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I .  

NATIONAL ADVISORY COMXITTEE FOR AERONAUTICS. 

TECHNICAL XENIORANDUM NO. 506. 

IMPACT WAVES AND DETONATION. * 
By R. Becker. 

PART 11. 

C. Applications to Detonation 

8. The general fundamental equations for detonation.- 

It has already been stated a number of times that an insight 

into the microscopic processes of impulse waves is not to be 

expected f rom an analysis based on continuum concepts. Never- 

theless the macroscopic characteristics o f  the wave may easily . 
be deduced from (14) or (15) and (16) on the assumption that 

the passage of  the gases through the wave front shall in no 

way violate the l a w s  of the conservation of energy. and of m a s s  

nor the impulse law. 

To this end it is only necessary to conceive of the wave 

front situated between any two cross sections, I and I1 of the 

tube and apply the laws that have been deduced to this layer 

of gases (Fig. 7). 

We will now consider the case that within the wave front 

lying between I and a chemical t r an s f o r ma t i on takes place. 

In referring technically to such a process we will designate 
*From Zeitschrift f i r  Physik, Volume 8, 1922. For P a r t  I, see 
N.A.C.A. Technical Memorandum No. 505. 

.- -- 
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as medium 1 t h e  i n i t i a l .  a c t i v e  gases ,  and as mediuni 2 t he  re- 

a c t i o n  products  r e s u l t i n g  from t h e  t ransformation of  t h e  a c t i v e  

gases  i n  t h e i r  passage through the  impact wave. 

see  t h a t  t he  deductions drawn f r o n  (15)  and (16) a r e  not af- 

f e c t e d  by t he  f a c t  that the  ixpact  wave i s  here bound up with 

a chemical. t rms fo rma t ion .  This  i s  made even more c l e a r  wher, 

we seek t o  determine, as i n  (273 )  f o r  t h e  simple impulse wave, 

t h e  energy d i f f e rence  E, - E,. Evident ly ,  t he  heat  o f  reac- 

t i o n  &, must here  be t a k e n  i n t o  account. I t  must here  a l s o  

be noted that t h e  equation o f  s t a t e  f o r  medium 1 i s  not  t h e  

same as t h a t  f o r  medium 2. Since,  however, t he  equation of 

s t a t e  f o r  t h e  i n i t i a l .  a c t i v e  components - the  va lues  of  p , ,  
v, ,  T, - a re  usua l ly  known, t h e  corresponding va lues  f o r  t h e  

r e a c t i o n  products  

p r a c t i c a l  a p p l i c a t i o n  t o  be made. 

of t h e  r e a c t i o n  products ,  on account o f  t h e i r  high temperature,  

i s  small, and the re fo re  followed c lose ly  Boylets l a w ,  equa- 

t i o n s  (15c)  and (16 )  w i l l  be appl icable  and we may wr i t e  

I t  i s  easy t o  

p a ,  v 2 ,  T, w i l l  be o f  ch i e f  concern i n  any 

But as 1ong.w t h e  dens i ty  

, w = (v, - v,) J--- P, - P, 
v, - v2 

‘C 
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A t  very high d e n s i t i e s  of  t he  r e a c t i o n  products  ( r e s u l t i n g  f rom 

s o l i d  explos ives)  (40a, b ,  and c )  w i l l  s t i l l  ho ld ,  while (40d 

and e )  axe subjec t  t o  change. 

In  ded-ming equat ions ( 4 0 )  only two d i f f e r e n t  s t a t e s  of 

t h e  substances were considered - t he  gaseous and t h e  l i q u i d .  

The app l i ca t ion  of these equat ions t o  s o l i d  explosives  may 

r a i s e  some ques t ion  s ince i n  t h i s  case the  energy E i s  no 

longer  a func t ion  of v and p. Ins tead  it  depends i n  some com- 

p l i c a t e d  way on t h e  pressure  tensor .  From t h e  s tandpoint  of 

t h e i r  p r a c t i c a l  app l i ca t ion ,  however, such ques t ions  should not 

be given t o o  much weight; f o r  i n  t he  case o f  solid explosives  

it  i s  e n t i r e l y  immaterial whether we place f o r  p1 t h e  a c t u a l  

atmospheric p re s su re  o r  t h e  value 0. The real e l a s t i c  charac- 

t e r i s t i c s  o f  t h e  s o l i d  explosives  do iiot e n t e r  i n t o  the  prob- 

lem. For  t h e  r e a c t i o n  products ,  on t h e  o ther  hand, q ,  v z ,  

p2 t h e  assumption i s  made t h a t  they may be t reated.  as e i t h e r  

gases  o r  l i qGids  both f o r  t h e  f u r t h e r  t h e o r e t i c a l  development 

and a l s o  i n  p r a c t i c e .  

Equations ( 4 0 )  h o l d  i n  general  f o r  t he  case t h a t  a chemic- 

al  t ransformation at constant  ve loc i ty  t r a v e r s e s  t h e  a c t i v e  

components under t h e  condi t ions  already l a i d  down f o r  t h e  en- 

t i r e  cons idera t ion  here undertaken, v i z . ,  that t h e  process  i s  

a unidimensional one so  t h a t  a l l  m'agnitudes ;my be represented  

on a convenient r ight-angled coordinate  system r e l a t e d  t o  x 

but not t o  y nor 81. Concerning t h e  j u s t i f i c a t i o n  of  these  

I 

A 
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s t i p u l a t i o n s ,  t h e  following observet ions a re  ol 'fered; 

ileasurement s of  the, v e l o c i t y  of t h e  detonnt ion vmvd have 

shown tha t  i f  tubes  of very snal l  diarneter a c r e  used t o  con- 

t a i n  t h e  explos ive ,  l o m r  va lues  were obtcined than where 1,uC;er 

tubes  nere  used; but above a c e r t a i n  tube d i m e t e r  t h e  r c t e  of  

propcgation o f  t h e  detonzt ion wave vas fcund t o  be independent 

o f  t h e  container .  F o r  cons i s t en t  r e s u l t s  v i t h  explosive gases, 

tubes  of diameter g rex te r  t h n  10 m should be used (Dixon, 1.c. 

1893) and f o r  s o l i d  explosives ,  30 t o  50 rnm ( Z .  B. K n s t . ,  1 .c .  

also Z. f .  d. ges.  Schiess,-  u. Sprengsloffvresen, - 8 ,  156 (1913) ). 
- -  

I n  order t o  make ;31zin t h e  meaning of equat ions (40)  r;.e 

sha l l  make use of c p ,  v coordinnte f i g u r e  (F ig .  8 ) .  The 

p o i n t  k corresponds t o  t he  p, v, va lues  of t h e  explosive 

substance.  In  genera l ,  p, has  the  value 1 atiii. A curve i s  

then  dravn from the  Hugoniot equation (40c)  on .Y;.hich the  poin t  

p, vz must l i e ,  We next determine f o r  IT, = v, t h e  case o f  

a d i a b a t i c  t ransformation c t  constant  volume. I n  t h e  case of 

a11 explosives  t h i s  t r m s f o r m a t i o n  i s  accompanied by 2.n increase  

of p re s su re ,  l ead ing  t o  ad po in t  G o f  t he  H-curve F-bove the 

po in t  A, The case pa = p1 corresponds t o  combustion at con- 

stant pressure.  This  t akes  p lace  w i t h  an increase  o f  v o l m e  

corresponding t o  a n  amount o f  vork done - 
- p (vl - v,). 

ca t ed  by the  poin t  F. 

(E, - E , )  =-- 

The volume corresponding t o  t h i s  r o r k  i s  indi-  

The H-curve passing through the  two po in t s  G and F g ives  
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t h e  values  f c r  t h e  ve loc i ty  o f  prcpngation D ,  of the r eac t ion  

toge the r  w i t h  t h e  f lcw v e l o c i t y  rV, cf t h e  r eac t ion  products  

( equa t ions  (40a) and (40'0) ). It i s  t o  be noted he re  t h a t  t he  

s i g n  of W ,  by compression (v, < i s  p o s i t i v e ,  i n d i c a t i n g  

a f l o w  i n  t h e  sane d i r e c t i o n  as D. By r a r e f a c t i o n ,  cn the  

o t h e r  hand, (v2 > v l ) ,  i t  i s  negative.  Let a be the angle 

E A p1 then ,  

. ,  D = v1J tm y., m = (v l  - v2)J-Gz-T.  
-- 

But I$--tana for t h a t  po r t ion  o f  t he  E-curve between G and F 

i s  imaginary and correspcnds t o  no  a c t u a l  n a t u r a l  process.  The 

H-curve, t h e r e f o r e ,  c c n s i s t s  o f  two independent p o r t i o n s  corre- 

sponding t o  t w o  e n t i r e l y  d i f f e r e n t  modes o f  a cheinical t ransfor -  

mation which w i l l  be d i s t ingu i shed  by t h e  nanes detonat ion and 

normal burning. 

Frorii t he  ccurse -taken by t h e  H-curve we can make t h e  f o l -  

lowing q u a l i t a t i v e  s ta tements  concerning these  modes of transfor- 

mation: 

Detonation.- - (The po r t ion  o f  t h e  H-curve, I3 I) G ) ;  I n  the  reac- 

t i o n  zone, i n t ense  increase  of p ressure  and concentrat ion.  D i -  

r e c t i o n  o f  f low of combustion products ,  p o s i t i v e .  A high propa- 

g a t i o n  v e l o c i t y ,  D. 

Burning.- (The p o r t i o n  of t h e  E-curve, F K ) .  I n  t he  r eac t ion  

zone, decrease o f  p ressure  and d i l a t a t l ~ ~ ~ .  D i rec t i cn  of f l o w  of  

combustion products  V, negat ive.  Re la t ive ly  s l o w  r a t e  o f  prep- 

aga t ion  D. 
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Both these  phenoinena hzve long been kilovm i n  t echn ica l  

p r a c t i c e .  Their q u a l i t n t i v e  d i s t i n c t i v e  cheract  e r i s t  i c s  were 

f i r s t  pointed out by the  d iscoverers  o f  detonat ion,  Berthelot  

and V i e i l l e ,  also by Hal l ar d and l e  C h a t  e l  ier . 

9. Normal detonation.-  - By the  above cons idera t ion  t h e r e  

has  been gained a q u a l i t a t i v e  idea o f  t h e  processes  under con- 

s i d e r a t i o n .  The f i g u r e  might convey t h e  iiiipression, however, 

t h a t  along t h e  par t  of  t h e  curve B G t h e r e  could be varying 
\ 

v e l o c i t i e s  o f  detonation. D. But exper i eiice has shown t h a t  un- 

der  c a r e f u l  adjustment and measureinent, t h e  de tona t ion  v e l o c i t y  

of a d e f i n i t e  substance hac a constant v,due c h a r a c t e r i s t i c  of 

t h a t  subs tmce .  Th i s  value remains constant  over t h e  e n t i r e  

l e n g t h  of t h e  tube,  whether t h e  tube be only a few cent imeters  

i n  l eng th  o r  it hundred meters.  I n  w h n t  follows me shall  show 

t h a t  t h e  theory here s e t  f o r t h  also p r e d i c t s  t h i s  f a c t  and that 

t h e  detonat ion becomes s t a b l e  only f o r  a d e f i n i t e  po in t  of t h e  * 

H-curve. This  po in t  i s  t h e  poin t  J where the  tangent  f rom A 

co inc ides  with t h e  H-curve. To s u b s t a n t i a t e  t h i s  we sha l l  show 

the  following statement t o  be t r u e :  

f o r  t h e  point  J on the  curve and a maxiiilum f o r  t h e p o l n t  K. 

The entr- -_-- i s  a minimum -- 
----- - ---- 

These two p o i n t s  being the  p o i n t s  of contact  between the  H-curve --.--- -- - 
and t h e  tangents  drawn t o  t h e  curve from the  poin t  A. - 

The expression f o r  t h e  l ls teepnessf l  o f  m y  poin t  va ,  pz, 

on e i t h e r  the  a d i a b a t i c  o r  H-curve i s  given by t h e  equat ions 
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p2\ (41)  p2 ) , c p = -  - 
(d v2/ad’ ’ = - ( K / H  

where t h e  ind ices ,  ad, H, i n d i c a t e  d i f f e r e n t i a t i o n  along an 

ad faba t i c  and H-eurve, res$ec t ive ly .  From t h e  gener,d thermo- 

dynamic equat ion f o r  e.ntroL3y s ,  ( S  mid E ?,re func t ions  of v, 

and P2) 

3E 
3P2 

T d S = d E + p a d v 2 =  1 d v2 + --- d pz 

i t  f o l l o w s  that 
- a E  

+ Pz 
c p =  9 

233- 
3 P, 

and f o r  the  H-curve, f rom (40c)  

I 
+ P2 - 9 (P, - P,) 

a& - 1 2 (v, - VZ 1 
?l P, 

ap- 
a v2 J I =  --- . 

I n  t h i s  express ion  p1 mid v, may be taken  as given cons tan t ,  I 

c h a r a c t e r i s t i c  o f  t h e  explosive.  From t h e s e  equat ions ,  i t  f o l -  

I n  case t h e  ad iaba t i c  and H-curve touch ( c p  = $) ,  then ,  

o f  course  - 0. Equation ( 4 2 )  shows that at such a p o i n t ,  
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. But p2 - ’1 i s  t h e  d i r e c t i o n  of t h e  t m g e n t  P2 - PI 
v,  - v2 v, - v2 c p =  

drawn from A t o  the  H-curve. This shows t h a t  at  J and K, 

S has extreme values.  I n  order  t o  determine whether t hese  ex- 

treme values  a r e  maximm and minirium o r  no t ,  the second d i f f e r -  

e n t i a l  i s  taken at these p o i n t s  and t h e  asnumption made t h a t  t h e  

. magnitude aE - -$ (v l  - v 2 )  w i l l  a lways be pos i t i ve .  This  as- 

sumption would mean that  $ i s  f i n i t e .  From ( 4 2 )  and (43 )  i t  

f o l l o w s  tha t  t h e  s ign  of  (91 
same as that of  

ap2 

at t h e  p o i n t s  of  contact  is t he  
d? /H 

But at these  p o i n t s  

I n  gene ra l ,  t h e  steepiiess q of t h e  ad iaba t i c  decreases  

w i t h  increas ing  volume; as a consequence (dcp) i s  negative.  

If we represent  by v2 t h e  volume v2 corresponding t o  t h e  

voluine at t h e  poin t  of con tac t ,  we have t h e  simple r e s u l t  tha t  

t h e  sign-. of  

The entropy, t h e r e f o r e ,  has i t s  miniaum at J and i t s  .mxirfluun 

at K as s t a t e d  above. 

\!E-/ - 

- d d2s\ i n  v2 i s  equal t o  t h e  s ign  of  (v l  - v 2 > .  (w3 

That t h e  a d i a b a t i c  and E-curve have t h e  same d i r ec t ion .  at 

a po in t  of contac t  J may e a s i l y  be seen frox t h e  following 

considerat ion:  A l i n e  drawn frolil A t o  a poin t  B (p2 v 2 )  of 
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$he H-curve w i l l ,  i n  genera l ,  cut  t h i s  curve i n  a second i n t e r -  

s e c t i o n  poin t  D ( p t a  v l 0 ) .  According t o  equation (4Oc)  

Ea - E, i s  equal t o  t h e  su r face  A v, v, B 

and E ' ,  - E, = A V, D' D, 
hence E, - E', = D Dt V, B = $j (p, + P * ~ )  

( V I ,  - v i  ) (44a) 

The i n t e g r a l  of t h e  l i n e  D B g ives  i t s  d i r e c t i o n  

B B B 
?J T d S = ? J  d E +  t j p d v  
D D D 

= E, - E!, - sur face  D D1 v, B, 

hence B 

D 
?j T d S = O  (44)  

When t h e  p o i n t s  D m d  B l i e  t oge the r  dS = 0 ,  which i s  

t h e  cas6 f o r  t h e  poin t  of contac t  of a tangent  drawn from A 

t o  the  H-curve. 

From equation (44)  an impor tan t  deduction may be drawn re l -  

a t i v e  t o  t h e  l i n e  D B. If t h e  change i n  t h e  i n t e g r a l s  
B 

D ff T d S taken along t h e  l i n e  D B from D on, be consid- 

e red ,  i t  w i l l  be f u l f i l l e d  when T d S i n  proceeding from D 

toward B ,  changes i t s  sign. Sut t h a t  zeans: In  a po in t  l y -  

i ng  between D and B t h e  ad iaba t i c  pass ing  through t h i s  

po in t  touches t h e  l i n e  D E. If we consider  t h e  ne t  of  adiabat- 

i c s ,  S = cons t . ,  d ram on t h e  f i g u r e ,  then the  a d i a b a t i c s  at 

B (above J )  w i l l  be s t eepe r  and at D (below J )  be f l a t t e r  

t han  t h e  slant of t h e  l i n e  D B. The i n c l i n a t i o n  of t h e  adia- 
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ds\ . That of  t h e  l i n e  ( ad b a t i c s  i s  expressed (41) by CP = - 
D B by t a n  a = pz---Ez-. Our r e s u l t  may the re fo re  be expressed 

- 
VI  - v2 

as 1 Above J (on J ,  B ) ,  cp > t a n  a 

&low J (on J ,  B ) ,  cp e t a n a j  
(45)  

F i t h  t h e  help of this re la t ionch . ip ,  we obta in  a t  once a 

va luable  c r i t e r i o n  f o r  t he  -- s t a b i l i t y  o f  t h e  detonat ion wave. 
1 
v2 

The dens i ty  of  t h e  r eac t ion  products -, i s  g r e a t e r  at the  
1 wave f r o n t  than  t h e  dens i ty  -, of t h e  i n i t i a l  explosive com- 
v1 

ponents at t h i s  point .  A l i t t l e  l a t e r ,  i . e . ,  behind t h e  wave 

f r o n t ,  t he  combustion products  w i l l  expand s ince t h e  p re s su re ,  

due t o  heat losses must s ink below p a .  There i s  thus formed 

immediately behind the  wave f r o n t  a r a r e f i e d  region whose ten- 

dency must be opposed t o  tSe  progress  of  t h e  compression wave. 

Whenever the  wave f r o n t  i s  a f f e c t e d  by t h e  condi t ions  just  s t a t e d  

it w i l l  no t  inaintain i t s  p res su re  pz and as a, consequence, i t s  

r a t e  o f  .propagation w i l l  be reduced. The detonat ion wave w i l l  

only maintain i t s  ve loc i ty  c h a r a c t e r i s t i c  o f  t h e  explosive sub- 

s t ance  its long as t h e  v e l o c i t y  o f  t h i s  r a r e f i e d  region i n  the  

r e a c t i o n  products  and. t he  normal v e l o c i t y  of  t h e  de tona t ion  

wave a r e  the  same. 

The v e l o c i t y  d f  t he  cietonation wave i s  given by  t h e  ex- 

p r e s s i o n  D = v , % f i T .  The ve loc i ty  o f  t h e  r a r e f i e d  area be- 

h ind  t h e  wave f r o n t  may be conceived o f  as a n  a d d i t i v e  quan t i ty  

made up o f  t he  v e l o c i t y  of sound i n  the  r eac t ion  product 
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and the  mass ve loc i ty  o f  t h e  r eac t ion  products 

W = (vl - v 2 ) - - i E .  The de tona t ion  wave i s  t h e r e f o r e  in s t a -  

b l e  as long as 

t h a t  i s ,  as long as 
cp > t a n a .  

We saw from equat ion ( 4 5 )  that f o r  those p o i n t s  B of t h e  

H-curve above J ,  cp i s  g r e a t e r  than t a n a ;  snd concluded 

therefrom tha t  no detonat ion represented  by such p o i n t s  could be 

s t a b l e .  They w i l l  be con t inua l ly  weakened by t h e  e f f e c t  of t h e  

expansion- of t h e  r eac t ion  pToducts ( f r o m  cool ing)  behind the 

wave f ron t .  Any such designated point  on the  H-curve w i l l  s l i p  

back u n t i l  i t  reaches J, and at t h i s  po in t  t he  detonat ion 

wpve w i l l  become s t a b l e ;  f o r  at J, cp = J t a n  a. A t  t h i s  p o i n t ,  

t o o ,  t h e  m a s s  v e l o c i t y  of  t h e  r e a c t i o n  products  have t h e  same 

v e l o c i t y  as t h e  de tona t ion  wave. The de tona t ion  wave w i l l  from 

t h i s  po in t  on propagate i t s e l f  within t h e  gases at a constant  

v e l o c i t y  correspqnding t o  t h e  poin t  J. What axe t h e  condi t ions  

represented  by t h e  lower part of t he  H-curve? I t  seems t h a t  

ll e re f o r  any given de tona t ion  ve loc i ty  

i t y  o f  movements of t he  r e a c t i o n  products w i l l  adjust i t s e l f  t o  

t h e  condi t ion at  D o r  B. A rePerence t o  equat ions (15c)  and 

(44a) shows t h a t  D a id  B s t and  i n  the  same r e l a t i o n  t o  each 

o t h e r  as the  gas  condi t ions  i n  f r o n t  o f  and behind the  impulse 

wave, viz . ,  t h a t  t h e  entropy i s  always g r e a t e r  f o r  B than it 

v1 */ t a n  a, t b e  veloc- 
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i s  f o r  D. When i t  i s  r e c a l l e d  t h a t  t h e  r eac t ion  products  xt 

t h e  moment o f  t h e i r  formation represent  t h e  condi t ion  o f  maximmi 

p r o b a b i l i t y  i n  the  sense o f  s t a t i s t i c a l  mechanics f o r  t he  given 

order  o f  t he  r e a c t i o n ,  i t  would be reasonable t o  conclude t h a t  

they would. favor  t h e  condi t ion ind ica t ed  Sy B,  and t h a t  f o r  

t h i s  reason t h e  lower part o f  t he  de tona t ion  region of t he  H- . 

curve r ep resen t s  no r e a l  condition. 

we come t o  t h e  following conclusions.  

By t h i s  l i n e  of  reasoning, 

On t h e  basis o f  thermodynanic p r o b a b i l i t y ,  only detonat ion 

waves o f  t he  B-type above J i n  the  coordinate  f i g u r e ,  xce pos- 

s i b l e .  Mechanically, these  waves a re  i n s t a b l e  and pass over a t  

once t o  t he  normal detonat ion condi t ion ind ica t ed  at  J. 

The poin t  J according t o  t he  above cons idera t ions  i s  de- 

terinined by t h e  r e l a t i o n  

This  equation g ives  with t h e  general  equation (40 )  a spe- 

c i 2 i c  s o l u t i o n  m d  d e f i n i t e  value f o r  normal de tona t ion  velocity.* 

According t o  t he  above cons idera t ion  it would indeed be 

p o s s i b l e  (as by in t ense  i n i t i a l  i g n i t i o n )  t o  induce detonat ion 

waves of g r e a t e r  ve loc i ty  t h a n  normal. They would, however, 

soon sink t o  t h e  normal r a t e  and t h e r e  remain constant .  This  i s  

*Equation (46)  was f i r s t  given f o r  the  case o f  gases  by Chapman, 
P h i l .  M a g .  47, 90 (1899) but on the  erroneous assumption tha t  
t h e  entropy Along t h e  H-curve must have i t s  rnaxinum at t h e  poin t  
J o f  normal. detonat ion while i n  r e a l i t y  i t  has  t h e r e  a minimum. 
La te r  t h e  equation was again developed by Jouguet,  Journ. d. 

.-- ------ -_____l-___---_l 

Math. _1. and 2, (1905) (1906). . 
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e x a c t l y  t h e  behavior which Klast (1.c. ) observed and measured 

w i t h  a number o f  explosives .  This  paragraph dea l ing  w i t h  en- 

t ropy  o f f e r s  t h e  opportuni ty  t o  c a l l  a t t e n t i o n  t o  t h e  annexed 

coordinate  f i g u r e  (Fig.  9 )  i n  which t h e  absc i s sas  again repre- 

s en t  s p e c i f i c  volumes and t h e  o r d i n a t e s  represent  entropy. 

vz and v12 a r e  the  volumes corresponding t o  normal de tona t ion  

and t o  maximum burning v e l o c i t y .  v1 i s  t h e  volume of  t h e  given 

explos ive  ma te r i a l .  The l i n e  v1 - G corresponds t o  t h e  in- 

c r ease  o f  entropy due t o  t h e  chernical r e a c t i o n  when t h e  same 

s u f f e r s  no volume change nor heat  loss t o  t h e  surroundings. 

v, J md vl, K represent  t h e  entropy change due t o  deto- 

n a t i o n  and t o  burning. When v1 G i s  r e l a t i v e l y  s m a l l ,  i t  

i s  poss ib l e  f o r  v, J t o  become nega t ive ,  which would mean 

t h a t  although thermodynamically de tona t ion  i s  not  p o s s i b l e ,  

burning can s t i l l  take  p lace .  

I n  case no cheinicjl t ransformat ion  accompanies t h e  impact 

wave, t h e  wave l tdegeneratestf  ( t t e n t a r t e t t t )  t o  an ord inary  sound 

wave, i n  which case t h e  p o i n t s  J ,  G ,  K ,  v,, vt, f a l l  t oge the r  

wi th  v l .  The curve given t h u s  r e p r e s e n t s  t h e  course o f  entrcpy 

change. It has at v1 a t u r n i n g  poin t  i n  which i t  coincides  

with t h e  v-axis. The f i g u r e  shows p l a i n l y  t h e  f a c t  t h a t  com- 

pressional.  waves a r e  i d e n t i f i e d  with inc rease  of entropy. Rare- 

f a c t i o n  waves, on t h e  o the r  hand, a r e  l i n k e d  wi th  entropy de- 

c r e a s e  2nd are hence not r e a l i z a b l e .  

It i s  also t o  be observed that all of  these  conclusions 

drawn from t h e  above cons ide ra t ions  (md f u l f i l l e d  by normal sub- 
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s t a n c e s )  t h a t  t h e  magnitudes 

a r e ,  i n  t he  reg ion  considered, negat ive;  that i s ,  accompanied by 

decrease of  s teepness  and inc rease  o f  volume. Since by unl imited 

a d i a b a t i c  increase  o f  d e n s i t y  t h e  pressure  o f  every substance.  

must increase  beyond l i m i t  - which i s  only poss ib l e  i f  
C 

becomes negat ive - it can be said t h a t  t h e  v a l i d i t y  o f  t he  

conclusions drawn demand t h a t  t h e  adiabatics i n  the  p ,  v--graph 

show no tu rn ing  poin t .  If we are t o  t ake  i n t o  account also such 

p o s s i b l e  abnormal substanczs i n  which a tu rn ing  poin t  does occur 

then  t h e  above conclusion mus< be expressed: -- I n  any given - medi- 

um conpression impulses o r  r a r e f a c t i o n  impulses alone a r e  thermo- 

Exact ly  t h e  s,me condi t ions  were met with i n  Sec t ion  2 

(N.A.C .A.  Technical Memorandum NO. 505 - P a r t  I of t h i s  a r t i c l e )  

i n  analyzing t h e  mechanical p o s s i b i l i t y  of  t h e  formztion of com- 

p r e s s i o n a l  impulses. The q u i t e  independent c r i t e r i a  f o r  the  me- 

chanica l  formation-  of compressional impulses and t h e i r  I;hermoc?y- 

izamic p o s s i b i l i t y  t he re fo re  r e s t  on the  same ground. 

The nuinerical determinat ion of t h e  normal de tona t ion  veloc- 

i t y  of an explosive i s ,  i n  p r i n c i p l e ,  completely given by (40) '  

and (46)  as soon as i t s  chemical. transformation- and heat  of reac- 

t i o n  a r e  known. The course of t h e  c a l c u l a t i o n  d i f f e r s  according 
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as we a re  t o  consider a gaseous o r  a s o l i d  explosive.  I n  the  

case of gases t h e  equation o f  s t a t e  f o r  ax i d e a l  gas may be ap- 

p l i e d  t o  the r e a c t i o n  products.  

t h i s  may not be j u s t i f i a b l e .  

In  the  case o f  s o l i d  explosives  

I. Detonating Gases. - If vre represent  by -6, t h e  average 

s p e c i f i c  heat of  t he  r e a c t i o n  products at constant volume between 
cp T, and T,' abs., Y, t h e  r a t i o  - 
CV 

t h e  r eac t ion  products  at T,' abs., Q t h e  heat  of  combustion 

o f  t h e  chemical transformation due t o  detonatiorr. i n  

then  i n  order t o  c a l c u l a t e  t h e  r a t e  of  de tona t ion ,  me have the  

four  equat ions 

o f  t he  s p e c i f i c  hea t s  of 0 

e r g s / g r m ,  

P, v, = r, T, 9 ( 4 7 4  

( 47b 1 c2 ( T 2  - T,) = Q + z 1 (P, + P,) (vl  - v,) 

p2 - p, 
v1 - v2 

D" = v12 

In  these  equat ions t h e  magnitudes p , ,  v, ,  T , ,  of  t he  or ig-  

i n a l  components, t h e  heat of r eac t ion ,  Q and t h e  gas constant  

r, of the  r e a c t i o n  products ,  are taken as known q u a n t i t i e s .  

Besides these  t h e  q u a i t i t i e s  c, and y, are knovm funct ions  

of T,. This l eaves  t h e  four  .magnitudes v,, p,, T, End D ,  

t o  be d.etermined. By making use of t h e  equation of  s t a t e  of t he  

- 
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i n i t i a l  gaseous components, 

and t h e  abbrevia t ions  
p = -  v1 

v2 

r ep resen t ing  t h e  compression i n  the  de tona t ion  wave we obtain 

t h e  following convenient expressions f o r  car ry ing  out the  cal-  

c u l  at i on 

D2 = p2 Y, 's, T, . ( 4 8 4  

If < 2nd Y, be given ES l i nea r  €unct ions of  T , ,  then 

and then from Y., t 1 
y2 

f rom (48b) an approximate value f o r  p = -___ 

(48a) a b e t t e r  appioxirnate value f o r  Ta. I f  a cor rec t  so lu t ion  

of equat ions (48a) and (48b) i n  t h e  sense s t a t e d  above hcs been 

i c a r r i e d  out and t h e  values  of p and T found, then ( M c )  

g i v e s  at once t h e  value of  t h e  de tona t ion  v e l o c i t y  D. 
c 

. - -. . _. - - .  - 
-c --.----"i_l_y.----.---~ - 

( Trans la to r1  s note.-  
mentioned above may be c a r r i e d  out wi th  prec ic icn .  The s m e  
magnitudes a r e  also requi red  f o r  t he  c a l c u l a t i o n  of  s p e c i f i c  
h e a t s  o f  gases at  hich terflpersture where explosion methods a re  

Nernst ,  Theorel;, Chem. l o t h  e d i t i o n ,  Mac:riI.lan, p. 783 (1923) . 
A more extended d iscuss ion  w i t h  experimental  r e s u l t s  i s  given by 
S h i l l i n g ,  Trans. Faraday SOC. -- 22, 377 (1926).) I 

The c a l c u l a t i o n  o f  t h e  des i r ed  magnitudes I 
I 

used. References t o  these methods and t o  theory may be found i n  ~ 
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11. S o l i d  and Liquid - Explosives.  If a c e r t a i n  degree of 

unce r t a in ty  e n t e r s  i n t o  the  c a l c u l a t i o n s  o f  t h e  detonat ion vcloc- 

i t y  i n  the  case o f  gases ,  t h a t  uncertziri-ty becomes markedly 

g r e a t e r  when we t u r n  our cGnsideration t o  s o l i d  or l i q u i d  explo- 

s ives .  Since every detonat ion i s  ccnnected w i t h  an increase of 

d e n s i t y  of t h e  r e a c t i o n  prqducts ,  we sha l l  have t o  do i n  t h i s  

case wi th  h ighly  heated r e a c t i o n  productc, of  a dens i ty  approach- 

ing tha t  o f  s o l i d s ,  Fo r  such cases ,  not only i s  t h e  questiorr. 

of s p e c i f i c  h e a t s  one of t h e  g r e a t e s t  unce r t a in ty ,  t h e  bondition: 

o f  chemical equi l ibr ium becomes very unce r t a in  a l s o .  Fur ther ,  

we have no knowledge of  ar, equation of s ta . te  t o  f i t  such condi- 
.) 

t i o n s .  Detonation p res su res  must r i s e  at  l e a s t  above 10,000 

atmospheres. They a re  sure ly  f a r  g r e a t e r  tha2 we a re  at present  

a b l e  t o  produce by mechariical means for experimental  purposes of 

cbserva t ion  and measurement. Every attempt to calculate t h e  

de tona t ion  v e l o c i t y  of s o l i d  explosives  r equ i r e s  assumptions 

concerning regions and condi t ions  o f  which we are wholly igno- 

r a n t .  We may t e n t a t i v e l y  proceed only i n  this way: We may ac- 

cept nbservat ions made under t h e  h ighes t  poss ib l e  p re s su res  

a v a i l a b l e  and by ex t r apo la t ion  cc73culate the  c h a r a c t e r i s t i c s  

f o r  detonat ion p res su res  and wi th  these  va lues  follow through 

the  theory developed f o r  t h e  determinat ion of detonation: veloci-  

t i e s .  A comparison, then, w i t h  v c l o c i t i e s  t ha t  have been ob- 

served,  may give some i n d i c a t i o n  of  t h e  cc r r ec tness  of such an 

* ex t r apo la t ion ;  Such a method w i l l  at l e a s t  have t h i s  t o  recom- 

I 
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mend it:  It o f f e r s  a p o s s i b i l i t y  o f  ga in ing  some i n s i g h t  i n t o  

equat ions of state', s p e c i f i c  h e a t s  and chemical e q u i l i b r i u m  

f o r  pressure 's  s o  g rea t  t h a t  we could not hope t o  i n v e s t i g a t e  

them i n  any o the r  way. 

A s  a f i rs t  s t e p  i n  t h i s  d i r e c t i o n ,  I rnade use of  Axnagat's 

isothermal  measurements vhich reach t o  a pressure  of 3000 atmos- 

pheres.  From these  i n v e s t i g a t i o n s  I have deduced a simple f o r -  

mula s u i t a b l e  f o r  ex t r apo la t ion  f o r  t h e  gas  ni t rogen.  This  pro- 

cedure ( Z .  f .  Physik 4, 393 (1921)  ) r e s u l t e d  i n  t h e  equation 

By the  use o f  t h i s  equat ion the  de tona t ion  v e l o c i t y  of  n i -  

t rog lyce r ine  md mercury fulminate  were determined w i t h  m accu- 

racy  i n d i c a t i n g  the  order  at l e a s t  of  t h e  magnitude observed. 

I n  judging of t h i s  rough agreement, t h e  f a c t  must not  be over- 

looked tha t  i t s  unce r t z in ty  does not l i e  a l toge the r  i n  t h e  pro- 

posed equation-.of s t a t e .  For  ins tance ,  i t  was assumed i n  t h i s  

c a l c u l a t i o m  tha t  t h e  chemical composition o f  t h e  r e a c t i o n  pro&+ 

u c t s  at the  i n s t a n t  of de tona t ion  was t h e  same as those observed 

a f t e r  t h e  reac t ion .  A t  de tona t ion  p res su res  t ha t  may reach the  

order  o f  100,000 atmospheres, t h e  r e a c t i o n  products may be q u i t e  

d i f f e r e n t  f rom those e x i s t i n g  under normal condi t ions,  The or-  

d inary  detonat ion of hydrogen and oxygen gas  provides  a good 

example f o r  t h e  i n v e s t i g a t i o n  o f  these  r e l a t i o n s  ( P i e r ,  1.c.) .  

To t h i s  unce r t a in ty  r e spec t ing  t h e  chemical equilibrium, i s  t o  



20 N . A . C . A .  Technical Ueno:mduin TTo. 506 

be added t h e  unce r t a in ty  concerning s p e c i f i c  he?.t values  f o r  t he  

unusuel condi t ions met wi th  i n  detonation. Indezd, i n  m y  con- 

s i d e r a t i o n  involving the  condi t ion o f  mat ter  within t h e  detona- 

t i o m  wave it should be cleFbrly borne i n  mind that any r e a l  

knowledge of this region has scarce ly  2assed t h e  s tage  of 3 

f i r s t  rough guess. 

10. The processes  x i t h i n  the  de tona t ion  __ -_.-- mve.- The inves- 

t i g a t i o n  of t h e  processes  occurr ing n i t h i n  L?. nz,ve o f  compassion 

(Sec t ions  6 and- 7 - K.A.C.B. Technical Nenorandua Wo. 505,  P z r t  

I )  are  of p a r t i c u l a r  i n t e r e s t  i n  refereiicc t o  detonat ion.  

t he  discovery of t he  de tona t ion  wave by BerZhelot i n  1883, t he  

question:has been o f t en  md i n s i s t e n t l y  discussed as t o  how the  

p a r t i c l e s  of t h e  ex2losive components at t h e  mzuve f r o n t  ?"re i n  

r e a l i t y  brought t o  t h e i r  extremely r ap id  t r2asformatiorr .  This 

ques t iozr - l ien  2.t t h e  very basis o f  m y  i n v e s t i g a t i o n  of t he  ex- 

p l o s i v e  process. Detonation, at l e n s t  o f  s o l i d  explos ives ,  i s ,  

i n  f a c t ,  17holly incoriiprehensible as long  a s  i t  i s  assumed t h a t  

t h e  only inc i ta t ionc  t o  r e a c t i o n  that  a s i n g l e  p a r t i c l e  of the  

explosive r ece ives  de r ives  frorn the  a d i a b a t i c  compression. of 

t h e  detonat ion nave. 

temperature of  l i q u i d  air ,  where deton2,tion- proceeds very uni- 

formly, mould be s o  l i t t l e  hea ted  t h a t  i t s  d i s a o c i a t i o r  could 

not thereby be explc2,ined. 

also i r z  t h e  case o f  gases. 

mas of opinion t h a t  

---- 

Since 

By such a compression 3 s o l i d  body a,t t h e  

The sam d i f f i c u l t y  p r e s e n t s  it self 

Le Chateliei:  ( C .  R. 130, 1755 (1910))' - 
explanat ion could be €ound by a s s m i n g  



+ t h a t  t h e  p a t i c l e s  i n  the  nave f ron t  nere  brought by conpres- 

sion- alone t o  t h e i r  i g n i t i o n  temperature and that then the  r a p i d  

chemic,jl t r axs fo rnn t ion  € o l l o s e d .  When t k i s  assmlption i s  ca r -  

r i e C  out q u x i t i t a t i v e l y  ( v m ’ t  i i o f f ,  V o r l e s .  u Theoret. U. 

physik.  chen. Zd Aufl. p.245 (1901) Xernst ,  Theor. Ch.ei?l. 8 b i s  

10 Aufl, 769 (1921)  ) f o r  t h e  case -o f  carbon monoxide and oxy- 

gen, ?- detonat ion pressure  o f  250 atriosphcres would be required;  

while c a r r i e d  out r i g i d l y  by tLernodynmic theory -;diose corroct-  

ness  i s  subs tnn t i a t ed  by t h e  va lues  ind ica t ed  F-bove f o r  detona- 

t i o n  ve loc i ty .  A pressure  o f  only 17.2 atmospheres would be 

produced. 

t u r e s .  The theory developed hay l e  Cha te l i e r  i s ,  t h e r e f o r e ,  in- 

adequate t o  expla in  thz  real processes  occurr ing wi th in  the det- 

ona t ion  wave. 

Similar r e l a t i o n s h i p s  h o l d  f o r  a11 other  gaseous mix- 

On t h e  other hand, t h e  conception seems reasonable t h a t  t h e  

explosive t rxisformation.  o f  t h e  su’xtance depends upon a prelim- 

ina ry  hea t ing  o f  i t s  p a r t i c l e s .  

paper (Technical Mei2iorandum No. 505, P a r t  I ) ,  t h e  i n s i g h t  af- 

forded  u s  concerning the  processes  t ak ing  place wi th in  a simple 

impulse wave allow us t o  s t a t e  t ha t  t h i s  heat ing process  depends 

upon heat  t r a n g f e r  and t k e  corresponding increase  i n  t h e  number 

of molecular inipacts. 

i n  t h e  case o f  t h e  simple sound wave that heat conduction could 

not  be ignored but t h a t  on t h e  contrary i t  played a determining 

r o l e  i n  the  mechanism of  t h e  process. From the  c lose  r e l a t i o n  

I n  t h e  f i rs t  paragraph of t h i s  

We were ab le  t o  show i n  t h a t  p lace  t h a t  
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between iixpulse and detoiiatioil v;aves t h e r e  can be l i t t l e  doubt 

t h a t  these  c h x r a c t c r i s t i c s  a2ply also t o  t h e  detonat ion wave. 

I t  seems necessary,  t h e r e i o r e ,  t o  conclude that  i n  t h e  case o f  

de tona t ion  t h e  hea t ing  o f  t h e  p a r t i c l e s  t h a t  have reached the  

wave f r o n t ,  t o  t h e i r  i g n i t i o n  t e m p r a t u r e ,  t akes  p lace  p r i n c i -  

p a l l y  through keet  conduction- from t h e  p a r t i c l e s  l a s t  burned 

( t h a t  i s ,  by t h e  impacts o f  ind iv idua l  moleculcs from t h e  very 

t h i n  wave of  high temperature).  

I t  i s  i n t e r e s t i n g  t o  observe that tile most successfu l  ex- 

per imenters  iii t h e  f i e l d  o f  cas detonation,,  Berthclot   ax'^ Dixon, 

also made use o f  such itr assumption. They conceived that from 

t h e  h o t  ~vvcve f r o n t  rnolecules mere thrown forvard t h z t  s h a e d  

t h e i r  high k i n e t i c  cncrgy by impact wi th  the  molecules iii f r o n t  

of t he  wave and thereby brought them t o  a condi t ion o f  s c t iva -  

t i o n .  This  zonception seeins more reasonable than t h c  olle o f f e red  

by l e  Chp,telier. 

l i e r  based h i s  I1d,arEc, compressional mc?ves" t o  prove h i s  theory,  

were l a t e r  shown by Dixon (1.c. 1903) t o  be con t r a s t  e f f e c t s  o f  

t h e  plTbte and not admissible 3 s  evidence.)  S e r t h e l o t  and Dixon, 

however, were bo th  i n  e r r o r  i n  so  fnr 2 s  they sought t o  j u s t i f y  

t h e i r  theory f rom t h e  observed values  o f  deton?"tion ve loc i ty .  

They d id  not know t h a t  t h e s e  v d u e s  (exprcssed i n  t h e  thermody- 

namic equat ions (40) ,  (46)  ) were independent o f  t h e  microscopic 

p rocesses ,  vhatever they !:light be,  t dc ing  p lace  within t h e  wave 

f r o n t ,  ,mcl that t h e  saxe values were a r r i v e d  at by the  applica- 

(The photographic recorcis upon which IC Chate- 

L 
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t i o r .  o f  c l a s s i c a l  dyncu;iics. 

I n  conclusion I wish t o  s t a t e  e m p h t i c d l y  t h a t  t h e  discus- 

s i o n  in t h i s  l a s t  paragraph i s  confined s o l e l y  t o  t h e  ques t ion  

of t h e  wave s propagation a f t e r  once being s t a r t e d .  

o f  t h e  o r i g i n  of t h e  detonatiomvfave o r  t h e  incept ion.  of  ,?n ex- 

The problem 

plos ion;  i s  not  here  considered. 

Sumniary o f  Resul t s  

When proper cons iderz t ion  i s  paid t o  f r i c % i o n .  znd heat  con- 

d u c t i o n  t h a t  must be present  wi th  a11 bodies ,  i t  i s  shorn  i n  the  

z n a l y s i s  made o f  compression impulscs t ha t  the  theory of  i n s t a -  

b l e  su r faces  may be dispensed with. 

The actual th ickness  o f  t h e  wave f r o r , t  has been n u m e r i c d l y  

determined f o r  5 gas and f o r  I l i q u i d .  

By t h e  in t roduc t ion  of  a chemiccl trnnsformatiom within t h e  

impact 7wv2ve a complete general  conception of de tona t ion  md nor- 

mal burning i s  secured. 

While t h e  complete a n a l y s i s  and c a l c u l a t i o n -  o f  t h e  r a t e  of 

normal burning has not ye t  been e f f e c t e d ,  t h e  present  consider- 

a t i o n ,  by making use o f  t h e  p r i n c i p l e  o f  s t a b i l i t y ,  has been 

able t o  s e t  a d e f i n i t e  value f o r  normal detonat ion ve loc i ty .  

This v d u e  i s  ir, e m e l l e n t  agreement with observed r e s u l t s  i n  

t h e  case of gases  and g ives  f a i r  approximctions f o r  t h e  cese of 

solids. 
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By app1icati .cn o f  t he  deduct ions here  presented ,  t he  possi-  

b i l i t y  i s  o f f e red  o f  fol lowing the  phys ica l  c h a r a c t e r i s t i c s  and 

chemical t ransformat ions  e x p r i m e n t a l l y  t o  an order  o f  100,000 

at  rfio spheres  p r  e s sure .  

An important d i f f i c u l t y  in understanding de tona t ion  phenom- 

ena  i s  overcome by a cons idera t ion  of hea t  conduct ivi ty .  
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