustion tubes i s  48 to  

64 p e rc e n t f u e l  (by m ass). The energy  re q u ire d  to  i n i t i a t e  

bu rn ing  of th e se  m ix tu re s  was found to  be v e ry  sm all. In  

some in s ta n c e s ,  th e  m ix tu re s  were ig n i te d  by sparks from  th e  

d isch arg e  o f s t a t i c  charges b u i l t - u p  on th e  m ix tu re . The 

d e to n a tio n  in d u c tio n  d is ta n c e s  in  t h i s  m ix ture r a t i o  range 

a re  l e s s  th an  1 .6  m eters in  le n g th  and were found to  d ec rease  

r a p id ly  f o r  th e  r ic h e r  m ix tu re s . T h is r e l a t i v e l y  sm all 

in d u c tio n  d is ta n c e  i s  a t t r i b u te d  to  th e  low sound speed of 

th e  system  and th e  v e ry  in te n s e  r a d ia t io n  em itted  by th e  

flam e.

The s t r e a k  photographs o f th e  flam e f r o n ts  a re  s im ila r  

to  those  o f hydrogen-oxygen m ix tu res  and id e n t ic a l  to  th o se  

of th e  carbon monoxide-oxygen m ix tu re s . The photographs 

show a  r a p id ly  a c c e le r a t in g  flam e in  th e  in d u c tio n  re g io n , a  

r e to n a tlo n  wave a t  th e  p o in t of i n i t i a t i o n  o f d e to n a tio n , a  

flam e v e lo c i ty  th a t  i s  i n i t i a l l y  o v erd riv en  and a sp in n in g  

flam e f ro n t  d u rin g  d e to n a tio n . The p re ssu re  behind th e  wave

60
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f r o n t  r i s e s  r a p id ly  to  a v e ry  h ig h  v a lu e . A ll o f th e  l a t t e r  

c h a r a c te r i s t i c s  a re  ty p ic a l  of a  d e to n a tio n  wave.

The d e to n a tio n  v e l o c i t i e s  o f t h i s  system  over th e  

m ix ture r a t i o  range o f 49 -  64 p e rc e n t aluminum were found to  

he app rox im ate ly  1550  m /sec fo r  th e  le a n  m ix tu res and 

d ec rease  w ith  in c re a s in g  m ix ture r a t i o .  The d e to n a tio n  

p re s s u re s  co rrespond ing  to  t h i s  m ix tu re range were found to  

be app rox im ate ly  a t  31 atm . The th e o r e t i c a l  v a lu e s  a re  

ap p rox im ate ly  10 and 15 p e rc e n t re sp e c tiv e ly ,a b o v e  th e  

measured d e to n a tio n  v a lu e s .  The com bustion p ro d u c t sp e c ie s  

f o r  th e  c a lc u la t io n  w ere: 0 , 02 , A l, A l2 » A1 0 , A120, A1202 

in  th e  gas s t a t e  and A120^ in  th e  l iq u id  s t a t e .  From an  

a n a ly s is  of th e  assum ptions made f o r  th e  c a lc u la t io n ,  th e  

d isc re p an cy  between th e  th e o r e t i c a l  and ex p erim en ta l v a lu e s  

a re  a t t r i b u t e d  to  chem ical n o n -eq u ilib riu m . The n o n -e q u ilib -  

rlum  r e s u l t s  b a s ic a l ly  from  th e  slow r e a c t io n  p roducing  th e  

l iq u id  sp ec ie  s in ce  i t  i s  a  t r i -m o le c u la r  r e a c t io n .

The frequency  o f sp in  of th e  flam e f ro n t  o f th e  d e to n a 

t in g  m ix tu res  r e s u l t s  from th e  b u ild u p  o f tra n s v e rs e  p re s su re  

waves in  zone between th e  shock f ro n t  and th e  flam e f r o n t .

The aluminum powder-oxygen system  has a  c h a r a c te r i s t i c  flame 

sp in  param ete r o f ap p rox im ate ly  4 f o r  th e  c lean  pow ders.



APPENDIX I

METHOD OP DETONATION PABAMBTER CALCULATION 

The method o f c a lc u la t io n  of th e  th e o r e t i c a l  d e to n a tio n  

p r o p e r t ie s  of ex p lo s iv e  m ix tu res fo llo w s th e  g en e ra l p ro ce 

d u res  d e sc rib e d  by Edse and F i s h b u r n e .^  The assum ptions 

made f o r  t h i s  c a lc u la t io n  are*

1) O ne-dim ensional wave m otion.

2) Thermodynamic and chem ical e q u ilib r iu m .

3) A d iab a tic  flow .

*0 P e r fe c t  g a ses .

5) No r e l a t i v e  m otion between p a r t i c l e s  of d i f f e r e n t  

phases (im p lie s  th a t  i f  l iq u id  a n d /o r  s o l id  p a r t i c l e s  

a re  p re s e n t ,  th e y  a re  sm all so th a t  v e lo c i t i e s  o f a l l  

p a r t i c l e s  a re  th e  same. T h is  co n d itio n  g e n e ra lly  

h o ld s t r u e  i f  p a r t i c l e  s iz e s  a re  l e s s  th an  2 

m ic ro n s ) .2-*

6 ) Chapman-Jouquet co n d itio n  f o r  s ta b le  d e to n a tio n .

7) No e x te rn a l  body fo rc e s .

8 ) I n i t i a l  co n d itio n s*

a )  M ixture i s  un iform  th ro u g h o u t.

b ) No mass m otion.

c) I n i t i a l  tem p era tu re  = 298 .l6°K .

d) I n i t i a l  p re s su re  = 1 atm .
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F ig u re  15a i s  a  sk e tch  of an id e a l  one-d im ensional 

d e to n a tio n  wave. Zone 1 of t h i s  f ig u re  r e p re s e n ts  th e  

i n i t i a l  o r  u n reac ted  s t a t e  w hile  zone 2 r e p re s e n ts  th e  f i n a l  

o r re a c te d  s t a t e  beh ind  th e  d e to n a tio n  wave. The problem  i s  

so lved  most e a s i ly  by c o n s id e rin g  th e  wave f ro n t  to  be 

s ta t io n a ry  and p a r t i c l e s  of th e  system  moving r e l a t i v e  to  i t  

(F igure 15b). Hence, th e  u n reac ted  m ixture in  th e  s ta t io n a ry  

wave frame c o o rd in a te s  w i l l  have a  motion to  th e  l e f t  in to  

th e  d e to n a tio n  wave f ro n t  equal to  th a t  of th e  d e to n a tio n  

wave v e lo c i ty  (u ^ ). The burned p a r t i c l e s  le a v in g  th e  

com bustion zone w i l l  a ls o  have a  motion to  th e  l e f t  b u t 

w i l l  have a  speed (u2 ) d i f f e r e n t  th an  th e  p a r t i c l e s  e n te r in g  

th e  wave f r o n t  because of th e  d i f f e r e n t  p r o p e r t ie s  a f t e r  th e  

wave.

The c o n se rv a tio n  eq u a tio n s  f o r  an a d ia b a t ic ,  co n s tan t 

a re a ,  s ta t io n a r y  co o rd in a te  system  a re  a s  fo l lo w s :

Mass: p.U » — U-2. (A -l)

Momentum: (A-2)

(A-3)

w here: = p re ssu re

p  = d e n s ity

U = wave v e lo c i ty
= en th a lp y
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S u b s c r ip ts :  1 = r e a c ta n ts

2 = p ro d u c ts

For th e  case th a t  th e  r e a c ta n ts  o r  th e  p ro d u cts  a re  p e r f e c t  

g a se s , th e  p e r f e c t  gas law may be employed and I s  g iven  by :

> A r ~  9 "  *Y Y l

w here: f\J" = s p e c i f ic  volume

(R = u n iv e r s a l  gas co n s tan t 

m o lecu lar w eight of gas 

T  = tem p era tu re  

p  = d e n s i ty

An ex p ress io n  f o r  th e  wave v e lo c i ty  of th e  r e a c ta n ts  (u-^) in  

term s of p re s su re  r a t i o  ( ) and d e n s ity  r a t i o  ( )  may

be o b ta in ed  from  th e  mass and th e  momentum eq u a tio n s  (Equa

t io n s  A -l and A-2) and ta k e s  th e  form

  (A-5)

' *
The wave v e lo c i ty  of th e  p ro d u c ts  (u£) may be computed in  a  

s im ila r  fa sh io n  w ith  th e  r e s u l t

=  -3 - ----- h : ------(A-6 )
f t
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For a s ta b i l i z e d  d e to n a tio n  wave, th e  v e lo c i ty  of th e  

p a r t i c l e s  in  th e  r e a c t io n  zone r e l a t iv e  to  th e  la b o ra to ry  

system  (Up) p lu s  th e  v e lo c i ty  of th e  wave in  th e  r e a c t io n  

zone (u2 ) must eq u a l th e  v e lo c i ty  of th e  wave in  th e  u n re 

ac ted  zone o r

u CL+ a t>= u x (A-7 )

The v e lo c i ty  o f th e  p a r t i c l e s  in  th e  r e a c t io n  zone can 

th e re fo re  be w r i t te n  as*

'  ( - 8 )

Hence, th e  d e to n a tio n  wave v e lo c i ty  (u^) and th e  p a r t i c l e  

v e lo c i ty  behind  th e  wave (Up) may be computed f o r  a  g iven  

system  when th e  p re s su re  and d e n s i ty  r a t i o s  a c ro s s  th e  wave 

a re  known. An e x p re ss io n  r e l a t in g  th e  d e n s i ty  and p re s su re  

r a t i o s  w ith o u t th e  p resence  of th e  wave v e lo c i t i e s  may be 

o b ta in ed  by s u b s t i tu t in g  th e  ex p ress io n s  fo r  u^ and Ug 

(E quations A-5 and A-6 ) in to  th e  energy eq u a tio n  (Equation 

A-3) and ta k e s  th e  form

T his ex p re ss io n  i s  known a s  th e  Hugoniot eq u a tio n  and g iv es  

a  r e la t io n s h ip  between th e  p re ssu re  and d e n s ity  r a t i o s  and



th e  e n th a lp y  change a c ro s s  th e  wave. S ince chem ical r e a c 

t io n s  occur in  th e  re a c te d  zone, i t  i s  n ec essa ry  to  determ ine 

th e  com position  a s  w e ll a s  th e  s t a t e  of th e  media behind th e

wave f r o n t .  The procedure to  c a lc u la te  th e  com position  of a

r e a c t in g  m ix tu re  a t  a  s p e c if ie d  tem p era tu re  and p re s su re  f o r  

th e  c o n d itio n  of chem ical thermodynamic e q u ilib r iu m  i s  

d isc u sse d  in  R eferences 15 and 16. With knowledge of th e  

com position  o f th e  m ix ture b e fo re  and a f t e r  th e  wave f o r  a  

g iven  i n i t i a l  and an  es tim a ted  f i n a l  tem pera tu re  and p r e s 

su re , th e  en th a lp y  d if fe re n c e  ) f o r  a u n i t  mass of

th e  m ix tu re may be o b ta in ed  a s  fo llo w s t

c
(A-10)

where* = s p e c i f ic  m o la li ty  of sp ec ie  i  a t  tem pera tu re

T.

AH- = h ea t of fo rm atio n  of sp ec ie  i  a t  tem pera tu re  *
T.

C = 1, s ;  where s = t o t a l  number of sp e c ie s

p re se n t in  m ix tu re .

The Hugoniot eq u a tio n  may now be w r i t te n  a s
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For g iven  i n i t i a l  c o n d itio n s  and e s tim a ted  f i n a l  p re s s u re ,  

th e re  i s  one tem p era tu re  (and co rresponding  d e n s i ty )  which 

s a t i s f i e s  E quation  A - l l .  A lo cu s  of p o in ts  s a t i s f y in g  th e  

Hugoniot e q u a tio n  may th en  be determ ined  f o r  a  g iven  system  

a t  g iven  i n i t i a l  c o n d itio n s ; a  p lo t  of which i s  c a l le d  th e  

Hugoniot curve o f th a t  system . A ty p ic a l  Hugoniot curve i s  

shown p lo t te d  in  F ig u re  16.

According to  E quation  A-5» f o r  each s t r a i g h t  l in e  drawn 

from  the  i n i t i a l  c o n d itio n s  Q - s  I ) to  some p o in t on

th e  Hugoniot cu rv e , th e re  corresponds a  d e to n a tio n  wave 

v e lo c i ty  v a lu e . This s t r a ig h t  l in e  can be shown to  be th a t  

of a  R a le ig h  l i n e . '1'-’ The s lopp ing  n a tu re  of th e  Hugoniot 

curve r e s u l t s  in  th e  R a le igh  l in e s  norm ally  in te r s e c t in g  

t h i s  curve a t  two p o in ts .  The h igh  p re s su re  p o in t  (p o in t A 

of F igu re  1 8 ) co rresponds to  th a t  of a  subson ic  p a r t i c l e  

flow  c o n d itio n  beh ind  th e  wave w hile  th e  low er p re ssu re  

p o in t  (p o in t B o f F igu re  18) co rresponds to  a  su p e rso n ic  

p a r t i c l e  flow  c o n d itio n  behind th e  wave. S ince th e  flow  

behind  a  norm al shock i s  su b so n ic , th e  low er p re s su re  i n t e r 

s e c tio n  p o in t  i s  d is re g a rd e d . Because th e  h igh  p re s su re  

in te r s e c t io n  p o in t has subson ic  flow  behind th e  wave, 

expansion  waves (due to  coo ling  th a t  occu rs a f t e r  passage 

of th e  wave) can p ropagate  up to  th e  wave f r o n t .  These 

waves reduce th e  s tr e n g th  of th e  shock wave and a ls o  th e  

wave speed . The o r ig in a l  co n d itio n  co n sid ered  th e re fo re
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was an o v erd riv en  ca se . The e f f e c t  o f expansion  waves on th e  

wave on th e  o v erd riv en  c o n d itio n  i s  to  produce a  co n d itio n  of 

h ig h e r  Mach numbers behind th e  wave. As th e  wave s tre n g th  i s  

reduced f u r th e r ,  a s  a  r e s u l t  o f a d d i t io n a l  expansion  waves, 

a  co n d itio n  i s  reached w herein  i t  can be shown th a t  th e  

d e to n a tio n  v e lo c i ty  i s  a  minimum (p o in t C on th e  Hugoniot 

cu rve , F ig u re  1 6 ), th e  en tro p y  i s  a  maximum and th e  p a r t i c l e  

Mach number behind th e  wave i s  e x a c tly  equal to  one . ^  por 

t h i s  c o n d itio n , th e  e f f e c t s  of co o lin g  behind  th e  wave do 

n o t a f f e c t  th e  wave. T his i s  th e  well-known Chapman-Jouquet 

c r i t e r i o n  f o r  a  s ta b le  d e to n a tio n . T h is p o in t corresponds 

to  th e  ta n g en t p o in t of th e  R a le igh  l in e  w ith  th e  Hugoniot 

cu rv e .



APPENDIX I I  

HYDROGEN-OXYGEN DETONATION PROPERTIES 

The th e o r e t i c a l  and ex p erim en ta l d e to n a tio n  p r o p e r t ie s  

o f th e  homogeneous gas hydrogen-oxygen m ix tu res  were s tu d ie d  

f o r  th e  purpose of checking b o th  th e  o p e ra tio n  of th e  h e te ro 

geneous m ix ture ex p erim en ta l ap p a ra tu s  and th e  c a lc u la t io n  

p ro ced u res  employed in  th e  heterogeneous d e to n a tio n  computer 

program . This p a r t i c u l a r  system  was s e le c te d  because i t  i s  

a  sim ple system  and has been s tu d ie d  p re v io u s ly .

The th e o r e t i c a l  d e to n a tio n  c a lc u la t io n  p ro ced u res a re  

d isc u sse d  b r i e f l y  in  Appendix I  and in  d e t a i l  in  R eference 

15* The b a s ic  assum ptions made f o r  t h i s  c a lc u la t io n s  

in c lu d e t th e  system  i s  in  therm al and chem ical e q u ilib r iu m , 

bo th  r e a c ta n ts  and p ro d u c ts  a re  p e r f e c t  g a s e s , and th e  

p ro cess  i s  a d ia b a t ic ,  th e  r e a c ta n ts  a re  i n i t i a l l y  a t  s tan d ard  

c o n d itio n s  (T = 298 .l6°K , p = 1 a tm ), th e  d e to n a tio n  i s  of 

th e  Chapman-Jouquet type  and th e  system  i s  i n i t i a l l y  s t a t i c .  

The c a lc u la t io n s  f o r  t h i s  system  were made on an IBM 7094 

computing machine u s in g  th e  b a s ic  program se tup  f o r  th e  

c a lc u la t io n  of th e  aluminum powder-oxygen d e to n a tio n  p ro p e r

t i e s  (S ec tio n  I I I ) .  I t  was on ly  n ec essa ry  to  change the  

com position  eq u a tio n s  and th e  thermodynamic p ro p e r t ie s  of 

th e  program to  accommodate th e  hydrogen-oxygen system . The
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thermodynamic p ro p e r t ie s  f o r  sp e c ie s  used in  t h i s  c a lc u la t io n  

were taken  from NASA tables^®  and from JANAF t a b l e s . ^  The 

r e s u l t s  of th e se  c a lc u la t io n s  a re  ta b u la te d  in  Table 11 and 

p lo t te d  in  F ig u re s  1? and 18. These v a lu es  were found to  

ag ree  w ith  th e  v a lu e s  re p o r te d  p re v io u s ly  by B o llin g e r  and 

E d se ,^ 2 and Edwards, W illiam s and B r e e z e . 2^ The l a t t e r  

a u th o rs  used a g e n e ra l program which was se tu p  by Z elezn ik  

and G orden.22

The a p p a ra tu s  used to  measure th e  d e to n a tio n  wave 

v e l o c i t i e s  and d e to n a tio n  p re s s u re s  o f th e  hydrogen-oxygen 

m ix tu res was very  s im ila r  to  th a t  used f o r  th e  aluminum 

powder-oxygen s tu d ie s  (see S ec tio n  I I ) .  The on ly  d if fe re n c e  

was th a t  th e  gases were mixed in  an  im pingem ent-type mixing 

chamber and th e  m ix ture was i n i t i a l l y  s t a t i c .  The b u lk  of 

th e  experim ents were made in  heavy w a ll 2 6 .^  mm in s id e  

d iam ete r g la s s  tu b e s . Some th in -w a lle d  g la s s  tu b es  were 

used to  determ ine w hether tube breakage had any a f f e c t  on 

th e  measured wave v e lo c i ty  and p re s su re  v a lu e s . The v e lo c i ty  

and p re ssu re  v a lu e s  of th e  s ta b i l i z e d  waves were found to  be 

u n e ffeo ted  by th e  s h a t te r in g  tu b e s .

F igu re  19 shows a  ty p ic a l  s t r i p  f i lm  photograph of a

p e rc e n t hydrogen-oxygen m ixture (by volum e). The 

r e s u l t s  of th e  d e to n a tio n  wave v e lo c i ty  measurements of t h i s  

system  a re  ta b u la te d  in  Table 12 and p lo t te d  in  F igure  17.
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These r e s u l t s  agree fa v o ra b ly  w ith  th o se  re p o r te d  by 

B o llin g e r  and E d s e .^  Compared to  th e  th e o r e t i c a l  Chapman- 

Jouquet wave v e lo c i ty  v a lu e s , a ls o  p lo t te d  in  F igu re  17, 

th e  measured v a lu es  a re  in  v ery  good agreem ent.

The d e to n a tio n  p re s su re  measurements of t h i s  system  

were made w ith  d e to n a tio n  tu b e s  of heavy w a ll g la s s  o r 

m etal in  o rd e r  to  avo id  tube b reakage. Because of th e  h igh  

c o s t of th e  p re s su re  tra n s d u c e r , ca re  was tak en  to  p r o te c t  

i t  from damage by th e  d e to n a tio n s . P rev ious experim ents 

in d ic a te d  th a t  no s ig n i f i c a n t  damage to  th e  tra n sd u c e r  

occurred  when i t  was su b jec ted  to  a  hydrogen-oxygen d e to n a 

t io n .  However, because th e  aluminum powder-oxygen flam e i s  

v e ry  in te n s e  and because o f th e  p o s s i b i l i t y  o f powder bu rn ing  

on th e  tra n sd u c e r  s u r fa c e , i t  was p ro te c te d  by a  th in  p l a s t i c  

s h ie ld .  The s h ie ld  had no e f f e c t  on e i th e r  th e  tra n sd u c e r  

o p e ra tio n  o r th e  r e s u l t s  f o r  th e  hydrogen-oxygen system . A 

ty p ic a l  photograph o f th e  p re s su re  t r a c e s  f o r  th e  p re se n t 

system  i s  shown in  F igu re  20. The h igh  frequency  o s c i l l a t i o n  

of th e  o u tp u t i s  a  r e s u l t  of the  n a tu ra l  frequency  of th e  

o r y s ta l  (175000  cps) which i s  e x c ite d  by th e  sudden a p p l ic a 

t io n  o f p re s s u re . The in te r p r e t a t i o n  of th e  d a ta  was ques

tio n a b le  s in c e  th e  m anufactu rer c a l ib r a te d  th e  tra n sd u c e r  by 

ap p ly in g  a  s t a t i c  p re s su re  w ith  a  dead w eight t e s t e r  

a p p a ra tu s . The p re se n t d a ta  was ev a lu a ted  u s in g  th e  manu

f a c tu r e r s  c a l ib r a t io n  and th e  average value  of th e
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o s c i l l a t i o n s  e x tra p o la te d  to  th e  f ro n t  of th e  t r a c e .  The 

r e s u l t s  o f th e  d e to n a tio n  p re ssu re  measurements a re  ta b u la te d  

in  Table 12 and p lo t te d  along  w ith  th e  th e o r e t i c a l  v a lu es  in  

F ig u re  18. These r e s u l t s  a re  seen  to  be approx im ate ly  8 

p e rc e n t below th e  Chapman-Jouquet p re s su re  v a lu e s . The 

ex p erim en ta l v a lu es  compare fa v o ra b ly  w ith  th e  measurements 

of Edwards, W illiam s and B r e e z e .

Based on th e  r e l a t i v e l y  good agreem ent between th e  

p re s e n t v a lu e s  (ex p erim en ta l and th e o r e t i c a l )  w ith  th o se  

re p o r te d  e a r l i e r ,  i t  can be s ta te d  th a t  th e  g e n e ra l p ro ce 

d u res  employed in  th e  d e to n a tio n  in v e s t ig a t io n s  a re  c o r r e c t .



APPENDIX III
STUDIES OP ALUMINUM POWDEH-OXYGEN BUNSEN-BUBNER FLAMES 

An ex p erim en ta l s tu d y  o f th e  p ro p e r t ie s  o f aluminum 

powder-oxygen B unsen-burner flam es preceeded th e  d e to n a tio n  

p ro p e r ty  in v e s t ig a t io n .  T his work was sponsored in  p a r t  by 

th e  H ercules Powder Company, A llegany B a l l i s t i c s  L ab o ra to ry , 

Cumberland, Maryland th rough  a  c o n tra c t w ith  The Ohio S ta te  

U n iv e rs ity  R esearch F oundation . The ap p a ra tu s  and method 

used to  produce th e  B unsen-burner flam es i s  re p o r te d  in  a  

paper on th e  em issio n  s p e c tra  of th e se  f la m e s .^  A lso 

s tu d ie d , b u t h e re to fo re  u n rep o rted , were th e  flam e tem per

a tu re s  and bu rn ing  v e l o c i t i e s  of th e  system . S ev era l 

d i f f e r e n t  sp e c tro sc o p io  p rocedu res f o r  d e te rm in in g  th e  

flam e tem p era tu re  from  th e  em ission  spectrum  o f th e  flam e 

were t r i e d .  The most r e l i a b l e  tem pera tu re  d a ta  was o b ta in ed  

from th e  i n t e n s i t y  d i s t r i b u t io n  of l in e  s p e c tr a .  While 

s e v e ra l d i f f e r e n t  l i n e  spectrum  were p re se n t in  the  r a d ia 

t io n  em itted  by th e  flam e, b e s t  r e s u l t s  were o b ta in ed  from 

th e  F e l l in e s  s in ce  th e y  appear in  a  reg io n  o f low flam e 

continuum and away from  o th e r  d is c r e te  spectrum . The 

spectrum  of th e  flam es were reco rded  p h o to g ra p h ic a lly  w ith  

a  2 1 -fo o t J a r r e l  Ash g ra t in g  sp ec tro g rap h  employing a  

Wadsworth m ounting. The 4 -in o h -d iam e te r concave g ra t in g  of

73
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t h i s  sp ec tro g rap h  has 1500 l i n e s  p er inch  and g iv e s  a  r e c ip 

ro c a l  l i n e a r  d is p e rs io n  of 5*0 £  p e r  mm in  th e  f i r s t  o rd e r . 

Kodak I I I - F  sp e c tro sc o p ic  p la t e s  were employed f o r  t h i s  

s tu d y . The p la te s  were c a l ib r a te d  w ith  a  m ercury lamp. The 

aluminum powder was grade #123 purchased from  th e  Aluminum 

Company of America In c . The flam es were s ta b i l i z e d  on 

b u rn e rs  having  an  in s id e  d iam ete r of .95 cm. The spectrum  

was tak en  from th e  em ission  of th e  flam e a t  a  p o in t immedi

a t e ly  above th e  t i p  of th e  flam e cone. The iro n  l in e  

spectrum  r e s u l t s  from a  sm all amount of iro n  im p u r i t ie s  in  

the aluminum powder. A pproxim ately 40 l in e s  appeared  in  th e  

w avelength  re g io n  from  3000 £  to  4000 £ . The e le c t ro n ic  

tem pera tu re  was determ ined  by th e  l in e  slope  method.**'**

R e su lts  of th e  tem p era tu re  measurement of s e v e ra l 

d i f f e r e n t  m ixture r a t i o  aluminum powder-oxygen flam es a re  

ta b u la te d  in  Table 13 and p lo t te d  in  F igu re  1 3 . As seen  from 

t h i s  p lo t ,  th e  maximum flam e tem pera tu re  i s  app rox im ate ly  

3800°K. This r e s u l t  ag re e s  w ith  th e  su g g es tio n  of Grosse and
O

Conway0 th a t  th e  maximum tem pera tu re  of a  m eta l flam e i s  

l im ite d  by th e  b o i l in g  p o in t o f th e  condensed com bustion 

p ro d u c ts . The condensed sp e c ie s  of t h i s  flam e i s  alum ina 

(A120^) which has a  b o i l in g  p o in t of 3800°K a t  a tm ospheric  

p re s s u re .  **5 T h e o re tic a l  a d ia b a t ic  flam e tem p era tu re  c a lc u 

l a t io n s  of t h i s  system  a re  d isc u sse d  in  S ec tio n  IV of
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t h i s  p ap e r. R e su lts  of th e  c a lc u la t io n s  f o r  th e  case th a t  

th e  p ro d u c ts  c o n ta in  l iq u id  alum ina a re  ta b u la te d  in  Table 

12 and p lo t te d  a long  w ith  th e  ex p erim en ta l d a ta  in  F igu re  

13* The measured v a lu e s  a re  app rox im ate ly  5 p e rc e n t below 

th e  t h e o r e t i c a l  v a lu e s .

The bu rn ing  v e l o c i t i e s  of t h i s  system  were a ls o  d e te r 

mined from th e  B unsen-burner flam es. E v a lu a tio n  of th e se  

d a ta  were made from th e  flame cone su rfa c e  a re a  and th e  

unburned volume flow  of th e  m ix tu re . R e su lts  of th e se  

measurements a re  ta b u la te d  in  Table Ik  and p lo t te d  in  F igure

21. The average bu rn ing  v e lo c i ty  i s  app rox im ate ly  25 cm /sec. 

This v a lu e  of bu rn ing  v e lo c i ty  i s  low f o r  a  system  having 

such h igh  h e a ts  of com bustion {kOOkOO c a l/m o le ) . I t  su g g ests  

th a t  th e  o v e ra l l  chem ical r e a c t io n  i s  v e ry  slow; p ro b ab ly  due 

to  su rfa ce  re a c t io n s  in  th e  mechanism.
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SYMBOLS

a  = a c t i v i t y  of sp e c ie s

d ss d i f f e r e n t i a l

d ia  = com bustion tube d iam eter

f  = frequency

c = sound speed

c .̂ = s p e c i f ic  h ea t a t  co n s tan t volume

(g) = gaseous sp e c ie s

h = s p e c i f ic  en th a lp y

k = r e a c t io n  r a t e  c o e f f ic ie n t

n « s p e c i f ic  m o la lity  (per u n i t  mass of m ix tu re)

n® = s p e c i f ic  m o la lity  (per u n i t  mass of gas m ix ture)

oxide as decim al e q u iv a le n t of mass of alum ina oxide to
t o t a l  mass of powder

p = p re ssu re

t  = tim e

u as v e lo c i ty

Up = p a r t i c l e  v e lo c i ty  behind d e to n a tio n  wave

u*l = d e to n a tio n  v e lo c i ty

v = s p e c i f ic  volume
a i  TAH£* = m olar h ea t of fo rm ation  o f sp e c ie s  i  a t  tem per-

K

a tu re  T

as e q u ilib r iu m  co n stan t in  term s o f p^ of sp ec ie s
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= t o t a l  number of elem ents of sp e c ie s  i  in  a  g iven  
m ixture

= m olecu lar w eight

= c o n c e n tra tio n  of sp e c ie s  i

= u n iv e rs a l  gas co n s tan t

= tem pera tu re

= r a t i o  of oxygen mass to  aluminum powder mass in  
m ixture

OC = NA1/N0 = r a t i o  of e lem en ta l aluminum p a r t i c l e s  to  oxygen 
p a r t i c l e s

= a co n s tan t

= r a t i o  of s p e c i f ic  h e a ts  

= d e n s i ty

= w avelength of flam e o s c i l l a t io n s

S u b sc r ip ts

1 = i n i t i a l  co n d itio n s  (u n reacted  s ta te )

2 = s ta b le  d e to n a tio n  c o n d itio n s  ( re ac ted  s ta te )

3 = 3-"body c o l l i s io n

f  = flam e

A1 = aluminum powder

P = forew ard

g = gas

i  = sp e c ie s

l i q  = l iq u id

m =s m ixture

ox = o x id iz e r

R = re v e rse

OC

e
2

Ni

M

(f^ )

<R

T

/X
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TABLE 1* Measured Flame Speeds of Shook Ignited Aluminum
Powder-Oxygen Mixtures
I n i t i a l  C o n d itio n s: Hoorn Tem perature

A tm ospheric P re ssu re

Tube D ia. = 26.,4mm Tube D la. = 44. 0mm Tube D la. a* 55.2mm

% Fuel uf
(m /sec)

I g n i to r % Fuel U f
(m /sec)

I g n i to r % Fuel U f
(m /sec)

I g n i to r

29.2 935 S68-6 33.9 576 868-6
3 2 .6 9 60 S68—6 34.2 636 S68-6 — — -

36 .4 1010 S68-6 36.2 654 S68-6 — — —

40.1 1333 S68-3 37.3 763 S68-6 38.3 566 S68-6
40.2 891 S68-6 — — — -

44.1 1311 S68-3 43.1 676 S68-6 — — -

44 .9 1310 S68-3 44.5 711 S68-6 - - -

45.0 1290 S68-6 — — — — — —

45.2 1290 S68-3 - — - — — -

4 5 .4 1225 S68-3 - — — — — -

47.6 1370 FP 47.8 718 S68-6 — — —

49.8 1170 S68-6 — — — — - —

51.1 1140 FP 53 .4 870 S68-6 — —

56 .4 1120 S68-6 — —

FP F lash  Powder Squib 
S68-3 G enera ting  Squib (3 G rain)

103
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TABLE 2 . Measured Detonation Parameters o f Flake

Aluminum Powder-Oxygen Mixtures
I n i t i a l  C o n d itio n s: Room Tem perature

Atm ospherlo P re ssu re  
Exploding S i lv e r  Wire I g n i to r  (+ P ressu re

G enerating  Squib)

% Fuel

Tube
D la.
(mm)

In d u c tio n
D istance

(cm)
U1

(m /sec)

Flame Spin

X
(cm)

f
(1 /se c ) fy d la .

46 .1 2 6 .4 113* 1480 9.14 16170 3.46
47.0+ 2 6 .4 138 1606 9.14 17560 3.46
47.5 2 6 .4 118* 1559 9.04 17230 3.42
48 .4 26 .4 95* 1500 9.65 16590 3.66
48 .5 26 .4 86* 1560 8.99 17340 3.41
48.5+ 26 .4 85 1470 8 .79 16720 3.33
48.7 2 6 .4 133 1524 9.58 15910 3.63
49.1 2 6 .4 133 1552 8 .94 17360 3.39
49 .3 2 6 .4 124 1550 9.35 I 658O 3.54
49 .6 2 6 .4 100* 1457 10.20 14270 3.87
49.7 2 6 .4 89* 1522 10.26 15120 3.89
49 .9 26 .4 78 1489 9.0  7 16420 3.43
50 .4 26 .4 136 1541 9.50 16050 3.60
5 0 .6 2 6 .4 78* 1488 9.12 16310 3.45
5 0 .8 26 .4 125 1523 9.53 15980 3 .6 1
5 1 .2 26 .4 81* 1589 9.0  7 17510 3.43
51.2 26 .4 78 1436 9.17 15650 3.47
5 2 .2 44.0 - 1496 15.49 9640 3.52
5 2 .6 2 6 .4 61 1480 8 .8 4 16740 3.35
52.9 2 6 .4 119 1540 9.07 16960 3.43
53.2 2 6 .4 73 1444 9.32 15490 3.53
53.3 2 6 .4 90 1487 9.07 16400 3.43
53.6 2 6 .4 62* 1468 9.04 16220 3.42
53.8 26 .4 101 1506 9.40 16040 3.56
53.8 26 .4 91 1445 8.76 16490 3.32
5 ^ .3 26 .4 85 1468 9.19 15970 3.48
54 .5 44.0 — 1464 15.01 9740 3.41
54.8 2 6 .4 I l l 1472 8 .89 16550 3.36
55*6 26 .4 78 1457 9.07 16060 3.43
55.8 26 .4 75* 1453 9.09 15970 3 .44
56 .0 26 .4 109 1423 8 .9 4 15920 3.38
56.1 2 6 .4 65* 1443 8.99 16050 3.40
56 .9 2 6 .4 89 1440 8 .99 16010 3.40
57.0 26 .4 54* 1374 9.04 15190 3.42
58.3 2 6 .4 77 1426 8.86 16080 3.35
60.0 2 6 .4 1445 - -

♦Powder prepared In oven a t  120°C. A ll other experiments
had Powder prepared a t  95°C.
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TABLE 3. Measured Detonation Parameters o f Granular
Aluminum Powder-Oxygen Mixtures

I n i t i a l  C onditions 1 Room Temperature
Atm ospheric P re ssu re  

Exploding S i lv e r  Wire I g n i to r

% Fuel

Tube
D ia.
(mm)

In d u c tio n
D istance

(cm)
U1

(m /sec)

Flame Spin

X
(cm)

f
(1 /seo ) 'V d ia .

45 .0 26 .4 1436 11.05 12960 4.18
49-3 26 .4 143 1560 10.72 14550 4.06
50.3 26 .4 110 1571 10.59 14830 4.01
50.7 26 .4 - 1558 11.07 14060 4.19
51.1 26 .4 104 1627 11.38 14300 4.31
52.3 26 .4 151 1440 10.24 14060 3.88
53.1 26 .4 - 1521 11.00 13830 4.17
53.5 26 .4 156 1610 10.90 14770 4.13
54.6 2 6 .4 — 1539 10.67 14420 4 .04
56.3 2 6 .4 - 1449 10.92 13260 4 .14
56 .6  . 26 .4 123 1579 10.82 14570 4.10
60.2 26 .4 - 1533 10.31 14870 3.90
60.2 2 6 ,4 - 1525 10.49 14500 3.98
64.1 26 .4 1540 10.62 14500 4.02
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TABLE 4 . Measured Detonation Pressures o f  Aluminum
Powder-Oxygen Mixtures

I n i t i a l  C ond itionsi A tm ospheric P re ssu re  
Room Temperature

Flake Powder G ranular Powder

% Fuel Pg(atm) % Fuel P g  (atm)

45 .3 34.0 50.1 3 0 .0
45 .4 3 2 .0 51.6 30.1
46 .6 30 .5 53 .9 31 .3
47 .0 32 .3 54.1 29.8
48 .6 30 .3 54 .3 3 0 .6
48 .9 3 2 .6 55.2 33 .6
5 0 .8 3 2 .2 56.8 3 0 .1
51.0 3 0 .8 57.7 3 2 .2
51.2 32 .4 58 .9 31.8
51.3 3 0 .2 59 .4 31.5
51 .4 3 2 .0 61.3 29.7
52 .4 3 0 .0
53.8 32.5
54 .4 3 0 .2
54.6 31 .9
56.5 31.1
58.9 3 2 .2



TABLE 5. T heoretical Flame Temperatures o f Aluminum
Powder-Oxygen Mixtures (Case A)

= 1 atm 
Tx = 298.16°K 
Powder oxide co n ten t = 2%

% Fuel
T2
°K

Mole F ra c tio n s  A fte r Combustion

0(g) 02 (g) A l(g) Al2 (g) A10(g) Al20(g) A l202 (g)

3 7 .5 2462.5 .009608 .649327 .000077 .012592 .065731 .262665
40.7 2525.0 .012627 .603756 .000152 .017940 .094985 .270540
43.6 2575.0 .015408 .559630 .000258 .023440 .126315 .274949
48.6 2643.8 .019475 .479754 .000529 .033207 .187664 .279371
5 2 .8 2693.8 .022316 .408563 .000887 .041906 .249069 .277259
58 .0 2743.8 .024163 .315600 .001522 .051884 .337311 .269521
6 3 .4 2781.3 .023124 .213449 .002445 .059417 .447627 .253938
6 7 .6 2800.0 .019631 .132596 .003434 .061327 .552945 .230068
7 2 .4 2790.6 .011117 .045787 .004783 .051984 .707124 .179205
75 .9 2675.0 .001808 .003147 .004958 .022170 .875452 .092466



TABLE 6. T h eoretica l Flame Temperatures o f Aluminum
Powder-Oxygen Mixtures (Case B)

P l = 1 atm
Tx = 298.16°K
Powder Oxide Content = 2%

% Fuel
T2
°K

Mole F ra c tio n s A fte r  Combustion

0(g) 02 (g ) A1 (g) Al2 (g) A10(g) Al20(g) ■Al2°2 a i2o3 (g)

37.5 3696.9 .399932 .230364 .001536 .003053 .000039 .000002 .335075
40.7 3865.6 .452703 .160644 .007266 - .008014 .000218 .000005 .371151
43.6 4003.1 .462532 .096745 .025727 — .016949 .000901 .000013 .397132
48.6 4123.4 .395276 .044992 .096268 .000002 .034882 .004266 .000035 .424278
5 2 .8 4149.2 .304854 .024378 .179057 .000006 .045679 ’.009397 .000054 .436574
58.0 4109.4 .174736 .009256 .298395 .000018 .050256 .020138 .000076 .447124
63.4 3906.3 .040494 .001088 .433252 .000050 .036334 .049176 .000093 .439513
6 7 .6 3375.0 .000974 . OOOOO5 .450525 .000121 .008416 .173670 .000073 .366395
72 .4 2831.3 .000004 — .295147 .000161 .000818 .487857 .000031 .215881



TABLE*7• T h eoretica l Flame Temperature o f Aluminum
Powder-Oxygen Mixtures (Case C)

= 1 atm 
Tx = 298.16°K 
Powder oxide co n ten t = 2#
♦NASA ca lcu la tio n s* * ’Powder oxide co n ten t = 0 .0 #

% F uel
t 2
°K

Mole F ra c tio n s A fte r  Combustion

0(g) 02 (g) A l(g) a i2 («) A10(g) Al20(g) AI2O2 (s) Al203 ( l iq )

3 0 .0 3802.2 .482114 .293614 .011591 .021798 .001554 .000066 .189263
33.9 3887.3 .500957 .225211 .028354 - .039707 .004785 .000151 .200836
37.5 3937.0 .494767 .181291 .049289 .000001 .056532 .009621 .000248 .208251
40.7 3 968 .6 .477533 .149912 .072409 .000002 .071368 .015687 .000348 .212742
46.2 4002.5 .429390 .107133 .119768 .000004 .094114 .029935 .000529 .219127
48.6 4010.6 .403065 .091527 .143453 .000006 .102671 .037832 .000609 .220837
57.4* 4011* . 27667* .04293* .25475* .00002* .12468* .08123* .00089* .21883*
63 .9 3997.9 .196190 .000012 .334766 .000035 .124016 .113968 .000950 .230064
65.6 3974.8 .157538 .000007 .364865 .000042 .118208 .130127 .000948 .228265
6 7 .6 3938.7 .114605 .000004 .399679 .000053 .107866 .151122 .000917 .225753
70.9 3829.7 .022326 - .480717 .000098 .055967 .227299 .000594 .212998
73.7 3600.0 .OO6765 - .492452 .000125 .032193 .265161 .000389 .202914
77.0 2575.0 .022326 — .480717 .000098 .055967 .227299 .000594 .212998

Ho
VO



TABLE 8* T h eoretica l D etonation P rop erties of Aluminum
Powder-Oxygen Mixtures (Case A)

p1 = 1 atm
Tx = 298.16°K
Powder Oxide Content = 2%

% F uel
P ]X l03
(gm/eo) U1

(m /sec)
?2

(atm)
t2
°K

p2xl°3
(gm/cc)

37.5 2.09149 1393.7 19.5603 2919.5 3.89396
40.7 2.20412 1389.7 20 .3226 2985.9 4.08143
43.6 2.31692 1384.1 21.3723 3043.8 4.33093
48.6 2.54304 1371.1 22.8127 3127.7 4.72967
5 2 .8 2 .76986 1357.4 24.5346 3193.8 5.19913
5 8 .0 3.11139 13 3 8 .0 26.7792 32 65 .0 5.85890
63 .4 3.56924 1314.6 29.5896 33 28 .1 6.72961
6 7 .6 4.02992 1294.0 32.2589 3364.5 7.59506
72 .4 4.72632 1265.4 36.1042 336 8 .8 8.91809
75.9 5.42925 1229.4 38.6137 3246.9 10.13715

110



TABLE 8 (Contd.)

% F uel

Mole F ra c tio n s  A fte r Combustion

0(g) 0 2 (g) A l(g) A l2 (g) A10(g) A l20(g) Al202 (g)

37.5 .015374 .645217 .000199 •022626 .087368 .229216
*1-0.7 .018395 .599588 .000326 - .029158 .115418 .237117
*1-3.6 .021027 .556312 .000484 — .035582 .144288 .242307
*1-8.6 .02474? .476958 .000864 — .046933 .201479 ,249019
5 2 .8 .027000 .405918 .001323 - .056686 .258171 .250900
58.0 .028047 .313336 .002106 - .067833 .340591 .248086
63 .4 .026233 .211552 .003259 - .076491 .446122 .236343
6 7 .6 .021846 .130886 .004460 — .078172 .548017 .216618
72 .4 .012252 .045008 .006162 .000001 •066266 .700460 .169851
75 .9 .002393 .003656 .007167 .000001 .031473 .868938 .086371



TABLE 9. T h eoretica l D etonation P rop erties o f Aluminum
Powder-Oxygen Mixtures (Case B)

p1 = 1 atm
Tx = 298.16°K
Powder oxide co n ten t = 2%

% F uel
P lllO *
(gm/oc)

U1
(m /sec)

P2
(atm)

t 2
(°K)

p 2*103
(gm/co)

37.5 2.09149 1744.8 30.2043 4613.3 3.90764
40.7 2.20412 1752.6 32.1060 4826.6 4.12419
43.6 2.31692 1751.9 33.8055 4991.4 4.35077
48.6 2.54304 1732.3 36.3486 5166.9 4.79222
5 2 .8 2.76986 1703.7 37.9426 5218.0 5.18285
58.0 3.11139 1658.2 40.7535 5180.9 5.87948
6 3 .4 3.56924 1589.9 42.5520 4906.3 6 .6 9 2 0 3
6 7 .6 4.02992 1494.0 42.2320 4338.7 7.52509
72 .4 4.72632 1346.3 40.4976 3599.5 8 .869 87
75.9 5.42925 1221.0 38.0528 3042.1 10.12665



TABLE 9 (Contd.)

% F uel

Mole F ra c tio n s A fte r  Combustion

0 (g) o2 (g) A l(g) Al2 (g) A10(g) Al20 (g) Al202 (g) Al20 3 (g)

37 .5 .389426 .267544 .003792 mm .008594 .000224 .000012 .330408
40.7 .421327 .183827 .012345 - .017985 .000854 .000029 .363634
43.6 .421352 .126643 .030431 .000003 .030801 .002400 .000056 .388314
48.6 .363205 .066341 .089049 .000022 .055217 .008577 .000124 .417466
52*8 .281152 .036894 .159400 .000071 .071165 .018189 .000190 .432940
58.0 .161363 .014214 .264489 .000217 .079138 .039527 .000276 .440776
6 3 .4 .042909 .002051 .377027 .000570 .060431 .092702 .000343 .423967
6 7 .6 .003103 .000056 .397562 .001070 .023058 .220273 .000290 .354590
7 2 .4 .000038 mm .278882 .001299 .003334 .503674 .000135 .212637
75.9 ■■ mm .148349 .000953 .000340 .761418 .000040 .088900



TABLE 10; T h eoretica l D etonation P rop erties o f Aluminum
Powder-Oxygen Mixtures (Case C)

= 1 atm 
Tx = 298.16°K  
Powder oxide co n ten t = 2%

P i * 10 U1 P2 t 2 p  2X10*
% F uel gm/cc m /sec atm °K gm/cc

3 0 .0 1.86675 1790.9 28.8294 4674.2 3;52845
33 .9 1.97903 1779.5 30.0352 4793.9 3.73027
37.5 2.09149 1763.6 30.9366 4871.8 3.91865
40.7 2.20412 1746.3 32 .18 60 4930.8 4.15944
43.6 2.31692 1728.9 33.1879 4972.3 4.37923
46.2 2.42989 1711.5 34.0175 5001.9 4.58461
6 2 .2 3.45451 1585.7 41.6466 5060.9 6.56947
6 3 .4 3.56924 1574.5 4 2 .0 066 5045.5 6.72934
6 5 .6 3.79922 1553.3 43.9311 5015.1 7.23069
6 7 .6 4.02922 1533.0 45.0139 4962.9 7 .61670
6 9 .3 4.26133 1513.1 46.2880 4893.0 8 ;04519
70 .9 4.49346 1492.5 47.9448 4799.4 8 .562 90
7 2 .4 4.72632 1469.6 48.8599 4660.5 9.00438
73.7 4.95990 1440.7 4911725 4456.3 9.43185
74 .9 5.19421 1400.1 47.6384 4150.0 9.69272
75 .9 5.42925 1341.5 4 5 .68 68 3746.1 10.11832



TABLE 10 (Contd.)

% F uel

Mole F ra c tio n s A fte r  Combustion

0(g) 0 2<S> A l(g) a i2 (s ) A10(g) A l20(g) Al202 (g) A120 ^ ( l iq )

30.0 ’ .436298 .329748 .013335 .000001 .033365 .002960 .000170 .184123
33.9 .449204 .265428 .027449 .000003 .054063 .007300 .000331 .196223
37.5 .444103 .219593 .044436 .000007 .073537 .013381 .000511 .204392
40.7 .429626 .184886 .062951 .000015 .090952 .020840 .OOO696 .210034
43.6 .410189 .157262 .082144 .000025 .105954 .029312 .000875 .214238
46.2 .388078 .134566 .101561 .000039 .118650 .038566 .001044 .217496

6 2 .2 .179699 .030920 .266351 .000319 .154843 .139804 .001888 .226176
6 3 .4 .159394 .025456 .282272 .000364 .152200 .152853 .001913 .225547
6 5 .6 .121500 .016612 .311985 .000475 .143812 .180375 .001928 .223314
6 7 .6 .087677 .010054 .339325 .000598 .130848 .209643 .001871 .219984
69.3 .058380 .005445 .363407 .000742 .113586 .24_J42 .001743 .215156
70.9 .034380 .002483 .383043 .000917 .092234 .277224 .001535 .208184
72 .4 .016460 .000842 .396547 .001119 .067082 .318333 .001233 .198385
73.7 .005468 .000169 .399701 .OOI367 .040324 .368129 .000845 .183997
74.9 .000935 .000013 .385984 .001675 .017136 .431104 .000432 .162720
75.9 .000058 .349165 .002132 .004288 .511297 .000141 .132919
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TABLE 11. T h eoretioa l D etonation P roperties of
Hydrogen-Oxygen Mixtures

p-  ̂ = 1 atm  
Tx = 298.16°K

i F u e l
p^io* U1 P2 T2 P2x10
gm/cc m /sec atm °K gm/cc

35.06 8 .78 06 1 9 7 2 .0 16.3514 30 90 .2 1.61271
40.12 8 .1 6 1 2 2085.1 16.9064 3239.1 1.49533
45.05 7.5565 2199.7 17.5781 3365.6 1.39780
5 0 .0 0 6.9506 2322.7 18.0323 3472.3 1.28774
54.95 6.3434 2456.9 1 8 .25 10 3559.6 1.16715
6 0 .0 0 5.7252 2 6 0 9 .0 1 8 .6 0 0 1 3631.9 1.05553
6 6 .6 7 4.9083 2839.6 18 .88 05 3681.4 0.90522
69.97 4.5036 2967.5 18.8990 3675.9 0.82987
75.00 3 .8 8 7 2 3179.6 18.6758 3607.3 0.71422
8 0 .0 0 3.2745 3406.3 18.1355 3439.5 0.60304

Mole F ra c tio n s  A fte r  Combustion

% F u e l 0 02 H H2 OH HgO

3 5 .0 6  .027173 .523776  .004369  .007465 .077281  .359909
40.12 .038470 .433158 .008992 .014179 .103071 .402131
45.05 .048238 .345505 .015906 .024242 .126314 .439794
5 0 .0 0  .054926 .261376 .025704 .039155 .144961 .473878
54.95 .057003 .184083 .038802 .060987 .156325 .502801
60.00  .053245 .115780 .055765 .094077 .157529 .523604
6 6 .6 7  .038421 .048665 .080916  .163699  .136749 .531550
69.97  .028241 .026997 .091352 .213676  .116174 .523560
75.00 .013179 .007999 .096823 .316041 .075320 .490638
80.00  .003604 .001341 .080704 .452100 .034888 .427363
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TABLE 12. Measured Detonation Parameters Of
Hydrogen-Oxygen Mixtures

I n i t i a l  C onditions* Hoorn Tem perature
A tm ospheric P re ssu re  

E xploding S l iv e r  Wire Ig n ite d

I Fuel
Tube D la. 

(mm)
U1

(m /see)
P2

(atm)

40.0 2 6 .4 2072 16 .9
40.0 2 6 .4 — 17 .6
42.8 2 6 .4 2158 17.0
45 .0 2 6 .4 2264 16 .6
45.0 2 6 .4 2264 16 .1
45.1 2 6 .4 — 16 .5
5 0 .0 2 6 .4 2363 1 5 .4
5 0 .0 2 6 .4 — 1 6 .4
52 .4 2 6 .4 2376 17 .0
5 ^ .9 2 6 .4 — 1 6 .3
58.8 2 6 .4 253J 17 .0
58.8 2 6 .4 2564 17 .9
60.0 2 6 .4 _ 1 6 .4
60.1 2 6 .4 _ 17 .1
60.1 2 6 .4 — 1 6 .3
60.2 2 6 .4 2637 —

63.2 2 6 .4 2687 17 .0
66.8 2 6 .4 2894 1 7 .4
70.0 2 6 .4 - 15.5
70.0 2 6 .4 - 1 5 .9
75.0 2 6 .4 — 1 6 .8
79.0 2 6 ,4  ..... . 19.5
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TABLE 13• Measured Flame Temperatures* o f Granular
Aluminum Powder-Oxygen Mixtures

I n i t i a l  C o n d itio n s: Room Temperature
A tm ospheric P re ssu re

Temp. Temp.
% Fuel (OK) % Fuel (°K)

49 .3  3560 5 8 .8  3715
^9 .3  3605 62 .9  3795
5 1 .0  3660 6 6 .2  356O
5*K1 3780 7 0 .0  3660

*From F el L ines

TABLE 14. Measured Burning V e lo c itie s* *  Of Aluminum 
Powder-Oxygen M ixtures

I n i t i a l  C o n d itio n s: Room Tem perature
A tm ospheric P re ssu re

% Fuel Powder
Su

(cm /sec) % Fuel Powder
Su 

(cm/se 1

41.7 f la k e 30.3 46.5 f la k e 2 1 .0
43.1 f la k e 3 0 .0 46.5 f la k e 1 9 .5
43 .3 f la k e 2 7 .0 49.3 f la k e 1 9 .8
43.3 f la k e 2 3 .0 6 1 .3 g ra n u la r 26 .4
45.7 f la k e 30.1 62.9 g ra n u la r 24.2
45.7 f la k e 2 1 .0 64.5 g ra n u la r 1 7 .2
46 .5 f la k e 2 9 .2 64.5 g ra n u la r 24 .5
46 .5 f la k e 2 7 .0 64.5 g ra n u la r 2 9 .0
46 .5 f la k e 24.5 71 .4 g ra n u la r 20.5

**Bunsen-burner Method


