
lournat of Engineering Physics and Thermophysics, Vol. 69, No. 1, lQt)6 

I N I T I A T I O N  O F  D E T O N A T I O N  B Y  B U R N I N G  J E T S  

O. V. Achasov  and O. G. Penyaz 'kov  UDC 621.374 

We carried out an experzrnental investigation of the initiation of  a detonatu)n wave hy burmng jets at the 

oriftce plate outlet. 

In t roduct ion.  The  s tudy of the transi t ion from combustion to detonat ion is important  from both fundamenla l  

and practical points of view. The length of the transit ion depends  on a large number  of different  parameters .  The  

quali tative effect of these pa ramete r s  on the length of t ransi t ion is quite unders tandable .  It includes two basic 

mechanisms of f lame accelerat ion that are  in ter re la ted  by turbulence and by interact ion of the flame with a shock 

wave. In some cases,  when various devices are  designed thal involve combustion and detonat ion as a working 

process,  it is necessa ry  to decrease  the length of the predetonat ion flame prepagat ion region. This is especial ly true 

for combust ib le  fue l -a i r  mixtures  in which the length of the t ransi t ion from combust ion to detonat ion can reach 100 

d iameters  of the tube [1 ]. In [2-5]  it is shown that the fast turbulent  mixing of combustion products  with a 

c o m b u s t i b l e  m i x t u r e  can lead  to de tona t ion .  In the p resen t  a r t i c le  we give the resul ts  of an exper imen ta l  

investigation of the possibi l i ty  of decreas ing the length of the predetonat ion region in detonat ion ini t iat ion by 

burning jets. 

Exper imenta l  Setup.  We used a combustion chamber  with a length of 143 mm and a cross-sect ion of 10 

x 10 ram. The  object  under  observat ion was a region of the chamber  with a length of 123.5 mm bounded on both 

sides by quartz windows. The  beginning of the observation region was located at a d is tance of 10 mm from the rear  

endwall of the main channel .  A combust ib le  mixture was ignited by an electric spark from a keep-al ive electrode,  

which was located at the rear  endwall  of the combustion chamber.  In our exper iments  the ignition energy was equal 

to 0.7 mJ. As the combust ib le  mixture,  we used a stoichiometric mixture of ace ty lene  and oxygen di luted with 

nitrogen. We inves t iga ted  the mechasnism of the transi t ion from combustion to detonat ion using s t reak photography 

of the process of f lame propagat ion.  St reak photographs were taken by a ZhLV-2 high-speed camera  that was 

optically in ter faced with an IAB-451 shadowgraph.  

The  dependence  of the length of t ransi t ion from combustion to detonat ion in a frec channel  on the overall  

concentrat ion of ni t rogen in the working mixture is presented in Fig. I. The length of t ransi t ion is expressed  in 

the units of the main channel :  N = h / l  (where h is the height of the channel  and l is the dis tance from the place 

of the inception of a de tonat ion  wave to the place of ignition). As is seen from Fig. 1, the dilution of a s toichiometr ic  

ace ty lene-oxygen  mixture  with ni t rogen begins to exert  a s trong effect on the length of t ransi t ion when the overall 

concentra t ion of ni t rogen ~(N2) in the working mixture  becomes higher  than 18.5'}/o. A charac ter i s t ic  s t reak  

photograph of the process for ~(N 2) = 2 2 ~  is presented in Fig. 2. The transit ion to detonat ion for this mixture  

occurs at a d is tance  of N = 7.3 units of the main channel ,  with the place of t ransi t ion being located approx ima te ly  

in the middle  of the region of observat ion.  Therefore ,  in subsequent  exper iments  the overall concentra t ion of 

nitrogen in the working mixture  was not smal ler  than 22'~,. 

The burning jets  en tered  the combustion chamber  through an orifice plate. It was a steel plate with a 

working surface of 10 x 10 mm in which 0.02 mm-dia ,  holes were dril led.  In the exper iments ,  we used grids with 

pcrmeabit i t ics  q = Sh, Sch = 0.077 and 0.126 (where Sh is the total hole area;  Sch is the cross-sect ional  a rea  of the 

main channel) .  During lhe exper iments ,  we could change the dis tance from the place of ignition to the surface of 

the orifice plate. 
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Fig. 1. Dependence  of length of combus t ion - to -de tona t ion  t rans i t ion  in a 

s toichiometr ic  mixture  of ace ty lene  and oxygen di luted with ni trogen on the 

total ni trogen concentrat ion.  The  channel  has a cross-sect ion of 10 x 10 mm 2. 

The  initial  pressure  P0 = 0.1 MPa. ~(N2),  ~o. 

Fig .  2. S t r e a k  p h o t o g r a p h  of the  p rocess  of c o m b u s t i o n - t o - d e t o n a t i o n  

t ransi t ion in a s toichiometric  mixture  of ace ty lene  and oxygen di luted with 

ni trogen.  The total ni trogen concentrat ion is ~(N 2) = 22%. The channel  has 

a cross-sect ion of 10 • 10 mm 2. The  initial pressure  P0 = 0.1 MPa. t , /~sec; 

Results  and Discussion.  To reduce the length of t ransi t ion from combust ion to de tonat ion ,  for working 

mixtures  with a high degree  of ni trogen dilution we used an orifice plate with permeabi l i ty  r/ = 0.077. The  plate 

was placed at a d is tance  of 27 mm from the rear  wall of the main channel ;  it d ivided the channel  into two parts:  

the combustion and explosion chambers .  In the process of the exper iments ,  the total concentra t ion was var ied to 

obtain the crit ical composit ion of the working mixture  at  which the t ransi t ion from combust ion 1o detonat ion  

occurred in the zone of observation.  A typical s t reak photograph of the combus t ion- to -de tona t ion  t ransi t ion at the 

turbul izer  outlet  for a critical composit ion with ~(N 2) = 6 0 ~  is presented  in Fig.3a. In the region of the main 

channel  behind  the plate we can clearly see a fan of compression waves that  propagate  with velocity V1 = 442 m / s e c  

at the predicted speed of sound V0 = 341 m/sec .  In contrast  to equil ibrium condit ions,  the increase in the speed of 

sound is due to adiabat ic  heat ing of the working mixture  for the time of flame propagat ion in the combust ion 

chamber.  At t ime t 2 = 339 #sec ,  the jets of burning gas are admi t ted  with a supersonic velocity. The  measured  

propagat ion velocity of the bow shock wave that  accompanies  the process of t ransi t ion to the supersonic  regime of 

outflow is V 2 = 603 m/see .  The  explosion of the microvolumes of the working mixture  in the region behind  orifice 

plate occurs af ter  the completion of its combustion in the preignit ion chamber  at t ime t ~ 367/~sec. It is accompanied 

by a series of shocks, the first of which has velocity V 3 = 1581 m/see .  The i r  enhancement  leads to the formation 

of a s ta t ionary  de tonat ion  wave at a d is tance of 2.8 units from the turbul izer  outlet.  

Star t ing from a total ni trogen concentrat ion r = 62.5~o, the t ransi t ion from combust ion to detonat ion  

at the turbul izer  outlet  did not appear  any  longer.  Figure 3b presents  a s t reak  photograph of the process invest igated 

for a working mixture  with ni trogen content  ~(N 2) = 70~o. It is clearly seen that  at the bu rn -up  time of the working 

mixture in the space of the preignit ion chamber  the burning products  escape into the region of the free channel  

with a velocity smal ler  than the velocity of the fan of compression waves in front of them (I/2 = 467 m/ see ) ,  which 

move at the local speed of sound. Then,  the turbulent  front of the f lame is g radua l ly  accelera ted  and begins to 

overtake the head  of the fan of compression waves, which propagate  at  the speed of sound,  V 1 = 449 m/see .  A local 

explosion of the  un reac ted  port ion of the working mixture  is p roduced  af ter  the in terac t ion  of a complex of 
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Fig.  3. S t r e a k  p h o t o g r a p h  of the  p rocess  of c o m b u s t i o n - t o - d e t o n a t i o n  

t ransi t ion behind an orifice plate with permeabi l i ty  7] = 0.077: a) ~(N?) = 

60~o; b) 70~o. The  initial pressure  P0 = 0.1 MPa. 

combustion waves and of the turbulent  flame front with the forward wall of the main channel .  The  detonat ion wave 

produced by the explosion propagates  in the opposite direction. 

A s imi lar  ser ies  of exper iments  that were conducted with an orifice plate with r /=  0.126 showed that  as the 

permeabi l i ty  of the plate increased,  the transi t ion to detonat ion occurred in mixtures  with a smal ler  total ni trogen 

concentrat ion,  ~(N2) < 60% . 

From an ana lys i s  of the foregoing exper imenta l  resul ts  it follows that  a necessary  condi t ion for the 

occurrence of de tonat ion  at the orifice plate outlet is the implementa t ion of a regime of supersonic outflow of 

combustion products .  To check this s ta tement ,  we conducted a series of exper iments  to de te rmine  the critical initial 

pressure at which the collapse of detonat ion combustion behind a turbul izer  with permeabi l i ty  r /=  0.077 occurs. As 

the working mixture  we selected a mixture  with ~(N2) = 22%.  Streak photographs of the invest igated process for 

initial pressures  Po = 24 kPa and 22.5 are presented  in Figs. 4a and 4b, respectively.  As is seen from the figures, 

for pressure  P0 = 22.5 kPa,  a detonat ion wave does not appear  at the turbul izer  outlet.  Let us consider  in succession 

the velocit ies of the compress ion  waves cor responding  to both figures: Vl is the veloci ty  of the f irst  fan of 

compression waves equal to 398 and 418 m/see ,  respectively; V2 is the velocity of the second fan of compression 

waves of 467 m / s e e  and 480 m/see ;  V 3 is the velocity of the shock discont inui ty  that  accompanies  the process of 

outflow at 610 m / s e c  and  590 m/see .  It is seen that  the intensi ty  of the shock discont inui ty  for Po = 24 kPa is 

higher than the local speed of sound V2 before its appearance.  A thorough analys is  of the s t reak photograph of the 

process for Po = 22.5 kPa reveals the presence of slight wakes of retonat ion waves in the region behind the turbulent  

flame front,  indica t ing  the occurrence of microexplosions of the unburned  mixture  portions.  It seems, however, that 

their quanti ty,  volume, and  position turned out to be insufficient for the reini t ia t ion of a detonat ion wave. When 

the initial p ressure  in the mixture  decreases  to P0 = 20 kPa,  the process of the flame outflow becomes subsonic.  

From what  has been said it follows that for a detonat ion wave to appear  in the region at the orifice plate 

outlet the exis tence of the regime of supersonic outflow of combustion products is required,  which is de te rmined  

by the presence of a supercri t ical  pressures  difference P/P1 > 2, where P is the pressure  in the combust ion chamber  

and Pl is the pressure  at the orifice plate outlet. Moreover, in all probabi l i ty ,  for each mixture  there  is a minimum 

necessary value of the supercri t ical  difference that is required for the inception of a s ta t ionary  de tonat ion  wave in 

the region behind  the plate. 

The  conclusions correlate  with the results  of [2, 3, 4 ], who considered the ini t iat ion of a de tonat ion  wave 

by burning jets dur ing  the emergence  of combustion products from a tube into a space with various hydroca rbon  

fuels. Thus ,  it was shown in [2 ] that  the regime of t ransi t ion from combustion to detonat ion  for working mixtures  

of acetylene with a i r  on emergence  of a turbulent  f lame front from a tube 0.66 mm in d iamete r  and  11 m long tube 

into a space is possible  only when the flow velocity becomes higher  than 590 m/see .  The  critical value of the flame 

front velocity (i.e., of the flow velocity at the tube exit) V = 590 m/see  fits the da ta  obta ined  in our  exper iments .  

For  an orifice plate with r /=  0.077 we invest igated the effect of combustion chamber  length on the t ransi t ion 

to detonat ion behind  it. We carr ied out the exper iments  at a critical total concentrat ion of ni t rogen in the working 

chamber  ~(N2) = 6 0 ~ .  The  dis tance from the rear  wall of the main channel  to the plate surface was 12 and 48 
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Fig.  4. S t r e a k  p h o t o g r a p h  of the  p roce s s  of c o m b u s t i o n - t o - d e t o n a t i o n  

t r ans i t i on  beh ind  an orif ice plate  with pe rmeab i l i ty  r/ = 0.077: a) in i t ia l  

pressure  is P0 = 24 kPa; b) initial  pressure  P0 = 22.5 kPa.  The  total ni t rogen 

concentra t ion is ~(N2) = 22~o. 

mm. In both cases,  a de tonat ion  wave did not appear  at the critical composit ion of the working mixture.  Ini t ia t ion 

was produced by subsonic jets  of burning products .  The  absence of detonat ion can bc expla ined  by the effects of 

nons ta t ionary  interact ion between the compression waves reflected from the combust ion chamber  walls and  the 

expanding  front of the flame. At a certain chamber  length,  this interact ion expands  the surface of the f lame front 

and,  as a resul t ,  leads  to an increase  in the rate  of combust ion.  It is precisely this process that  creates  the 

supercri t ical  pressure  drop within the combustion chamber  necessary  for the t rans i t ion  to detonat ion .  

To real ize detonat ion  combust ion of working mixtures  having a h igher  degree  of di lut ion by ni t rogen,  ~(N2) 

> 60~o, we invest igated the effect exer ted  on the t ransi t ion process by addi t iona l  bar r ie rs  located at the outlet  of 

an orifice plate with permeabi l i ty  factor r] = 0.11. The  orifice plate was placed at an opt imum dis tance  of 27 mm 

from the rear  wall of the main channel .  

In the first var iant ,  as an addi t ional  bar r ie r  we used a second turbul izer  with permeabi l i ty  factor r] = 0.29 

located at a d is tance  of 40 mm from the first one. A s t reak  photograph of the process of t ransi t ion in a working 

mixture  with total ni t rogen concentra t ion ~(N2) = 60% is presented  in Fig. 5a. It is c lear ly seen that ,  just  as in 

the case if one orifice plate (see Fig. 3), the emergence  of combust ion products  begins prior  to complete  burning  

of the working mixture  in the preignit ion chamber .  However,  the fan of combust ion waves ref lected from the surface 

of the second turbul izer  leads  to choking of the flow and to t ransi t ion to a subsonic regime of outflow. The  measured  

velocity of the compress ion wave head that  outs t r ips  the turbulent  f lame front is equal to V1 = 431 m/see .  In the 

s t reak photograph (Fig. 5a) we clearly discern the process of flame front decelerat ion,  which leads  to a s i tuat ion 

in which the velocity of some port ions of the turbulent  f lame front becomes on the o rde r  of 100 m/see .  When the 

compression wave head arr ives at the surface of the second plate and  reflects from it, a regime of supersonic  escape 

to the region of the free channel  occurs. The  velocity of the bow shock wave that  accompanies  the s tar t  of supersonic  

jets is equal to V 3 = 788 m/sec .  

We note that  the velocity of the shock wave reflected from the plane of the second turbul izer  a t ta ins  the 

value V 2 = 1267 m/see .  This  testifies to the presence of explosions of unburned  microvolumes of the working mixture  

in the region between the two plates. This  is evidenced indirect ly  by the exis tence of s l ightly visible wakes of 

re tonat ion waves. They  lead to accelerat ion of the flame front at the addi t ional  ba r r i e r  outlet.  The  velocity of the 

front at the moment  of arr ival  at the forward endwall  of the main channel  a t ta ins  the value V4 = 1140 m/see .  Thus ,  

we may state that  the use of an addi t ional  bar r ie r  having the form of an orifice plate with r / =  0.29 does not lead 

to the format ion of a s ta t ionary  detonat ion  wave for a critical composit ion of the working mixture.  

Next  we cons idered  the effect of two steps with a height  of 1.7 and a length of 3 mm located at a d is tance  

of 40 mm from the main turbul izer  outlet.  A character is t ic  s t reak  photograph for ~(N2) = 60% is presented  in Fig. 

5b. It is c lear ly seen that  in this case, too, the dynamics  of the process remains  vir tual ly  unchanged,  though flow 

choking occurs less in tensely ,  since the penet rabi l i ty  of the addi t ional  bar r ie r  is small .  However,  this turns  out to 

be sufficient for the format ion of a s ta t ionary  detonat ion wave. After  the s tar t  of outflow of combust ion products  

from the preignit ion chamber  the velocity of the turbulent  f lame front is Vl = 476 m/see .  The  velocity of the shock 
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Fig. 5. Streak photograph of the process of combust ion-to-detonat ion 

transition behind an orifice plate with permeability r/= 0.077 in the presence 

of an additional barrier in the form of: a) a second orifice plate; b) a double 

step. The initial prcssure P0 = 0.1 MPa. 

wave that reflects from the step is I/2 = 1643 m/sec. It is formed from microexplosions of unburned fragments of 

the working mixture directly at the orifice plate outlet. In all probability, the quantity and dimensions of these 

fragments are insufficient for the formation of a stationary detonation wave, which is associated with more complete 

burning of the working mixture due to its retardation. The velocity of flame front propagation behind the step is 

I/3 = 1194 m/see. Detonation appears after interaction with the forward endwall. The velocity of the retonation 

wave formed is V4 = 2045 m/see. 

Naturally, the class of additional barriers is not limited to those two considered in the present work. 

Therefore, on the basis of this part of the research, in which we investigated the effect of additional barriers on 

acceleration of the transition from combustion to detonation behind an orifice plate, we may conclude that in many 

cases a barrier causes retardation of the flow of a reacting mixture and the transition to a subsonic regime of escape 

leading to collapse of the regime of transition from combustion to detonation at the plate outlet. Consequently, one 

should be very careful in selecting the type of a barrier and its position behind the turbulizer outlet. 

Conclusion. We carried out an experimental investigation of the transition from combustion to detonation 

behind orifice plates in a stoichiometric mixture of acetylene and oxygen diluted with nitrogen. We showed that a 

transition to detonation turns out to be possible only on initiation by supersonic burning jets. The use of an orifice 

plate with permeability 7] = 0.077 made it possible to reduce the length of the combustion-to-detonation transition 

to 58 mm for a mixture with a total nitrogen concentration of 60% 

We investigated the influence of additional barriers on the process of transition from combustion to 

detonation. The barriers were installed at a distance of 40 mm downstream from the orifice plate outlet. It is shown 

that for a critical composition of the working mixture with se(N2) = 60% the compression waves reflected from the 

barrier surface lead to retardation of the flow behind the turbulizer and to collapse of the regime of detonation 

initiation. 

The work was carried out with the partial financial support of the Fundamental Research Fund of the 

Republic of Belarus. 
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