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A study has been made of the dis t r ibut ion of sphe r i ca l  shock waves  in a two-phase  fuel m i x -  
tu re .  It is shown that  in terac t ion  with the liquid fuel drople ts  i n c r e a s e s  the wave intensity.  
Conditions for  spher ica l  shock wave ampl i f ica t ion in a two-phase  fuel mix tu re  a re  marked  
out. 

The in teract ion between p lanar  shock waves  and g a s - l i q u i d  fuel m ix tu re s  has  been throughly studied. 
The p r e s s u r e  pe r tu rba t ions  obse rved  in actual  explosion c h a m b e r s  a r e  usual ly  s im i l a r  to those  found in 
spher ica l  shock or  c o m p r e s s i o n  waves .  The re  has been l i t t le  study of the dis t r ibut ion of spher ica l  p r e s s u r e  
waves  in two-phase  fuel sys t ems .  A dist inguishing fea ture  of the spher ica l  shock wave is the fact  that its 
p a r a m e t e r s  v a r y  in both t i m e  and space,  l o s s e s  during shock f ront  propagat ion  resu l t ing  in a continuous 
diminution of wave ampli tude and an accompanying a l te ra t ion  of the length of the posi t ive c o m p r e s s i o n  
phase.  On this  bas i s ,  it could be ant icipated that p l ana r  p r e s s u r e  wave in terac t ion  w~h a fuel mixture  
might  be cons ide rab ly  different  f r o m  spher ica l  p r e s s u r e  wave in teract ion with the same mixture .  F o r  
example ,  the conditions under  which nonsta t ionary  pe r tu rba t ion  ampl i f ica t ion or  spher ica l  he terogeneous  
detonation can  be obse rved  will d i f fer  cons iderably ,  depending on whether  one is working with a p lanar  or  
a spher ica l  shock wave. 

1. Appara tus  and Exper imen ta l  P rocedures .  Spherical  shock wave in teract ion with a two-phase  fuel 
mixture  was studied in the s y s t e m  shown schemat ica l ly  in Fig. 1. The pr inc ipa l  component  of this  s y s t e m  
was  a th ick-wal led  cy l indr ica l  c h a m b e r  1 of 400 m m  length and 280 mm internal  d iamete r .  The upper  p o r -  
t ion of this  c h a m b e r  c a r r i e d  a droplet  gene ra to r  2, which had been bored  for  250 openings, each 0.6 m m  in 
d iamete r .  These  openings were  uni formly  dis t r ibuted over  the bot tom of the genera to r ,  being located at the 
c o r n e r s  of squa res  10 m m  on a side. P r e s s u r i z e d  ni t rogen in t a ~  4 was used to force  the liquid fuel (kero-  
sene) out of conta iner  3. The c h a m b e r  was f i r s t  f i l led with an equ imolar  n i t r o g e n - o x y g e n  mixture  at 293~ 
and 1 a tm p r e s s u r e ,  and a monodispersed  fog of fuel drople ts ,  1 or  2 m m  in d i ame te r ,  then fo rmed  in it. 
The k e r o s e n e - n i t r o g e n - o x y g e n  mixture  was  c lose  to s to ich iomctr ic  composi t ion.  

Spher ical  shock waves  were  genera ted  in the chambe r  by detonating hexogen charges  weighing f rom 
0.3 to 4 g. Detonation was by means  of a pe rcuss ion  detonator  containing 0.3 g of explosive.  In what follows, 
the total  weight of detonator  and hexogen will be given for  explosive c h a r g e s  in exce s s  of 0.3 g. The cha rge  
7 was so suspended in the cham be r  as  to be surrounded by two p r e s s u r e  s enso r s  5 and a synchron ize r  sen-  
so r  6. The dis tance f r o m  the bot tom of the droplet  genera to r  to the senso r  plane was 170 mm.  The a r r a n g e -  
mea t  of the s enso r s  on the c h a m b e r  wall  is indicated in Fig. 1. The distance between the detonator  charge  
and senso r  6 was  110 mm;  between the cha rge  and the f i r s t  of the s enso r s  5, 180 mm,  and between the 
cha rge  and the second of the s enso r s  5, 145 ram. The s enso r  cha r ac t e r i s t i c  f requenc ies  we re  in excess  of 
30 kHz. Signals f r o m  the p r e s s u r e  s e n s o r s  were  r eco rded  with the aid of a $1-33 osc i l loscope.  The p r e s -  
sure  m e a s u r e m e n t s  we re  accura te  to within 10-15%, the t ime  m e a s u r e m e n t s  to within ~ 7%. 

2. Exper imenta l  Resul ts .  The photographs  of Fig. 2a, b a r e  p r e s s u r e - t i m e  re la t ions  in waves  ini-  
t ia ted by 1.3 g charges  detonated in neut ra l  (a), and in combust ib le  (b), mix tu res .  T r a c e  1 gives the out -  
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Fig. 1 

put f rom the f i r s t  sensor ,  and t race  2 the output f rom the second. 
The unit of t ime measurement  on the horizontal  axis was 50 ~sec;  
the unit of p r e s su re  measurement  on the ver t ica l  axis 17 atm. 

For  charge  detonation In the inert  1 -mm droplet  k e r o s e n e -  
nitrogen mixture,  sensor  5 fixed the a r r iva l  t ime of the incident 
wave and the change of p r e s s u r e  resul t ing f rom wave front r e f l ec -  
t ion at the wall. Damping was observed as the wave continued its 
movement through the chamber ,  the sensor  reading falling off 
markedly  with each success ive  wave reflect ion f rom the chamber  
walls.  The wave velocity in the neighborhood of the chamber  wall 
could be es t imated f rom the difference of wave f ront-ar r ival  t imes  
indicated by the measur ing  sensor .  For  the case  of Fig. 2a, the 

Mach number M of the incident wave was ~ 1.7. Here the Mach number  is defined in the usual manner  as 
the rat io of shock wave veloci ty u s to the veloci ty  of sound in the unperturbed medium. 

In the fuel mixture,  spherical  waves of the same intensity showed higher values of such p a r a m e t e r s  
as  the wave velocity,  leading shock front intensity, and duration of the positive compress ion  phase. For  
example, the f i rs t  sensor  indicated essent ia l ly  a twofold g rea te r  p r e s su re  drop over  the front, while the 
wave veloci ty  was a lmost  Mach 2. P r e s s u r e  readings during subsequent movement of the wave through 
the chamber  indicated that there  was no wave damping, at least  over  the 500-700 ~ sec interval following 
charge  detonation. There  was, however,  a rapid, nonstat ionary r ise  in the mean chamber  p res su re ,  the 
rate of the increase  being ~ 104 a im/see .  This increase  in mean p r e s s u r e  was accompanied by numerous 
p re s su re  surges ,  the lat ter  resul t ing f rom rapid ignition of local cen te r s  in the body of the chamber  mix-  
ture.  P r ime  interest  at taches here,  however, to amplification of the leading front of the shock wave. 

The curves  of Fig. 3 show values of the amplification coefficient of the incident shock wave for  v a r i -  
ous values of the detonating charge,  g. The amplification coefficient k is defined as the rat io of incident 
wave amplitudes In the fuel mixture Ap and, with the same charge,  in the neutral  two-phase sys tem Ap0. 
Incident wave amplitudes were determined f rom the p r e s s u r e  readings in the following manner. A table 
showing ref lected wave amplitudes as a function of incident wave Math numbers  was constructed.  Having 
determined the ref lected wave amplitude f rom the sensor  reading, the table could then be used to find 
the incident wave amplitude. It is a well-known fact that the increase  in p r e s su re  accompanying wave r e -  
flection is c lose ly  dependent on the incident wave intensity. Thus if the rat io of incident wave intensities is 
k, the rat io of ref lected wave intensit ies k 1 will be g rea te r  than k. 

Curves  1 and 2 of Fig. 3 were cons t ruc ted  f rom data on l - a n d 2 - m m  droplet mixtures,  respect ively ,  
using f i r s t - s e n s o r  data. The form of these curves  is such as to indicate incident shock wave amplification 
over  the 185-mm path. Curve 3 of this same figure, applying to a 1 -mm droplet mixture,  shows incident 
wave amplification over the 145-mm path. 

The resul t s  obtained here made it c l ea r  that shock wave amplification could be attained in our  sys tem 
with detonation charges  of the indicated magnitude. The charge  range in question was l imited on both the 
low (gl) and the high (g2) sides. Within the gl -< g -< g2 range, there  could always be found a single charge 
g3 which would, on detonation, generate a p r e s s u r e  wave with maximum amplification coefficient.  The 
amplification coefficient of the wave generated by fixed detonation charge  was found to increase  as the d rop-  
let d iameter  diminished. 

The range of shock waves capable of amplification was found to cont rac t  as the detonation charge  was 
moved c lose r  to the p r e s s u r e  sensor .  The contrac t ion of the gt-g2 interval was la rge ly  the resul t  of a d is -  
p lacement  of g2 toward lower values.  

3. Discussion of Results.  Spherical  shock wave amplification during propagation through a two-phase 
fuel mixture requi res  that there  be a flow of energy  into the p res su re  wave. This energy flow can be 
rea l ized only if the two-phase mixture is burning rapidly behind the spherical  wave front. Conditions be-  
hind this front must, therefore ,  be such as to favor the format ion and ignition of a rapidly burning, c o m -  
bustible mixture.  The time required  for p re s su re  r i se  and fall in the spherical  shock wave is no more 
than 1 #sec  [1, 2]. Thus it is impossible that a combustible mixture be formed by large  droplet  vapor iza-  
tion during the positive p r e s s u r e  phase of the wave [3]. 

The only way to attain the ra tes  of combustible mixture formation required here is for  liquid droplet 
breakdown behind the shock wave front to p roceed  through removal  of a thin liquid film f rom the surfaces  
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of each droplet .  No other  type of droplet  f ragmenta t ion  behind 
the wave front  could produce a quas i -homogeneous ,  explosive  mix -  
ture  of minute c o a r s e - d r o p l e t  f r agments ,  gaseous  oxidizing agent, 
and fuel vapors .  It is c l e a r  that  ignition of such a mix ture  must  
occur  explosively,  generat ing a secondary  wave which, in turn,  
ampl i f i es  the leading front.  

It has been  shown [4, 5] that ignition of the two-phase  g a s -  
drople t  mix ture  is r e t a rded  to the extent t = T i + T c re la t ive  to the 
wave front ,  T l being the induction per iod for  f ragmenta t ion  and T c 
the chemica l  r e t a rda t ion  fo r  ignition. The t e m p e r a t u r e  behind the 
wave front  being high and the chemica l  r e t a rda t ion  for  ignition low, 
it follows that t ~ T l fo r  h igh- intensi ty  incident shock waves  with 
Mach number  M >- 3. Measu remen t s  of the p a r a m e t e r s  of detona-  
t ion genera ted  shock waves  [1] indicate that  incident waves  with 

Mach number s  in excess  of 3 can  be se t  up within a sphere  of radius  r t ~25r0,  r 0 being the charge  radius .  
Within such a sphere ,  the c h a r a c t e r i s t i c s  of the droplet  f ragmenta t ion  p r o c e s s  will comple te ly  de te rmine  
the cou r se  of two-phase  fuel ignition in the wave.  Expanding the path fo r  spher ica l  wave f ront  propagat ion  
f r o m  25r 0 to 30r 0 r educes  the wave ve loc i ty  f rom M >-- 3 to M ~ 2. This  r educes  the gas  t e m p e r a t u r e  and 
I n c r e a s e s  the chemica l  r e t a rda t ion  of ignition to such an ext.ent that  the fuel mixture  can  no longer  ignite 
during the pos i t ive  p r e s s u r e  phase.  The re su l t  is that  that pa r t  of the combust ib le  mixture  which has been 
fo rmed  by  droplet  d is in tegra t ion  at d i s tances  f rom the detonat~ion cen te r  in excess  of 30r 0 mus t  be f i red  by 
the products  f r o m  local  c en t e r  combust ion.  The mean  p r e s s u r e  in the c h a m b e r  r i s e s  in the cou r se  of  th is  
combust ion,  but th is  c l e a r l y  has  no effect  ou the initial pe r tu rba t ion  which is being propagated  throughout 
the c h a m b e r  at supersonic  veloci ty.  

Complete  two-phase  burning may  not, however, be at tained over  a spher ica l  region of 25r  0 radius ,  
even under  conditions favorable  to f ragmenta t ion  and ignition. The point is  that  shock wave front  p ropaga -  
t ion is control led  by the expansion of the cloud of chemica l ly  neut ra l  p roducts  a r i s ing  f r o m  charge  detona-  
tion. Burning of the two-phase  mix tu re  will then be confined to the region of s h o c k - c o m p r e s s e d  oxidizer  
which l i es  between the shock f ront  and the sur face  of contact  with the detonation products .  Let  the width of 
this region be designated by 6,  an d suppose droplet  f ragmenta t ion  to begin at a d is tance ~ ! f r o m  the shock 
front .  If  51 > 5,  droplet  f ragmenta t ion  will begin behind the contaet  sur face ,  in the detonation products .  
The width of the s h o c k - c o m p r e s s e d  oxid izer  will va ry  with r s ,  the shock wave radius .  At a c e r t a i n  value 
of r s, namely  r s i  , ~ ~ will become  equal to ~, the resu l t  being that droplet  f ragmenta t ion  then occurs  in the 
c o m p r e s s e d  oxidizer  and burning becomes  poss ib le  if r s > r s i .  

The data of I l l  indicate that the width of region of s h o c k - c o m p r e s s e d  oxidizer  is given b v the equation 
6"  =0.045 ( r~  1"4 - 1 ) ,  with 1 < r ;  < 35. Here  5" = ~r~  l, r ~ = r s r ~  1 . The value of ~1 is  d e t e r m i n e d b y t h e  
product  ustl ,  u s being the shock wave ve loc i ty  and t 1 the t ime  at  which droplet  f ragmenta t ion  begins in the 
s t rong shock wave.  Accord ing  to the data of [6], t 1 ~ p f 0 . s  (p lu1~)-0.5 Here  u 1 and p~ a re  the r e spec t ive  
ve loc i ty  ~nd densi ty of the gas  behind the shock wave fz%nt~ and pf  is the liquid density.  Since UsUl71 ~ 1, 
in s t rong  shock waves ,  while p,~6-8, it follows that  81"> 6"  when r s i  -< 44d *~ Here  d* =dr0 -1. Values  
of r~i  for  1 m m  (1=1) and 2 m m  (1=2) droplet  mix tu res  a r e  given below. The f i r s t  two l ines  of Table 1 
show the detonation cha rge  in g and the charge  radius~ in ram. Is is  c l e a r  that the region of droplet  f r a g -  
mentat ion in the combus t ion  products  con t r ac t s  with diminishing droplet  radius .  The d i sp lacement  of the 
droplet  behind the wave f ront  during t ime  t 1 being l e s s  than the droplet  d iamete r ,  this  f ac to r  has no effect  
on the ca lcula t ions  In quest ion here .  The conclusion is that  the spher ica l  shock wave radius  must  exceed 
r s i  if mix ture  burning in the s h o c k - c o m p r e s s e d  oyAdlzer is to begin behind the wave front.  

696 



TABLE 1 There  is one additional l imitation imposed on the combust ion p rocess  by 
the mechanism of drop fragmentat ion behind the wave front. There  comes  a 

g 0.3 t .2 3 t ime during propagation of the spherical  wave front through the inert  gas at 
r0 3.5 5.6 7.9 which the dynamic impact of the gas has fa l lenoff to  such an extent thatintensive 
rs~* 17 13 tl drop fragmentat ion comes  to an end. It is a well-known fact [7] that ampl i f ica-  
rs2* 27 2t t7 

t ion of a one-dimensional  shock wave with t r iangular  p r e s s u r e  and gas velocity 
L* 35 40 62 

prof i les  is possible only if flow pa rame te r  values sat isfying the inequality 
W > R ~ are  maintained over  the t ime interval T = 2 d p f  0.5 (p IU12)-0,5. Here 

W=0.5 Plul2dr -1 is the Weber number,  R =  PlUld~-lthe Reynolds number,  r the surface tension, and ~ the 
gas viscosi ty.  Let it be assumed that intensive drop fragmentat ion in the spherical  wave is possible only 
if the inequality W > R ~ is sat isf ied at t ime ~. We will now develop an express ion for  L*,  the distance 
between wave front and detonation cen te r  over  which this condition is fulfilled. When r s *  < L*,  intensive 
droplet f ragmentat ion can occur  behind the wave front. The p rocess  of droplet  f ragmentat ion in the wave 
a l te rs  completely  over  the range r s *  > L*,  the droplet  breaking down into still smal le r  par t ic les  as  soon 
as  it passes  out of the compress ion  zone. The shock wave p a r a m e t e r s  are  then given by the following 
equation, due to M. A. Sadovskii, 

Ap ---- 0.85 g~ ~- 3g~ -~ -4- 8grs -z 

Here g is the detonating c h a r g e  in kg, rs  is the distance f rom the detonating c e n t e r  in m, and Ap 
is the p r e s s u r e  drop on the front in atm. 

The positive phase period is given by the express ion  At=l.2g~'16rs ~ where At being in sec. The 
p r e s s u r e  drop behind the wave front is determined by the conditions 

6p ---- 6p0 (i --  t a t  -1) (6po ---- hp0p0-', 6p = ap (t) p0 -l) 

The dynamic impact  of the gas is re la ted to 5 p through the equation p u 2 = p 0c025p2{7 [ 1 -  (0.5~/)-t (T-  1)5 p}-I 
c o being the veloci ty  of sound in the original  medium. The value of 6pi can be found f rom the known value 
of the induction t ime T, and then used to obtain the distance L* at which W( 5p i) =R ~ (SPl)- Table 1 gives 
values of L* =Lr0-1 at several  values of the detonating charge,  for  initial radius r 0. A compar i son  of the 
dimensions of the region over  which the t empera tu re  is optimal for  ignition, r t ~ 25 r0, with the dimensions 
of the region over  which intensive drop fragmentat ion can be expected, makes it c l ea r  that r t < L. F rom 
this it can be concluded that autoignition and combust ion in the positive compress ion  phase are  possible only 
within a spherical  shell of radii  r = r  t and r =rs i .  The mass  of droplets  actually involved in shock wave 
feed is given by m = f m l n  O (rt 3-rs i3) .  Here, f is a proport ional i ty  coefficient,  m I the mass  of the indivi- 
dual droplet,  and n o the number  of droplets  per  unit volume. This droplet mass  has available energy E, of 
which only a f ract ion 13 can be t r an s f e r r ed  to the p r e s s u r e  wave. Any reduction in the pa rame te r  m will 
resul t  in a reduction of the amplification coefficient.  A reduction in m can be brought about by reducing 
the detonating charge  or  increas ing the droplet  diameter .  

The sys tem geomet ry  may, in some cases ,  be such that the operat ing dimensions are  less  than r t o r  
rsi .  Droplet ignition during the compress ion  phase will not occur  if D > rsi ,  and there  will then be no 
wave amplification. If r t -> D -  > r s i  , the mass  of liquid fuel involved in wave feed will be such that m 1 ~ D 3 -  
r s i  3. If r s l  is assumed to be negligably small,  the mass  of droplet fuel involved in wave amplification will 
be reduced by the fac tor  D3r~ .  Geometr ic  fac tors  proved to be control l ing in fixing both the reduction in 
wave amplification coefficient  resul t ing f rom sensor  movement  toward the detonation center ,  f rom the 180 
to 145 mm position, and the reduction resul t ing f rom an increase  in the detonator charge  at l = 180 mm. 
The optimal charge  for  a sys tem of d iameter  D should be that for which D = r  t =25r  0. For  our  sys tem 
r 0 ~ 6 mm, f rom which it would follow that D-~ 145-180 mm, in conformity  with experiment.  

It was determined exper imental ly  that the degree of damping falls off as the shock wave is propagated 
through the unignlted fuel mixture,  the extent of the decrease  depending on the d ispers ion of the medium 
and the p a r a m e t e r s  of the initial perturbation.  The amount of energy required  for  maintaining the spher i -  
cal  shock wave is determined by the conditions of two-phase fuel mixture ignition within the wave itself. 
The port ion of the mixture  which failed to ignite during the positive compress ion  p h a s e  will begin to burn 
once contact  is made with combust ion products  f rom the burning of ea r l i e r  port ions of the fuel. A c o m -  
press ion  wave radia tes  out of the shock wave during combust ion of the two-phase fuel mixture,  and slowly 
over takes  the original  initial per turbat ion front. The compress ion  wave originating at the 180-mm position 
has, however,  no effect on the intensity of the p r i m a r y  shock wave intensity. 
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