
Thus, in the case Pr<< 1, the value of P r  T, in the g r ea t e r  par t  of the thermal  sublayer,  varies  p ro -  
port ionally to the distance to the wall. In this case there is no analogy between the turbulent t r ans fe r s  of 
heat and momentum. 

The author is grateful to S. S. Kutateladze and V. E. Nakoryakov for evaluating the results  of the work. 
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WAVE FORMATION WITH THE COMBUSTION 

SUBSTANCES IN A TURBULENT FLOW 

V. D. Barsukov, V. N. Vilyunov, 
A. D. Kolmakov, and V. P. Nelaev 

OF CONDENSED 

UDC 536.46 : 662.311.1 

The sur face  of samples  of powder burning in a flow in the presence  of erosion is spotted 
with roughnesses  of a lmos t -per iod ic  s t ruc ture  [1]. Such roughnesses are  also observed 
with the combustion of some ablating mater ia l s  in a flow [2]. It has been observed that, 
with the unstable (resonance) combustion of powders,  different acoustical  modes c o r r e -  
spond to the s t ruc ture  of the roughnesses  [3]. One of the possible mechanisms of the for -  
mation of waves on the surface,  developed in [4, 5], has still not received sufficient ex- 

p e r i m e n t a l  confirmation.  The present  ar t ic le  d iscusses  the laws governing the formation 
of a wave s t ruc ture  on the surface of various condensed substances,  burning in a turbulent 
flow of the combustion products  of ball ist ic powder N, 

The experiments  were made in a unit, analogous to that described in [6], and consist ing of a gas gen- 
e r a to r  with an eros ion nozzle, a device for  letting down the p re s su re ,  and a coun te rpressure  block. A 
charge of ball ist ic powder N was put into the combustion chamber .  The erosion nozzle ensured the poss i -  
bility of blowing the sample under investigation with powder gases .  The velocity of the gas flow and the 
level of the p r e s s u r e  were regulated by a change in the p a r a m e t e r s  of the gas genera tor .  Extinction was 
effected by letting down the p r e s s u r e  with the sudden opening of an opening on the side of the combustion 
chamber .  The start ing pa rame te r s  (the combustion surface,  the cr i t ica l  c ross  section, etc.) were so se-  
lected as to exclude the appearance of instability or  resonance combustion. Thus, in all the experiments,  
the combustion took place under s teady-s ta te  conditions. 

The investigations were made on samples made of Capron, vinyl plastic,  ebonite, Plexiglas, fluorine 
plastic,  polyethylene, textolite, and graphite,  with a constant p r e s s u r e  of 75 �9 l0 s N/m 2 and velocities of the 
blowing of 10-600 m / s e c .  The samples were cylindrical ,  with a d iameter  of 1.7 �9 10 -2 m and a length of 

0 . 1 m .  

Tomsk.  Translated f rom Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 6, PP. 65- 
69, November-December ,  1975. Original ar t ic le  submitted January  t l ,  1975. 

�9 Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $15.00. 

890 



Fig. 1 

a 

Fig .  2 
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Fig. 3 

Figure  1 gives photos of the s u r f a c e s  of s a m p l e s  burning in a blown flow of gases  with a ve loc i ty  of 
500 m / s e c  and a p r e s s u r e  of 70 a im.  On the f i r s t  six samples ,  r ipp les  can be c l e a r l y  seen,  whose c h a r -  
a c t e r  depends on the phys i cochemica l  p r o p e r t i e s  of the s y s t e m  under  inves t igat ion.  

The su r f ace  of tex to l i te  is covered  with carbon f ibers ,  cover ing the t i s s u e  paths .  When the f ibers  
a r e  removed ,  no r i pp l e s  a r e  obse rved  on the su r face .  On the su r face  of g raph i te ,  s m a l l  s t ruc tu ra l  c r acks  
a r e  observed;  however,  on the whole, the su r face  is  p r a c t i c a l l y  even. 

The obse rved  r ipp les  have a m o r e  o r  l e s s  pe r iod ic  c h a r a c t e r .  In t h e i r  s t ruc tu re ,  they r e c a l l  waves,  
whose length and ampli tude,  o ther  condit ions being equal, depend on the m a t e r i a l  under  inves t iga t ion .  With 
a change in the ve loc i ty  of the blown flow, t h e r e  a r e  r e g u l a r  changes in the  kind of su r f ace  fo rma t ions .  
Severa l  reg ions  can be i so la ted .  With flow ve loc i t i e s  of 50-100 m / s e c  (region I) the su r face  of the s a m -  
p ies  is even and smooth.  With an i n c r e a s e  in the ve loc i ty  of the flow, waves a r e  formed,  whose p ro f i l e  
is  c lose  to s inuso ida l .  A l a r g e  s ingle  wave s o m e t i m e s  s e p a r a t e s  out aga ins t  the background of the wavy 
s t r u c t u r e .  

With flow ve loc i t i e s  of 200-500 m / s e c  (region II) a continuous pe r iod i c  s t r u c t u r e  can be observed  
on all  the s amples  (Fig. 2a), which, with a r i s e  in the veloci ty  of the flow, is c h a r a c t e r i z e d  by a d e c r e a s e  
in the wavelength and the ampl i tude .  The boundar ies  of this  region,  with r e s p e c t  to the value of the ve-  
loci ty  of the flow, a r e  unique for  each condensed subs tance .  

With a fu r the r  i n c r e a s e  in the ve loc i ty  of the flow (region III), the c r e s t s  of the waves become sharp .  
Now, a r i s e  in the veloci ty  of the flow leads  to an i n c r e a s e  in the ampl i tude  of the wave, although, as be -  
fore,  the wavelength d e c r e a s e s .  The p ro f i l e  of the wave becomes  c lose  to t rocho ida l  (Fig. 2b). At all  ve-  
loc i t i e s ,  the su r f aces  of the s amp le s  of t ex to l i t e  and graph i te  r e m a i n  ident ica l .  
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The decrease  in the wavelength with a r i se  in the velocity of the flow and the appearance of waves 
only on the surface  of mater ia ls  for which there  is no doubt of the existence of a l iquid-viscous layer  with 
combustion constitute evidence of the part icipat ion of the forces  of surface  tension in the wave formation. 
In actuality, in the case  of the combustion of textolite and graphite,  for  which a dry  surface  can be postu- 
lated in advance, in a flow of gases,  waves a re  not observed.  Waves obviously constitute evidence of the 
p resence  of a liquid phase on the surface of the burning substances.  

It is interest ing to compare  some of the dependences obtained experimental ly  and theoret ical ly  by a 
number of invest igators  for  waves on the surface  of thin fi lms of water  or  alcohol, for  the case of f i lm- 
type flow through tubes in the p resence  of a flow of cold gases .  

In accordance  with the formula  of Kapitsa [7] 

a m a x  - -  a m i n  ( 1 )  c~ = , -- 0.46, 
a m a  x -r- ami  n 

confirmed experimental ly in [8], in region II the amplitude of the wave can be calculated over  to the thick- 
ness of the liquid film a 0. The meaning of the notation is c lear  f rom Fig. 2a. The doubled amplitude of the 
wave and the wavelengths are  determined experimental ly  by direct  repeated measurements  under a mic ro -  
scope. 

Figure 3 gives points for  various mate r ia l s  [ 1) Capron; 2) vinyl plast ic;  3) ebonite; 4) Plexiglas; 5) 
fluorine plastic;  6) polyethylene; 7) ball ist ic powders],  showing the dependence of the wavelength 2, on the 
thickness of the liquid film a 0. The measurements  of the values of ), and ( a m a x - a m i  n) were  made in wave 
region II, where formula  (1) holds. 

In accordance  with the express ion obtained in [8], 

--~- = -~- h-~- ' 

the d iameter  of the samples investigated cannot have any significant effect on the length of the waves fo rm-  
ing ( A x A ~  0.029o). 

We note that the experimental  points are  grouped around a limiting dependence (the straight line), ob- 
tained for  liquids in [9] and descr ibed by the express ion  

a__~0 = 2n (V2- i) (2) 

With an analogous tes t  of ball ist ic powder, the experimental  points pract ical ly  lie on the theoret ical  
curve (2). Figure 3 plots th ree  points, corresponding to p r e s s u r e s  of 75 �9 105, 150 �9 105, 300. l0 s N/m ~, 
and flow velocities of 100-150 m / s e c .  A r ise  in the p r e s s u r e  leads to a decrease  in the wavelength. The 
waves on the surface  of the powder are  very  c lea r  and s tar t  to appear  with a velocity of the flow equal to 
approximately 100 m / s e c ;  the higher the p res su re ,  the lower  the value Of the velocity. Region II for  pow- 
der  occupies a small  interval of flow velocit ies (a few tens of m/sec ) .  In this region, the number of cells 
formed with the dispers ion of par t ic les  f rom the combustion surface  is considerably less than with the 
combustion of a powder without a flow; a large  par t  of the cells are  deformed, par t icu lar ly  at the c res t s  
and troughs of the waves,  and have an elongated form along the wave. 

With a r i se  in the velocity of the flow, the amplitude of the wave in region III s tar ts  to decrease  be-  
fore  attaining a maximal value, which is accompanied by a more  appreciable splitting of the c res t  of the 
wave into individual par t s .  With a flow velocity g r ea t e r  than 500 m / s e c ,  the wave becomes pract ica l ly  
three-d imensional .  It is obvious that here  there  s tar ts  the following region (region IV), charac te r ized  by 
a l a rge  percentage  Of th ree-d imens iona l  format ions,  having an inclination along the flow of the gas.  

Calculations show that the product  of the thickness of the liquid film by the rate of combustion of a 
powder (a0u) in region II at p r e s s u r e  of (75-300) * 105 N /m 2, with a var iance not exceeding 12-15~0, r ema ins  
constant.  This means that a 0 is proport ional  to the thickness of the heated l aye r  of powder. According to 
Fig. 3, the wavelength ~ is also proport ional  to the thickness of the heated layer .  

In contrast  to the effect, following f rom [4], of an increase  in the wavelength with a r ise  in the ve- 
locity of the blowing flow, the experiments  show that, as for  the condensed substances discussed above, 
a r ise  in the velocity of the flow leads to a decrease  in the length of the waves at the surface of a burning 
powder.  
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C A L C U L A T I O N  O F  T H E  E X P L O S I O N  

S P H E R I C A L  C H A R G E  IN A I R  

OF A G A S E O U S  

S. A .  Z h d a n  UDC 533.601.1 

I N T R O D U C T I O N  

The problem of the explosion of a spher ical  charge  in a i r  has been solved by numerical  methods in 
one approximation or  another [1-4]. The original calculations were made within the f ramework  of the 
theory of a point explosion [1, 2]. A fur ther  refinement of the problem was discussed in [3], where, in 
calculations of the explosion of a spherical  charge  of Trotyl,  account was taken of the dimensions of the 
charge and the behavior  of the detonation products .  With such a statement of the problem,  the basic char -  
ac te r i s t ics  of the flow behind the front of a blast  wave were obtained, reflecting the experimental  resul ts  
more  exactly. An investigation of the effect of the initial p r e s s u r e  of the a i r  and the specific energy of 
the charge on the pa ramete r s  of the flow behind the front of a blast  wave was made in [4]. In [5, 6] it was 
shown experimental ly that, with the explosion of a spherical  charge  of explosive consist ing of a detonating 
gaseous mixture,  a shock wave is propagated in the air,  analogous to the wave ar is ing by the explosion of con- 
densed explosives.  On the basis of the results  of [5] there  appears,  in principle,  fhe possibi l i ty of a nu- 
mer ica l  solution of the problem of the explosion of a gas mixture.  Since the radius of a gaseous charge 
is an o rde r  of magnitude g rea t e r  than the radius of a charge of condensed explosive, equivalent with re-, 
spect to the amount of energy evolved, then in the statement of the problem its dimensions cannot be ne- 
glected. In the present  work, the Neumann--Richtmyer  pseudoviscosi ty  method [7] is used to solve the 
problem of the propagation of shock waves in air,  a r i s ing with the explosion of a spherical  charge of an 
explosive gaseous mixture.  Quantitative information is obtained on the flow of a i r  and detonation products 
behind the front  of a blast  wave for  gaseous mixtures  of acetylene and propane with air .  In these mixtures,  
the combustible was taken in a stoichiometrs ratio with oxygen: 1) C2H 2 + 2.502 + 9.4N2; 2) C3H 8 + 502 + 18.8N 2, 
The resul ts  of the calculations are  compared  with the experiments  of [5]. 
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