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Nonsteady-s ta te  gasdynamic p rocesses  are considered in a p lasma  column (hot channel), formed 
behind the front of a shock wave moving toward a laser  beam. A quas i -one-dimensional  approxi-  
mation is used - t h e  pa ramete r s  in the channel are  assumed to be compensated with respect  to 
c ross  section, but depend on the t ime and distance along the axis. Motion in the cold dense c a s -  
ing surrounding the channel is assumed to be one-dimensional  and cylindrical ly symmet r ica l .  
The solutions of the corresponding sys tems  of equations in part ia l  derivatives permit  the p a r a m -  
e te r s  to be determined approximately both in the case when the mean free path of the radiation is 
smal l  in compar ison with the radius of the beam (luminous detonation) and also in the case when 
the mean free path is comparable with the radius.  Examples are given of the corresponding nu- 
mer ica l  calculat ions.  It is shownthat  in the lat ter  case,  a cycle of incomplete absorption can be 
achieved when behind the shock wave front, moving with constant velocity up to the Jouguet plane, 
only a part  of the radiation energy incident on the front is re leased.  

w 1. The concept of luminous detonation - the propagation of a shock wave counter  to a l a se r  beam, be-  
hind the front of which the radiation energy which defines the pa ramete r s  of the wave is re leased  in a narrow 
zone - was used for the f irst  t ime in [1] in o rde r  to interpret  the phenomenon of the propagation of a p lasma 
front f rom a l ase r  burst .  In o rde r  to calculate the pa rame te r s  of the detonation wave, ord inary  algebraic 
relat ions are used: the hydrodynamic laws of conservat ion on the assumption of total  absorption in a narrow 
zone of the radiation incident on the front and the fulfilling of the Jeuguet condition [1-4]. However, these as-  
sumptions are not always fulfilled. Moreover ,  the pa ramete r s  of the p lasma behind the detonation wave front, 
moving with variable velocity, are interest ing.  In these instances,  it ts natural  to have recourse  to the solu-  
tion of the corresponding gasdynamic problem, taking account of the finiteness of the energy re lease  zone. 
When the diameter  of the beam is l a rge r  in compar ison with the distance t raveled by the shock wave, the pat-  
te rn  is close to plane. 

Sometimes it is possible to use also se l f - s imi l a r  solutions (see, for example, [5]), and in the general  
case recourse  can be had to any numer ica l  method (for example, the one used in [6]) for calculating the occu r -  
rence and propagation of detonation waves in a layer  of the vapors  formed by the action of radiation on con- 
densed substances.  However, since the d iameter  of the beam usually is ex t remely  small ,  during the action of 
the radiation pulse the shock wave t rave ls  distances which are g rea t e r  than the diameter ,  and the spreading-  
out of the p lasma column, formed behind the shock front in the direction perpendicular  to the beam, becomes 
considerable.  Expansion and cooling of the p lasma can lead to an increase  of its t ransparency ,  a reduction of 
the energy re lease  behind the shock front, and to the impossibil i ty of detonation when the diameter  of the beam 
is less than a cer tain cr i t ica l  value [7]. 

The solution of the complete two-dimensional  non-s teady-s ta te  gasdynamic problem with the re lease  of 
energy is quite complex and t ime consuming, and numerous al ternat ives are  possible,  which differ in 
the density of the radiation flux, the duration of action, beam dimensions, the shape of the pulse with t ime, and 
the density and composit ion of the gas, accordin~ to which the shock waves are propagated.  Therefore ,  it is 
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advantageous to develop an approx imate  method for  calculat ing the p a r a m e t e r s ,  taking into account the effect  
of  l a t e ra l  expansion.  

The phenomenon being cons idered  is cha rac t e r i zed ,  in the f i r s t  p lace ,  by high sonic ve loci t ies  in the 
hot ,channel"  in which the gas has been heated up not only by the shock front  moving  counter  to the radiat ion,  
but also as a resu l t  of the absorpt ion  of radia t ion behind the front;  secondly,  by re la t ive ly  low veloci t ies  of 
sound in the cold "envelope,"  where  the gas  is c o m p r e s s e d  behind the " la tera l~ shock front,  which has,  in 
addition, a lower  ampl i tude ' than  the "head" wave.  In o r d e r  to desc r ibe  the motion of the gas and the change 
of p a r a m e t e r s  in a long na r row channel,  we shal l  use a quas i -one -d imens iona l  approximat ion - the p a r a m -  
e t e r s  in each  sec t ion  of the "channel"  are a s s u m e d  to be compensa ted ,  but t he i r  change along the axis of  the 
channel and with t ime  is postulated.  

The motion of the gas  in the envelope will  be a s s u m e d  to be one-d imens iona l  and t r ave l ing  in the d i r ec -  
t ion pe rpend icu la r  to the axis of  the channel.  In o r d e r  to de te rmine  the p a r a m e t e r s  in the envelope,  it is 
n e c e s s a r y  to so lve the  cy l indr ica l ly  s y m m e t r i c a l  p rob l em for  each  sect ion ( rea l is t ic ,  of course ,  for  a n u mb er  
of chosen sect ions) .  The  p a r a m e t e r s  in each  sect ion are  r e l a t ed  with one another  by the p a r a m e t e r s  in the 
channel,  where  the ene rgy  of the pa r t i c l e s  is changing both on account of its ex te rna l  supply and its r e d i s t r i b u -  
t ion during motion along the axis ,  and also due to expansion of the channel.  The quas i -one -d imens iona l  ap-  
p rox imat ion  is applicable also in another  l imit ing case  - when the pa t te rn  is  c lose to plane and the l a t e ra l  ex -  
pansion is negligibly s m a l l .  

The s y s t e m  of equations fo r  descr ib ing  the gasdynamic  p r o c e s s e s  in the channel,  taking account of the 
change of its c r o s s - s e c t i o n a l  a rea ,  has the f o r m  

Ou/Ot + SOp~Ore = O; 0r - -  Ou/Om = O; 

OE/Ot + O(puS) /Om A- OF~Ore = ] - -  2pr 

OS/Ot - -  (u /~)OS/Om : 2Woro; 

E : e + u 2 / 2 ,  S : r o ,  r  pS, 

(1 .1)  

(1.2) 

(1.3) 
(1.4) 

where  p is the p r e s s u r e ;  p is the density;  e is the spec i f ic  ene rgy  of unit m a s s ;  u is the velocity;  E is the to ta l  
ene rgy  of the pa r t i c l e s ;  ~S is the c r o s s - s e c t i o n a l  a r e a  of  the channel; r 0 is the radius  of the channel; ~0 is a 
p a r a m e t e r ,  which is the analog of the spec i f ic  volume;  w 0 is the veloci ty  of motion of the boundaries  of  the 
channel (in the di rect ion pe rpend icu la r  to the axis);  t is the t ime;  and m is the Lagrangian  m a s s  coordinate .  
The s y s t e m  of  equations of motion and continuity (1.1), ene rgy  (1.2), and the equation for  de termining the a r e a  
of the channel (1.3) mus t  be added to the equation of s ta te  

p = (~ -1 )e ,o ,  v = ~(e, p),  (1 .5)  

where 7 is the effect ive in tegra ted  adiabat ic  index. The distance x along the axis of the channel can be d e t e r -  
mined,  for  example ,  f r o m  the re la t ion  

9SOx/dm = 1. 

Equation (1.3) is obtained by conver t ing to m and t f r o m  the re la t ion  

Oro/Oti~=c~n~t : Wo, 

The las t  t e r m  of Eq. (1.2) de sc r ibe s  the work comple ted  during expansion of the channel, and the penul t i -  
mate  t e r m  desc r ibes  the intensi ty of  the heat r e l e a s e  (f > 0), for  example ,  Joule heat,  during the passage  of an 
e l ec t r i c  cu r ren t ,  o r  the r e m o v a l  of  heat  (f < 0) through the wahl of  the channel due to e lec t ron  t h e r m a l  conduc- 
t ivi ty  o r  by means  of spa t i a l  luminescence .  Below, we shal l  suppose that  these  losses  of ene rgy  are  negligibly 
smal l ,  and t h e r e f o r e  we shal l  not specify  the connection between f and the o ther  gas p a r a m e t e r s ,  assuming  
s imply  that  f = 0 .  

The quantity F is the to ta l  ene rgy  flux along the channel.  The cor responding  ene rgy  r e l ea se  OF~Ore is 
a s sumed  to be ident ical  for  all  pa r t i c l e s  of  given c r o s s  sec t ion .  

In th is  pape r ,  we shal l  a s s um e  that  the t r a n s f e r  of  ene rgy  along the channel is accompl ished  only because  
of the absorpt ion of monochromat i c  l a s e r  radiat ion.  In this  case ,  we shal l  use  the t r a n s p o r t  equation 

OF/Ora = - -  ( •  or OF/Oz = - -  ~lF, 

ave raged  o v e r  the c r o s s  sect ion,  where  ~7 is the l inear  and u t h e  m a s s  absorpt ion coefficient,  and ~t=~t(e,, p).  
The diffusion of the flow of  radia t ion ene rgy  o v e r  the whole c r o s s  sect ion of the channel contr ibutes  a finite 
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e r r o r  in the descript ion of the picture of the p rocess .  However, if the energy  re lease  takes place only in a 
relat ively narrow zone, within the l imits of which the c ross  sect ional  a rea  S could not be changed by compar i -  
son with its initial value, equal to the c ross  section of the beam, as occur s ,  for  example,  at the detonation wave 
front, then this procedure  does not contribute a significant e r r o r .  

The sys t em of equations for describing the motion in the envelope between the shock wave and the channel 
has the form 

Ow/Ot ~ rap/Ou = 0; Ov/Ot--c3(u,r)/c3n = 0; (1.6) 

[O(e + w~'/2)]/at ~- O(pwr)/On = ./, (1.7) 

where v is the specific volume of the gas (v = l i p ) ;  w is the velocity of motion in the direction perpendicular  
to the axis; and n is the Lagrangian mass  coordinate,  connected with the radius r by the relation 

prar/On = 1. (1.8) 

The quantity f in Eq. (1.7), determines  the energy  re lease  in the envelope, for example, due to absorption of 
radiation of the continuum, emit ted by the hot channel. In the specific examples considered below, we shall 
assume that f=0 .  We shall call the sys tem of equations (1.1)-(1.5), sys tem I, and sys tem of equations (1.5), 
(1.6)-(1.8), sys tem II. 

System II will be solved for each of the sections considered x =x i with the boundary condition defining 
equality of p re s su re  in the cold envelope and in the hot channel at the i r  boundary of separation: 

pc(t) = p(t ,  n = O) = p(t ,  mi(t)),  

where mi(t) cor responds  to a given value of x i. At the same t ime,  the densities and t empera tu res  in the chan- 
nel and envelope are different. We note that par t ic les  in the channel are t ranspor ted  relative to a given s e c -  
tion and the presence  of this contact discontinuity would make it difficult to c a r r y  out two-dimensional  calcu- 
lations of this problem by a direct  scheme.  Obviously, in this case,  it is desirable to separate the boundaries 
of separat ion of the channel and the envelope. 

The values of the velocity at the boundary w 0 =w(t, n =0) are used in the solution of sys tem I jointly with 
sys t em II. In o r d e r  to reduce the number  of sections x i for which the calculation of sys tem II will be ca r r i ed  
out, it is neces sa ry  to choose a suitable method of interpolation of the pa rame te r s  between these sections.  We 
introduce 

a(x,  t) = wo/w s, ~(x, t) = Po/Ps, 

where w s and Ps are the velocity and p ressu re  at the shock front, related to each other  by the Hugoniot adia- 
bat 

p~ = pz(w~). (1.9) 

The quantities a and/3 are ord inary  weakly varying functions of their  arguments .  For  a s t rong shock wave, 
moving according to a power law f rom a piston, expanding according to this same law, the problem concern-  
ing the motion of the gas between them is s e l f - s imi l a r  and the quantities ~ and fl are constant in t ime.  This 
occurs  also for  the limiting case of a cyl indrical  powerful explosion with constant energy.  Therefore ,  r e la -  
tion (1.9) can be t rea ted  as the relation between P0 and w0, and it can be used as the boundary condition for 
solving sys tem h 

pc = ~pn(U,o/~) .  

In this case,  the values of ~ (x, t) and f~(x, t) in a certain t ime interval are assumed to be equal to the i r  value 
in the last instant of the preceding interval,  i.e., the i r  extrapolation is used. La ter  [when sys tem II is solved 
with the law of p r e s su re  variat ion P0(t) obtained in the  solution of sys tem I], a recalculat ion can be ca r r i ed  out 
and the refined functions cr t) and fl(xi, t) can be determined at a given t ime interval.  For  the lengths be-  
tween the sections in which sys tem II was solved, the hmctions ~ and /3 are determined by interpolation with 
respect  to x. 

For  calculations which do not require  special  accuracy,  in those cases  when the "lateral"  shock wave is 
s t rong and the compress ion  behind its front is large,  the approximation of an infinitely thin envelope can be 
used when we have a simple relation between ~, fi, and the law of motion of the envelope [8, 9] 

~z = t ,  ~ = I -~ d ln wo/d ln n~, 

where n s is the mass  entrained by the la tera l  shock front. 
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Numerica l  calculations of the flow in the channel have been ca r r i ed  out by the difference scheme de-  
scr ibed in [10] using an art if icial  v iscos i ty  and based on the method of integral  relat ions.  Calculations of the 
motion in a la teral  direction have been ca r r i ed  out by the scheme with a formulated shock front, s imi la r  to 
[11], or  on the assumption of an infinitely thin envelope. We note that the use of the la t ter  assumption even 
for a s t rong wave may prove to be ex t remely  rough. If the hot channel is open f rom one or  both sides,  and 
flow into a vacuum or  into a low-densi ty medium takes place f rom it, then the p res su re  in the channel falls 
sharply,  as a result  of which the re turn  motion of the walls of the channel toward its axis commences ,  while 
the shock front will be moving f rom the center ,  i.e., the quantity fl can be reduced sharply and may even 
change sign. In this situation it becomes n e c e s s a r y  to c a r r y  out the calculation of the motion in the envelope. 

The cases  of a closed channel, in which no r eve r se  motion occurs ,  will be considered in this paper.  
The calculations of the problem of cyl indr ical ly  symmet r i ca l  motion of a gas, with the laws of fall of p re s su re  
in the channel with t ime,  and which are typical  for  the problems considered below, have shown that over  a 
quite large t ime interval  o ~  1 and fl=0.7. These constant values for o~ andfi were assumed in the examples 
of calculations descr ibed.  

When using this method, it is n e c e s s a r y  also that the shape of the channel and of the shock wave do not 
differ too s t rongly f rom a c i r cu la r  cylinder,  in o rde r  that only the redis tr ibut ion of energy  between sections 
due to motion in the channel would be taken in toaccount ,  and not redis tr ibut ion due to motion in the cold en-  
velope in the direction along the axis of the channel. 

We note that an approach close to that descr ibed was used in an investigation of the dynamics of con- 
s t r ic t ion of a p lasma pinch by an e lec t r ic  discharge in vacuo in [12], where there was no cold gas envelope, 
and the p res su re  of the magnetic field was determined by the magnitude of the e lec t r ic  current  flowing and the 
radius of the channel. The difference between our  formulation and that of [12] consists  in that the total energy 
equation for par t ic les  in the channel is considered,  and it is not postulated that the flow is adiabatic o r  i so-  
the rmal .  Thus, the formation and propagation of shock waves in the channel is permit ted.  

In [13] an even more  simplified approach was used for describing the pa ramete r s  behind the front of a 
luminous detonation (the motion was assumed to be cyl indrical ly  symmetr ica l ) .  It is obvious that with a 
s t rong change of the radiation flux density with t ime and with a corresponding change of velocity of the lu- 
minous detonat ionfront  and thegas  veloci ty behind it, a significant motion of the p lasma in the channel along 
its axis or iginates .  Moreover ,  it will be shown below that even with a constant flux density, in consequence 
of the s trong p res su re  differential between regions close to the front of the detonation wave, where the p re s -  
sure  is maintained continuously at a high level, and remote  f rom it where the p ressu re  is reduced s t rongly be-  
cause of the la tera l  expansion of the channel, motion along the channel axis originates which is directed f rom 
the luminous detonation front.  Finally, the quas i -one-d imens ional  procedure  enables the pa rame te r s  to be 
calculated also by taking account of the finiteness of the width of the energy re lease  zone, however, with a not 
too large magnitude of the radiation mean free path at the shock front. 

Let us consider  an examPle of a calculation of the problem of a gas behind the front of a luminous de- 
tonation wave in air  at normal  density, p a = P L = l . 2 9  �9 10 -3 g / c m  ~, with a flux density of the incident radiation 
qa =250 MW/cm 2 and a radius R =3 mm. The thermodynamic  proper t ies  of the heated air  were descr ibed in 
the detailed tables of [14] and the optical proper t ies ,  in the tables of [15]. We note that in this  example the 
magnitudes of the radiation mean free paths behind the wave front are found to be very  small  in comparison 
wi~h the radius of the channel, and therefore  in the calculations we used a method of art if icial  limitation of 
the magnitude of the absorption coefficient in o r d e r  to spread  out the energy  re lease  zone at severa l  calculated 

points [6]. 

Figure 1 shows the shape of the channel. The numbers  above the curves  cor respond to t ime instants 
(#sec) f rom the s tar t  of the effect of the l ase r  emiss ion  on the initially formed p lasma layer  of small  thickness.  
The detonation initiation p rocess  and the formation p rocess  of this layer  will not be considered here .  The 
initial t empera tu re  and density of the p lasma in this thin layer  were chosen approximately with the e o r r e -  
spondingvalues inthe vapor  of a solid substance at the instant of initiation of the ~burst ~ in them [6]. 

At the instant t =1.14 #sec ,  the radiation ceases  to act. After this t ime,  energy w =285 J / c m  2 is supplied 
to unit a rea  and with a spot a rea  of S=0.283 cm 2 the total radiation energy  is ES=80 J .  The channel at this 
instant of t ime is quite long and nar row with a slightly changing (both in t ime and in length) angle of inclination 
of its walls in relat ion to the axis. 

We note that the rat io the channel length to its radius of 2 : 1 is maintained for  a long t ime after  the l a se r  
is switched o f f -  right up to instants of about 3 to 4 #sec .  Fur ther  calculation was terminated,  as the shock 
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wave cea se s  to be s t rong  (the p r e s s u r e  in it becomes  equal  to 15-20 a tm approximate ly) .  F igure  2 r e p r e s e n t s  
the p r e s s u r e  dis tr ibut ion along the axis of the channel at different instants .  It can be seen  that the p r e s s u r e  
in the vic ini ty  of  the sol id su r face  f r o m  which the detonatton wave is moving is cons iderab ly  lower  than the 
p r e s s u r e  at the shock front ,  and a f te r  the instant of  swi tching-off  the radia t ion source  a sharp  reduct ion of the 
amplitude of the front begins.  F igure  3 shows the t e m p e r a t u r e  dis t r ibut ion.  The t e m p e r a t u r e  drop along the 
axis of the channel is sma l l  r ight  up to the instant of swi tching-off  the source ,  when v e r y  cold l aye r s  appear  
in the vicini ty  of the front (rf the rap id ly  attenuating shock wave.  

The sma l l  i nc rease  of t e m p e r a t u r e  and p r e s s u r e  in the vicini ty  of the obs tac le  f r o m  which the detonation 
wave is moving is a s soc ia t ed  with r e t a rda t ion  of  the jet  of  gas,  flowing as f r o m  a nozzle f r o m  the shock front .  
This  is c l ea r ly  seen  in Fig.  4, where the ve loc i ty  dis tr ibut ion along the axis of  the channel is shown. 

F igures  2 to 4 do not show the na r row zone between the shock front and the Jouguet plane.  In this case ,  
the p a r a m e t e r s  at the shock  front  a re  as follows: p r e s s u r e  Ps =1710 ba r s ,  t e m p e r a t u r e  T s =20,600~ and 
the c o m p r e s s i o n  Qs =11.1.  

w 2. I n t h e v e r s i o n  cons idered ,  the magni tudes  of the radia t ion mean free  pa ths  in the Jouguet plane were  
sma l l  in compar i son  with the radius  of  the channel.  During the reduct ion of the radia t ion flux densi ty to ap-  
p rox ima te ly  80 M W / c m  2, when the t e m p e r a t u r e  a t  the shock front  amounts to approx imate ly  1 eV (in the Jou-  
guet plane it is approx ima te ly  2 eV), the magni tudes  of  the mean f ree  paths of the radiat ion f r o m  a neodymium 
l a s e r  i nc rea se  cor responding ly  up to approx imate ly  2 m m  and the detonation co l lapses .  With a reduct ion of the 
a i r  densi ty for  a fixed flux density,  the wave ve loc i t i es  and the t e m p e r a t u r e  inc rease ,  which leads to a reduc-  

tion of the detonation l imi ts .  

At a density equal  to 1/10 of no rma l ,  this  s ame  magnitude of the mean  f ree  path occu r s  only at 13 MW/ 
c m  2. With a reduct ion of the a i r  density,  the min imum radiat ion mean f ree  path is inc reased  and, finally, a 
s i tuat ion occu r s  when the f ini teness  of  the ene rgy  r e l e a s e  zone must  be taken into account for  any flux density 
and a luminous detonation in the usual  sense  genera l ly  is not poss ib le .  However,  cycles  becomes  possible  
which are  s i m i l a r  to luminous detonation with the pa r t i a l  absorpt ion of the energy  of the incident radiat ion.  

Let us  obtain the re la t ions  for  de te rmin ing  the p a r a m e t e r s  of the gas  behind the fronts  of a luminous 
detonation, taking into account the va r iab i l i ty  of the adiabatic  index y =y  (e, p), s ince in [1-4] they were  der ived  
only for  the case  of  y =const .  We shal l  dis t inguish the in tegra l  adiabat ic  exponent occur r ing  in the equation of 
s tate  (1.5) and the d i f ferent ia l  adiabat ic  exponent k(e, p) which occu r s  in the de te rmina t ion  of the veloci ty  of 

solmd c, 

c" = kp/p, k = 7 + 1/(7 --  t) �9 07 /a lnp  I~ -+- O7/Olne ]0. (2.1) 

We shal l  m a r k  all the p a r a m e t e r s  ahead of the detonation wave with the subscr ip t  a, at the shock front 
by the subsc r ip t  s, and in the gouguet plane by the subscr ip t  j. We shal l  a s sume  the detonation wave to be 
s t rong,  and t he re fo re  we shal l  put Ua=P a =Pa =0.  We shal l  use the conventional laws of conserva t ion  of m a s s ,  

momentum,  and ene rgy  

- -  Mu j  --}- p~ = - -  Mu~ -~ p~ --= O; 
Mvj  + u~ = Mv~ + u~ = Mva, (2.2) 

- -  M (ej + u212) + p ju j  + qj = - -  M (e~ + u212) + p~ t ,  -~ q~ = q~, 

where q is the radia t ion  flux density;  M is the m a s s  flow through unit a r e a  of  the front .  Neglecting radiat ion 
absorpt ion ahead of the shock front (in the , hea ted -up"  zone), i .e. ,  a s suming  qs =qa,  we add to Eq. (2.2)the 

Jouguet condition 

M =  pa D = OjCj, 

where  D is  the detonation veloci ty;  cj is de t e rmined  by Eq. (2.1) when p = pj and e =ej .  Using the equation of 
s tate  (1.5), we obtain the following re la t ions  for  de te rmln ing  the p a r a m e t e r s  in the Jouguet plane: 

qe = q~ - -  qJ= - -  [P~Da(2kr + i - -  ?~)]/[2(k~ + 1)2(7j - -  t)]; 

ej = k~D2/[(k~ -4 t)-~ - -  i)]; uj = D/(k~ -}- t); 
0) = p/p~,= (k~ + i)/k~; p~ = paD2/(kj + t), 

where  0j is the c o m p r e s s i o n  of the gas  in the gouguet plane; qe is the effect ive  radia t ion flux density,  c o r r e -  
sponding to the ene rgy  absorbed  in the front .  In the case  of to ta l  radia t ion absorpt ion,  i .e . ,  when qj =0, the quan-  
t i ty  qe coincides with qa, the radia t ion  flux densi ty  incident on the front .  We note that  the sign of D and M is 
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TABLE 1 

km / T...., t~ 

_qm~ 7 sec 

I 
Tj, I< "n, 

a m  - - t  

3 7.74 8 670" 17 900 0,01 
4 8.57 9 480 19 800 0.03 
5 9.34 10600 21 700 O.14 
7 t0,9 13 300 2~ 500 2.1 

I0 12.5 1 7 0 0 0  33~]00 7.~ 
15 14.2 1 9 6 0 0  38300 15 
20 15,6 21 700 42 300 12 
25 i6,8 23 700 46 100 15 
30 18.0 25 700 50 000 18 
40 t9,(,~ 30 500 56 900 [8 
50 21.4 34 500 (~2 400 20 
7o 24.0 40 700 71 100 30 

100 27. I 46 80n 82 40o 52 
150 31.1 55 100 97400 74 
200 34.4 62 700 t 10 000 89 
250 37.2 69 300 12 i 000 ! t0 
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c o n t r a r y  to the  s ign  o f  qe and qa - the  de tona t ion  wave  is  mov ing  t o w a r d  the  r a d i a t i o n .  The  p a r a m e t e r s  at the  
s h o c k  f ron t  a r e  d e t e r m i n e d  in the  u s u a l  way:  

e~=u~/2;  u ~ = [ 2 / ( ? ~ +  l)lD; 

0~= G,Ip~ = (y~ + l)/(y~ - -  t); p~ = 2p~,D-"/( w - -  t) .  

He re  0 s  is  the  c o m p r e s s i o n  of  the  gas  at the  s h o c k  f ron t .  The  q u a n t i t i e s  7 j ,  kj and k s ,  Ys depend  on e , ,  _pj 
and e s ,  Ps, r e s p e c t i v e l y .  T h e r e f o r e ,  the  c a l c u l a t i o n  of  the  a l g e b r a i c  s y s t e m s  is c a r r i e d  out by the  m e t h o d  
of  i t e r a t i o n s .  

The r e s u l t s  of  the  c a l c u l a t i o n s  of  the  de tona t ion  wave p a r a m e t e r s  for  a d e n s i t y  e q u a l  to  0.0316 of  the  
n o r m a l  a r e  g iven  in T a b l e  1. He re  ~ s  and Vj a r e  the  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t s  in the  p lane  of  the  f ront  
and in the  Jougue t  p lane  fo r  an e n e r g y  of  the  q u a n t a  e =1.16 eV ( n e o d y m i u m  l a s e r ) .  

A n a l y z i n g  the  d a t a  g iven  in the  t a b l e ,  we can  s a t t s f y  o u r s e l v e s  tha t  at low r a d i a t i o n  f lux d e n s i t i e s  d e t o n a -  
t i on  is  i m p o s s i b l e  even  at h igh b e a m  r a d i i ,  and t h i s  is a s s o c i a t e d  wi th  the  high t r a n s m i t t a n c e  of  the  a i r  beh ind  
the  s h o c k  f ron t .  In the  r e g i o n  of  low t e m p e r a t u r e s ,  the  quan t i t y  ~ depends  s h a r p l y  on T,  and its <<77j. C o n -  
s e q u e n t l y ,  beh ind  the  s h o c k  f ron t  t h e r e  shou ld  e x i s t  an e x t e n d e d  zone (with t h i c k n e s s  of  o r d e r  l s = ~?s - l ,  b e -  
hind which  shou ld  be an a b r u p t l y  h e a t e d  f ront  l j  = Vj - i ) .  If  tTsR,~<-l, t hen  the  l a t e r a l  r e l i e f  beh ind  the s h o c k  f ront  
l e a d s  to  coo l ing  o f  the  gas  and to a c o n s i d e r a b l e  r e d u c t i o n  of  7, i . e . , h e a t i n g - u p  and the  onse t  of s t r o n g  a b s o r p -  
t ion  b e c o m e  i m p o s s i b l e .  A d i f f e r en t  s i t u a t i o n  o c c u r s  in the  r e g i o n  o f  high t e m p e r a t u r e s .  T h i s  is  a s s o c i a t e d  
wi th  the  fac t  tha t  wi th  the  c o m p l e t i o n  o f  the  s i ng l e  and i n i t i a l  m u l t i p l e  i on i za t ion ,  when the  magn i tude  of  the  
a v e r a g e  c h a r g e  i n c r e a s e s  wi th  t e m p e r a t u r e ,  the  a b s o r p t i o n  coe f f i c i en t  a l so  i n c r e a s e s  wi th  t e m p e r a t u r e  but to 
a l e s s e r  d e g r e e .  The d e n s i t y  at the  s h o c k  f ron t  is  s i g n i f i c a n t l y  h i g h e r  than  in the  gouguet  p lane  (the c o m p r e s -  
s i on  0 s =13 .7  and 10.8,  whi le  e j =1.83 and 1.78 at the  beg inn ing  and end of  the  t a b l e ) .  B e c a u s e  of  t h i s ,  77s is  
m a r k e d l y  g r e a t e r  t han  ~?j, and, c o n s e q u e n t l y ,  the  e n e r g y  r e l e a s e  zone i s  e x t e n d e d  m a r k e d l y  a c c o r d i n g  to  the  
d i s t a n c e  f r o m  the  f ron t ;  the  c r i t e r i o n  o f  the  e f fec t  of  l a t e r a l  s p r e a d  b e c o m e s  not Vs R but T?jR. It fo l lows f r o m  
the  t a b l e  tha t  fo r  R =0.3  c m  when q e ~ 1 5 0  M W / c m  2, f o r  v jR  ~ 3  to 5, c y c l e s  shou ld  be a c h i e v e d  which  a r e  c l o s e  
to  a n o r m a l  l uminous  de tona t ion ;  in the  r e g i o n  q e ~ 3 0 - 7 0  M~%Y c m  2, when ~jR ~ 1 to  2, c y c l e s  of i n c o m p l e t e  a b -  
s o r p t i o n  m a y  be ach ieved ,  wi th  a m a r k e d  d e v i a t i o n  f r o m  a ful l  de tona t ion .  
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We shal l  der ive  the r e su l t s  of the calcula t ions  by the quas i -one -d imens iona l  p rocedure  descr ibed  above 
for  the case  qa=100  M W / e m  2 and 1~ =3 m m  for  an a i r  densi ty pa=0.316 of the n o r m a l  density.  

After  a t ime  of 2.6 p s e c  in this var ia t ion ,  the same  ene rgy  is supplied as in the previous  case .  Figure  
5 shows the shape of the channel for  two instants:  1.2 and 2.4 ~sec .  It can be seen that  a long and na r row 
channel is f o rmed  also,  and the veloci ty  of the shock front  is found to be a lmost  Constant (s tart ing f r o m  an 
instant  of t ime  of about 0. 5 ,usee) and equal  to app rox ima te ly  17-18 k m / s e c ,  which is cons iderably  lower  than 
it would be in a comple te  absorpt ion cycle (27 k in / s ee ,  see Table 1). The quas i s t ead iness  of motion of the 
plug of c o m p r e s s e d  gas immedia t e ly  behind the front is explained by the or iginat ion of a sonic sect ion (the 
dashes  in Fig. 5), which does not t r a n s m i t  a pe r tu rba t ion  to the front .  The opt ical  th ickness  of the plug r e -  
mains  constant ,  which ens u re s  a constant  value of the ene rgy  absorbed  in the plug and expended on main ta in -  
ing the motion of the front .  The plane,  where the Jouguet  condition is sa t i s f ied ,  l ies at a distance of approx-  
ma t e ly  0.1cm f r o m  the shock front,  i .e. ,  the th ickness  of  the c o m p r e s s e d  l aye r  absorbing the radiat ion is 
sma l l  in compar i son  with the radius  R and in compar i son  with the distance t r ave l ed  by the shock wave.  We 
note that  in this na r row region the re  o c u r r e d a r e a s o n a b l e  n u m b e r  (about 30) of calculated points,  which p r o -  
vided sufficient  a c cu racy  for  de te rmin ing  the p a r a m e t e r s  in this  zone and the veloci ty  of  propagat ion of the 
wave D. 

Figure  6 gives the dis tr ibut ion of the p a r a m e t e r s  in the vicini ty  of  the shock front: the p r e s s u r e  p, 
bar ;  the ra t io  of the flux F to the magnitude of  the incident flux F0; the t e m p e r a t u r e  T, eV, at a distance of x, 
ram. It can be seen  that  in the sect ion before  the Jouguet plane,  ma rked  by a dashed line, approx imate ly  50 % 
of the radia t ion ene rgy  was absorbed .  However,  the p a r a m e t e r s  at the front and in the Jouguet plane are  found 
to be lower  than for  qe =50 MW/cm 2. This  is due, obviously,  to the fact that although the l aye r  between the 
front and the Jouguet  plane is quite na r row,  the l a t e ra l  expansion of the channel neve r the le s s  is affected sl ightly.  

We note that  in the ve r s i ons  with weake r  radia t ion absorpt ion in the c o m p r e s s e d  gas nea r  the front it is 
n e c e s s a r y  to take account of the e f fec ts  due to the penet ra t ion  of the radia t ion which has r emained  unabsorbed  
up to the obs tac le  and the fo rmat ion  of a vapo r  jet  flowing in the channel.  

In conclusion,  we note that  it would be in te res t ing  to invest igate  the propagat ion of luminous detonation 
waves in an incomplete  absorpt ion cycle ,  
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E S T I M A T E S  O F  T H E  N O R M A L  V E L O C I T I E S  

O F  P R O P A G A T I O N  O F  L A M I N A R  A N D  V E R Y  

S M A L L - S C A L E D  T U R B U L E N T  F L A M E S  

V.  S.  B a u s h e v  a n d  V .  N .  V i l y u n o v  UDC 536.46 : 533.6 

On the mos t  genera l  assumpt ions  (taking account of the L e w i s - S e m e n o v  number ,  t h e r m a l  ex-  
pansion,  va r iab i l i ty  of t he rm ophys i ca l  p a r a m e t e r s ,  etc.) ,  analyt ical  e s t i m a t e s  are obtained for  
the n o r m a l  ve loc i t ies  of combust ion of l amina r  and turbulent  f l ames .  In the case of an Arrhenius  
dependence of the reac t ion  ve loc i ty  on the t e m p e r a t u r e ,  the combust ion veloci ty  is r e p r e s e n t e d  
by an asympto t ic  s e r i e s  with r e spec t  to the F rank -Kamene t sk i i  d imensionless  t e m p e r a t u r e ;  for  
turbulent  f l ames ,  with r e spec t  to a p a r a m e t e r  of the re la t ive  sca le  of turbulence .  The final r e -  
sul ts  ove r  a wide range of change of p a r a m e t e r s  are  compa red  with a numer i ca l  calculat ion on 
a compute r  of the exact  equations and with the re la t ions  obtained by the method of combined 
asympto t ic  expans ions .  

1 .  M a t h e m a t i c a l  F o r m u l a t i o n  o f  t h e  P r o b l e m .  L a m i n a r  F l a m e  

When the t e m p e r a t u r e  dependence of the ra te  of the volume heat r e l e a se  is de te rmined  b y t h e A r r h e n i u s  
law 

(I3 = (p(T)),~v,,z(T) exp ( - -  E / R T ) ,  (1.1) 

the t h e r m a l  diffusion m e c h a n i s m  of propagat ion  of a one -d imens iona l  s teady f lame is desc r ibed  [1] by the s y s -  
t e m  of equations 

dp/du = v,,k(u)l(u)/p - -  0~; (1.2) 
( l !L)dv /du  = 1 - -  o~(v - -  u)/p,  0 < u < I 

and with the boundary conditions 

u = O ,  p = 0 ,  v = O ;  
u = l , p = O ;  

](u) = (exp(--Oou/(t - - zu ) ,  O ~ u ~ 8  
0, e < u ~ <  t. 

(i .3) 
(1.4) 

(I .5) 

The . cu tof f .  equation (1.5) of the heat r e l e a s e  (~ is the "cutoff" p a r a m e t e r )  en su re s  the ex is tence  of an 
eigenvalue a~ 0 of  the p rob l em  (1.1)-(1.4), which is unique when 1 -<Le < ~ [1]. The question of uniqueness when 
Le < 1 s t i l l  does not have a solution. 

The re la t ions  between the d imens ion less  and dimensional  quanti t ies  are 

u = ( T + - - T ) / ( T + - -  T_); p = --(k/k+)du/d~; ~ = x/x+, k(u)= (%/k+Xp/,o+)~z/z+; 
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