
D E T O N A T I O N  C O M B U S T I O N  O F  A G A S  M I X T U R E  

IN A C Y L I N D R I C A L  C H A M B E R  

Fo A .  B y k o v s k i i  a n d  V. V.  M i t r o f a n o v  

Voitsekhovskii  [1, 2] was the f i r s t  to p ropose  and rea l i ze  a method of continuous combust ion of a gas 
m ix tu r e  in t r a n s v e r s e  detonation waves ,  c i rcula t ing  in a toroidal  chamber .  The combust ion chamber  used 
was a p lanar  c i r cu l a r  channel in which fuel supply and product  exhause were  accompl i shed  in a radia l  d i r e c -  
tion through in te r io r  and ex t e r io r  s l i t s .  The veloci ty  of the t r a n s v e r s e  detonation waves  along the channel 
in these  expe r imen t s  was c lose  to the speed of sound in the reac t ion  products .  The wave s t ruc tu re  was not 
descr ibed  [3]. Fa i r ly  recen t ly ,  detonation combust ion r e g i m e s  have been achieved in a r ing chamber  of c i r c u -  
l a r  geome t ry  with a s t ruc tu re  reca l l ing  conventional spin detonation in a c i r cu l a r  tube,  and a number  of p r i n -  
ciples governing the p r o c e s s  have been c lar i f ied  [4]. The p re sen t  study will p r e sen t  m o r e  detai led r e su l t s  
of a study of this phenomenon.  

E x p e r i m e n t a l  T e c h n i q u e  

The exper imenta l  chamber  {Fig. 1) was a Plexiglas  cyl inder ,  closed at the top, with d i a m e t e r  d c =40 
nnn and length L = 100 ram,  with in terchangable  axial  i n se r t s .  A quar tz  tube (wall th ickness  2-3 ram) was 
instal led within the cyl inder  fo r  t h e r m a l  pro tec t ion .  The gaseous  components  w e r e  supplied individually 
through two s e r i e s  of or i f ices  iu the cap closing the upper  end of the cyl inder .  In all  the exper imen t s  oxy-  
gen was  used as  the oxidizer ,  while ace ty lene ,  methane ,  propane ,  and hydrogen w e r e  used as the fuel.  The 
oxygen and fuel gas  w e r e  supplied to the chambe r  f rom r e s e r v o i r s  through h igh-speed  e lec t romagne t i c  va lves .  
The mix tu r e  was control led by the p r e s s u r e  in the r e s e r v o i r s  and the total  a r e a  of the inlet o r i f i ces .  In the 
expe r imen t s  desc r ibed  below, if no specia l  note is made  of the excess  fuel coefficient  @, the mix tu re  was 
close to s to ich iomet r i c .  

Detonation was initiated 0.1 see  a f t e r  opening the valves  by a h igh-vol tage  d i scharge  with energy of 
about 10 J within a specia l  channel, located at the chamber  wall  or  in the cent ra l  i n se r t  {tangent to the in-  
t e r i o r  surface)  35 m m  f r o m  the cyl inder  cap.  The mix tu re  flowed f r ee ly  into this channel a f t e r  admiss ion  
to the chamber .  Upon exiting the channel into the gap the detonation wave produced t r a n s v e r s e  detonation 
waves  in a definite d i rec t ion.  In the m a j o r i t y  of~the expe r imen t s  the ent i re  p r o c e s s  l as ted  0.3 sec  and was 
t e rmina ted  au tomat ica l ly  by closing of the va lves .  

The detonation products  w e r e  exhausted into a specia l  chamber  about 0.5 m 3 in volume,  f rom which a i r  
and the exhaust  gases  of the prev ious  expe r imen t  had been r emoved  to a p r e s s u r e  of 20 m m  Hg. The lower  
face  of the chamb e r  was connected to the vacuum volume by a sect ion of tube 200 m m  long with d i ame te r  of 
54 m m .  

The p r o c e s s  within the cham be r  was r e co rded  photographica l ly  through a ver t i ca l  o r  horizontal  slit ,  
on a f i lm moving pe rpend icu la r  to the  sl i t  ( camera  axis s i tuated ver t ica l ly ) .  The number  of waves  and the i r  
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Fig. 2. P h o t o r e g i s t r o g r a m  of p roce s s  in cylindrical r ing c h a m -  
b e r  with a c e t y l e n e -  oxygen (a- d) and m e t h a n e -  oxygen (e) m i x t u r e s .  
a) �9 = 0.9, ~ = 6'  = 2.5 ram,  L= 20 ram,  D= 1600 m / s e e ,  n = 3; b) ~ = 4.0, 
6 = 6 ' = 5  rnm, L=85  ram,  D=2000 m / s e e ,  n=2 ;  c) ~=1.0 ,  6=6 v= 

5 m m ,  L = 8 5  tara,  D=1620 r a / s e c ,  n=2 ;  d) ~=0.63,  5=6 t=1 .25  
tara,  L = 8 5  ram,  D=770 r a ' s e c ,  n=2 ;  e) r  6=5.0 ram,  6 T= 

2.5 ram,  L = 4 5  re_m, D=189g m / s e e ,  n = l .  

; :  0 

p.., , , ,., , , , f :  , , . , . ~ , , , , , ~  , . A ,  8 ~ " O  

Fig. 3. Flow pa t te rn .  

veloci ty  w e r e  de te rmined  f rom photographs taken through a horizontal  sli t  located nea r  the chamber  cap. To 
expose the fine s t ruc tu re  of the flow, photography was p e r f o r m e d  through a ve r t i ca l  sl i t  using the full c o m -  
pensat ion method [5], i .e . ,  the f i lm speed was mainta ined equal to the speed of the wave image .  Thus in the 
s t e a d y - s t a t e  r e g i m e  the photographic  image  cor responded  exact ly  to the cor responding  instantaneous b r igh t -  
hess  d is t r ibut ion  in the wave.  Compensa t ion  method photography through a ver t ica l  sl i t  10 m m  wide pe rmi t t ed  
moni tor ing  of the veloci ty  and number  of waves  in each exper iment  by m e a s u r i n g  the d is tance  between suc -  
ce s s ive  images  on the f i lm.  A number  of the expe r imen t s  used a chamber  s i m i l a r  in pr inc ip le  to that of Fig. 1, 
but with a r ec t angu la r  c r o s s  sect ion.  

F l o w  S t r u c t u r e .  R a n g e  of  R e g i m e  E x i s t e n c e  

T r a n s v e r s e  detonation waves  burning up the gas  mix tu re  w e r e  obtained in the chamber  descr ibed  over  a 
quite wide range  of expe r imen ta l  conditions.  Severa i  photographs of such waves  tn the s t e a d y - s t a t e  r eg ime  
a r e  p re sen ted  in Fig. 2a-c ,  while cor responding  flow pa t te rns  a r e  shown in Fig. 3. 
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The t r a n s v e r s e  detonation wave BC moves  within region 1, which contains unreac ted  fuel which has 
en tered  through the cham be r  end wall .  Behind the wave the product ion products  expand gradual ly  and a r e  
dr iven  downward by new quanti t ies  of the ga se s  enter ing in the segment  AB'  (in the segment  BA draf t  ceases  
because  of high c o u n t e r p r e s s u r e ) .  Conditions a r e  c rea ted  for  propagat ion of the following t r a n s v e r s e  detona-  
tion wave (if the wave number  n > 1), or  of the s a m e  wave in a subsequent  cycle  (if n = 1). The number  of waves  
is es tab l i shed  spontaneously,  with four  being achieved in the a c e t y l e n e - o x y g e n  mix tu re .  In the exper imen t s  
with the m e t h a n e - o x y g e n  m i x t u r e  in this chamber  only r e g i m e s  with n = 1 w e r e  obtained. F r o m  below each 
t r a n s v e r s e  detonation wave t he r e  depa r t s  an oblique shock wave C N, moving through the detonation products .  
This  wave  is anMogous to the tai l  of spin combust ion in tubes ,  but is m o r e  inclined to the r e a r .  In the m e t h a n e -  
oxygen mix tu re  the wave  CN glows m o r e  br ight ly  than in the s to i ch iomet r i c  a c e t y l e n e - o x y g e n  mix ture ,  as in 
conventional detonation in tubes .  In a ve ry  r ich  ace ty lene  mix tu re  the b r igh tness  of the oblique wave intensif ies  
(see Fig. 2b), p robab ly  because  of the appea rance  of f r ee  carbon in the detonation products .  

In the p r o p a n e - o x y g e n  m i x t u r e  t r a n s v e r s e  waves  w e r e  excited just  as eas i ly  as in the acetylene  and 
methane  m i x t u r e s .  In the h y d r o g e n - o x y g e n  mix tu re  photographs could not be obtained because  of the low 
br igh tness  level  produced by the reac t ion .  

The s i m i l a r i t y  of ce r t a in  of the photographs in  the a c e t y l e n e - o x y g e n  mix tu re  (Fig. 2c) to ones obtained 
p rev ious ly  [1-3] in a planar ring channel is interesting. Apparent ly  the flow pa t t e rn  with re f lec ted  oblique in-  
f l ammat ion  wave proposed  in [5] to explain the b r igh tness  pa t t e rn  does not co r respond  to rea l i ty .  It is m o r e  
r ea l i s t i c  to t r e a t  the phenomenon obse rved  on the bas i s  of the pa t t e rn  shown in Fig. 3; the m a j o r  port ion of 
the radia t ing t r i ang le  with smal l  angle d i rec ted  forward  is m o s t  probably ,  jus t  as in our  expe r imen t s ,  the r e -  
gion of the or iginal  m i x t u r e  AWC % burning f r o m  the lower  su r face  due to contact with an underlying l aye r  of 
r eac t ion  products ,  while a t r a n s v e r s e  discontinuity (WC 9 is located ahead of the sl ightly inclined back side 
of the t r i ang le  and is not a lways dis t inguishable  against  the background of the t r i a n g l e ' s  br ight  radiat ion,  
Rapid burnup of the m i x t u r e  behind the t r a n s v e r s e  discontinui ty leads  to cessa t ion  of radia t ion  at the back 
side of the t r i ang le .  Such an assumpt ion  a g r e e s  with the peaks  in p r e s s u r e  de te rmined  in this region [3], 
The b reakaway  of the glowing t r iangle  f r o m  the inner  edge of the r ing channel obse rved  in [3] can be explained 
by delays  in in f lammat ion  of the or iginal  mix tu re .  

The effect  of the g e o m e t r i c a l  p a r a m e t e r s  6 and L (Fig. 1) on the detonation combust ion r e g i m e  is shown 
by Table  1. The me thane  supply p r e s s u r e  was var ied  over  the range  5-8 a tm,  which co r re sponds  to a flow 
ra te  into the c h a m b e r  Gr  =6.4-10 g / s e e  and a m e a n  p r e s s u r e  in the chambe r  n e a r  the cap Pc =1-1 .6  a im  fo r  
6 = 5 r am.  To  ensu re  s to i ch iomet ry  of the mix tu re ,  the  oxygen supply p r e s s u r e  was ~ 1.5 t i m e s  higher .  The 
ace ty lene  supply p r e s s u r e  was  var ied  f rom 0.7 to 2.1 a tm,  cor responding  to G r = 1.3-3.9 g / s e e  and Pc = 0.33-1 
a tm  at 6=2.5 r am.  As is evident f rom Table  1, t he re  is a ce r t a in  lower  c r i t i ca l  gap width 6mi n, such that at 
6< 6rain within the r anges  of the o ther  p a r a m e t e r s  used in the study, t r a n s v e r s e  detonation waves  could not be 
excited~ For  the m i x t u r e  C H 4 - O  25rain -~ 2.5 ram,  for  C2H2-O 21,25< 6<2.5 ram.  In the mix tu re  CH2H2-O 2 at 
6 = 1.25 m m  and L =17 m m  only conventional  combust ion develops ,  while at L = 85 m m  a Wbeaded" s t ruc tu re  

TABLE 1 

Cram L, ~7 ] ,~ D km/ 
mm see sec 

CH4--Oo 

2.5* 85 t0,07'5 I t I - - 2  

5 85 ! 
t,9 

2,5 

C zlT 2 -- 02 
3,9 1,8 

85 2,8 t.9 
i,9 t,6 

40 3,9 2.t 
3.t 2,0 
1)~ 1,7 

20 2,3 1,6 

3,9 o 2,t 
85 t,3 2 t.6 

* Nonsta t ionary  p r o c e s s .  
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was occasional ly observed in the flowing zone, as shown in Fig. 2d. Here the process  is great ly  affected by 
the hydrodynamic res i s t ance  of the channel to the exciting products .  A marked reduction in gas flow rate at 
the same r e s e r v o i r  p r e s s u r e  indicated depar ture  f rom the cr i t ical  exhaust to the chamber  regime.  

In the general  case,  the value of 5mi n should depend both on the chemical  proper t ies  of the mixture and 
the value of the p r e s s u r e  in the chamber  Pl and on the geomet r ic  pa ramete r s  of the gas mixtng zone near the 
cap. Est imation of Pi ahead of the wave shows that it is approximately two t imes lower than the Pc values 
given above. At such p r e s s u r e s  the cr i t ical  detonation d iameter  i~ a smooth tube, est imated f rom the mean 
size of the detonation cell, compr i ses  3-2 mm and 0.6-0.2 mm for the mixtures  under consideration.  Since 
for acetylene 6mi n proves  to be severa l  t imes l a rge r  than der,  it can be assumed that in this case 6rain de- 
pends on the mixing rate .  For  methane 6min/dcr  ~ 1 and 6rot n here  is mos t  probably limited by the chemical 
react ion t ime, i.e., is of the same nature as dcr  of premixed mixtures  in smooth tubes.  

At 6 = 2.5 mm in the m e t h a n e - o x y g e n  mixture  t r ansve r se  detonation waves are  unstable:  A s t ructure  
like that of Fig. 2b was observed for 1-3 cycles,  then disappeared and was reestabl ished after  several  cycles.  
A stable s ta t ionary p rocess  occur red  at 5 = 2.5 mm in the ace ty l ene -oxygen  mixture  and at 5-= 5 mm in both 
mix tures .  

The wave velocity increases  with increase  in 5, with dec rease  in chamber  length within cer tain l imits,  
and with increase  in fuel flow, while n remains  unchanged. At L=40 mm the mos t  stable regime develops with 
a velocity approaching that of ideal C h a p m a n - J o u g u e t  detonation. 

The detonation combustion p rocess  was maintained when a rec tangular  ring was installed on the insert ,  
narrowing the exit f rom the ring channel to some value 6 '< 6. Ring installation did, however,  lead to a change 
in the t r a n s v e r s e  detonation wave pa rame te r s  and the charac te r  of flow in the chamber .  Reflection of the shock 
wave in the combusted products  developed. In the C H 4 - O  2 mixture  at 5 = 5 ram, 6' = 2.5 mm,  and L =45 mm the 
reflected wave reached the face of the chamber  at approximately the same time as the detonation wave from 
the following cycle,  encouraging stabil ization of the p rocess  (a resonant  phenomenon, see Fig. 2e). At L = 80 
mm with other pa r ame te r s  maintained the same,  the reflected wave reaches  the upper face of the chamber  
at a point removed f rom the t r a n s v e r s e  detonation wave of the following cycle by approximately half a period.  
In the region of repeated reflect ion f rom the upper face, a new chemical  react ion hearth developed in the 
fresh mixture ,  which periodical ly changes into a new detonation wave. The development of the new waveleads  
to attenuation of the f i rs t  one, because of burnup of f resh mixture  ahead of the f i rs t  wave. Because of these 
phenomena, a p rocess  is established with two unstable waves, each of which periodical ly intensifies and at-  
tenuates,  leading to simultaneous changes in the distance between the waves.  

Narrowing of the gap at the chamber  output by a factor  of four (6' =1.25 mm for  6 =5 ram) leads to ex-  
tinction of the detonation waves in the m e t h a n e - o x y g e n  mixture  with their  conversion into acoustic waves; 
conventional combustion is maintained in the chamber,  intensified at points of ref lect ion of the inclined acoustic 
waves f rom the upper surface  of the chamber .  Photographs of this p rocess  are  shown in Fig. 2e, and are  
marked  by the absence of a bend in the oblique wave in the region of reflection f rom the upper face. An in- 
te res t ing  pecul iar i ty  of the p rocess  is the absence of purely longitudinal or  t r ansve r se  modes of acoustic 
oscil lat ion and the development of a single l ong i tud ina l - t r ansve r se  mode in the form of a closed sys tem of 
oblique waves traveling through the r ing gap in one direction.  Each subsequent wave in such a sys tem is a 
reflect ion of one of the preceding waves,  and because of the closed nature of the channel all waves are  "sub- 
sequent ~ ones. The p rocess  of Fig. 2e has a s imi lar  wave pattern,  but is distinguished by the p resence  of 
t r a n s v e r s e  detonation waves near  the chamber  top, in which combustion of a significant port ion of the fresh 
mixture  is local ized.  The existence of these waves is not necessa r i ly  related to reflection of a preceding 
w a v e .  

In the ace ty l ene -oxygen  mixture ,  even upon narrowing of the output channel by a factor of two (6=2.5 
ram, 6' = 1.25 ram, L=35 ram) t r a n s v e r s e  detonation waves with a normal  s t ruc ture  disappear  and the photo- 
graphs show a beaded brightness pat tern s imi la r  to that of Fig. 2d. The rotation rate  of the glowing region 
(n =1) is about 1500 m/sec ,  i.e., supersonic .  The most  probable explanation of this phenomenon is that the 
radiation is produced by intensified combustion of the mixture near the upper chamber  face by oblique acoustic 
waves descr ibed above, since the per iphera l  phase velocity is supersonic .  However, in contras t  to t h e m e t h -  
a n e - o x y g e n  mixture ,  no oblique waves were  recorded  on the photographic film. This could be explained by 
their  low brightness level as compared to the mixture  combustion zone. Upon narrowing of the section by 
a factor  of 2.5 (6=2.5 ram, 5 ' = 1  ram, L=18  mm) unstable combustion filling the entire chamber  volume was 
observed.  
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Experiments  on detonation combustion were  also per formed in a rec tangular  chamber  with c ross  section 
of 40 x 5 mm and in a c i rcu la r  chamber  with a full b a r r i e r  directed paral lel  to the chamber  axis. The b a r r i e r s  
(one or two) eliminated s tat ionary ro ta ry  wave motion in one direction,  producing waves t ravel ing toward each 
other because of ref lect ions,  i.e., in this case the geomet r ic  conditions in the rec tangular  and c i rcu la r  cham-  
bers  were  s imi la r .  It was assumed that a p rocess  of combustion in a sys tem of periodical ly  colliding oppositely 
directed waves could be produced,  s imi la r  to that behind a moving detonation front in planar rectangular  chan-  
nels [5]. 

In the ace ty l ene -oxygen  mixture  a p rocess  was observed with severa l  oppositely directed waves,  pe-  
r iodical ly reflecting from each other  or the side walls or  b a r r i e r s .  As fuel fl ~ was reduced two oppositely 
directed waves remained,  being replaced with fur ther  reduct ion by a single wave reflecting f rom the chamber  
walls.  The mean wave velocity in the t r a n s v e r s e  direct ion for  the a c e t y l e n e - o x y g e n  mixture in both chambers  
was close to the speed of sound in the combustion products  (D =1250-1000 m/ sec ) ,  which conf i rms the analogy 
to p rocesses  behind a t ravel ing mult ifront  detonation wave. However, a cha rac te r i s t i c  feature of these reg imes  
was the s trong i r regu la r i ty  of the t r a n s v e r s e  wave motion, and the absence within the waves of any ordered 
s t ruc ture ,  comparable  to the t r a n s v e r s e  wave s t ruc ture  in conventional detonation in planar channels. Evi-  
dently, the absence of a forward pulsating shock front igniting about half the mixture  [6] in the high speed stage 
of motion has a destabil izing effect in this instance.  A significant port ion of the fuel here  combusts by a con- 
ventional burning mechanism and the length of the react ion zone is longer  than in the case of t r a n s v e r s e  de-  
tonation waves continuously circulating around the per iphery  of the c i r cu la r  channel. This is qhown by the 
more  homogeneous distr ibution of brightness over  chamber  length. In experiments  with methane only one 
t r a n s v e r s e  wave was excited, moving between the reflecting walls with a mean velocity below 800 m / s e c ,  but 
not damping over the course  of the entire p rocess .  It can be assumed that the lower velocity is related to in- 
complete combustion.  

Thus, although it was possible to c rea te  a combustion regime in the chamber  with oppositely directed 
waves,  s imi la r  to that occur r ing  behind the forward shock front of multifront (pulsating) detonation, on the 
whole we can conclude that a chamber  geomet ry  not completely closed into a ring has a negative effect on 
detonation combustion:  The mean t r a n s v e r s e  wave velocity falls sharply,  the wave s t ruc ture  becomes diffuse, 
stability is lost ,  and combustion t ime is lengthened. 

A t  the same t ime,  in the ring chamber  without b a r r i e r s ,  reg imes  with stable t r a n s v e r s e  waves in one 
direct ion of rotation were  excited over  a re la t ively wide range of conditions, producing continuous combustion 
of the gas mixture  in a nar row zone near  the chamber  cap. The size of this zone in the axial direct ion is de-  
termined by the dimensions of the wave front just as in the regula r  cel lular  s t ruc ture  of a detonation front in 

planar  channels [5, 6]. 

Additional data on propane detonation combustion reg imes  in a ring chamber  having a nar row nozzle gap 
can be found in [7]. In that study the wave s t ruc ture  was not resolved optically, but p r e s s u r e  profi les were  
measured ,  showing an inc rease  of 10-15 t imes  at the discontinuity. The velocity of wave motion agrees  well 
with the data on the chamber  with narrowed output. 

A n a l y s i s  o f  F l o w  in  C o n s t a n t  S e c t i o n  C h a m b e r  

Considering the flow in the annular chamber  space to be two-dimensional  and s ta t ionary  with 
respec t  to the t r ansve r se  detonation waves,  we use the flow pat tern depicted in Fig. 3 and corresponding ex- 
per imental  data for the chamber  with no narrowing of the output section.  The coordinate x is measu red  along 
the mean chamber  c i rcumference .  The flow in this case is analogous to that which has been studied near  
waves in spin and mult ifront  detonation of gases  in long tubes and channels [5]. The major  difference is the 
replacement  of the p r i m a r y  shock discontinuity by the planar  end face of the chamber ,  through which the mix-  
ture  components a re  supplied. Here the necess i ty  of complicating the pat tern by t e rna ry  shock and shock-  
detonation configurations is absent.  Although the appearance of a forward project iong nnose" at the upper 
edge of the t r a n s v e r s e  waves,  cha rac te r i s t i c  of spin detonation, was recorded  in some photographs [4], it is 
not an obl igatoryphenomenon in this case and can easi ly be eliminated by adjustments in construction.  The 
t e r n a r y  shock  configuration at the lower edge of the t r ansve r se  waves occurr ing  in the flow pat tern  of [ 4] and 
also recorded  exper imental ly  herein was studied in g rea t e r  detail and found to occur  under conditions of r e -  
s t r ic ted exhaust f rom the chamber :  :either with smal l  6 and large  L, where braking in the boundary layer  on 
the walls is significant, or  in the p resence  of a narrowed outlet f rom the chamber  r ing.  

With f ree  exhaust of the products f rom the open end of the chamber,  which will be analyzed here,  the 
observed discontinuity CN in the upper par t  of the chamber  is either approximately ver t ical  or inclined slightly 
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to the r e a r  (leftward), as in Fig. 3o With growth in z its inclination increases ,  with intensity decreas ing c o r -  
respondingly.  Adjustment of the flow behind the t r a n s v e r s e  wave and the wave CN in the vicinity of the con-  
jugate point C occurs  through a central ized ra re fac t ion  wave. The initial slope of the discontinuity CN is 
calculated f rom the condition of equality of p r e s s u r e  and flow direct ion along the contact discontinuity CE. 
The second ra refac t ion  wave,beginning at point B, is neces sa ry  to reconci le  the flow behind the t r a n s v e r s e  
wave with conditions at the wall. 

We will a ssume heat loss at the walls and fr ict ion to be negligible, with the state of the mixture  ahead of 
and direct ly  behind the t r ansve r se  wave being homogeneous along the wave front. We further  assume the entire 
gas to be ideal, with constant heat capaci ty rat io y, that the chemical  react ion is f rozen at all points behind the 
wave, that the flow at large z is homogeneous,  and that the exhaust velocity at the chamber  section is sonic:  

v. = c. (1) 

We will assume the t r a n s v e r s e  detonation wave to be a self-maintaining Chapman-Jougue t  wave with instan-  
taneous chemical  react ion in the plane front.  

These assumptions permit  writing a f i rs t  group of equations, relat ing the flow pa rame te r s  in regions 1 
and 2 (see Fig. 3) in the form of known relat ionships on the detonation f ront :  

plUl ~ puv2~ 

pi  + piV~ = p~ + p2V.".;, (2) 

P+ = V p2v+, 

I i - -  ~__ " 2  ~ t 2 '  

Pl  
I p~ + H .  O~ = 0o. 

The enthalpy I 1 includes the heat of format ion of the mixture  components H1, with re fe rence  level chosen so 
that in the state behind the wave  H 2 =0,  and 0 is the angle of inclination of the flow lines to the x axis~ 

Region 2 behind the wave, where v 2 = c 2 in view of the Chapman- Jougue t  condition, is the cr i t ical  one 
for the s ta t ionary regime under considerat ion.  The p re s su re  P2 is maximum with respec t  to all remaining 
points of the flow, and the flow outside region 2 is supersonic  everywhere  relat ive to the t r ansve r se  detonation 
wave. Exceptions are  the inner region (chempeak region), which will not be analyzed, and possibly the small  
region 5 behind the oblique shock wave C N in the vicinity of the point C. The medium ahead of the t r ansve r se  
wave is a mixture  of fuel and oxidizer,  the products  of their  possible combustion, and also the detonation p rod-  
ucts behind the preceding wave, which la t ter  dilute the mixture ,  reducing H i . 

Due to flow expansion behind the wave, products can a r r ive  in region I only f rom the upper zone of the 
preceding wave, denoted a rb i t r a r i ly  in Fig. 3 by the flow line MC'.  The fract ion of the mass  flux through this 
zone as compared  to the total mass  flux will be denoted by ~4~ In view of the per iodici ty  of the p rocess ,  this 
f ract ion can be considered as continually circulat ing in the t r ansve r se  zone, and it enters into the total mass  
flux through the t r a n s v e r s e  zone, but does not appear in the fuel flow rate  G entering the chamber  in the z 
direct ion.  The fuel flow rate  G 1 for a single wave is then equal to the other par t  of the mass  of mater ia lwhich  
passes  through the wave below the flow line MC' per  unit t ime:  

G! = (1 -- z)h6pivl = h lhp~v2. (3) 

Here h is the size of the wave; h i = ( 1 - ~ ) h .  

Along this boundary flow line MC', the f o r m  of which is unknown in the general  case,  the re  occurs  an 
interact ion of the flow entering the wave with the "pure" detonation products of the preceding wave located 
below the flow. We introduce a notation of mean p r e s s u r e  forces  acting between these flows in the c o r r e -  
sponding direct ions ,  together  with the i r  ra t io :  

P : = ~ - - h ~ s i n O ~  . p ( x , z )  dx ,  (4) 
MC' 

1 I" Px P~ l~ Icos~i , p (x,  z) d z ,  a = - -  
pz ~ 

MC' 

where integrat ion is per formed along the flow line MC ' between two neighboring waves.  Then f rom the equa- 
tions for the project ions of momentum on the x and z axes, after  t ransformat ions  we obtain 
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r D = (~'-i: l) t cos01 _ u0_5~ 
r:  L ? ? vs ' 

"--DC ' 't: ~- hl ( ]zi 0 ) Pz 
P 2 - i - ~ T  (? + i ) 7 s i n 0  I -  t - - 7 s i n  1 ~c, (5) 

where  U0x and U0z a re  the pro jec t ions  of the mean  veloci ty  of the or iginal  gases  when draf ted into the chamber .  

To find the pro jec t ion  of the m i x t u r e  veloci ty  r e la t ive  to the walls  ahead of the wave Ulx, we use  the 
k inemat ic  equation 

D + ul~ ~ vl cos 01, 

f r o m  which a f t e r  dividing by v 2 and using Eqs.  (5) and (2) we find 

(ul~: - i~o~) / v2  = (p~, - p l ) / ~ p 2  �9 cos 01. (6) 

With r ega rd  to the energy  re la t ionship  between the initial  s ta te  of the gases  and the s ta te  behind the wave,  
it is n e c e s s a r y  to cons ider  the work  of reac t ion  fo rces  acting f r o m  the d i rec t ion  of the chamber  end face  on 
the enter ing s t r e a m s  in a coordinate  s y s t e m  rotat ing with the wave.  Then the energy  flux through region 1 is 
wr i t t en  in the fo rm 

v2 

With cons idera t ion  of Eqs.  (2), (3), 

D "~ 2It 2u0xD ?-i- 1 

2 

H e r e  I T is the total  braking enthalpy of the enter ing mix ture ;  D is the wave veloci ty re la t ive  to the chamber  in 
the x d i rec t ion.  Dilution of the flow ahead of the wave by burned up products  of the preceding  wave does not 
change the f o r m  of the energy  equation, due the s t a t ionary  na ture  of the flow and its per iodic i ty  in x. 

The s t a t iona ry  flow p a r a m e t e r s  in the chambe r  sect ion (quantities without numer ic  subscr ip t s ) ,  the p r e s -  
su re  Pc, and the speci f ic  m om en t um  J a r e  independent of the internal  flow in the chamber  in view of Eq. (1), 
and a r e  comple te ly  de te rmined  by the p a r a m e t e r s  of the injected gas  and the g e o m e t r y  by means  of the equa-  
tions 

- ? i- 1 --=T - e ' : ,  

G1 GlV,: Ui r,.: _ \ , =  0 

j 61P i P*~ -" 
<,, 

which follow f r o m  the laws of m a s s  flux, energy ,  and momen tum component  conserva t ion .  

In con t ras t  to that  of [8], the ma thema t i ca l  flow model  p resen ted  he re  cons iders  the finite value of the 
angle of inclination of the wave  01 to the z axis ,  which, as is evident f rom the photographs of Fig.  2, c o m p r i s e s  
~ 10". This  fact  is m o r e  impor tan t  for  c h a m b e r s  without nozzle narrowing,  as a r e  being considered here .  

F r o m  Eqs.  (2), (3), (5)-(8) we obtain a s y s t e m  of equations for  calculat ion of the t r a n s v e r s e  detonation 
wave p a r a m e t e r s :  

_ _  ~ ~ ' 7 - "  1 - -  " o,5 

21 T \t ~ - COS "~ 01, 

Gt Glv~ Pl "~ ' - -  I 2IT 111 (9) 
P : =  s- 7, 

D ? @ 1 .... a~ COS 01 u'Ox ~#lx ~'~ -- PI'/P~ 

~'1 P3 ? -~  t - -  P i  IP~. 

~'o P i  7 ' 

where  ~ =Pz/P2; ~? = h i / / -  
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TABLE 2 

0,t5 oi 1 0,1663 0,i353 28,5 0.2480 i,635 0,293 0,2909 
0,15 0,5 03679 03340 27.4 012004 1.700 0,296 I 0,288l 

t,t5 0,t i 0,5 O,ti31 0,0884 2613 0,t501 L768 0,299] O,i901 
0,05 0,5 0,0570 0,0438 25',4 0,0839 i1824 0,301 I 0,0942 

0,2 i 0,2320 0,i724 29,3 0,3i00 i.52I 0.387 0,3879 
0,t5 i 0,t768 0,t272 281i 0,24ii 1.589 01393] 0,2862 
0,t5 0,5 0,i814 0,1240 263 0,2337 11687 0,403 I 0,279i 

26.6 0,179~ 0,1254 i,645 0,390 I 0,2822 1,25 0,15 0,5 0,i895 
0,t 0,1200 0,0833 26.4 0,t666 i.fi58 0,400 0,i875 
0,1 0,5 0.i216 0,0822 2514 0,i428 i.709 01405 0,t850 
0,05 0,5 0106i7 0,0405 24,4 0,0803 t,759 0,412 0,09il 

' 0,778 t,667 0,i 2 0,5 0,1556 0,0643 22,5 0,t204 1,532 0,17t4 

The auxil l iary variable ~ is found by solving the f i rs t  equation of sys tem (9), and subsequently calculating 
v 2 and all the remaining quantities, if the pa rame te r s  7, a ,  01 and H1/I T are  chosen from some additional con- 
s iderat ions.  We consider  the quantities IT, 7, U0x, U0z, G l / 6 l  =G/2~rR6 as specified; H1/I T is determined by the 
degree of burnup and dilution of the mixture  by products before entry into the wave. With the re fe rence  chosen 
for enthalpy calculation, the initial fuel enthalpy is close to the fuel 's  enthalpy of formation H0, so that Hi/  

I T ~  H 1/H 0-< 1 - n .  

Some resul ts  of calculations in which the quantities ~/, 7, sin 01/~ and a were treated as pa ramete r s  sub- 
ject to variat ion are  shown in Table 2. The p re s su re  rat io at the t r ansve r se  wave Pl/P2, in t e rms  of which 
vi /v  2 and Ulx/V 2 are  determined,  proves  to be weakly dependent on these pa ramete r s ,  and for Hi/H0< 0095 this 
ra t io  may be expressed to an accuracy  of 10% for  all s to ichiometr ic  hyd roca rbon -oxygen  gas mixtures  by the 
formula  

pi/p2 ~ 1 - 0.97f H1/Ho. (10) 

The calculated values of the t r a n s v e r s e  detonation wave velocity D are close to the detonation speed of an ira- 
too_bile mixture  under standard conditions, since cos 01 -~ 1, and the incident velocity of the fuel mixture Ulx 
at U0x =0 proves  to be always less  than 100 m / s e c .  The relat ive p r e s s u r e  amplitude in the wave, cha rac t e r -  
ized by the rat io P2/Pc, increases  rapidly with decrease  in the main geomet r ic  pa rame te r  of the process  7; 
the effect of the remaining pa rame te r s ,  except 7, is weaker .  

The quantities ~ and a can be calculated by supplementing Eq. (9) by Eq. (4). Although exact calcu- 
lation of the integrals  in Eq. (4) is impossible without a detailed calculation of the entire flow field (i.e., a 
muner ica l  solution of the ent ire  problem),  an approximate approach may be used. A ser ies  of calculations 
were  per formed with various model laws of flow expansion behind the t r ansve r se  wave. The line MC' was 
specified ei ther  as s traight  (in which case a =1, sin 01/~ l =1) or  as an a rc  of a c i rc le ,  parallel  to the x axis 
at point IV[ and perpendicular  to the wave at point C (in which case sin 01/p ~- 2). The flow of detonation prod-  
ucts in the vicinity of the line MC' was considered isentropic,  with the change in p r e s s u r e  specified by either 
the condition p2v2/pv =1 +Ktx , corresponding to flow from a cylindrical  source  with a sonic line on its s u r -  
face (near MC' the angle 0 can be considered small),  or by the condition p2v:/pv = i + x/[K,2x + "ql/(Ot + A013)], 
where A 013 is the angle between the direct ions MC' and C 'E '  in the vicinity of the point C ', determined by 
matching the flow in the central ized ra refac t ion  wave and that behind the oblique shock wave. The constants 
K 1 and K s were chosen such that the p r e s s u r e  in the segment x E (0; l) changes from P2 to a level Pl, which can 
be specified independently in accordance  with Eq. (10). The second condition obviously produces an elevated 
value for  the derivat ive dp/dx along MC', while the f i rs t  produces a lowered value. 

The calculation resul ts  produced a relationship between 77 and Pi/Pz, an approximate expression for 
which can be wri t ten at ~ = 1.25 in the form 

pl/p2 = 0.45q + I] 2. (11) 

izr the various assumptions as to the flow between the t r ansve r se  waves enumerated above, the values of 
differ f rom that given by the formula  by ~25% in the range V-< 0.2, with the smal le r  values being obtained when 
an abrupt p r e s s u r e  drop behind the wave is assumed.  

Under real  conditions the fract ion of uncombusted fuel in the mixture ahead of the wave Hi/H 0 is also 
related to 7, since with dec rease  in ~ at fixed l the t r ansve r se  section of the flow ahead of the wave decreases ,  
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and as a consequence,  there  is increased dilution by burning products  and burnup. Decrease  in H i / H  o, ac-  
cording to Eqs. (10), (11), leads to growth in Pi/P2 and ~ .  Thus when ~ is too small ,  the p rocess  proves  im-  
possible .  With dec rease  in H1/H 0 the t empera tu re  ahead of the wave inc reases ,  but cannot be above 1200- 
1500~ because of self- ignit ion.  This l imiting t empera tu re  cor responds  to (Hi/H0)mi n E (0.8; 0.75) and ~max E 
(0.2; 0.25). The specif icat ion of one additional functional re la t ionship between Hi/H 0 and 7?, s temming f rom 
the mixing and combustion laws for the mix ture  ahead of the wave, c loses  sys tem (9)-{11) and pe rmi t s  calcu-  
lat ion of all p roces s  p a r a m e t e r s  except  the number  of waves n, of which the flow is independent within the 
f ramework  of the model considered.  The number  n can be found only by calculations with m o re  complex 
models  which consider  the internal  nonsimultaneous s t ruc tu re  of the flow witt~i~:~: the front .  

Actual values of h / l ,  measured  f rom the photographs obtained, l ie  within the interval  0.15-0.22. Taking 
-~0~ we obtain ~/ E (0.135; 0.2), which cor responds ,  according to Eq. (11), to ra t ios  Pi/P2 E (0.0~; 0.14) and, 

according to Eq. (10), to Hi/H 0 E 0 .9 ;  0.8)~ The lower  value of H1/H 0 and the maximum ~7 agree  with the es t i -  
mate  presented  above.  

The exper imenta l ly  obtained t r a n s v e r s e  detonation wave veloci t ies  a r e  lower than the calculated values 
by 10-30%, which may be explained by the nonideal nature  of the detonation, caused by the proximi ty  of the 
actual detonating fuel l aye r  thickness h to the cr i t ica l  value for  a sel f -support ing p ro ce s s .  

On the basis of the studies pe r fo rmed ,  the following conclusions may be made.  

1. Continuous reg imes  of gas mix ture  combustion have been obtained in cyl indrical  ring chambers  in 
the form of t r a n s v e r s e  detonation waves with a s t ruc tu re  s imi l a r  to that of spin detonation in a c i r cu la r  tube. 

2. The range of ring channel geomet r i c  p a r a m e t e r s  over  which the detonation combustion reg ime exists 
has been studied. 

3. A reduct ion in t r a n s v e r s e  wave intensity upon narrowing of the ring channel output sect ion has been 
observed.  

4. A flow model  has been developed which pe rmi t s  calculation of the basic  p a r a m e t e r s  of the flow with 
t r a n s v e r s e  detonation waves in a c i r cu l a r  chamber .  
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