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It has  been  shown theo re t i c a l l y  [ 1] that  in complex  s y s t e m s ,  where  chemica l  t r a n s f o r m a t i o n  can p r o c e e d  
along compe t ing  channels ,  the n o n s t a t i o n a r y  s t a t es  of  combus t ion  a r e  not unique. Which of  two poss ib le ,  in the 
reg ion  of nonuniqueness ,  combus t i on  s t a tes  will be r ea l i zed  is d e t e r m i n e d  by the condi t ions  of  ignition. Igni -  
t ion f r o m  a h i g h - t e m p e r a t u r e  s o u r c e  leads  to r ea l i za t i on  of  a h i g h - t e m p e r a t u r e  r eg ime ,  while igni t ion f r o m  a 
l o w - t e m p e r a t u r e  s o u r c e  leads  to the l o w - t e m p e r a t u r e  r eg ime .  

In t e re s t ing  ob jec t s  of expe r imen ta l  inves t igat ion,  f r o m  the point  of view of  c l a r i fy ing  the nonuniqueness ,  
a r e  s y s t e m s  of  the type  M e - C - H 2 ,  in which in t e rac t ion  is poss ib le  a long two mutua l ly  exc lus ive  channels :  

/MeCx -I-It 2 -+ MeCxHl-x "+- 1 ~ x He, ( 1 ) 

Me + xC + H2\~MeH ~ + xC, (2) 

It is shown in [2] fo r  the example  of  the s y s t e m  T i - C - H  2 that  r e a c t i o n s  (1) and (2) d i f fer  con s id e r a b ly  
with r e s p e c t  to the r a t e s  and t e m p e r a t u r e s  of  combus t ion  and that  this does not p e r m i t  them to p r o c e e d  s imu l -  
taneous ly .  The t r ans i t i on  f r o m  one r e g i m e  to ano the r  o c c u r s  ab rup t ly  when c r i t i c a l  va lues  of  the p a r a m e t e r s  
of the p r o c e s s  a r e  r e a c h e d  (the ra t io  C/Ti ,  hydrogen  p r e s s u r e ,  e tc . ) .  

The p u r p o s e  of  this  work  was to c l a r i fy  the ques t ion  of  the ex i s t ence  of  nonuniqueness  of r e g i m e s  a c -  
companying  the combus t i on  of  a t h r e e - c o m p o n e n t  s y s t e m  of z i r c o n i u m - c a r b o n - h y d r o g e n .  The h i g h - t e m p e r a -  
tu re  s o u r c e  cons i s t ed  of  burn ing  tab le ts  cons i s t ing  of  the mix tu r e  Ti + 2B (T c ~ 3000~ and the l o w - t e m p e r -  
a t u r e  s o u r c e  cons i s t ed  of t i tan ium table ts  burning  in hyd rogen  (Tc ~ 1000~ The i n t e rmed ia t e  c a s e  of igni-  
t ion f r o m  a burning  table t  cons i s t ing  of  the mix tu r e  Mo + 2Si (Tc ~" 1700~ was a l so  examined.  

Table  1 p r e s e n t s  va lues  of  the r a t e s  and t e m p e r a t u r e s  of  combus t ion ,  as  well as  the phase  compos i t i on  
of  combus t i on  p r o d u c t s  of  m i x t u r e s  of z i r c o n i u m  with soot  fo r  th ree  d i f fe ren t  c a s e s  of  ignition. As is evident  
f r o m  the data  in the table,  fo r  igni t ion f r o m  a l o w - t e m p e r a t u r e  sou rce ,  all  the compos i t ions  inves t iga ted  burn  
in the l o w - t e m p e r a t u r e  r e g i m e  with the f o r m a t i o n  of z i r c o n i u m  hydr ides .  When table ts  cons i s t ing  of the mix -  

TABLE 1 

Ignition from Ti+ 2B, 
/ T ~ 3000~ 

a t m  / c C ~  IT.OCi phase 
/see I e J 

Ignition from Mo + 2Si, 
T ~1700~C 

C 

Uc' r c, ~ I era/ phase 
s e e  

Ignition from Ti + H~, 
T ~ 1000~C 

C 

ur i~ cm/ , ~ phase 
s e e  

5 
l0 
40 

i0 
30 
90 

5 
20 
90 

1,8 
i,8 
1,75 

2,0 
2,0 
i,9 

2,2 
2A8 
2,2 

2400 
2400 
t170 

2900 
2900 
t250 

3200 
3200 
3200 

ZrCxHI_ x 
ZrC xHI_ x 
ZrH 2 

ZrCxHl_ x 
ZrCxHl_x 
ZrH2 

ZrC 
ZrC 
ZrC 

Zr + 0,7C 
t,8 2400 [ ZrCxHI_ x 
0,85 930 I ZrtI2 
1,8 1170 ZrH2 

Zr + 0,9C 
I 2,1 2900 [ ZrCxttl_ x 

1,25 1100 ZrI-t 2 
t,95 t250 ZrH,, 

Zr+ C 
q 3200 ZrC 

9 ") 3200 ZrC 
211 3200 ZrC 

0,6 85O 
0,88 930 
t,8 tt80 

0,8 900 
t,25 1t00 
2,0 t26(I 

0,55 800 
0,9 980 
1,5 t230 

ZrH~ 
ZrH~ 
ZrH~ 

Zrlt: 
Zrtt,a 
ZrH~ 

ZrH2 
Zrtt~ 
ZI'tt 2 
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Fig. 1. Dependence of t e m p e r a t u r e  (a) and ra te  of combust ion (b/ 
of mix tu re  with composi t ion Zr  + C on hydrogen p r e s s u r e :  1) ig-  
nition f rom Ti + 2B (3000~ 2) ignition f rom Mo + 2Si (1700~ 
3) ignition from Ti + H 2 (I000~ 
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Fig. 2. Dependence of t e m p e r a t u r e  (a) and ra t e  of combusion (b) 
of mix tu res  with composi t ions  Zr  + 0.9 C (1), Zr  + 0.7 C (2) on 
hydrogen p r e s s u r e ;  3) ignition f rom Ti + 2B (3000~ 4) ignition 
f rom Ti + tt 2 (1000~ 
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Fig. 3. Dependence of t e m p e r a t u r e  (a) and veloci ty  (b) of combus-  
tion of mix tu re  with composi t ion Zr  + 0.8 C on hydrogen p r e s s u r e :  
1) ignition f rom Ti + 2B (S000~ 2) ignition f r o m  Mo + 2Si 
(1700~ 3) ignition f rom Ti + H 2 (1000~ 

tures  Ti + 2B and Mo + 2Si a r e  used as the sources  of ignition, the mix tu res  of the s to ieh iomet r ic  compos i -  
tion Zr  + C burn  in the h igh - t empera tu re  r eg ime  with the format ion  of z i rcon ium carbohydr ides .  F o r  mix -  
tures  with a lower  content of carbon ( C / Z r  = 0.7-0.9) ,  under  conditions of s t rong and in te rmedia te  ignition, 
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cr i t ica l  phenomena a re  observed - replacement  of combustion regimes,  and, in addition, in the case  of ignition 
from tablets consisting of the mixture Mo + 2Si, less rigid critical conditions than in the case of ignition from 

the mixture Ti + 2B are required. Thus, for ignition from Ti + 2B, the critical value of the hydrogen pressure 
for a mixture with composition Zr + 0.7 C equals 40 atm, but for ignition from the mixture Mo § 2Silt equals 
5 atm. 

Figure 1 shows the dependence of the temperatures and rates of combustion of the composition Zr + C 
on the hydrogen pressure in two cases of ignition. It is evident that in the entire range of pressure investigated 
there exists a region of nonuniqueness of the combustion regimes. Figure 2 shows the same dependences for 
the compositions Zr + 0.7C and Zr + 0.9 C. In this case the region of nonuniqueness is limited; at pH 2 = 40 
and 90 arm, respectively, the combustion regimes change, and, in addition, with the transition to the composi- 
tion with the lower content of carbon, the region of nonuniqueness becomes narrower. 

Figure 3 shows the region of nonuniqueness for the case of combustion of the mixture with composition 
Zr + 0.8 C using three sources of combustion. It is evident from the figures that with the transition from the 
high-temperature source to the source with intermediate temperature, the region of nonuniqueness of the 
combustion regimes is also observed to become narrower. 

Thus, the theoretically predicted nonuniqueness of stationary regimes of combustion and the critical 
transition from the high-temperature regime to the low-temperature regime using ignition sources with differ- 
ent temperature are observed experimentally in the combustion of zirconium-carbon-hydrogen systems. 

I. 

2. 

LITERATURE CITED 

B. I. Khaikin and S. I. Khudyaev, Dokl. Akad. Nauk SSSR, 245, No. 1, 155 (1979). 
N. A. Martirosyan, S. L. Dolukhanyan, and A. G. Merzhanov, Fiz. Goreniya Vzryva, I__77, No. 4, 24 (1981). 

G A S - D Y N A M I C  S T R U C T U R E  O F  F L A M E S  N E A R  

T H E  L I M I T S  O F  F L A M E  P R O P A G A T I O N  

V. N. G u d k o v i c h ,  E. A.  G r a n o v s k i i ,  
a n d  E .  A.  S h t e s s e l '  

UDC 536.46 

The dynamics  of gas flow in comparat ively  rapidly burning gaseous fuel sys tems has been studied quite 
completely experimental ly  [ 1 ] and theoret ical ly  [2]. Qualitative and quantitative agreement  has been obtained 
between theory and experiments  on the form of the flame and the behavior of s t reaml ines  of the start ing mix- 
ture and of the combustion products.  The gas-dynamic  s t ructure  of flame motion in near- l imi t ing mixtures has 
pract ica l ly  not been studied, although it may be assumed that it is this par t icu lar  s t ruc ture  that determines  the 
considerable difference in the charac te r i s t i c  ra tes  of combustion under t e r res t r i a l  conditions and under weight- 
less conditions (according to data in [3], flames burn five to ten t imes more  slowly under weightless condi- 
t ions).  An indirect  confirmation of the importance of gas-dynamic  factors  in the propagation of flames in nea r -  
limiting mixtures  follows f rom the resul ts  of the numerical  solution [4] of the exact Navier--Stokes equations 
for  the react ing gas under conditions of natural  convection. However, the physical  picture of the intensification 
of combustion under conditions of natural  convection remains  unclear.  

To obtain more  detailed information on the gas-dynamic  s t ruc ture  of a flame near  the limits of propaga-  
tion, we investigated the combustion of a number of near- l imi t ing  gaseous fuel mixtures  using semischl ie ren  
motion picture photography. For  the basic object of the investigations we chose the flame of the decomposit ion 
of acetylene,  since it was expected that the soot formed with its combustion would permi t  visualizing in a natu- 
ral  manner  the flow pat tern of combustion products.  The combustion of acetylene was investigated with initial 
p r e s s u r e s  varying f rom 1.75 to 2.6" 10 s Pa. 

The experiments  were per formed in a chamber,  simulating " f r e e "  space, and in rectangular  channels 
with dimensions 65 • 65 x 250 ram. The chamber  consisted of a rec tangular  steel parallelepiped with useful 
volume 250 x 250 x 65 ram, equipped with windows consist ing of optical glass ,  which pe rmi t t edobse rva t ionof  the 
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