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In elongated charges  of a high explosive (HE) with lengthwise channels,  a super -h igh-speed  serf-sustaining 
p rocess  can a r i se  if a sufficiently intensive shock wave is propagated in the mat ter  filling the channel. To 
strengthen this effect the charge  can be lined and insulated by a she l l f rom the external medium. A channel 
wave in such a sys t em acts  as an induction source  and is sel f -susta ining at the expense of the compress ion  of 
the cent ra l  flow behind the front by expanding react ion products.  The general  pattern as well as the principal 
basis  for this p rocess  - called a " two- layer  detonation,' - were  given in [1]. Confirmation of an actual existence 
of a two- layer  detonation can be found in [2-4]. For  the gasdynamic interaction of two layers  to be more  con- 
c re te  the detonation of a cyl indrical  sys t em with a tubular charge  of a sensi t ive HE was considered in [5]. A 
procedure  was proposed for numer ica l  calculation of the pa rame te r s  of a two- layer  detonation in the case  of 
the p rocess  velocity exceeding considerably  the detonation velocity of the HE. An analytic calculation [6]based 
on the assumption of uniform distribution of the pa ramete r s  in the cr i t ica l  sect ion may find ve ry  wide applica-  
tion. 

1. Outline of the Process  and Formulat ion of the l:Woblem. To investigate a two- layer  detonation in 
cyl indrical  sys tems  an idealized axially symmet r i c  p rocess  is considered as shown schemat ica l ly  in Fig. 1. 
The scheme r e f e r s  to sys tems  with sensi t ive charges .  In a labora tory  re fe rence  sys tem the process  is s ta-  
t ionary,  that is, it does not vary  with time. Two layers  of mat ter  proceed f rom the left with velocity U> D 
where D is the usual veloci ty of the detonation of the HE. The shock front 0 gives r i se  to instantaneous initia- 
tion of the HE, resul t ing  in the detonation front 1 being formed at some angle determined by the rat io D/U. In 
the domainW the central  flow rece ives  additional compress ion ,  which is essential  for sustaining the mainwave.  
The domain of the detonation products (DP) [2 has c l ea r - cu t  boundaries 2 and 3 with the central  flow and the 
shell. 

In compliance with the descr ibed model it can be assumed that in the domains W and fi two-dimensional  
s ta t ionary equations of gasdynamics  a re  valid under quite obvious boundary conditions: on 0, the Hugoniot r e -  
lations; on 1, the state at the detonation front;  and on 2 and 3, the conditions on the contact surfaces  and the 
momentum equation charac te r iz ing  the motion of the shell. In the cylindrical  coordinate sys tem r - z  c o r r e -  
sponding to the s y m m e t r y  axis and the front 0 of the head wave, the respect ive  equations for a polytropic gas 
(~) in the domain ~ a re  given by 

uOp/Or ~- r + p(Ou/Or + Oo~/Oz ~ u/r) = O. 

uOu/Or + o~Ou/Oz -5 (l/p)Op/Or = O, 
uOo)/Or + o)OdlOz -5 (llp)Op/Oz ---- O, (1.1) 

uOp/Or -5 r -5 ~p(Ou/Or + O(o/Oz -5 u/r) = O, 

where u and • are  radial  and axial velocity components,  the remaining notation being general ly  acceptable. 
The independent var iable  z is replaced in the sys t em (1.1) by t by means of the formula  

z = U t .  

If one now omits in the equations such te rms  as 0 (r F /Ot ,  one obtains a one-dimensional  sys t em of gas-  
dynamic equations and a single equation for r  which is ignored f r o m  now on: 

Op/Ot + uOp/Or -5 p(Ou/Or -5 u/r) = O, 

Ou/Ot -5 uSulOr -5 (l/p)Op/Or = 0, (1.2) 
Op/Ot -5 uOp/Or -5 • + u/r) = O. 
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Fig. "1 

The s y s t e m  (1.2) is at l eas t  appl icable  to p r o c e s s e s  such that U >>D. If this  condition is cons idered  as sa t i s f ied ,  
we fo rmula t e  the r e l evan t  boundary  conditions. 

T h e p a r a m e t e r s  on the I boundary  a r e  speci f ied  by  the s t a te  at the s t rong  detonation wave,  which is 
given by  the values  of ~, D and of the HE densi ty  p l: 

~ ,  ---- [(x + t)/u~o~, p~=p~Z~/(u + 1), ~ = D/(~ ~- 1). (1.3) 

To obtain a boundary  condition on the boundary  2 one a s s u m e s  the cen t ra l  flow to be  also a polytropic  gas 
(~), and bea r ing  in mind that for  U>>D the c r o s s  ve loci t ies  a r e  negl igibly sma l l  c o m p a r e d  with the lengthwise 
ones,  the flow is now desc r ibed  by  the s i m p l e  equations of a quas i -one -d imens iona l  model:  

m~/2 -t- [u165 - -  t)]p/p ---- const, (1.4) 
p/pv ~ const, pe0~/r0) s ---- const, 

where  f is the cu r r en t  r ad ius  of the cen t ra l  flow whose initial radius  is denoted by r 0. The radius  f is r eg a rd ed  
e i ther  as a function of t o r o f  z depending on our  r equ i r emen t s .  The constants  on the r ight  of (1.4) a r e  de-  
t e rmined  by the p a r a m e t e r s  on the s t rong  shock wave 0: 

py -~ [(u l)/(y - -  t)]p0, Pu ---- [2/(7 -~ 1)]poU ~, c% -~ [(7 - -  1)/(7 § t)]U, 

where  P0 is the densi ty  of the unper turbed flow. By solving the s y s t e m  (1.4) for  p and f one finds the sought 
boundary condition: 

|47/(7 - -  l)~](p/p~) (~+l)/~- [(7 -}- t)/(7 - -  t)]'(plpu) 2Iv -{- (roll) 4 = 0 .  (1.5) 

On the boundary  3 one uses  the momen tum equation for  a shel l  in motion,  which can be obtained f r o m  the 
equation.s of the i ncompres s ib l e  and ideally p las t ic  medium:  

mdu(~)/dt = p(~) - -  YS/~,  (1.6) 

where  m is the shell  m a s s  per  unit a r e a  of the bounding sur face ;  Y is the dynamic yield l imit ;  ~ is  the var iab le  
shel l  th ickness ;  and q~ is the cu r r en t  rad ius  of the inner boundary  of the shell .  

To these  boundary conditions on the su r faces  2 and 3 one adjoins the equations of no leaking: 

d//dt = u(D, d~/dt = u(cp). (1.7) 

Thus,  in the one-d imens iona l  approximat ion  and with known U the p rob l em (1.2), (1.3), (1.5)-(1.7) is f o r -  
mulated to de t e rmine  the anknown functions p ,  p, u in the t r a n s f o r m e d  l~ domain and also to find its boundar ies  
f and (p ; having changed over  to the previous  va r i ab le  z, thei r  solution de te rmines  the p a r a m e t e r s  of the two- 

layer  detonation. 

2. Computation Procedure .  In the or iginal  data  the f r e e  p a r a m e t e r  U is va r i ed  and the p rob l ems  thus 
a r i s ing  a r e  solved numer ica l ly .  The solution of each  s u c c e s s i v e  p rob l em should each t ime  be n e a r e r  to the 
sought one, which dif fers  in that  in the cen t ra l  flow the sound veloci ty  is r eached  with r e g a r d  to the chsnnel  
wave. This  .condition is n e c e s s a r y  for  a s t a t iona ry  subsonic  flow past  the discontinuity.  It can be shown 
s ta r t ing  with Eqs. (1.4) that  the sound veloci ty  in the quas i -one -d imens iona l  flow under considera t ion  is only 
at tained in a specif ied sect ion of highest compres s ion ,  which is cal led c r i t i ca l ;  its radius  r .  is ca lcula ted  by 
using, f i r s t  of all, the f o rm u l a  

r.lro ~- [(7 - -  1)/(7 -{- 1) ]I/4127/(7 -{- l) ]~I(2(v-1)). (2.1) 

The n e a r n e s s  to the sought solution is judged by t h e  d i f ference  r m - r , ,  where  r m is the radius  of max imal  
compres s ion  of the cen t ra l  flow in the numer i ca l  solution. The assumpt ion  is made when adopting a value of the 
f r ee  p a r a m e t e r  that the solutions depend continuously on the initial data; the la t te r ,  and also the taking into 
account of some  physica l  cons idera t ions ,  enable one to e s t ima t e  the value of the var ied  p a r a m e t e r  for the next 
s tep  of the calculat ion.  
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One should now note some essential  features  of the numer ica l  a lgori thm used to solve the ensuing prob-  
lems. 

There  are  two singular points in the domain ~2 : the initiation point at which the computation s ta r t s  and 
the reflection point of the detonation wave f r o m  the shell. Since the solutions of the problems in the b r e a k ' u p s  
of planar or of curved breaks  in a sufficiently smal l  t ime interval are  as c lose as desired,  the unknown func- 
tions in the neighborhood of these points are  determined by the solutions of the following one-dimensional  
problems:  1) the motion of the detonation products a r i s ing  between the front of the s t rong detonation wave 
s tar ted on the surface of a semiinfinite charge and the f ree  surface with p re s su re  specified on it; 2) the r e -  
flection of the s t rong detonation wave f rom the two-dimensional  deformed obstacle.  

The computational difficulties due to the moving p iecewise-smooth  boundary can be overcome by using 
the procedure  descr ibed in [7], although in a pure fo rm it is not appropriate  for finding a discontinuous solution. 
Therefore ,  when the detonation wave is ref lected,  smoothing has to be ca r r i ed  out in paral lel  [8]. 

The numerica l  a lgor i thm keeps the computational e r r o r  also under control.  At some instants t, by using 
d iscre te  values of the pa ramete r s  of the numer ica l  solution, the e r r o r s  are  determined in the integral  laws of 
conservat ion of mass  and energy,  which a re  then re la ted to the mass  and chemical  energy of the charge  per 
unit length. The re la t ive  e r r o r s  thus obtained a re  then printed out. All the main points of the numer ica l  
a lgori thm are  descr ibed in more  detail in [5]. 

3. Computational Results .  The procedure  we have just described was applied to compute approximately 
the pa ramete r s  of a two-layer  detonation in a rea l  situation. The computations were  ca r r i ed  out to determine 
whether it is possible to obtain higher velocit ies at the loading of liquid hydrogen by charges  of pressed  Hexo- 
gen. To this end, 11 var iants  of the initial data were  adopted corresponding to cylindrical  sys tems with dif- 
ferent charge volumes contained in Duralumin, in steel, or ha an absolutely rigid shell. For  the liquid hydrogen 
one has ~ =1.4 and 1.67. Two paramete r s  relevant to the HE remain  unchanged: ~ = 3  and D=8:5  km/sec.  
The velocity U and other pa rame te r s  of the two-layer  detonation were determined by the pa ramete r s  of that 
problem for which r m - r . _ < 0 . 0 2 r  0. In solving success ive  problems with U reduced by 0.1 km/sec ,  the cur rent  
radius f assumed also the value r . ,  but for df/dt < 0. 
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The main resul ts  obtained for Y =1.4 a re  shown in Table 1, where P2 is the density of the shell mater ia l ;  
r 1 is the outer  charge  radius;  5 0 is the initial shell thickness;  a and h are  empir ical  constants in the expres -  
sion for the linear dependence of the shock-wave velocity on the mass  velocity at the front for the mater ia l  of 
the shell;  and z m is the distance between the front of the chunnel wave and the maximal  compress ion  section of 
the centra l  field (the last pa rameter  cha rac te r i zes  the e r r o r  of the model due to the mass  exchange between 
the DP and the mass  of the centra l  flow being neglected).. One can see that due to the adopted initial data the 
sca t ter ing of the velocit ies is ra ther  smal l  (within 10.1-15.8 kin/see) .  The effect of r 1, P 2 on Zm and U is dif- 
ferent .  For  example, if the thickness of the HE grows from r 0 to 2r  0, the distance Zm is approximately double U, in- 
c reas ing  at the same t ime by less than 0.5 k m / s e ~ .  The grea tes t  increment  of U occurs  when the shell r e -  
mains s tat ionary;  this can be ver i f ied by compar ing the f i r s t  and the last  two variants .  

In accordance  with the assumptions of the employed model,  the variants  with the highest U and the lowest 
z m yield the most  accura te  es t imates  of rea l  pa ramete r s  of a two: layer  detonation. Using this approach one 
can find some variants  with c lose U and z m. In par t icular ,  the variant  z m / r  0 =5.6, U=10.9 km/sec  cor responds  
to the conditions in an actual experiment [4]. The mean velocity of the p rocess  under considerat ion is almost  
identical with the computed one. It follows f r o m  the calculations as well as f r o m  the formulas  of [6] 'that there 
a re  l imited possibil i t ies of obtaining ve ry  high velocit ies for the sys tems  under considerat ion:  the l imiting 
velocity calculated for  rl--* ~ by using the formulas  of [6] is 22.82 kin/see .  

In Fig. 2 the DP limits are  shown in the var iables  r / r  0 and z / r  0 for the variants  with a moving shell and 
3, =1.4; the dashed llne cor responds  to the value of r / r0=0 .7747  obtained for  the specified 7 using the expres -  
sion for  r , / r  0 of (2.1) (the numera ls  a re  the variant  ordinals).  The inclination of the boundary of the central  
flow to the axis of s y m m e t r y  df/dz (dimensionless quantity) may assume negative or  positive (but always low) 
values. It can be shown that for  all var iants  the est imate  

ldl/dz] ~ 0.21 (3.1) 

is valid. The corresponding est imate  for the inclination of the DP boundaries is not worse  than (3.1), which 
justifies the use on the one 'd imens ional  boundary conditions (1.5) and (1.6) of the DP la teral  boundaries.  

The computation resu l t s  for 3, =1.67 do not differ qualitatively f rom those of ~/=1.4 and are  thus omitted. 

The discussed resu l t s  were  obtained using a grid with 20 computation nodes of the space variable.  As 
regards  the mass  and energy equilibrium, their  deviations did not exceed 4.5% for  var iants  with shells r emain -  
ing constant,  r m and z m being determined with a sa t i s fac tory  accuracy.  Thus, the checking of the second 
variant  on a grid twice reduced showed that the re la t ive  e r r o r  did not exceed 2%. With the value of U obtained 
f r o m  the original  grid the change in r m was only in the fourth decimal place and Zm was reduced by 0.077 r 0. 
For  this case  the distributions of P/PD in some DP c ros s  sections against the dimensionless var iable  /~ = 
(r -f) /(~ - f ) ,  f <_r _<q~ a re  shown in Fig. 3; one can see now that for  z / r  0 =2.6 the wave ref lected f rom the shell 
is weak, but the i r regu la r i ty  of p r e s s u r e  dis tr ibut ion is maintained up to the cr i t ica l  section (z/r0=5.6).  The 
i r regula r i ty  of p r e s su re  distribution in the cr i t ica l  section is a cha rac te r i s t i c  feature of all var iants  and it ap- 
pears  s t rongly in the last  two variants  with shells not in motion. In Fig. 4, dimensionless  p r e s su re  profiles in 
the c r i t ica l  section a re  slmwn for  them, where the numera ls  over the curves  a re  the ordinal  numbers  of the ap- 

propr ia te  variant.  

4. Justif ication of One-Dimensional Approximation. The proposed approach for  evaluating the pa ramete r s  
of a two- layer  detonation is based on the numer ica l  solution of Eqs. (1.2). To justify the use of an approxima-  
tion an est imate  is given in the calculation range  of the quantity (w/U-l ) .  

At the detonation front the axial component of velocity is known: 

co D = U - -  [t/(• -b I)]D~/U. (4.1) 

With the extension of the DP the mean velocity increases  monotonically in the cr i t ica l  section up to the value 
w , .  For  var iants  with immobile shells w ,  is evaluated direct ly  using the analytic formulas  of [6], since they 
r ema in  valid for any ra t ios  of U and D. They also remain  valid with some slight cor rec t ions  for var iants  with 
moving shells.  One must  know in addition the momentum G l t ransmit ted  to the shell  in the axial direct ion per 
unit of t ime as well as (p 1, which is the value of ~p in the cr i t ica l  section. If the centra l  mat ter  does not reac t  
chemical ly  and the Much numbers  M of the chvnuel wave a re  sufficiently high (quantities of the order  of 1/M ~ 
can be ignored) simple equations a re  obtained for the velocit ies w ,  and U: 

, ~ , I U  = ~ : -  i~l(• -~ t), 
(D/U) ~ ----- I q- z~(cr ~ --  i) --  ([~ -- a)e, (4.2) 

a = I -+- RZG(t  -+- G,/Go), ~ -= RPS(•  + 1), 
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T A B L E  2 

Vari- 
ant R 
No. 

t 0,04t 
2 0,042 
3 0,042 
4 0,0t-42 
5 0,042 
6 0,041 
7 0,042 

Z 

1,042 
0,333 
0,t25 
0,333 
0,i25 
1,042 
0,333 

Q,/Qo 

1,54 
4,79 

12,0 
3,96 

t0,t2 

0 

I~l/rO 

1,6 
2,49 
3,57 
2,58 
3,89 

S 

2,042 
t ,867 
1,518 
2,019 
t,8i6 
t,417 
1,133 

(~ 

t,032 
1,024 

t,020 
1,02t 
t,0i7 
t,0t3 
t,004 

0,162 
0,152 
0,t24 
0,t64 
0,148 
0,1t3 
0,092 

e,/U 

0,99 
0,99 
0,99 
0,08 
0,98 
0,98 
0,fi8 

U, km/ 
S@C 

9,3 
10,3 
tl,3 
10,5 
tt,4 
t3,0 
t7,3 

w h e r e R = p 0 / P l ;  Z = r02 / ( r2 - r0~ ;  2 r 2 2 2 - S =  ~ l -  , ) / ( r~- r0) ;  Go is the momentum t ransmit ted  to the central  flow in the 
axial direct ion in a unit of t ime; and G and P a re  functions of 7 ,  namely,  

G = I y]/y]/y]/y]/y]/y]/~ t p = 2 (? -[- t/v/(v-l) 
,? ' ~ - 4 - i \  2v / " 

For the ratios D/U and 0J,/U their definition domain is given by 

a ~ l ,  [ ~ 0 ,  a~. (4.3) 

The  f i r s t  two c o n s t r a i n t s  of  (4.3) r e s u l t  f r o m  the  p h y s i c a l  m e a n i n g  of t he  i n i t i a l  da t a  which  de f ine  a and f l ,  the  
t h i r d  is  the  cond i t i on  fo r  the  s u p e r s o n i c  f low of the  D P  to be  p r e s e n t  in the  c r i t i c a l  s ec t i on .  

In n u m e r i c a l  e x p e r i m e n t s  wi th  l iqu id  h y d r o g e n  one  had to b e a r  in mind  tha t  the  in i t i a l  p r e s s u r e  was  of the  
o r d e r  of  1 a i m .  The  o b t a i n e d  v a l u e s  of  the  v e l o c i t i e s  of the  chnnr le l  w a v e s  a r e  M 5 10 which  e n a b l e s  one to 
e m p l o y  the  f o r m u l a s  (4.2). 

Let  the  a b o v e - c a l c u l a t e d  11 v a r i a n t s  Q0 and Q1 be  the  n u m e r i c a l  v a l u e s  of the  w o r k  a c c o m p l i s h e d  b y  the  
D P  on a unit  l eng th  of  i nne r  o r  o u t e r  s u r f a c e .  Then the r e l a t i o n s  

r ~  

G O = j" p2nld]  ~ Qo, Gi '~' Qi 
"go 

are  valid, and this enables one to rep lace  G1/G 0 in the expressions for a by QI/Q0. If for q~ 1 one uses the 
n u m e r i c a l  v a l u e s  of r for  Zm, then  ~ and/3  and hence ,  w. and U, can  be  c a l c u l a t e d .  

The  i n i t i a l  d a t a  a s  w e l l  a s  the  c o m p u t a t i o n  r e s u l t s  u s i n g  the  f o r m u l a s  (4.2) fo r  Y =1 .4  a r e  g iven  in T a b l e  
2; it can  b e  s e e n  tha t  a l l  the  a and /3  p a i r s  s a t i s f y  the  i n e q u a l i t i e s  (4.3), and tha t  the  r a t i o s  r  a r e  c l o s e  to 
uni ty.  Us ing  (4.1) it can  be  e s t a b l i s h e d  tha t  fo r  a l l  v a r i a n t s  one has  

--0.02 ~_ co/U - -  i ~.~ --0.2.  

Under  such  c o n s t r a i n t  the  c o m p a r i s o n  of the  v a l u e s  of  U f r o m  T a b l e  1 and T a b l e  2 o b t a i n e d  in a d i f f e r en t  m a n -  
n e r  shows  tha t  the t e r m s  of the  f o r m  3 ( w / U - 1 ) F / O t  have  no m a r k e d  ef fec t  on the  v e l o c i t y  of  the  t w o - l a y e r  d e -  
tona t ion .  It is  obvious  tha t  the  d i s c r e p a n c y  in the  l a s t  v a r i a n t  is  due to the  l a c k  of  p a r a m e t e r  u n i f o r m i t y  in the  
c r i t i c a l  s e c t i o n .  

In the  g e n e r a l  c a s e ,  i t  f o l l ows  f r o m  (4.1) and (4.2) that  

D / U = c o n s t  \ 

These relat ions provide a basis  for the use of one-dimensional  approximation not only for U>>D, but also if U 
is  c o m p a r a b l e  wi th  D. 

It shou ld  be  m e n t i o n e d  tha t  fo r  the  b o u n d a r y  c ond i t i ons  of the  p r o b l e m s  unde r  c o n s i d e r a t i o n  to be  d e t e r -  
m i n e d  w i th  r e g a r d  to the  s t a r t i n g  p a r a m e t e r s  p 0 and U one  on ly  n e e d s  to know the  p r o d u c t  p oU r. The  l a t t e r  
e n a b l e s  one to ex tend  the  n u m e r i c a l  r e s u l t s  to the  p r o c e s s e s  in which  p 0 and U v a r y  o v e r  wide  r a n g e s  but  such  
tha t  the p r o d u c t  p 0 U2 r e m a i n s  cons t an t .  

The  au tho r  would  l ike  to e x p r e s s  his  thanks  to V. V. Mi t ro fanov  for  his  i n i t i a t i ve  in c a r r y i n g  out  th is  
work .  
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G E N E R A T I O N  O F  A P L A N E  R E L A X A T I O N  W A V E  

IN AN A E R O C O L L O I D A L  S U S P E N S I O N  OF S O L I D  

A.  D. G o l ' t s i k e r ,  S. V. T a r a k a n o v ,  
O. M. T o d e s ,  a n d  S. A.  C h i v i l i k h i n  

P A R T I C  L E S  

UDC 532.593;541.182.3 

The analys is  of propagat ion of a s t a t iona ry  shock wave in an aerocol lo ida l  suspension [1-4] has shown that 
behind the shock front  is a r a t h e r  broad re laxa t ion  zone, in which the suspended par t i c les  a r e  gradual ly  ac -  
ce l e ra t ed  by the gas flow. Inthat  zone the pa r t i c l e s  a r e  heated up to the t e m p e r a t u r e  of the gas,  heat is r e -  
leased due to the work of f r ic t ion fo rces ,  and var ious  phase  t rans i t ions  a r e  poss ible ,  for  example ,  mel t ing  and 
evaporat ion of the colloidal  pa r t i c les .  It is exceedingly difficult to obtain an analytic solution of the s y s t e m  of 
different ial  equations descr ib ing  the gas and pa r t i c l e s ;  as  a rule ,  a computer  is r ec ru i t ed  as an aid to finding 
solutions for var ious  specia l  cases .  

Even more  insurmountable  a r e  the ma themat i ca l  diff icult ies  assoc ia ted  with investigation of the t r ans ien t  
pa r t  of shock genera t ion in an aerocol lo id ,  as in the case ,  for  example ,  when a shock wave t ravel ing  through a 
pure  gas impinges on a domain fil led with an aerocol loid.  

For  a sma l l  volume concentrat ion of pa r t i c les  the leading edge of the shock wave en ters  the aerocol lo id  
v i r tua l ly  unchanged. Immedia te ly ,  however ,  two contact  su r faces  a r e  formed:  1) the boundary of the moving 
cloud of pa r t i c l e s ;  2) the boundary (interface) between the or iginal  (before a r r i v a l  of the shock) dusty gas and 
the clean gas .*  The pa r t i c l e s  set  in motion genera te  d is turbances  in the surrounding medium in the f o r m  of 
r a r e f ac t i on  and c o m p r e s s i o n  waves.  Inasmuch as the leading edge of the shock waves moves  re la t ive  to the 
t ra i l ing  gas at l e ss  than the veloci ty  of sound, the d is turbances  over take  the shock front  and begin to de fo rm it. 
Final ly a re f l ec ted  shock is fo rmed  and propaga tes  in the opposi te  direction.  

*The second boundary is logical ly  called the gas contact  sur face .  Its t r a j e c t o r y  is c l e a r l y  the t r a j e c t o r y  of the 
gas mass  p resen t  at  the initial instant at the nonmoving in ter face  between the gas and aerocol loid .  
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